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Abstract
The Procellariiformes (petrels & albatrosses) are a group of birds for which reliable
taxonomic classification has proved difficult to determine. This thesis explores the
evolutionary relationships within two groups of petrels- from Round Island, near
Mauritius in the Indian Ocean, and from Madeira in the North Atlantic.
The Madeiran petrel was thought extinct for many years, until a small breeding colony
was re-discovered in the 1960s. Birds breed on mainland Madeira and on the offshore
island of Bugio, and the taxonomic status of these two populations has caused much
debate. In this study, phylogenetic analysis of mtDNA sequence data and evidence from
morphometrics are used to confirm the existence of two species in the Madeiran
archipelago.
The petrels of Round Island have intrigued researchers since their discovery in 1949.
They were identified as Pterodroma arminjoniana, a species previously known only
from the island of Trindade in the South Atlantic. Using microsatellite genotype data,
this study investigates the possibility that the Round Island population was founded by
birds from Trindade, and assesses the level of genetic exchange between the two islands.
Two other petrel species have been recorded on Round Island- P.neglecta, which
regularly breeds there, and P.heraldica, which has been observed breeding there on one
occasion. Both species are common throughout the Pacific, and their presence on Round
Island represents a significant extension of their range into the Indian Ocean.
Behavioural observation suggests that hybridization may be occurring on the island.
This thesis includes both genetic and morphometric evidence which supports this
conclusion, and also phylogenetic analysis of mtDNA sequence data indicating that
reproductive isolation between these taxa is not complete.
The results presented in this thesis are discussed in relation to various species concepts
and recommendations are made on the conservation management of these taxa.
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Chapter 1: General Introduction.
1.1 Molecular genetics and conservation.
Conservation biology is a multi-disciplinary field that encompasses diverse subjects- not
only the ecology and biology of species but also environmental monitoring, captive
breeding, epidemiology, historical biogeography, land management, genetics,
anthropology, economics and politics, to name but a few. Genetics forms a small but
vital part of the conservation machine, the importance of which was first recognised in
the 1970s by the Australian scientist Sir Otto Frankel. Frankel was initially concerned by
the loss of genetic diversity seen in modern domestic plants and animals compared with
their wild precursors, making them wholly dependent on intensive husbandry for
survival. Expanding this argument, he proposed that in order for conservation of wild
populations to be effective, they must retain enough genetic variability (or adaptive
potential) to allow continued evolution in response to environmental change, something
he dubbed ‘evolutionary insurance’ (Frankel 1970, 1974).
Conservation genetics is now a fully-fledged discipline within biology and is becoming
increasingly important to conservation planning and management. The aim of
conservation genetics is to investigate the genetic structure of populations and species,
and to determine whether this structure may signify an increased risk of extinction.
Genetic techniques have a variety of applications for conservation biologists.
The genetic consequences of small population size are particularly pertinent to
conservation biology. Endangered species and captive bred animals tend to have small
populations, making them susceptible to inbreeding depression, loss of genetic diversity
and the effects of genetic drift. Genetic adaptation to captivity is also a concern for
captive breeding programs. Determining the amount of genetic variation within a
population and identifying individuals that are closely related is therefore paramount to
the management of endangered species.
Genetic markers can be used to resolve taxonomic uncertainties, identify fragmentation
and define management units within species. The conservation status of a species cannot
be determined without knowledge of its population size, therefore the correct
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delimitation of species boundaries is vital. This knowledge is particularly important
when legal protection for a species or population is sought.
Additional uses for molecular genetics include the investigation of wildlife crime and
the study aspects of species biology, such as mating systems, that are important to
conservation and management (Frankham et al 2004).
In this thesis I have used genetic markers to help resolve taxonomic issues in a group of
marine birds (the gadfly petrels) where the taxonomy is historically confused and
conservation priority is high. I have also employed genetic markers to investigate
dispersal and range expansion, which are potential drivers of speciation in this group.
1.1.1

Species concepts.

Deciding which fragments of biodiversity on Earth should be conserved is a daunting
task. There are many levels on which biodiversity can be measured, from whole
ecosystems and habitats down to the amount of genetic variation within individual
populations. Nevertheless, many of the aims and achievements of conservation are
phrased in terms of species, perhaps because most people, including non-biologists, have
an intuitive understanding of what a species represents. Species-driven aspects of
conservation include the choice of biodiversity hotspots- often selected on the basis of
how many species they possess, lists of endangered species such as the IUCN Red List,
and national or international legislation which is frequently based on species lists
(Agapow et al 2004). Yet as every biologist knows, the term ‘species’ is ambiguous,
with over twenty definitions currently in circulation (Mayden 1997). Therefore one
problem now facing conservationists is how to decide on the most effective allocation of
resources and how to compare levels of threat across disparate groups of organisms
when the criteria for determining species boundaries are not universally agreed.
The species concept debate is not a new one and has been discussed at great length over
the last few decades. The Linnean classification system recognises increasingly inclusive
clusters of organisms at varying biological scales, with species representing one point
along this scale (Hendry et al 2000). Yet species assume a greater significance than any
other level of clustering because this is theoretically the level at which gene flow
between taxa ceases. The species concept debate is largely concerned with defining the
2

point during the divergence of two sister taxa at which gene flow is sufficiently
interrupted for them to be considered distinct. Although multiple definitions of what
constitutes a species exist, the two most commonly cited examples are the biological
species concept (BSC) and the phylogenetic species concept (PSC), and most
researchers favour one or other of these.
In 1942 Ernst Mayr proposed the biological species concept (BSC), suggesting that
species be defined as ‘groups of actually or potentially interbreeding natural populations,
which are reproductively isolated from other such groups’. The BSC has an obvious
appeal since it provides testable species boundaries which can be falsified by the
production of fertile offspring (Agapow et al 2004). However, there are some taxa to
which it cannot be applied, for instance to asexual or extinct organisms. Allopatric
populations are also difficult to classify under the BSC. By definition they do not come
into contact with one another and therefore the level of interbreeding cannot be
observed. Mayr speaks of ‘potentially interbreeding’ populations, and there may be
some instances where allopatric taxa can be brought together artificially to assess their
reproductive compatibility. However, in natural populations mechanisms of reproductive
isolation can be either pre- or post-mating. Pre-mating mechanisms may include
behavioural differences such as different courtship displays that could conceivably be
broken down in captivity. We therefore cannot say whether these isolating mechanisms
would have been broken down had the taxa met under natural conditions, and the
production of fertile offspring does not necessarily allow us to conclude that they are the
same species. Many examples of allopatric taxa that are reproductively compatible exist,
for instance the Orkney vole, Microtus arvalis, which is capable of interbreeding with
continental voles (though not with British voles) yet is separated from them by the North
Sea (Corbet 1997).
One of the most intractable problems for the BSC, however, is hybridisation. Under its
strictest interpretation the production of viable hybrids, however rare, would be grounds
to classify two taxa as the same species. And yet complete hybrid inviability can take
many millions of years to develop. For example, in birds fertile hybrids have been
produced between taxa that have been separated for more than 55 million years (Price &
Bouvier 2002). Hybridisation can also, in itself, be a mechanism of speciation, with
3

some well-established species now known to be of hybrid origin. The North American
red wolf, an ancient hybrid of the grey wolf and the coyote, is a well-known example of
this (Wayne 1996).
Consequently there are few people who still adhere strictly to the BSC. Most advocates
will allow that some gene flow may occur between species, so long as it is minor
(Cracraft 1997). This begs the question- how much, or how little, gene flow is necessary
to justify uniting taxa in the same species? Not surprisingly, there is considerable
difference of opinion on this matter.
The phylogenetic species concept (PSC) was proposed by Cracraft in 1983 and defines a
species as ‘the smallest diagnosable cluster of individual organisms within which there
is a parental pattern of ancestry and descent’. Subsequent authors have added their own
caveats to the PSC, including the necessity for clusters to be monophyletic (Donoghue
1985) and to share at least one uniquely derived character (Nixon & Wheeler 1990). A
character describing a phylogenetic species can be morphological, behavioural or
genetic and the PSC thus overcomes many of the restrictions of the BSC. It can be
applied to asexual organisms, fossils and allopatric populations. In the case of
hybridisation the PSC will distinguish the two parent taxa as separate species so long as
there is some level of character discontinuity between them. The major flaw of the PSC
is that, in abandoning the criterion of reproductive isolation, the threshold for
discriminating between species becomes entirely subjective. Taking the PSC to its most
extreme interpretation, one could argue that a single nucleotide substitution represented
a uniquely derived character. At this level nearly every individual organism could be
classified as a separate species (Agapow et al 2004).
Both the BSC and the PSC suffer from the same problem- in the absence of a clearly
defined cut-off point for distinguishing species, the criteria used become largely
arbitrary. This is not due to any deficiency on the part of either species concept, but is
the result of the nature of species evolution. If we imagine the hypothetical divergence
of one species into two over a period of time (Fig. 1.1) then we might expect
reproductive isolation to build up gradually over time. To begin with the entire
population interbreeds freely and are considered a single species. Gradually mutations
build up in a subset of the population producing character differences (eg. morphological
4

differences) that allow the subset to be distinguished, although interbreeding can still
occur. Eventually enough mutations occur that interbreeding becomes impossible and
we have reproductively isolated species. The PSC allows species discrimination to occur
at an earlier point in this process (ie. as soon as the two taxa can be distinguished from
one another) whilst the more conservative BSC tends to focus on the later stages when
reproductive isolation is almost or entirely complete. Unless they adhere to the strictest
form of the BSC, biologists are forced to decide what level of difference between two
taxa makes each worthy of species level classification (Hendry et al 2000). As a result,
the partitioning of organisms into species becomes a matter of personal opinion.
partial
reproductive
isolation

no reproductive
isolation

complete
reproductive
isolation

Species B
Species A

PSC

BSC

Species C

Figure 1.1 Diagrammatic representation of the speciation process. Classification according to the PSC can
be invoked at an earlier stage than the BSC.

1.1.2

Species concepts and conservation.

The PSC recognises differences between two subsets of a population at an earlier
evolutionary stage than the BSC. As a result, when evaluated using the PSC, biological
species are often split into smaller groups of recognisable phylogenetic species. A recent
survey of the primary literature found that when groups of organisms were classified by
both the PSC and other methods, under the PSC the average number of species in a
group increased by 48.7% (Agapow et al 2004). This so-called ‘taxonomic inflation’ is
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not merely a question of semantics, but can have serious implications for conservation
biology (Isaac et al 2004).
If the number of species in a group of organisms increases when the group is reclassified under the PSC, then the number of endangered species will also increase. This
is not only due to the detection of ‘new’ rare species but also because there will be a
reduction in the population size and/or home range of existing species. A sudden
increase in the number of endangered species due to re-classification under a different
species concept gives the false impression of a change in the conservation status of a
particular group when in fact there has been none (Agapow et al 2004). However, some
might argue that the ‘lumping’ together of taxa under the BSC causes us to ignore
important levels of genetic variation within the biological species that should be
preserved. Commenting on the introduction of the BSC, Mayr observed :
“the total number of [bird] species to be memorized by the
taxonomist has thus been cut by two-thirds [from 27,000 to
8500]. The practical advantage of this simplification is so
obvious that nothing more needs to be said.” (Cracraft 1997)
Practical advantages notwithstanding, this dramatic reduction in the number of bird
species would surely result in a gross under-representation of the amount of diversity
present in that group.
The identification of biodiversity hotspots can also be adversely affected by shifting
species concepts. An example is the endemic birds of Mexico. Using the BSC to define
species, the highest concentrations of species are found in the mountains of southern and
western Mexico. Using the PSC the total number of species increases and the area of
highest concentration moves to west Mexico. The two different concepts give a
conflicting view of which geographical area should be given the highest conservation
priority (Peterson & Navarro-Siguenza 1999).
Further difficulties arise when species lists are used to compare conservation status
across disparate groups of organisms. According to the IUCN Red List, around 11% of
bird species are currently threatened, compared with 25% of mammals and 40-50% of
amphibians. The assessment of birds for the IUCN is carried out by Birdlife
6

International, who explicitly adopt the BSC for determining species and are reluctant to
accept new species designations until the evidence in their favour is strong. Assessments
for mammals and amphibians are less strictly governed and the potential for taxonomic
splitting is higher, leading to a skewed picture of the level of threat faced by different
groups (Mace 2004).
This is not to suggest that species-level conservation is unimportant or should be
abandoned- focus on species is certainly a necessary component of wider conservation
practice and policy. However, it should be borne in mind that taxa which have species
level classification are not necessarily equal to one another, either in the amount of
difference between them and sister taxa, in their evolutionary distinctiveness, or in their
ecological importance (Mace 2004).
1.1.3

Species and the law.

Providing effective conservation for a species, and in particular gaining funding for such
efforts, usually requires legal recognition that the species is threatened in some way. It is
sometimes suggested in the literature (eg. in Cracraft 1997; Soltis & Gitzendanner 1999)
that national and international legislation does not cover taxonomic units below the level
of species and as a result biologists are forced to elevate some taxa to species level
simply to gain protection for them. However, this generalization is not strictly true.
Although the legal documents surrounding species conservation can be complex, in most
cases sub-species and populations can gain protected status if they can be shown to
require it.
In the UK the law regarding wild animals (and plants) is detailed in the Wildlife &
Countryside Act (1981). The act contains lists of species that are afforded legal
protection in Great Britain, based on the criteria and categories if the IUCN Red Data
Book. According to IUCN regulations the criteria ‘can be applied to any taxonomic unit
at or below the species level’. Therefore it is not necessary for a taxon to have species
level classification in order to be protected by British law, or indeed to be recognised by
the IUCN Red List as globally threatened.
A similar story is true of the US Endangered Species Act, which governs species
conservation in North America. Before a plant or animal group can receive protection it
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must be placed on the federal list of endangered and threatened wildlife and plants. The
list encompasses species, sub-species, varieties and populations, and decisions about
inclusion are made in co-operation with a number of federal, state and local agencies,
NGOs and the public.
In the above examples, a species designation is not a prerequisite for legal protection.
However, it is true that priority would be given to a species over a sub-species or
population. Therefore there may still be an incentive for researchers to spuriously
elevate taxa to species level in order to gain protection for them. It is comforting to note
that species lists on which legislation is based tend to be compiled by panels of experts.
Nevertheless, when it comes to the criteria for determining species, even the experts can
disagree by a significant margin. And so the problem remains; how can we have a
consensus on measures of species richness or level of threat when there is no general
agreement on the actual identity of the species involved?
1.1.4

Evolutionary distinctiveness.

Clearly an objective way of determining the distinctiveness of one taxon from another
would be invaluable for conservation science. Since distinctiveness is a product of
genetic divergence then one might expect that measuring the amount of genetic
difference between taxa would give an accurate picture of their evolutionary
distinctiveness. In reality, of course, this approach is fraught with difficulties, but as
molecular techniques become ever cheaper and more reliable they are becoming an
increasingly important part of taxonomic and conservation decisions. Molecular
phylogenetic analysis can identify cryptic species that contain genetically distinct
lineages. Similarly it can detect actively interbreeding, and therefore non-distinct,
lineages previously perceived as separate taxa. For example, a recent study of the
critically endangered Galapagos petrel (Pterodroma phaeopygia) looking at both
microsatellite data and mitochondrial DNA found that the populations on five islands in
the archipelago were genetically differentiated from one another. The authors concluded
that each population should be regarded as a separate genetic management unit (Friesen
et al 2006). In contrast, a molecular assessment of the Wandering albatross species
complex found that two of the four species in the complex were not significantly

8

differentiated and should therefore, from the point of view of conservation, be regarded
as a single unit (Burg & Croxall 2004).
This is not to say that taxonomic decisions should be based entirely on molecular
evidence, but rather that a broad range of information, including genetic data, should be
considered (Avise 1989). In an ideal world several genetic markers should be used (both
mitochondrial and nuclear) to distinguish closely related species, since a single
molecular marker may not be representative of the genome as a whole (Nichols 2001).
Taxa should be identified by clear phylogenetic discontinuities resulting from long-term
separation (Avise 1989, Mallet & Willmott 2003).
1.1.5

Genetic variability within species.

Molecular phylogenetic analysis of individuals or populations can potentially provide a
more objective method of independently evaluating taxonomic designations (Hendry et
al 2000). By ignoring a priori assumptions of species identification, molecular
phylogenies can be extended below the level of species and can be used to identify
populations or groups of populations with an autonomous evolutionary trajectory (Soltis
& Gitzendanner 1999). This provides a tool for examining the extent of genetic diversity
within a taxon or taxa without getting tangled up in the need to partition every individual
into neat species boxes.
In a review of phylogenies created using mitochondrial DNA data, Avise & Walker
(1999) surveyed 252 vertebrate species. They found that 56% of these species could be
subdivided into two or more distinct phylogroups, based on relatively large genetic gaps
between respective branches of the gene tree that received strong bootstrap support (Fig.
1.2). The remaining 44% displayed no significant phylogenetic structure in the mtDNA
genealogies. In most cases (93%) where the phylogeny was subdivided, the principal
phylogroups corresponded to geographical assemblages (eg. Atlantic vs. Pacific
bottlenose dolphins). The majority of subdivided species displayed two distinct
phylogroups, though some were separated into as many as six.Somewhat surprisingly,
Avise & Walker concluded that the number of vertebrate species currently recognized is
a good approximation of the number of phylogenetically distinct units in the biotic
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world, despite noting that ‘most taxonomically recognized vertebrate species
surveyed…are subdivided into…a number of highly distinctive intraspecific mtDNA
phylogroups’. In a response to the above study, Hendry et al (2000) came to the opposite
conclusion, that mtDNA discontinuities do not closely match recognized taxonomic
species. Therefore, current species classifications may significantly underestimate the
amount of genetic diversity present in the biological world.

Figure 1.2 Examples in which two distinctive mtDNA phylogroups have been reported within a vertebrate
species- the bottlenose dolphin (Tursiops truncatus), the Canada goose (Branta canadensis), the musk
turtle (Sternotherus minor), the killifish (Fundulus heteroclitus), and the walleye fish (Stizostedion
vitreum). From Avise & Walker 1999.
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1.1.6

Molecular phylogenetics and species designation.

If species classifications are to accurately represent genetic diversity, then information
from molecular phylogenies must be considered alongside traditional taxonomic
characters. Indeed, this is already happening for a multitude of taxa. Do molecular
phylogenies, therefore, provide us with the cut-off point for determining species
boundaries that has remained so elusive throughout the species concepts debate?
Hendry et al (2000) analysed mtDNA sequence divergence among 277 sister species
pairs and 183 phylogroup pairs in vertebrates. The results showed that there was no clear
distinction between the amount of sequence divergence within species compared to the
amount between species. For example, 88% of bird sister species showed sequence
divergence of more than 0.6%. However, 81% of bird phylogroup pairs also exceeded
0.6% divergence. Looking at sequence divergence of 2% or greater (thought to represent
approximately 1 million years of separation), 66% of bird sister species exceeded this
value, but so did 37% of bird phylogroup pairs. Similar figures were seen in mammals,
fishes, reptiles and amphibians (Hendry et al 2000). Thus it would appear that there is no
clear threshold level of mtDNA divergence that distinguishes species from phylogroups.
The amount of difference between traditionally recognized species also varies
considerably. For instance, 25 of the 109 bird sister species examined by Hendry et al
showed less than 2% sequence divergence, whilst 11 of the pairs showed greater than
10% divergence. Species from disparate groups are often considered to be equal to one
another. In reality they may vary by orders of magnitude in the amount of difference
from their nearest relative (Hendry et al 2000).
The non-equivalence of taxonomic ranks is explored by Avise & Johns (1999), who
suggest that the introduction of standardized criteria for assigning rank across all
organisms would benefit many areas of research, including conservation management.
In the current system of classification, groups of organisms that share the same rank are
not necessarily equivalent in age, level of diversity or any other aspect of their life
history. This point is amply demonstrated by the comparison of taxonomic ranks
assigned to various taxa and their relative ages (Fig 1.3). Certain species of fruit flies
within a single genus have not shared a common ancestor for over 40 million years,
whereas some species of cichlid fish placed in different genera diverged less than 1
million years ago (Avise & Johns 1999).
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Figure 1.3 Examples of disparities of current taxonomic classifications. From Avise & Johns 1999.

One reason for these disparities is the fact that characters used to determine the
taxonomy of a particular group of organisms may not readily translate to other groups of
organisms. For example, tooth arrangement is a character traditionally used to classify
mammals, but this criterion cannot be applied to, say, insects. For this reason molecular
characters may be extremely useful in the comparison of highly disparate taxa, since
genes controlling the basic biochemistry of life are shared by nearly all species.
Hennig (1966) proposed that the taxonomic rank of any group of organisms should
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reflect its geological age, stating that ‘objects to which the same label is given must be
comparable in some way’. This idea is expanded by Avise & Johns (1999), who suggest
that molecular phylogenies for which the nodes have been dated using calibrated
molecular clocks could be used to standardize current classifications. Rank would be
assigned to a taxon based on the amount of time since that taxon arose. Such a
standardized system of classification would, amongst other things, allow the easy
comparison of levels of phylogenetic diversity between disparate groups, and would be
useful for determining conservation priorities. The proposed method has drawbacks,
however, namely that a dated molecular phylogeny for the entire tree of life is required,
and that the upheaval to currently used classifications would be enormous (Avise &
Johns 1999).
Nevertheless, in the nine years since Avise & Johns published their proposal, molecular
phylogenies have grown increasingly important in the revision of existing taxonomic
treatments. Many examples exist in the literature, and one such case is the Wandering
albatross species complex. Early taxonomic studies of albatross were based almost
exclusively on museum collections, and suffered from the fact that specimens were often
old, in poor condition and available only in small numbers. In addition, some albatross
species are now known to change their plumage morphology as they age, a fact that
caused considerable confusion in early classifications. Based on the morphology of
museum specimens, the genus Diomedea (the Great Albatrosses) was thought to consist
of 12 species (Robertson & Nunn 1998). With the advent of DNA analysis, a molecular
phylogeny of the albatrosses based on the cytochrome-b gene revealed that Diomedea
was in fact a paraphyletic group. The taxon was split into three separate genera, with
Diomedea retaining just three species- D.epomophora, D.exulans and D.amsterdamensis
(Nunn et al 1996). Further genetic analysis, together with morphological and ecological
data, led to these three species being divided into seven species (Robertson & Nunn
1998; Nunn & Stanley 1998; Cuthbert et al 2003). Although this split is not universally
accepted by all authors, Brooke (2004) recognizes six of the seven as distinct species.
Several of the newly recognized albatross species have small populations and restricted
ranges, resulting in an increase in the number of albatross species that are considered
threatened (Gaston 2002).
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1.2 Study site and species description.
This thesis is principally concerned with the petrels that inhabit Round Island, near
Mauritius in the Indian Ocean. Round Island currently supports populations of two petrel
species- the Trindade petrel (Pterodroma arminjoniana) and the Kermadec petrel
(Pterodroma neglecta).
1.2.1 A brief history of Mauritius: colonialism, sugar and extinction.
Lying about 800km east of Madagascar in the Indian Ocean, Mauritius belongs to the
Mascarene Island group that also includes Réunion and Rodrigues (Fig. 1.4). Although
known to Arab traders perhaps as early as the 10th century, Mauritius was ‘discovered’
by Admiral Don Pedro de Mascaregnas of Portugal in 1505. The Portuguese never
settled the island but were probably responsible for the introduction of several alien
species, including pigs, monkeys and rats.
In 1598 a Dutch ship under the command of Admiral Wybrand von Warwick sighted the
island after being blown off course by a violent storm. Finding it to be uninhabited, the
Admiral claimed it for Holland and coined the name Mauritius, after his ruler Count
Maurice of Nassau. It was not until 1644, however, that a permanent settlement was
established by the Dutch on Mauritius. The colony did not last- faced by persecution
from their own escaped slaves they quit Mauritius for good in 1710. By this time the
most famous ex-inhabitant of the island, the dodo, was also gone forever.
The French took formal possession of Mauritius in 1715, imaginatively renaming it Île
de France, and began settlement in 1721. Governor Bertrand François Mahé de La
Bourdonnais transformed the island, introducing sugar-cane cultivation as well as
building roads, docks, an aquaduct, a hospital and a fortress. Nevertheless, as French
influence in the Indian Ocean waned during the 18th century, Île de France became a
haven for freelance mercenaries and pirates.
In 1810, during the Napoleonic Wars, the British moved in and took over the island, and
in 1814 were granted official governance of it as part of the Treaty of Paris. The name
Mauritius was re-instated and the British opened up a lucrative international market for
Mauritian sugar. For the next 150 years sugar production reigned supreme on Mauritius,
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with thousands of labourers imported from India and China and many Franco-Mauritian
sugar barons becoming fabulously wealthy. On 12th March 1968, Mauritius was granted
independence from Britain. Sir Seewoosagur Ramgoolam of the Labour Party was
elected prime minister, and remained in office for 13 years (Pike 1873; Bindloss et al
2001).
Five hundred years of human occupation have taken their toll on the wildlife of
Mauritius. The dodo has become an icon of human-induced extinction but it is by no
means alone. Eight other endemic bird species have also vanished and of the eleven
native bird species remaining today, eight are endangered. Native plants have fared little
better- as well as large areas being cleared for agriculture, exotic species such as guava
and privet are slowly choking the endemic hardwood forest. Only 1% of the native forest
of Mauritius now remains (Pasquier & Jones 1982).
Despite these gloomy statistics, in recent years Mauritius has been the scene of perhaps
some of the most spectacular species recoveries of all time. The endemic Mauritius
Kestrel (Falco punctatus) declined to a population of just four individuals in 1974
(Jones & Hartley 1987). An intensive captive-breeding and reintroduction programme
carried out by the Mauritian Wildlife Foundation in the intervening years has increased
the wild population, which today stands at around 500 birds (Groombridge 2000).
Similarly dramatic stories are true of the endemic Echo Parakeet (Psittacula echo) and
Pink Pigeon (Nesoenas mayeri). Mauritius will always be a symbol of man’s relentless
extermination of other species, but now it also provides us with a rare glimmer of hope
that this trend might some day be reversed.
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Figure 1.4 (a) The Western Indian Ocean showing the Mascarene Islands; (b) Mauritius; (c) the northern islands of Mauritius, including Round Island.
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1.2.2 Round Island.
“From the many accounts that have been given me of the remarkable geological
formation of Round Island and its peculiar Fauna, differing in so many particulars from
that of Mauritius and the neighbouring islands, I determined to avail myself of the first
opportunity that offered, and visit it.” Nicolas Pike, 1869.
1.2.2.1 Geology, climate, natural history.
Round Island lies about 22km north-east of the northern coast of Mauritius, and is one of
the larger and more distant members of a group of six uninhabited islets (Fig. 1.4c). The
other members of the group are Flat Island, Gabriel, Gunner’s Quoin, Serpent Island and
Pigeon Rock. Round Island is formed from the rim of a basaltic volcanic cone, now
partly submerged (Merton 1987). It is roughly 151 hectares in area, with steep sides
sloping up to a curving summit ridge at a height of 280 metres. The terrain is extremely
rough, the ground composed of consolidated but friable ash (tuff) with occasional basalt
boulders. In many places deep gullies have been carved out by rainwater (Bullock &
North 1977). The climate is comparable to that of the north and west coastal lowlands of
Mauritius, with two main seasons- a warm, wet summer from November to April and a
cooler, dry winter from May to October. Mean temperatures range from 28°C in
February to 22°C in July (North & Bullock 1986). There is no permanent water on the
island, which receives between 900 and 1500 mm of rain annually, and in the dry season
there are occasional cyclones (Merton 1987; North & Bullock 1986).
Despite being remote and largely inaccessible for most of the year, Round Island has not
completely escaped the alien invaders that caused so much trouble on mainland
Mauritius. At the beginning of the 19th century goats and rabbits were introduced to the
island, and all but destroyed its native flora. However, Round Island was fortunate never
to be invaded by predatory mammals and remains one of the largest tropical islands in
the world that is rat free. As a result it has retained several relict populations of reptiles
that have been driven to extinction on Mauritius itself (Bullock & North 1984). Temple
(1974) speculates that Round Island “probably has more species of threatened plants and
animals per acre than any other piece of land in the world”. These include six endemic
or indigenous lizards, one endemic snake (a second endemic snake, the burrowing boa,
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is now thought to be extinct) and four endemic or indigenous trees. The Round Island
Hurricane Palm (Dictyosperma album var. conjugatum) is perhaps the rarest plant on
Earth, with just a single mature individual remaining.
1.2.2.2 The gentlemen explorers.
There are no records of Round Island at the time of its discovery. The first written
account is that of Colonel J. Lloyd, who was one of a party that visited the island in
December 1844 (Lloyd 1846). Subsequent authors (Barkly 1869; Temple 1974) have
wrongly ascribed the introduction of goats and rabbits to another member of this
expedition, Thomas Corby. In fact, rabbits were already present on the island “in
immense numbers” according to Lloyd, and were probably introduced in around 1810
when Gunner’s Quoin and Flat Island were similarly populated (Prior 1820; Barnwell
1948 in Cheke 1987). Lloyd’s report makes no mention of goats. His description of the
island’s flora suggests that, at this stage, it was relatively intact“Whereon there is sufficient soil (which is by no means wanting)
the ground is thickly studded with dwarf Cocoa-nut trees and
thousands of Palmistes. There are some belts of forest wood on
the upper part…such as ‘Bois de Ronde’, Ebony and Benjoin.”
Lloyd also makes a description of the “winged visitors” to the island, which comprise
the red-tailed boatswain (red-tailed tropicbird, Phaeton rubricauda), the “Fouquet”
(wedge-tailed shearwater, Puffinus pacificus) and the lesser frigate bird (Fregata ariel).
He further asserts that these birds have “the exclusive and sole possession of Round
Island.” (Lloyd 1846).
In November 1861 the Honourable Edward Newton, Colonial Secretary and a keen
ornithologist, visited Round Island in order to take notes on its birdlife. He reported that
red-tailed tropicbirds were breeding “in very large numbers” and also a large colony of
shearwaters was present. “There are hardly any other birds on Round Island,” remarks
Newton, “and these two are probably the only species that breed there” (Newton 1861).
Newton made no mention of goats on the island, but these were apparently abundant
when Nicolas Pike visited in December 1868. The inexorable decline of Round Island’s
plant life was already becoming evident at this stage. Pike notes that the belt of
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hardwood trees recorded 25 years earlier by Colonel Lloyd “must have been all
destroyed for we saw no traces of them” (Pike 1869). Another member of the party,
H.Barkly, goes on to say of the goats and rabbits,
“They have become indeed in one sense a nuisance, being very
injurious to the trees on which they are often forced to browse; the
seeds no sooner fall to the ground than they are nibbled. I trust
therefore that Mr. Vandermeersch will engage the sportsmen of his
acquaintance to extirpate both these kinds of animals” (Barkly 1869).
Nicolas Pike returned to Round Island in November 1869 and gives a colourful
description of this visit in his book ‘Sub-tropical rambles in the land of Aphanapteryx’
(Pike 1873). His party was forced to remain on the island for several days during a
cyclone, although one wonders if this situation could have been avoided:
“Towards three o’clock there were unmistakable signs of a coming
storm, and our captain proposed our leaving at once, not even deeming
it prudent to wait for dinner. The latter proposition was, however,
negatived, and with anxious looks he was obliged to give in.”
During the tempest that followed, Pike and his men were forced to make a dramatic
escape from the cave in which they had set up camp when it was inundated by the sea. “I
felt deeply thankful when I arrived at the top,” writes Pike, “in spite of my hands and
feet being lacerated and bleeding, and my body bruised all over, to say nothing of the
loss of the greater part of my un-whisperables.”
The loss of his un-whisperables notwithstanding, Pike was still able to note the presence
of tropicbirds and shearwaters on Round Island, but “observed no other birds.” (Pike
1873).
In 1912 Captain Richard Meinertzhagen published a comprehensive list of the birds of
Mauritius, the result of a 12-month sojourn on the island. He visited Round Island
during October 1910 and, like previous authors, recorded the presence of tropicbirds, the
lesser frigate bird and shearwaters. However, since his death in 1967, Meinertzhagen has
famously been uncovered as a colossal fraud, with many of the biological specimens he
submitted as his own turning out to be specimens stolen from the Natural History
Museum. Any data reported by him must therefore be treated with extreme caution.
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In November 1948 Jean Vinson visited Round Island, and provided the first record of
petrels being present there. Vinson notes simply that, “we found some colonies of a bird
that has never before been recorded on Round Island. It is a petrel that we believe may
be Pterodroma macroptera.” (Vinson 1949).
1.2.2.3 Round Island today.
In 1957 Round Island was designated a Nature Reserve by the Mauritian Ministry of
Agriculture, Fisheries and Natural Resources (Merton 1987). The continued degradation
of the island’s flora during the 20th century, and the knock-on effect of soil erosion and
reduction in the indigenous fauna, has been well documented (Temple 1974; Bullock &
North 1977; Bullock & North 1984; North & Bullock 1986). Bullock and North
estimated that between 1975 and 1982 the fan palm Latania loddigesii declined by 39%
and the endemic bottle palm Hyophorbe amaricaulis was reduced to just nine
individuals (Bullock & North 1984). In 1976 marksmen were despatched to the island
and shot all but two of the goats (both female). The rabbits proved more difficult to deal
with- despite a concerted effort to shoot them out in 1976, they persisted on Round
Island and even increased in number. It was not until 1986, 117 years after the issue was
first raised by Barkly, that a specialist team from the New Zealand Wildlife Service
finally eradicated rabbits from the island using a combination of anticoagulant poison
and shooting (Merton 1987).
Round Island is currently managed by the Mauritian Wildlife Foundation, a charitable
N.G.O., and the National Parks and Conservation Service of Mauritius. There is a
permanently staffed field station on the island and an intensive programme of plant
restoration is underway. The reptile and seabird populations are closely monitored, and
strict quarantine procedures are enforced to prevent the accidental introduction of alien
plants and animals. As a result of these measures, the outlook for the fauna and flora of
Round Island is much brighter. Several species of plants, including the Bottle Palm,
have made spectacular recoveries and reptile populations have also increased, in some
cases apparently approaching their carrying capacity on the island (Cheke & Hume
2008). Telfair’s Skinks (Leiolopisma telfairii) are now being transferred to other islands
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to set up independent breeding colonies and a trial reintroduction of tortoises,
historically present on the island, is underway (C. Jones, pers comm.).
1.2.3 General introduction to the petrels.
The term ‘petrel’ can refer to any member of the Order Procellariiformes, or tube-nosed
seabirds, although it is sometimes used to refer to all Procellariiformes apart from the
albatrosses. The group contains around 125 species of birds that are adapted for life on
the open ocean, able to fly vast distances at sea and often nesting in dense colonies on
remote oceanic islands. The Order comprises four families- the Diomedeidae
(albatrosses), the Hydrobatidae (storm petrels), the Pelecanoididae (diving petrels) and
the Procellariidae (fulmers, prions, shearwaters and gadfly petrels). Of these the
Procellariidae is the most diverse and species-rich family, with around 79 species
(Brooke 2004).
The gadfly petrels are a group containing four genera (Pterodroma, Psuedobulweria,
Bulweria and Lugensa), named for their erratic flapping and gliding style of flight.
These small to medium-sized tropical and temperate species feed predominantly on
squid. Temperate species tend to be nocturnal and nest in crevices or burrows, whilst
tropical species are more likely to be diurnal surface-breeders. Members of this group
often display a very high level of natal philopatry, indeed around a quarter of gadfly
petrel species nest at just a single island or archipelago. The taxonomy of the gadfly
petrels is in an almost constant state of revision (Brooke 2004).
Albatrosses and petrels are extremely long-lived, with some species living up to 60
years. They breed only once a year and produce a single egg at each breeding attempt
(some albatross species breed just once every two years). They are also slow to mature
and often do not breed until several years of age. This slow generation time makes the
Procellariiformes particularly vulnerable to decline in the face of ecological disturbance
and adult mortality. The main threats to petrel and albatross populations today are
certain fishing practices and the introduction of predators to their island breeding
grounds. Long-line fishing, during which thousands of baited hooks are set on a
weighted line, has had a devastating effect on many albatross populations. Birds are
attracted by the bait as lines are laid out of the back of ships and become hooked,
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whereupon they are dragged under the water and drown. An estimated 100,000
albatrosses are killed in this way every year. Introduced predators, particularly cats and
rats, have also proved extremely harmful to many Procellariiform species. There are
many dramatic examples of petrel colonies being decimated by alien predators, for
instance when cats were introduced to Raoul Island in 1908, the population of Kermadec
petrels (Pterodroma neglecta) was reduced from half a million down to just a couple of
breeding pairs. As a result of these and other factors, 19 of the world’s 22 albatross
species are seriously threatened with extinction, making them the bird family with the
highest proportion of species under threat. Within the gadfly petrels, 60% of species are
threatened and 18% of species are critically endangered (Brooke 2004).
1.2.4 Taxonomic history of Pterodroma arminjoniana.
The taxonomy of the gadfly petrels has caused a great deal of confusion and debate, in
some cases from the very moment a species was first described. This is in no small part
due to the fact that several species are polymorphic, displaying a range of plumage
colourations that have historically been described as different species. Another
potentially confusing element is the extreme nest-site philopatry evident in this taxon.
Over 25% of gadfly petrel species breed at just a single island or archipelago, and birds
often return to nest at the exact spot where they fledged. According to Brooke (2004):
“the effect of extreme philopatry could be a reduction in the tendency
for populations of different genetically distinct colonies to diverge in
external appearance, a sure recipe for taxonomic mayhem.”
The petrels of Round Island are no exception, and since their discovery there has been
endless wrangling over their exact species designation, as well as their relationship to
other members of the Pterodroma.
In November 1949, Jean Vinson collected three specimens of the Round Island Petrel
for identification. The birds are listed as Pterodroma neglecta by Rountree et al (1952),
but in an appendix to the article this designation is altered to Pterodroma arminjoniana
based on an identification received from Robert Murphy of the American Museum of
Natural History. Pterodroma arminjoniana (the Trindade Petrel) was described by
Giglioli & Salvadori in 1869, based on two specimens collected about eight miles from
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Trindade (also known as South Trinidad) Island in the South Atlantic. The species is
named after Captain Victor Arminjon, who commanded the vessel upon which the two
scientists were travelling. The type specimen is white-bellied, however the species is
polymorphic with an entirely dark form, a pale form with white belly and face and
greyish-brown vermiculations on the throat, and a range of intermediate forms between
these two extremes. Foot colour also varies with plumage- the dark form has a black
tarsus and footpad whilst the pale form has a flesh-coloured tarsus and bicoloured
footpad, the proximal part being also flesh-coloured and the distal part being black.
Intermediate forms tend to have a pale tarsus and bicoloured footpad. Taxonomic
problems arose almost immediately when Giglioli & Salvadori descrided the dark form
as a separate species, Aestrelata (=Pterodroma) trinitatis. Indeed, no less than nine
synonyms of P.arminjoniana can be found in the subsequent literature and attached to
museum specimens (Mathews 1936, Murphy 1936, Murphy & Pennoyer 1952, Brooke
& Rowe 1995). Until the discovery of the Round Island population, P.arminjoniana was
thought only to breed at the islands of Trindade and the neighbouring Martin Vaz. As
with the Trindade population, Round Island birds occur in dark, intermediate and light
forms.
Giglioli & Salvadori noted the similarity between P.arminjoniana of Trindade and
P.neglecta of the South Pacific. This sentiment was echoed by Murphy (1936) who
suggested that the Trindade Petrel should possibly be regarded as a subspecies of
P.neglecta. Pterodroma neglecta (the Kermadec Petrel) was described by Schlegel in
1863 (Brooke 2004), based on specimens collected from Raoul Island in the Kermadecs
in 1854. Like the Trindade Petrel, P.neglecta is polymorphic, occurring in dark,
intermediate and light forms. It is widely distributed across the Pacific Ocean and is
divided into two subspecies, the larger P.n.juana in the Eastern Pacific and the smaller
P.n.neglecta in the west. Although similar in appearance to the Trindade Petrel there are
also notable differences, namely that the Kermadec Petrel is larger with a shorter, more
rounded tail and also it has characteristic white vanes on the primary feathers of the
wings whereas in P.arminjoniana the wing vanes are dark.
In their 1952 paper on the taxonomy of the Pterodroma, Murphy & Pennoyer reduced
P.arminjoniana and P.heraldica of the South Pacific to sub-specific status and placed
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them together in the same taxon. Described by Salvin in 1888 (Brooke 2004),
Pterodroma heraldica (the Herald Petrel) has an extensive breeding range- from northeastern Australia across the Pacific to Easter Island. The type specimen is white-bellied
but a dark form also exists and there are no intermediate forms in this taxon. Re-naming
the Herald Petrel P.arminjoniana heraldica, Murphy & Pennoyer note, “it is curious that
this widely distributed petrel has not long been recognised as the Pacific representative
of the Atlantic arminjoniana,” but go on to add that the Indian Ocean and South Atlantic
birds (designated P.a.arminjoniana), “are definitely larger than birds in our extensive
South Pacific series.” This observation was confirmed by Brooke & Rowe (1995) who
showed that P.heraldica is significantly smaller than P.arminjoniana.
In his extensive revision of the taxonomy of gadfly petrels, Imber (1985) restored both
P.heraldica and P.arminjoniana to specific status. This decision was based mainly on
intestinal structure and feather lice hosted by the birds. Imber found that the intestines
and feather lice of P.neglecta and P.arminjoniana were identical, but differed from those
of P.heraldica. Intriguingly, the feather louse Halipeurus heraldicus, hosted by
P.heraldica, has been collected from Round Island Petrels, whereas another species of
Halipeurus, hosted by P.neglecta, has been found on P.arminjoniana of the South
Atlantic (R.L. Palma pers comm. in Brooke et al 1999). This would suggest an affinity
between the Herald and Round Island Petrels on the one hand and between the
Kermadec and Trindade Petrels on the other (Brooke et al 1999).
In 1995 Brooke & Rowe published compelling evidence that the light and dark forms of
P.heraldica should be re-classified as separate species. Their observations included
assortative courting and mating between the two forms, differences in vocalisations,
separate breeding areas and differences in breeding season and finally mutually
exclusive mitochondrial DNA haplotypes. The name Pterodroma atrata (the Henderson
Petrel) was proposed for the dark form. Included in the genetic study were 20 petrels
from Round Island. On sequencing a 307-bp region of the cytochrome b gene, Brooke &
Rowe found eight separate haplotypes within the 20 Round Island birds sampled. Three
of these haplotypes were shared with the light Herald Petrel (none were shared with the
dark form) whilst five were found only in Round Island Petrels. These results may
indicate incomplete reproductive isolation between the light P.heraldica and
24

P.arminjoniana from Round Island (Brooke & Rowe 1995). In a later paper, focusing on
the same 307-bp region of the cyt-b gene, Brooke et al (1999) concluded that this
sequence data did not provide a sharp distinction between Round Island Petrels and
P.neglecta from the Pacific.
In the late afternoon and evening, petrels returning from foraging trips at sea perform a
noisy and conspicuous aerial display above their colony. The typical call given by
Round Island Petrels consists of 15-20 ‘keks’ repeated at a rate of 10-12 per second
followed by a more slowly repeated series of ‘kous’, the entire call lasting 3-6 seconds.
This call is similar to that given by P.heraldica and is referred to as the heraldica-type
call. The same call is given by petrels at Trindade Island (da Silva 1995, in Brooke et al
1999). In 1986 during a visit to Round Island, D.V. Merton reported that some petrels
were giving the call of P.neglecta (Brooke et al 1999). The neglecta-type call consists of
a single introductory ‘kek’ followed by a long, drawn out, ascendant then descendant
‘keraaoouw’ lasting about three seconds. The call is terminated by a series of ‘kous’
repeated up to four times. A recording of calls from Round Island taken by Merton in
1987 revealed that both types of calls were being given by birds there. In September
1994 Brooke observed that birds giving the neglecta-type call had the white primary
shafts that are characteristic of P.neglecta whereas heraldica-type calls were given by
birds with dark primary shafts. Brooke et al (1999) concluded that P.neglecta are present
on Round Island more or less regularly, though in much smaller numbers than
P.arminjoniana. This record represents a significant westward extension of the known
range of P.neglecta- the nearest breeding sites to Round Island are Norfolk Island and
Lord Howe Island in the Tasman Sea.
In recent years the situation on Round Island has been further complicated by the
discovery of mixed pairs of Kermadec/Round Island Petrels. Birds have also been found
displaying plumage characteristics intermediate between the two species (specifically
primary shafts that are white but only along part of their length). A third type of call has
also been heard on Round Island that appears to contain elements of both the heraldicatype and the neglecta-type calls. These observations have prompted speculation that
P.arminjoniana and P.neglecta may be hybridising on Round Island.

25

1.2.5 General observations of Round Island Petrels.
In October 1964, there were estimated to be around 75 pairs of petrels nesting at Round
Island (Gill et al 1970). In 1976 Vinson estimated 105-120 breeding pairs at peak
breeding season whilst in 1991 Burger & Gochfield found 75 nests and estimated as
many as 150 for the island as a whole. Between November 2004 and February 2005,
evidence of nesting (chick or egg) was found at 208 sites on the island. However, a large
proportion of nests (55%) failed during this time. In September/October 2005 evidence
of nesting was found at 136 sites (this study). Together these data seem to suggest a
gradual increase in the number of breeding pairs using the island, however it should be
noted that the effort expended in searching for nests probably differed between studies.
The proportion of each colour morph (or ‘phase’) present on the island has also been
estimated on a number of occasions. Most authors divided birds into three groups based
on plumage colour- dark, intermediate and pale. The various numbers of each recorded
in different years are given in table 1.1.
In all cases the dark form is the most common and, apart from this study, the pale form
is the rarest. The ratio of colour morphs at Trindade Island is apparently reversed, with
pale birds being more common than dark birds (Murphy 1936).
Year
1964
1973 (Mar)
1973 (Oct)
1974 (Oct)
1978
1982
2004

Dark
6
10
31
34
70
69
57

Intermediate
3
4
15
16
21
22
7

Pale
1
1
1
4
9
9
15

Reference

Gill et al 1970
Vinson 1976
Vinson 1976
Vinson 1976
Gardner et al 1985
Gardner et al 1985
this study

Table 1.1 Number of birds of each colour morph recorded on Round Island in various years.

Round Island Petrels are surface-breeders, tending to nest in crevices, under ledges or
boulders and occasionally in patches of Vetiveria arguta, a type of grass. There is
generally little or no nesting material with the single, white egg often laid directly on
bare rock or shallow silt. Birds tend to nest close to one another in discrete clusters,
where the distance between adjacent nests can be as little as 40cm. The clusters are also
loosely associated into larger colonies, which appear to occupy four separate areas of the
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island. Occasionally single isolated nests are found. Birds display a high degree of
fidelity to particular colonies and even to individual nest sites- many sites are regularly
used year after year (C.Jones, pers.comm.).
Records of nesting activity on Round Island between 1954 and 1975 (Gill et al 1970,
Vinson 1976) show that, despite some breeding activity occurring throughout the year,
there is a pronounced peak in egg-laying between July and October, the latter part of the
austral winter going into spring. Between February and July there is a marked reduction
in the number of breeding birds on the island.
1.3 Population structure theory and analysis.
1.3.1 Characterization of genetic diversity.
Genetic diversity is an important factor in the survival of populations and species. In the
short term, low levels of genetic diversity may affect the reproductive fitness of a
population. In the longer term, high levels of diversity are required in order for
populations or species to adapt to environmental change. The level of genetic diversity
within a population therefore reflects its evolutionary potential (Frankham et al 2004).
Small populations tend to lose genetic diversity over time. Since most species of
conservation concern are rare, estimating genetic diversity and understanding the
processes by which it changes are central to conservation genetics.
The genetic characteristics of a population are often described in terms of allele
frequencies- the proportion of all alleles examined represented by each allele. Allele
frequencies provide a simpler frame of reference than the large number of different
genotypes produced by multi-locus data (Allendorf & Luikart 2007).
1.3.1.1 Hardy-Weinberg equilibrium.
In large, random mating populations in which there are no factors causing genetic
change, allele frequencies reach a state known as Hardy-Weinberg equilibrium (HWE).
Under HWE, the allele and genotype frequencies in a population will remain constant
from one generation to the next. HWE is one of the central principles of population
genetics, but it requires a number of assumptions to be fulfilled, namely that the
population is random mating, that there is no selection or mutation, that there is no
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immigration and that the population is very large. Whilst these conditions are unlikely to
hold true in natural populations, there is often agreement between observed allele
frequencies and Hardy-Weinberg expectations. This does not mean that mutation,
migration and selection are not occurring, but simply that their effects may be small
(Frankham et al 2004).
Considering the simple example of a single locus with two alleles (A and a), there are
three possible genotypes:
AA

Aa

aa

If we know the frequency of each allele in the population (freq(A) = p, freq(a) = q) then
after one generation of random mating, the frequencies of each genotype are given by:
(p + q)2 = p2 + 2pq + q2
So that freq(AA) = p2, freq(Aa) = 2pq and freq(aa) = q2.
These genotype frequencies will be maintained forever, so long as the assumptions of
HWE remain true. The expression can be expanded for loci with more than two alleles
(Allendorf & Luikart 2007).
1.3.1.2 Heterozygosity.
The best general measure of genetic diversity is expected heterozygosity (HE), or the
proportion of heterozygotes we would expect to see in a population under HWE, given
the frequency of each allele. In the single locus / two allele example given above:
HE = 2pq
However, for loci with more than two alleles it is simpler to calculate HE as one minus
the expected number of homozygotes:
HE = 1 - Σ pi

2

Where pi is the frequency of the ith allele (Frankham et al 2004).
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HE is useful for comparing the genetic diversity of different populations since it is
largely insensitive to sample size. Accurate estimates of heterozygosity can be obtained
from a very small number of individuals, so long as a large enough number of loci are
sampled (Gorman & Renzi 1979).
1.3.1.3 Allelic richness.
Another important measure of genetic diversity is allelic diversity (A) - the total number
of alleles at a locus, or if more than one locus has been sampled, the average number of
alleles per locus. However, unlike heterozygosity, allelic diversity is highly dependent
on sample size since the probability of finding rare alleles increases as more individuals
are sampled. This problem is addressed by using allelic richness, R(g), where g is the
number of individuals sampled. This measure of allelic diversity was first described by
El Mousadik & Petit (1996). Allelic richness uses a rarefaction method to standardise
unequal sample sizes, adjusting them to the size of the smallest sample recorded (Petit et
al 1998).
Allelic richness provides additional information about the genetic character of a
population that may not be evident from heterozygosity alone. For example, a
population bottleneck lasting for a short time will have relatively little effect on
heterozygosity. However, even a short duration bottleneck will severely reduce the
number of alleles in a population, particularly if a large number of alleles were present
initially (Allendorf 1986).
1.3.2 Detecting population structure.
Natural populations are frequently divided into a number of localised units, sometimes
called demes, which may be completely isolated from one another, partially isolated, or
acting as a single interbreeding population. The extent of isolation, or structure, amongst
demes within a population can be determined using genetic markers. At neutral loci the
extent of differentiation between population fragments is determined by the opposing
forces of genetic drift and gene flow. Drift will tend to increase the differences between
fragments whereas gene flow will have the opposite effect (Frankham et al 2004,
Allendorf & Luikart 2007).
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The identification of distinct genetic populations has important consequences for
conservation management. To maintain the full adaptive potential of a species it is
necessary to conserve as many locally adapted populations as possible. To this end,
genetically distinct populations can sometimes be granted the same legal protection as
full biological species (eg. US Endangered Species Act 1973).
1.3.2.1 Genetic drift.
In a population that is under Hardy-Weinberg equilibrium, allele and genotype
frequencies are not expected to change from one generation to the next. However, one
assumption of HWE is that population size is infinite (or extremely large). When this
assumption is violated, as in small populations, there will be random changes in allele
frequencies from generation to generation, a process known as genetic drift. Drift occurs
because the alleles transmitted to offspring are unlikely to be a perfect representation of
the allele frequencies of the parents (Allendorf & Luikart 2007).
Sometimes alleles will be lost from a population or become fixed (only one allele
remains at a locus) due to drift. Fluctuations of allele frequencies are much greater in
small populations than in large ones, therefore alleles in small populations are more
likely to be lost or become fixed than those in large populations (Falconer & Mackay
1996). As a result, genetic variation is lost more rapidly when population size is small.
Drift also results in the diversification of two isolated populations that are derived from
the same ancestral population. Again, the rate of diversification will be greater in small
populations than in large ones (Frankham et al 2004).
1.3.2.2 F-statistics.
The most widely used measures of population structure are Wright’s F-statistics, initially
developed by Sewall Wright (1931) and later expanded to include loci with three or
more alleles by Masatoshi Nei (1977). F-statistics show the proportion by which
heterozygosity in a population is reduced relative to the Hardy-Weinberg expectations
for a random mating population with the same allele frequencies (Allendorf & Luikart
2007). Wright (1931) developed several metrics of F to explain the genetic variation in a
subdivided population, namely FIS, FST and FIT.

30

Imagine a total population of a particular species (T) that is divided into a number of
subpopulations (S) (Fig. 2.4). Using multilocus genotype data we can calculate observed
and expected heterozygosities for each subpopulation or for the total population. These
values are used to determine the various F-statistics.

Figure 1.5 Diagrammatic representation of a subdivided population. Total population (T) is split between
a number of subpopulations (S).

FIS is a measure of the departure from HWE within subpopulations and is given by:
FIS = 1 – (HI / HS)
Where HI is the average observed heterozygosity across all subpopulations and HS is the
average expected heterozygosity across all subpopulations. When observed and expected
heterozygosities are nearly equal, FIS will be close to zero. A positive value of FIS
indicates an excess of homozygotes, which may be the result of inbreeding within
subpopulations (Frankham et al 2004). However, an FIS value of zero does not indicate
that all fragments have identical allele frequencies.
FST is a measure of allele frequency divergence between subpopulations and is given by:
FST = 1 – (HS / HT)
Where HT is the expected heterozygosity for the total population. The value of FST lies
between 0 (no differentiation between subpopulations) and a theoretical value of 1
(fixation of different alleles in different subpopulations). In reality values of FST can be
much less than 1, even in highly differentiated populations (Frankham et al 2004).
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FIT is an overall measure of deviation from HWE in the entire population, due to both
FIS (inbreeding) and FST (divergence). FIT is given by:
FIT = 1 – (HI / HT)
The three F-statistics are related to one another according to the following equation
(Frankham 2004):
FIT = FIS + FST – (FIS)(FST)
F-statistics were originally developed for use with allozyme data, which has low
variability, often comprising only two alleles. The transfer of F-statistics to highly
variable loci must therefore be done with caution. Loci with multiple alleles tend to have
high levels of heterozygosity and therefore low values of FST, even if different
populations have non-overlapping sets of alleles (Hedrick 1999). RST is an alternative
measure of population differentiation analogous to FST , developed specifically for
microsatellite data (Slatkin 1995). RST incorporates a stepwise model of mutation (each
mutation results in the gain or loss of a single repeat unit) into the calculation of
divergence between subpopulations. Thus two populations with alleles differing by few
repeat units will have diverged more recently than two populations with alleles differing
by many repeat units. Whilst this method attempts to overcome one of the drawbacks of
FST, namely that the identity of alleles is not considered, Gaggiotti et al (1999) have
shown that FST performs better than RST when the number of loci examined is less than
about 20.
Despite the widespread use of F-statistics in population genetics, the interpretation of
FST values derived from microsatellite data must be carefully considered and preferably
done in conjunction with other measures of genetic variation.
1.3.2.3 Cluster analysis.
F-statistics provide a means for detecting genetic structure amongst a number of
subdivided populations. They rely on the fact that populations can be defined a priori
based on some other factor, such as phenotype or sampling location. However, we do
not always know if assignment of individuals to populations in this way reflects an
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underlying pattern of distinct genetic clusters. Also, it may sometimes be of interest to
look for ‘cryptic’ structure, which is difficult to detect by other means.
A method for detecting population structure without a priori assumptions of population
membership has been developed by Pritchard et al (2000) and supplemented by Falush
et al (2003, 2007). Their program, STRUCTURE v2.2, uses a Bayesian clustering approach
to infer population structure from multilocus genotype data and to assign individuals to
particular populations. It can also be used to detect individuals that are likely to be
migrants or that are admixed (Pritchard et al 2000).
STRUCTURE

works on the assumption that genotype data is drawn from K populations

(where K may be unknown) and that each population is characterised by a particular set
of allele frequencies. It also assumes that markers within each population are at linkage
equilibrium and Hardy-Weinberg equilibrium. The model then looks for the presence of
linkage disequilibrium or deviation from HWE within a dataset, and clusters individuals
into groups such that these deviations are minimised within each group (Pritchard et al
2000).
The program uses genotype data from the individuals sampled, denoted by the
multidimensional vector X, to estimate the populations of origin (Z) and the allele
frequencies in all populations (P). Models (priors) are specified for the probability of Z
(Pr(Z)) and the probability of P (Pr(P)) given the genotypes X. The distribution of these
vectors is then given by:
Pr(Z, P|X) ∝ Pr(Z) Pr(P) Pr(X|Z, P)
The model is run for different values of K to produce a series of posterior probabilities
giving the likelihood that there are K genetic populations represented within the data set.
However, according to the authors, these values “should be regarded as rough guides
rather than accurate estimates of the posterior probabilities” (Pritchard et al 2000).
Each individual is assigned to one of the K genetic populations, or to two or more
populations if the individual appears to be admixed. These assignments can be
represented graphically using a bar plot, an example of which is shown in figure 2.5.
Each bar represents an individual and the different colours represent the different genetic
clusters detected by STRUCTURE. The colour of each bar denotes the proportion of times
33

(out of the total number of MCMC iterations) that a particular individual was placed into
one or other of the clusters.

Figure 1.6 Proportion of times in 100,000 replicates that petrels from different islands were assigned to
different genetic populations by STRUCTURE. Red = genetic population 1; green = genetic population 2;
blue = genetic population 3. From Friesen et al 2006.

Following the identification of distinct genetic clusters using STRUCTURE, prior
information about membership of individuals to particular populations (eg. geographic
location) can be incorporated to determine whether genetic clusters correspond with
other factors. In the example shown in figure 2.5, data were collected from the
Galapagos petrel (Pterodroma phaeopygia) nesting on five islands within the Galapagos
archipelago. The majority of birds from Floreana were placed in the ‘red’ cluster and the
majority of birds from Santa Cruz were placed in the ‘blue’ cluster. Birds from Isabela
and Santiago formed a single genetic cluster (‘green’) whilst birds from San Cristobal
appear to be a mixture of genotypes from all three clusters. It is also possible to identify
individuals who appear to have been ‘misclassified’. For instance, three birds sampled
on Santiago were placed most often into the ‘red’ genetic cluster. This could be an
indication that these individuals are migrants from Floreana or that they are admixed
(Friesen et al 2006).
When prior population information is used, STRUCTURE provides probabilities of each
individual being a migrant itself, or of having migrant ancestors (parent, grandparent
etc.) from one of the other populations. Prior information may also be used to describe
‘learning samples’ within the program, in which individuals of known origin are used as
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a starting point by which to classify individuals of unknown origin (Pritchard et al
2007).
1.3.3 Detecting and estimating admixture.
Hybridisation and admixture occur when populations that have been isolated for a period
of time, and have undergone differentiation, come into contact again. This can be the
result of natural processes such as range expansion or anthropogenic processes such as
the accidental or deliberate introduction of organisms to a new area (Frankham et al
2004). Detecting admixture and determining the proportional contribution of each
parental species to the hybrid population are important considerations in conservation
biology as they can help to make informed management decisions. For example, there is
debate over whether or not hybrids should receive legal protection in the same way as
the parental species (Wayne 1996; Wilson et al 2000; Schwartz et al 2004). Also, in
some cases remedial action may be necessary to prevent species being ‘hybridised out of
existence’ (Rieseberg & Swensen 1996).
1.3.3.1 Diagnostic loci.
Loci that are fixed or nearly fixed for different alleles in the two hybridising populations
can be used to identify hybrid individuals or to estimate the extent of introgression
between populations (Allendorf & Luikart 2007). Schwartz et al (2004) demonstrated
hybridisation between the Canada lynx (Lynx canadensis) and bobcats (L.rufus) using
diagnostic microsatellite loci. Two loci were identified which had non-overlapping
ranges of allele sizes in the two species. Samples collected from an area where the
ranges of the two species overlap revealed three individuals that contained one allele
from each of the two parent species at both loci. These individuals are likely to be F1
hybrids, although they could also be later generation hybrids (Schwartz et al 2004).
Similarly, Gottelli et al (1994) were able to estimate the extent of admixture between
Ethiopian wolves (Canis simensis) and domestic dogs (C.familiaris) using a
microsatellite locus that is fixed in pure Ethiopian wolves but heterozygous in dogs. The
frequency of the fixed wolf allele in a population of hybrid individuals was 0.78,
indicating that around 22% of the genetic composition of this population was derived
from domestic dogs.
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1.3.3.2 Allele frequencies.
In the absence of suitable diagnostic loci, allele frequencies can also provide evidence of
hybridisation. In a study of the rare Owens tui chub (Siphateles bicolor snyderi) in North
America, Chen et al (2007) used private alleles and allele frequencies to demonstrate
introgression by the introduced Lahontan tui chub (Siphateles bicolor obesa).
Identification of ‘pure’ parental populations and putative hybrid populations revealed
that all alleles unique to the Owens tui chub (14 alleles) were shared with hybrids and
76% of alleles unique to the Lahontan tui chub (32/42 alleles) were also shared with
hybrids. Six ‘orphan’ alleles were found in the hybrid populations that were not present
in either parental population. These alleles were present at very low frequencies and may
represent Owens tui chub alleles that have been lost through drift in the parent
population due to the its small size (Chen et al 2007). The same study used a maximumlikelihood method for estimating the overall proportion of admixture in the hybrid
populations, developed by Wang (2003).
A number of methods exist for estimating the proportional contribution of each parent
population to a hybrid population using allele frequency data (Roberts & Hiorns 1965;
Long 1991; Chakraborty et al 1992; Bertorelle & Excoffier 1998, reviewed in Wang
2003). All these methods, except for that of Bertorelle & Excoffier (1998), are based on
the assumption that allele frequencies of the hybrid population will be a linear
combination of those of the parental populations at the time when admixture occurred.
Since these frequencies are estimated from contemporary samples, a number of possible
sources of error exist. Sampling errors resulting from small sample sizes could affect
estimation of allele frequencies, as could drift and mutations occurring in the parent and
hybrid populations after the admixture event. It is also important to take into account the
amount of differentiation between parent populations before the admixture event (Wang
2003).
The method of Bertorelle & Excoffier (1998) uses the level of divergence between
alleles as well as allele frequencies to estimate admixture. Except in cases where there is
a large amount of differentiation between parent populations and a very high mutation
rate, it is usually outperformed by frequency-based methods (Wang 2003).
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The model of admixture adopted by Wang (2003) and Bertorelle & Excoffier (1998) is
shown in figure 2.6. The parameter of interest is p1, the proportion of genes contributed
by parental population P1. The model assumes that, from the time of admixture until the
time of sampling, parental and hybrid populations are isolated and do not exchange
genes. In natural populations this may not be realistic, and migration from parental
populations into the hybrid population may be more or less constant.
Unlike previous methods, the maximum likelihood method of estimating admixture
developed by Wang (2003) takes into account the amount of genetic differentiation
between parent populations, and the effects of drift and sampling error in all populations
(mutations are assumed to be negligible). Extensive tests using simulated data sets have
shown this method to be more powerful and have higher precision and accuracy than
previous estimators of admixture. These tests also showed that all the methods of
estimating admixture appear to be robust in the face of constant migration (Wang 2003).

Figure 1.7 The admixture model. An ancestral population, P0, is split into two parental populations, P1
and P2 (with effective population sizes n1 and n2, respectively), which evolve independently for ξ
generations before they contribute genes of proportions p1 and 1-p1 to form the hybrid population, Ph.
After the admixture event, P1, P2 and Ph with effective population sizes N1, N2 and Nh, respectively, evolve
independently for Ψ generations before a sample (Sj, j = 1,2,h) is taken from each of them. From Wang
2003.
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1.3.4 Parentage analysis.
Parentage analysis is often carried out using multilocus microsatellite data. Where
genetic information is available for the mother, offspring and a number of putative
fathers, some males can be excluded as fathers if they do not contain one or more
paternally derived alleles present in the offspring (Frankham et al 2004). If a single male
remains after exclusion of others then paternity is assigned to that male. When the
maternal genotype is unknown parentage can still be inferred, but a larger number of
markers will be required for accurate assignments (Allendorf & Luikart 2007). However,
exclusion based on genotypic mismatches may be insufficient to assign parentage
unambiguously. As a result, likelihood methods have been developed to help determine
the most likely parents of an offspring when there are several candidate parents that
cannot be excluded (Meagher 1986; Marshall et al 1998; Kalinowski et al 2007).
Likelihood methods evaluate one hypothesis relative to another, given the available data.
This is known as the likelihood ratio and can be expressed as:
L(H1, H2 | D) = P(D | H1) / P(D | H2)
Where H1 and H2 are the competing hypotheses, D is the data and P(D | H1) is the
probability of obtaining data D under hypothesis H1. In the case of paternity analysis, D
is the genotypes of the parents and offspring at a particular locus, hypothesis H1 is that
the putative father is the true father and hypothesis H2 is that the putative father is a
random, unrelated individual. The probabilities of each hypothesis are derived using
Mendelian segregation and allele frequencies within the population (Marshall et al
1998).
A likelihood-based method for estimation of parentage in natural populations has been
developed by Marshall et al (1998) and later refined by Kalinowski et al (2007). This
method is implemented in the program CERVUS 3.0. Parentage is assigned to individuals
based on their LOD score (the logarithm of the likelihood ratio score). For example, an
LOD score of zero indicates that a particular candidate male is equally likely to be the
father as a randomly selected male, whilst a positive LOD score indicates that the
candidate male is more likely than a randomly selected male to be the father. If more
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than one male returns a positive LOD score, paternity will be assigned to a particular
male if the LOD score is large relative to the scores of alternative males (Marshall et al
1998).
The likelihood approach allows an error rate to be incorporated into the analysis to
account for possible mistakes in genotyping. With exclusion methods, any mismatch
between the offspring genotype and a putative parent will result in that parent being
excluded from consideration. Therefore the true parent may be excluded if alleles have
been incorrectly scored in either parent or offspring genotypes. Since genotype data is
rarely perfect, CERVUS assumes an error rate of 1% in all parentage analyses. CERVUS
can also calculate the statistical confidence level of parentage assignment. The
probability of correct assignment is calculated using the statistic , which is defined as
the logarithm of the ratio of likelihood ratios (or the difference in LOD scores). A
computer simulation of parentage analysis using allele frequencies derived from the
study population is used to calculate critical values of . Values of

generated during

actual parentage analysis can then be tested against these critical values to determine the
level of confidence in the assignment (typically a relaxed confidence level of 80% or a
strict confidence level of 95%). Confidence levels in parentage assignment will be lower
if the maternal genotype is unknown, if there are a large number of candidate males or if
the population contains many full- or half-sibs of the offspring for which parentage is
being estimated (Marshall et al 1998).
1.3.5 Detecting population bottlenecks.
Detecting recent population bottlenecks (severe reductions in effective population size)
is an important aspect of conservation genetics. Populations that have undergone a
bottleneck will suffer a loss of genetic variation and consequently may have reduced
fitness and adaptive potential, and increased risk of extinction (Frankham et al 2004).
Bottlenecks or founder events may also be a mechanism of speciation in some taxa,
through colonisation of new areas by a small number of individuals (Carson 1971). If
historical population sizes are not known it can be difficult to determine whether a
population has experienced a bottleneck. However, molecular markers can be used to
identify the distinct genetic signature of a bottleneck even if no information is available
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about genetic variation within a population prior to the bottleneck (Cornuet & Luikart
1996; Rogers & Harpending 1992; Garza & Williamson 2001).
A reduction in the effective population size of a species will generally result in a loss of
genetic variability. During a bottleneck, different parameters of genetic variability are
affected in different ways. Heterozygosity is relatively insensitive to a short duration
bottleneck, even if the bottleneck is severe. The amount of heterozygosity lost in a single
generation is roughly equal to 1/2Ne, where Ne is the effective population size. Therefore
even if a population is reduced to just two individuals (the smallest possible bottleneck
in a sexually reproducing species) heterozygosity will only be reduced by 25%. A
bottleneck of 100 individuals will result in a reduction in heterozygosity of just 0.5%.
Substantial reduction in heterozygosity arises only after sustained reduction in
population size over a number of generations (Frankham et al 2004; Allendorf & Luikart
2007).
In contrast, the impact of a bottleneck on allelic diversity tends to be much greater.
During a bottleneck of two diploid individuals the maximum number of alleles that can
be retained is four. The extent to which allelic diversity is lost during a bottleneck
depends on the number and frequency of alleles present in the original population.
Highly polymorphic loci will lose a larger proportion of their alleles and rare alleles will
have a much greater chance of being lost. The number of alleles (A) retained after a
single generation bottleneck is given by:
A=n-

(1 – pi)2N

Where n is the number of alleles before the bottleneck and pi is the frequency of the ith
allele (for i = 1,2…n).
Therefore immediately after a bottleneck, allelic diversity will be reduced faster than
heterozygosity. If the bottleneck is sustained for several generations, heterozygosity will
gradually erode and the magnitude of the difference between the two parameters will
lessen (Cornuet & Luikart 1996). This relationship is demonstrated in figure 2.7.
Detection of this transient deficiency in the number of alleles relative to the observed
heterozygosity would therefore provide evidence of a recent genetic bottleneck. A
method for detecting recent bottlenecks using allele frequency data from polymorphic
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loci has been developed by Cornuet & Luikart (1996) and implemented in the program
BOTTLENECK v1.2.02.

Figure 1.8 Simulated loss of mean heterozygosity (He) and allelic diversity at eight microsatellite loci
during a bottleneck of two individuals sustained for six generations. Adapted from Luikart & Cornuet
(1998)
BOTTLENECK

examines the difference between the observed heterozygosity in a

population and the heterozygosity expected given the number of alleles present, if the
population were at mutation-drift equilibrium. On this occasion ‘heterozygosity’ refers
to the proportion of genotypes at a locus that are heterozygous, rather than the
proportion of individuals that are heterozygous at that locus (Piry et al 1999). If the
population is at mutation-drift equilibrium, then the difference between observed and
expected heterozygosities will have an approximately equal probability of being positive
or negative. If the population has undergone a recent bottleneck then we would expect
the difference to be positive more often than negative ie. there will be a heterozygote
excess at the majority of loci (Cornuet & Luikart 1996). BOTTLENECK performs a
number of statistical tests to determine whether any observed heterozygosity excess is
significantly different from zero.
The relationship between allele number and heterozygosity depends on the mutation
process (Cornuet & Luikart 1996), therefore BOTTLENECK implements the two most
commonly cited models of mutation, the infinite alleles model (IAM) and the stepwise
mutation model (SMM). Under the IAM (Kimura & Crow 1964), each new mutation is
assumed to produce a new allele that has not previously existed within the population.
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The model does not allow for homoplasy and identical alleles are therefore considered to
be identical by descent. Under the SMM (Kimura & Ohta 1978) any mutation will
produce an allele that is different from its predecessor by one repeat unit. The mutation
can cause a single step change in either a positive or negative direction, therefore this
model allows for homoplasy (alleles that are identical are not necessarily identical by
descent). According to the strict SMM, alleles that are more similar to one another will
be more closely related than alleles that are less similar to one another. For example, two
alleles differing by a single repeat unit will be assumed to have shared a common
ancestor more recently than two alleles differing by five repeat units. The IAM and the
SMM are considered to be the outer extremes of a range of possible mutation models
(Chakraborty & Jin 1992). In theory, microsatellite loci are likely to evolve under the
SMM, however empirical data suggest that the actual mode of mutation for
microsatellites lies somewhere between the IAM and the SMM (Balloux & LugonMoulin 2002). Di Renzo et al (1994) proposed the two-phase model (TPM) for mutation
in microsatellites, in which two types of mutation occur, single-step mutations and larger
multi-step mutations. The TPM is implemented in BOTTLENECK and the proportion of
mutations that are single-step or multi-step can be varied. Values of 95% SSM and 5%
MSM are suggested by the authors when analysing microsatellite data (Piry et al 1999).
An alternative method for detecting a historical reduction in population size is explored
by Garza & Williamson (2001). This method uses the number of alleles present in a
population (k) and the range in allele size (r) to calculate the statistic M, where:
M=k/r
The M-ratio will be smaller in a population that has recently undergone a reduction in
size than in a population at equilibrium. When a population is reduced in size, the effects
of drift are magnified and alleles will be lost more rapidly. The loss of any allele will
cause a reduction in the value of k, however only the loss of the largest or smallest allele
will cause a reduction in the value of r. Therefore k will be reduced more quickly then r
during a bottleneck. Comparing the value of M for a population that is suspected of
having suffered a bottleneck with the value for a non-bottlenecked population can
therefore provide evidence that the bottleneck has occurred. However, in many cases
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data from a non-bottlenecked population will not be available. In these instances it is
possible to use a simulation approach to statistically determine the critical value of M,
(Mc). If the calculated value of M for a population is below this critical value, then it is
likely that a reduction in population size has occurred (Garza & Williamson 2001).
The programs M_P_VAL and CRITICAL_M (available at http://swfsc.noaa.gov/
textblock.aspx?Division=FED&id=3298) calculate the M-ratio using microsatellite
genotype data, and the critical value of Mc, with a 95% confidence limit, using
simulation. M is calculated for all loci and averaged to give the value for a particular
population. Simulations of the microsatellite mutation process follow the two-phase
model of Di Rienzo et al (1994). This model is specified using three parameters: θ =
4Neµ (where Ne is the effective population size and µ is the mutation rate), ps, the
proportion of one-step mutations, and ∆g, the average size of mutations that are larger
than one step. The equilibrium value of M is taken as the average value of M over
10,000 simulations (Garza & Williamson 2001).
Both simulation studies and examination of real data show that M declines after a
population is reduced in size. Moreover, M retains information about the demographic
history of a population for longer than methods that measure heterozygote deficiency,
such as that of Cornuet & Luikart (1996) (Garza & Williamson 2001).
1.3.6 Estimating migration rate.
Rates of migration between natural populations may be difficult to estimate through
direct observation, particularly if the rates are low. Therefore, the average migration rate
(Nm) can be indirectly estimated using molecular markers. Migration rate is calculated
as the average number of migrants per generation, and can be obtained in a number of
ways (Allendorf & Luikart 2007).
1.3.6.1 Wright’s FST.
Nm can be estimated from FST values under the island model of migration. According to
this model, a number of populations, each of size N, will exchange individuals at a rate
m. Migrants are equally likely to migrate into any of the populations. Wright (1969) has
shown that the relationship between migration rate, population size and FST (if migration
rate is small) can be approximated by:
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FST

1 / (4Nm + 1)

This equation can be rearranged to give the average number of migrants per generation
from FST:
Nm

(1 – FST) / 4FST

As the number of migrants (and therefore the amount of gene flow) increases, FST will
decrease and eventually reach a level that is not significantly different from zero
(populations are genetically undifferentiated). The amount of migration required to
prevent population differentiation is remarkably low (Wright 1931, 1943).
Using FST to estimate migration rate has a number of drawbacks. Firstly, the island
model of migration makes several unrealistic assumptions. It requires an infinite number
of populations of equal size and assumes that migration between all populations is the
same and constant (migration is symmetrical). These conditions are unlikely to be met
by natural populations (Whitlock & McCauley 1999). Secondly, for very low values of
FST, the confidence intervals for estimates of Nm can be extremely high. Therefore
estimates of Nm derived from FST must be treated with caution (Allendorf & Luikart
2007).
1.3.6.2 Private alleles.
When several populations are being considered, alleles that occur in just one population
are referred to as ‘private’ alleles. If migration between populations is low then private
alleles (that arise, for example, through mutation) will be unlikely to transfer to other
populations. If migration rate is high then private alleles will be uncommon (Allendorf
& Luikart 2007). Slatkin (1985) showed that a linear relationship exists between the log
frequency of private alleles in a population and the log migration rate, over a wide range
of values. It is therefore possible to estimate migration rate based on the average
frequency of private alleles. However, this method assumes that populations are in
genetic and demographic equilibrium, which may not always be the case. It can also lead
to overestimation of migration rates if populations have recently diverged. Populations
that have recently descended from a single ancestral population will have rare alleles in
common, even if there is no exchange of migrants. Over time drift will eliminate some
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rare alleles and mutation will create new ones, leading to differences between
populations. However, immediately after a split, evidence from rare alleles might
suggest a high level of gene flow (Slatkin 1985). This apparent pattern of high gene flow
might be expected when t < Ne (t = time in generations, Ne = effective population size)
(Slatkin 1985; Crow & Kimura 1970).
1.3.6.3 Maximum likelihood.
Beerli & Felsenstein (2001) have developed a maximum likelihood estimator of
migration rate based on coalescence theory, which is implemented in the program
MIGRATE v2.0.

This method does not assume symmetrical migration rates or identical

population sizes and can incorporate different mutation models (eg. IAM, SMM). Unlike
classic estimators such as FST, the likelihood-based approach uses all the data in raw
form rather than a single summary statistic. As a result the likelihood method should
give a more precise estimate of Nm than moment-based methods (Beerli & Felsenstien
2001). A disadvantage of the likelihood estimator is that it is computationally slow,
making it difficult to validate with numerous simulated scenarios (Allendorf & Luikart
2007).
1.4 Phylogenetic reconstruction.
The central principle of evolutionary biology is that organisms share a common
ancestor, but have diverged from one another over time. The study of phylogenetics
represents our attempt to reconstruct historical associations between taxa based on
observable characters. In recent decades, a dramatic increase in the ease with which
DNA sequence data can be generated, together with an increase in the processing speed
of computers, has led to the widespread adoption of molecular phylogenetic methods.
Sequence data may at first seem to provide incontrovertible evidence of evolutionary
relationships, but molecular phylogenetic inference is, in reality, filled with
uncertainties. This is partly due to the large number of trees that can describe the
relationships between a set of taxa, and partly due to variation in the pattern of sequence
evolution between different genes, different organisms and over evolutionary time.
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Figure 1.9 The phylogenetic relationship between three taxa can be described by a single unrooted tree or
three possible rooted trees.

The phylogenetic relationship between three different DNA sequences can be described
by a single unrooted tree, or by three rooted trees (Fig. 2.8). Increasing the number of
sequences to ten will increase the number of possible rooted trees to around 34 million.
For 20 sequences the number of possible trees is 8.2x1021 and for 100 sequences the
number of trees exceeds the number of particles in the known universe (Page & Holmes
1998). Therefore, for all but the smallest sample sizes, it is computationally impossible
to examine every tree in order to find the best one. As a result, numerous methods have
been developed that attempt to find the best tree without examining every possible tree.
Some of the more widely used methods are described below, together with their benefits
and drawbacks.
Methods for inferring molecular phylogeny can be divided up according to the way in
which they handle data and also the way in which they build trees. Data handling
follows either distance or discrete methods. With distance methods, a set of aligned
sequences is converted into a matrix of pairwise distances (the total number of
nucleotide substitutions between each pair of sequences), and this matrix is used to
construct a tree. Discrete methods, on the other hand, consider each aligned nucleotide
site independently.
Tree building procedures can be either cluster method or follow optimality criteria.
Clustering involves starting with a tree of three taxa, then sequentially adding each
additional taxon in the best available position. Optimality criteria allow us to choose the
best tree from all possible trees based on how well that tree scores according to a
particular model of character evolution (Page & Holmes 1998).
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The tree building algorithms of neighbour-joining and UPGMA (un-weighted pair group
method with arithmetic means) both use distance data and clustering to produce
phylogenies. The benefits of these methods are that they are very quick and tend to
produce a single tree. However, some information is lost when sequence data is
converted into a table of distances and trees produced using clustering can be very
dependent on the order in which taxa were added. Neighbour-joining and UPGMA trees
are useful for initial exploration of data and for very large data sets, however they are
rarely the sole method of phylogenetic reconstruction used.
Procedures that use discrete data and optimality criteria include maximum parsimony,
maximum likelihood and Bayesian inference. These methods utilise all of the
information provided by the sequences and allow a wide range of evolutionary models to
be invoked. However, the main problem for all of the above methods is that they are
computationally expensive and can be extremely time-consuming for large data sets.
There is also the problem of how to choose a suitable model of nucleotide substitution.
1.4.1 Maximum parsimony.
Maximum parsimony algorithms build trees by attempting to minimise the number of
changes (ie. base substitutions) on the tree. The tree with the fewest number of changes,
or shortest length, across all nucleotide sites is then chosen as the best tree. It is often the
case that more than one tree topology will be equally parsimonious, in which case a
consensus tree of all the most parsimonious trees can be constructed to determine which
clades are consistently recovered.
Parsimony is based on the assumption that changes in the DNA sequence are rare and
therefore the phylogeny that minimises these changes is the best estimate of the true
phylogeny. It is impossible to know whether this assumption is actually true, however
maximum parsimony methods of phylogenetic inference tend to perform as well as other
methods such as maximum likelihood. Nevertheless there are some circumstances in
which maximum parsimony performs poorly, for example in the case of ‘long branch
attraction’. If the rate of sequence evolution is very different for different taxa, then
some branches of the tree will be much longer than others. Under parsimony criteria
these long branches may appear to be more closely related to each other than they
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actually are, simply because by chance they have acquired the same mutations
independently. Despite this problem maximum parsimony remains a popular method of
phylogenetic reconstruction since its underlying assumptions are relatively simple and it
is computationally less expensive than other optimality criteria based methods (Page &
Holmes 1998).
1.4.2 Maximum likelihood.
Maximum likelihood methods choose the tree, out of all possible trees, that is most
likely to have produced the observed sequences, according to a specific model of
sequence evolution. The method must therefore solve two separate problems- firstly for
a particular tree topology, which combination of branch lengths is most likely to produce
the observed data, and secondly which topology out of all possible topologies has the
greatest likelihood. For this reason maximum likelihood is computationally expensive,
however it is appealing because it allows specific models of evolution to be
incorporated.
Likelihood methods produce a log likelihood value (log values are used because actual
likelihood values tend to be very small) for a particular tree by summing the likelihoods
of each individual nucleotide site for that tree:
ln L =

k
i =1

ln Li

Where k is the number of sites. The likelihood for each site is determined using the
probability of that site having different nucleotides according to the substitution model
being used. For example, if the model assumes that transitions are more common than
transversions, then the probability of a site having both nucleotides A and G will be
higher than the probability of a site having nucleotides A and T or A and C. However, it
is important to remember that the likelihood value for a particular tree is not the
likelihood that the tree is the true tree, but the likelihood that the tree has given rise to
the observed sequences according to our model of substitution. Whether or not this is the
true tree depends on how accurately the chosen model describes the real process of
nucleotide evolution (Page & Holmes 1998).
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Both maximum likelihood and maximum parsimony algorithms sidestep the problem of
examining every possible tree by using heuristic search methods, sometimes called ‘hillclimbing’ methods. This involves starting with a particular tree then rearranging it to
produce a different tree and saving any trees that are better than their predecessor.
Heuristic searches make it possible to analyse large data sets that would be otherwise
intractable, however they also run the risk of finding a locally optimal tree within the
tree space that may not be the globally optimal tree. For this reason it is important to
analyse any given data set in a number of different ways and compare the results.
Nevertheless, the nature of phylogenetic inference means that it is usually impossible to
know for sure if one has found the best possible tree, and if that tree truly represents the
evolutionary relationships between taxa.
1.4.3 Confidence limits for phylogenies.
Phylogenetic trees are complicated structures and as a result it is difficult to place
mathematical confidence intervals around them. The most popular method for assessing
confidence in a phylogeny, or in the clades it contains, is by bootstrap resampling.
Bootstrapping creates a pseudoreplicate data set from the original set of sequences by
randomly selecting aligned nucleotide sites and building new sequences of the same
length as the originals. Each site is replaced after sampling and so may be sampled
again, therefore some sites will be represented more than once in the pseudoreplicate
data set and some sites will not appear at all. This is similar to giving differential weight
to different sites. A tree is then constructed using the pseudoreplicate data. This process
is repeated, usually between 100 and 1000 times, and bootstrap support values for clades
are calculated, showing the proportion of times that the clade was recovered from all
pseudoreplicates (Page & Holmes 1998).
Although popular, there is no general consensus over what bootstrap support values
actually mean, or what the cut-off value indicating a ‘good’ clade is (Huelsenbeck et al
2001). It is also important to remember that bootstrap values tell us about the precision
of the tree (how many alternative trees were excluded based on the model being used)
rather than accuracy (how correct the tree is). Even if the tree building method and
model produce the wrong tree, it may still have high bootstrap support values (Page &
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Holmes 1998). In the last decade, an alternative method to maximum parsimony or
maximum likelihood with bootstrapping has emerged- Bayesian inference.
1.4.4 Bayesian estimation of phylogeny.
The use of Bayesian methods of inference has a long history in statistics, dating back to
the 18th century. It was not until 1996, however, that a number of independent
researchers proposed the use of Bayesian methods for the estimation of phylogenies
(Rannala & Yang 1996; Mau 1996; Li 1996; in Huelsenbeck et al 2002). Bayesian
estimation involves calculating the posterior probability of a tree according to Bayes
theorem:
Pr[Tree | Data] = Pr[Data | Tree] x Pr[Tree]
Pr[Data]
Where Pr[Tree] is the prior probability of a phylogeny and Pr[Data | Tree] is the
likelihood of the observed sequences given that phylogeny. Usually all possible trees are
considered equally probable a priori, and the likelihood of a particular tree producing
the data is calculated based on a particular model of nucleotide evolution. Like
maximum likelihood, the posterior probability of a tree can be thought of as the
probability that the tree is correct for the given data and model of evolution
(Huelsenbeck et al 2001).
Whilst the formula for estimating posterior probability is relatively simple, its
calculation involves the summing of probabilities over all trees and, for each tree, all
possible combinations of branch lengths and parameter values. For all but the smallest
data sets this is virtually impossible, therefore a method for estimating posterior
probability is required. This can be achieved using the Markov chain Monte Carlo
algorithm (MCMC). MCMC estimation of phylogeny begins with a single tree, which
can be randomly chosen or built using some other method such as a distance method.
This tree is then stochastically perturbed to form a new tree, for which the acceptance
probability (R) is calculated according to the Metropolis-Hastings algorithm (Metropolis
et al 1953; Hastings 1970). A random number between 0-1 is then generated and the
new tree is accepted if R is greater than this number and rejected if R is lower. These
steps are repeated many thousands or millions of times, and it has been shown that the
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proportion of times a particular tree is visited is a valid approximation of the posterior
probability of that tree (Huelsenbeck et al 2001, 2002; Tierney 1994).
Bayesian estimation of phylogeny is similar to maximum likelihood in that both are
based on the likelihood function, and the same models of nucleotide substitution can be
used for either method. Statistical support for maximum likelihood trees is calculated by
bootstrap analysis, and bootstrap support values for particular clades on a tree will
usually be reported. For Bayesian phylogenies, support can be calculated by creating a
consensus tree, with the posterior probability of individual clades indicated on the tree.
In this case the numbers on the branches indicate the posterior probability that the clade
is true, given the model and the data. One of the advantages of Bayesian inference of
phylogeny is that estimation of support values in this way is much faster than using
maximum likelihood with bootstrap resampling, particularly for very large data sets
(Huelsenbeck et al 2002). However, support values derived from Bayesian posterior
probabilities are on average substantially higher than those from non-parametric
bootstrapping, both in simulations and in analysis of empirical data (Wròbel 2008 and
references therein). The reason for this discrepancy is not yet fully understood, but it
may represent inaccuracies in the model of evolution used. It is therefore important to
assess support for internal branches of a tree in a number of different ways (Wròbel
2008).
During Bayesian analysis, the Markov chain is typically started from a random point in
the parameter space (eg. a random tree in phylogenetic inference), and it will take some
time before the chain finds a region with high posterior probabilities. This initial period
of searching is referred to as ‘burn-in’ and is discarded from the analysis. Once the chain
has reached an appropriate region of parameter space it is said to have ‘converged’.
Following convergence, the chain will search through different regions of the parameter
space, however in some cases it may move very slowly between regions, in which case it
is said to mix poorly. One of the major difficulties associated with Bayesian analysis is
determining an appropriate burn-in period, and assessing whether the chain is mixing
well. It is very difficult in practice to be certain about either of these factors, although
examining plots of the log likelihood values throughout the run can give some
indication. Likelihood values tend to increase during the initial burn-in period and then
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level off and fluctuate randomly up and down at convergence. However, the best
approach to checking convergence and mixing may simply be to run several MCMC
analyses from different starting values. If the results from independent runs are
indistinguishable, then this is a good indication of appropriate convergence and mixing
(Huelsenbeck et al 2002).
1.4.5 Models of nucleotide evolution.
Both maximum likelihood and Bayesian inference rely on a model of nucleotide
evolution to determine the most probable tree. If the model used is not a good
approximation of the actual process of substitution, then we cannot expect to uncover an
accurate picture of phylogenetic relationships. How, then, does one choose an
appropriate model?
A large number of models exist that attempt to explain the molecular evolutionary
process. Most of these models are related, but differ in the number of parameters they
explicitly specify. Parameters which vary between models include the frequency of each
nucleotide within the sequence, the probability of different types of substitution and the
rates of substitution between different sites (Page & Holmes 1998). Four well-known
models of substitution are described below, with each model introducing progressively
more parameters than the one before.
Jukes-Cantor.
The simplest model of nucleotide substitution is Jukes-Cantor, which assumes that all
bases are equally frequent within the sequence and that all substitutions are equally
likely (Jukes & Cantor 1969). Although mathematically simple, this model is unlikely to
provide an accurate estimation of real phylogenetic relationships.
Kimura’s 2 parameter model (K2P).
Empirical data suggests that transitions (a purine-purine or pyramidine-pyramidine
substitution) are much more common than transversions (a purine-pyramidine
substitution or vice-versa). This effect is particularly pronounced in mitochondrial DNA,
where transitions occur around nine times more often than transversions (Wakeley
1996). The K2P model incorporates different rates for transitions and transversions by
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assigning a higher probability to substitutions that are transitions. However, if transition
and transversion rates are identical, then the K2P model becomes the Jukes-Cantor
model (Kimura 1980).
Felsenstein 1981 (F81).
If the frequencies of bases in a set of sequences differ, then we might expect some types
of substitution to be more common than others. The model proposed by Felsenstein
(1981) addresses this by allowing the frequencies of the four nucleotides to be different.
However, it still assumes that the base frequencies are roughly equal across all the
sequences being considered, which may not always be true (Page & Holmes 1998).
Hasegawa, Kishino & Yano 1985 (HKY85).
The HKY85 model incorporates both the K2P model and the F81 model by allowing
different rates for transitions and transversions and different base frequencies. The four
models described here are said to be nested- that is each model is a special case of one of
the preceding models.
1.4.5.1 Rate variation among sites.
All of the models described in the previous section make the assumption that there is an
equal probability of a substitution occurring at any nucleotide site in a sequence. Whilst
this may be true for non-coding sections of DNA, sections that code for proteins are
likely to be under functional constraint (Page & Holmes 1998). Within individual genes,
there may be some sections (for example sections that code for enzyme binding sites)
that are more constrained than others. Any mutation in these sections might alter or
destroy the functional properties of the protein, causing organisms with the mutation to
have reduced fitness and be removed from the population. Additionally, the degenerate
nature of the genetic code means that nucleotide substitutions at some codon positions
are more likely to result in an amino acid substitution than others. Around half of third
codon positions are four-fold degenerate, meaning that any of the four nucleotides
appearing at this position will code for the same amino acid. On the other hand, a change
of nucleotide at the second codon position will almost always result in an amino acid
substitution (Page & Holmes 1998). Therefore we might predict that the second codon
position will be more constrained than the third codon position. This prediction has been
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shown to be true- for example, in the globin family of genes, substitutions occur at the
third codon position approximately three times more often than at the other two
positions (Nei 1987).
Variation in substitution rates among sites can be incorporated into models of sequence
evolution using the gamma distribution. The shape parameter of this distribution, α,
specifies the range of rate variation among sites. Typically nuclear and mitochondrial
DNA have a large number of invariable sites and a small number of highly variable
sites, giving a low value of α and an L-shaped distribution (Fig. 2.9).

Proportion
of sites
Substitution rate
Figure 1.10 DNA sequences typically have an L-shaped gamma distribution.

The gamma distribution (Γ) can be added to any of the standard models on nucleotide
evolution, for example one might use the HKY85 + Γ model by specifying a value for Γ.
1.4.5.2 Choosing the best model.
One way to decide on the best model of nucleotide evolution is to test how well each
model fits the observed data using the likelihood ratio statistic, δ. The likelihood ratio
(Λ) is defined as:
Λ = L0(null model | data)
L1(alternate model | data)
Where L0 is the maximum likelihood of the simpler model given the data, and L1 is the
maximum likelihood of the more complex, parameter rich model given the data. The
statistic δ is defined as:
δ = 2lnΛ
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When the models being compared are nested, δ has a χ2 distribution with q degrees of
freedom, where q is the number of free parameters between the two models (Posada &
Crandall 1998).
The likelihood ratio test method for comparing models of nucleotide evolution is
implemented in the program MODELTEST (Posada & Crandall 1998). This program
compares around 50 different nested models of DNA substitution and calculates the
likelihood ratio test statistic and its associated P-value. These P-values are then
interpreted to choose the simplest model that adequately fits the data. Likelihood scores
are estimated using the same tree for each model. There is therefore an uncomfortable
circularity in this method of selection- a tree is required in order to select the best model
and the best model is then used to select the best tree.
1.4.6 Phylogenetic networks.
Phylogenetic trees represent one type of phylogenetic network, a diagrammatic
representation of the relationships between taxa, but they are by no means the only type.
Trees assume that taxa are related in a hierarchical, bifurcating pattern, with each taxon
occupying a tip or terminal branch of the tree. Whilst this is generally true for species
level taxa and above, it does not always hold for phylogenetic relationships below the
level of species. Therefore below the species level, the bifurcating tree model may not
capture all of the information present in the data (Posada & Crandall 2001).
In natural populations some alleles will be present in high numbers. When a mutation
occurs to create a new allele it is unlikely that all other copies of the original allele will
also mutate or rapidly become extinct. Therefore ancestral alleles are likely to persist in
a population alongside their descendents. Similarly, if an allele is present in high
numbers then it is probable that different copies will acquire different mutations,
therefore an ancestral allele may give rise to multiple descendants. The frequency of an
allele tells us something about its age- common alleles are expected to have been present
in the population for longer than rare alleles. Most new mutations will arise in common
haplotypes, therefore rare alleles probably represent more recent mutations and are
likely to be descended from common alleles (Posada & Crandall 2001). These kinds of
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relationships can be represented by networks, for example statistical parsimony
networks.
The statistical parsimony method estimates the maximum number of differences among
haplotypes that are the result of single substitutions with a 95% confidence limit (the
parsimony connection limit). Haplotypes that differ by one substitution are then joined
together, followed by those differing by two substitutions, then by three and so on until
all haplotypes are joined or the parsimony connection limit is reached. The result is a
diagrammatic network like the one in figure 2.10. The statistical parsimony method of
constructing networks is implemented in the program TCS (Clement et al 2000).
The relationship between allele age, frequency and probability of mutation leads to a
number of predictions about network structure. Older, more frequent haplotypes are
more likely to be placed at internal nodes (ie. connected to a number of different
haplotypes). Due to their high frequency, older haplotypes are also more likely to have a
wider geographical distribution. On the other hand rare haplotypes (‘singletons’) are
thought to represent more recent mutations and will therefore most likely be connected
to common haplotypes rather than other rare haplotypes. They are also likely to be
connected to haplotypes from within the same population (Posada & Crandall 2001).
These predictions appear to hold true for figure 2.10, and have been confirmed in other
empirical data sets (Crandall & Templeton 1993).
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Figure 1.11 Parsimony network of cytochrome-b haplotypes in four populations of the sleeper shark
(Somniosus spp.). Haplotype number and haplotype frequency are given beside and within each circle
respectively. Small circles represent inferred haplotypes and branches indicate one substitution event.
From Murray et al (2008).

1.4.7 Nucleotide diversity.
Mitochondrial DNA sequence polymorphism within and between populations can be
measured in a variety of ways. One very simple measure of polymorphism is the number
of different sequences in a given sample. This measure is highly dependent on sample
size, however, and is therefore only suitable for comparison of samples that are the same
or nearly the same size. In addition, for very long DNA fragments it is possible that all
sequences will be different from one another and as a result the number of different
sequences will no longer be a useful measure of polymorphism. A second measure of
polymorphism is the number of polymorphic nucleotide sites per nucleotide site for a
given group of sequences, or the total number of polymorphic sites divided by the total
length of sequence examined. This measure can be applied even when all sequences are
different, however it is still affected by sample size (Nei 1987).
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A more useful measure of sequence variation is nucleotide diversity, the average number
of nucleotide differences per site between two randomly chosen DNA sequences.
Nucleotide diversity is denoted

and is defined as:

=

ij

xixj

ij

Where xi is the frequency of the ith sequence, xj is the frequency of the jth sequence and
ij

is the number of nucleotide differences per nucleotide site between the ith and jth

sequences. The summation is taken over all distinct pairs of sequences without repetition
(Nei & Li 1979).
Nucleotide diversity can be used as a measure of the difference between two or more
populations. However, if the populations are closely related then the amount of variation
within each population might be a significant component of the total amount of variation
between them. This can be corrected by subtracting the within population nucleotide
diversity from the between population nucleotide diversity to give the net nucleotide
difference between populations. Corrected nucleotide diversity (δ) is given by:
δ=
Where

XY

XY

–(

X

+

Y)/2

is the between-population nucleotide diversity of populations X and Y,

the within-population nucleotide diversity of population X and

Y

X

is

is the within

population nucleotide diversity of population Y (Nei & Li 1979). Nucleotide diversity
can also be regarded as the average sequence divergence between two sequences or
populations. Multiplying nucleotide diversity by 100 gives the average sequence
divergence as a percentage of the total sequence length.
1.5 Multivariate analysis of morphometric data.
Unlike univariate statistics, multivariate statistics are not concerned with a response
variable, but rather look for structure within a data set. There are a number of methods
for doing this, which can be generally divided into two types- those that investigate a
data set for the presence of structure, and those that assume there is a structure and
attempt to divide the data set into groups (Crawley 2007).
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1.5.1 Principal component analysis.
Principal component analysis (PCA) provides a method for investigating variation using
a set of variables that are highly correlated with one another. An example of such a data
set would be a series of morphological measurements taken from a group of animals. All
the measurements taken from an individual animal will tend to reflect the overall size of
the animal, rather than being a set of independent variables with which it can be
compared to any other animal in the group. PCA seeks to create a new set of variables,
derived from the original variables, but which are uncorrelated (Everitt 2007).
The new variables produced by PCA are linear combinations of the original variables,
derived in decreasing order of ‘importance’, that is the first new variable will account for
the largest amount of variation within the sample, the second new variable will account
for as much as possible of the remaining variation, and so on. The new variables are
called the principal components. The observations in the sample can be thought of as a
cloud of points in q-dimensional space (where q is the number of variables). The first
principal component represents the longest axis within this cloud. The second principal
component is the next longest axis that is orthogonal to the first axis, and therefore
uncorrelated. The total number of principal components is equal to the number of
variables measured, however the hope is that most of the sample variation will be
described by the first few principal components. These few principal components will
thus provide a convenient summary of the variation in the sample (Crawley 2007;
Everitt 2007).
Although it is relatively easy to calculate principal components, interpreting what they
mean can be more difficult. Loading values show how the original variables relate to the
principal components, and it may be possible to get an overall idea of which variables
contribute most to the variation within the data. When analysing morphometric
measurements, the first principal component is generally a reflection of size variation,
whereas the second and third principal components tend to relate to variation in shape
(Everitt 2007). However, translating principal components into meaningful observations
is notoriously tricky. It is often more useful to graph the first few principal components
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against one another to look for patterns of clustering within the data set. PCA is
therefore a useful method for exploring data to detect the presence of structure.
1.5.2 Discriminant function analysis.
Discriminant function analysis (DFA) is a set of techniques that aim to find groups
within the data set by maximising the similarity between members of the same group
and maximising the differences between members of different groups. This type of
analysis seeks to determine which variables (or combinations of variables) are the most
suitable for allocating individuals to different groups (Crawley 2007). If individuals can
be assigned to different groups with a high degree of confidence, it may be possible to
construct a classification rule (the discriminant function) based on the original variables.
Any additional individuals can then be allocated to the correct group using this rule
(Everitt 2007). For example, if we have a set of morphometric measurements from two
geographically isolated populations of a species, it may be possible to distinguish them
using DFA. Any individuals of unknown origin could then be identified using
classification rules based on the original ‘training’ data set. DFA is often used as a
method for determining the sex of individuals in sexually monomorphic species (eg.
Bourgeois et al 2007; Copello et al 2006). It can also be used as a tool for determining
species identity (eg. Cuthbert et al 2003).
1.6 Aims and outline of this thesis.
The petrel population on Round Island provides a number of avenues for research. The
delayed discovery of the population is intriguing, and most authors suggest that the
island was probably colonised recently by birds originating from Trindade Island in the
South Atlantic. However, should the Round Island population prove to be sufficiently
distinct from the Trindade population, then this could have profound implications both
for the species designation of Round Island birds and for the conservation management
of both islands. Therefore one aim of this thesis is to investigate the relationship between
Trindade and Round Island birds using molecular genetic techniques.
The phylogenetic relationships between P.arminjoniana and its congeners are far from
clear. Traditional taxonomic methods based on morphology and behaviour have failed to
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provide a clear distinction between P.arminjoniana, P.neglecta and P.heraldica.
Therefore a second aim of this study is to construct molecular phylogenies of these taxa
in order to investigate the evolutionary relationships between them.
Behavioural observations of petrels on Round Island suggest that hybridisation may be
occurring between P.arminjoniana and P.neglecta. If hybridisation were confirmed then
it would cast doubt on the species level classification of these taxa, at least according to
the Biological Species Concept. Using molecular markers, this investigation will attempt
to confirm whether successful hybridisation has taken place on Round Island and
determine the prevalence of hybrid individuals in the population.
The aims outlined above will be investigated using both nuclear and mitochondrial
markers, including sequence data from the mitochondrial cytochrome-b gene and
microsatellite genotypes. Since neither sequencing primers nor microsatellite loci are
available for the species in question, a central aim of this project is to develop primers
and effective laboratory protocols for conducting both of these types of analysis.
Analysis of morphometric data from the various species and populations will also be
conducted, and the results compared with those from molecular data.
Finally, during the course of this study an opportunity arose to conduct molecular
phylogenetic analysis of another group of petrels- those from the Madeiran Archipelago
in the North Atlantic. The taxonomic status of Madeiran petrels (Pterodroma madeira)
and petrels from the nearby island of Bugio has been debated for several decades. The
population on Madeira is extremely small (it was thought extinct for many years)
therefore its exact species designation is a matter of considerable importance to
conservationists. Using the same techniques employed for Round Island petrels,
phylogenetic analysis of these North Atlantic birds will be undertaken, with the aim of
confirming or refuting their species status.
The structure of this thesis is as follows:
Chapter 2 outlines the general methods employed during the course of this study. These
include field techniques, laboratory protocols and analytical methods.
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Chapter 3 details the investigation of phylogenetic relationships amongst petrels from
the Madeiran archipelago, using mtDNA haplotypes and analysis of morphometric data.
This work has been published in the journal Ibis.
Chapter 4 describes the development of microsatellite loci used in this study.
Chapter 5 is an investigation of population structure on Round Island and Trindade
Island and dispersal between the two islands using microsatellite genotypes.
Chapter 6 investigates the phylogenetic relationships amongst P.arminjoniana and its
congeners using mtDNA haplotypes.
Chapter 7 comprises analysis of morphometric data from petrel populations on Round
Island, Trindade Island and several Pacific islands. A brief discussion of vocalisations
and feather lice in relation to species taxonomy is also included.
Chapter 8 discusses the results from previous chapters, and the implications for the
taxonomy and conservation status of Round Island petrels.

62

Chapter 2: General Methods.
2.1 Field and laboratory methods.
2.1.1 Sample collection.
Two field trips were undertaken to Round Island, near Mauritius in the Indian Ocean,
from Nov 2004-Feb 2005 and Sept-Oct 2005. During these periods all known petrel nest
sites on the island were surveyed for evidence of nesting activity on a weekly basis. New
nest sites were marked with a numbered metal tag and their location was recorded using
a handheld GPS device. Nest sites on the island appear to be arranged in a hierarchical
pattern of clusters. Many small, tightly packed groups of nests (sometimes as little as
40cm apart) are clustered into four larger, looser aggregations in different parts of the
island. The four large colonies have been named Camp, Southwest Coast, Big Slab and
Summit (Fig. 2.1).

Figure 2.1 Clustering of petrel nest sites on Round Island, green dots represent individual nest sites.
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Blood samples were collected from a total of 386 petrels on Round Island (303 adults
and 83 nestlings). Birds were caught by hand on the ground and blood was obtained by
puncturing a vein in the footpad using a sterile hypodermic needle. Around 75 l of
blood was collected using a capillary tube and stored in 100% ethanol at ambient
temperature. All birds caught were banded with an aluminium band carrying a unique
identification number. If nesting activity was observed (presence of egg or chick) the
number and location of the nest site were recorded. In addition to blood samples,
detailed plumage descriptions and morphometric measurements were taken for all adult
birds (see below). Adults were identified to species based on the colour of the shafts (or
vanes) of the primary feathers of the wing. Individuals with white feather shafts were
recorded as Pterodroma neglecta, (n=17) those with dark brown/black feather shafts
were recorded as P.arminjoniana (n=260) and individuals with shafts that were partially
white and partially dark were classified as intermediate-type (n=26).
A further 80 blood samples were collected from P.arminjoniana on Trindade Island in
the South Atlantic by Leandro Bugoni and were kindly made available for use in this
study. Samples from 58 adult birds and 22 nestlings were collected between June 2006
and April 2007.
2.1.2 Morphometric measurements.
Eleven measurements were taken from adult birds (Fig. 2.2): tarsus length (T), from the
depression in the angle of the intertarsal joint to the front edge of the bent foot; centre
toe length (CT), from the first scale of the toe to the base of the nail; centre claw length
(CC), from the base of claw to the tip; exposed culmen (EC), from the bill tip to the edge
of feather implantation; total head length (H), from the occipital point at the rear of the
skull to the bill tip; bill depth at base of nostrils (BB), thickness at edge of feather
implantation; bill depth at centre (BC), minimum thickness; bill depth at tip (BT),
thickness at gonys; wing length (WL), unflattened chord from the carpal joint to the tip
of longest primary; tail length (TL), centre feather length from the point of emergence to
the tip and weight (W). Head and leg measurements were taken using Vernier callipers
to the nearest 0.1mm. To reduce the effect of observer error, three measurements were
taken in each case and the average value was used in subsequent analysis. Wing and tail

64

measurements were taken using a ruler to the nearest 1mm. Weight was determined
using a 500g Pesola spring balance. Weight can vary considerably depending on the
season and the condition of individual birds (Thalmann et al 2007), therefore this
measurement was not used in morphometric analysis.

Figure 2.2 Head and leg measurements taken on Pterodroma petrels during this study. Total head length
(H), exposed culmen (EC), bill depth at base (BB), minimum bill depth (BC), bill depth at gonys (BT),
tarsus length (T), centre toe (CT) and centre claw (CC).

Morphometric measurements were also collected from 59 Pterodroma skins at the
Natural History Museum collection in Tring, Hertfordshire. Due to the stiffness and
fragility of specimens, only seven of the above morphometric measurements could be
collected (T, EC, BB, BC, BT, WL and TL). Measurements were recorded for 40
P.arminjoniana from Trindade Island in the South Atlantic and 19 P.neglecta from
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various locations in the Pacific (Chile, Juan Fernandez Island, Rapa Island, the
Kermadec Islands and Herald Island).
2.1.3 DNA extraction.
Total genomic DNA was isolated from approximately 5mg of coagulated blood using
the Promega Wizard 96 Genomic DNA Purification System, following the
manufacturer’s protocol. The final elution step was carried out using 500 L of ddH2O
and eluted DNA was stored at -20ºC pending further analysis.
2.1.4 Sex determination.
Round Island petrels display no obvious sexual dimorphism and sexing in the field is
close to impossible, therefore a molecular sexing technique was applied to all samples
from Round Island and to adult birds from Trindade. This technique makes use of a
fixed size difference in the CHD1 gene (coding for chromo-helicase-DNA binding
protein) found on avian sex chromosomes. Sex in birds is determined by the W and Z
chromosomes, with females being heterogametic (ZW) and males being homogametic
(ZZ). The CHD1 gene is approximately 150bp longer on the Z chromosome than on the
W chromosome due to a difference in intron size (Fridolfsson & Ellegren 1999). PCR
amplification of this gene followed by agarose gel electrophoresis produces a pattern of
two bands for females but only a single band for males (Fig. 2.3).

Figure 2.3 Molecular sexing of petrels using the CHD1 gene. A single band indicates a male, a double
band indicates a female.

Molecular sexing was carried out using the primers 2550F/2718R developed by
Fridolfsson & Ellegren (1999). Amplifications were performed in a 10 L reaction mix
containing ~10ng genomic DNA; 1X PCR buffer; 1.75mM MgCl2; 125 M each of
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dATP, dCTP, dGTP and dTTP; 3.75 M of each primer and 1 unit of Taq DNA
polymerase (Invitrogen). Thermal cycling was performed in a GeneAmp PCR System
9700 (Applied Biosystems). A touchdown cycle was used consisting of 2 min at 94ºC
then 35 cycles of 30s at 94ºC, 30s at the annealing temperature and 40s at 72ºC with a
final cycle of 5 min at 72ºC. Two annealing cycles were performed at each of 60ºC,
58ºC, 56ºC and 54ºC whilst the remaining 27 cycles were performed at 52ºC. PCR
products were visualised in 3% agarose gel containing 0.3 g/mL ethidium bromide.
Of the 386 blood samples collected from Round Island petrels, 178 were female and 179
were male, whilst the remaining 29 failed to amplify. The 58 adult birds from Trindade
comprised 24 females and 33 males with 1 sample failing to amplify.
2.1.5 Mitochondrial DNA amplification and sequencing.
The entire cytochrome-b gene (~1100bp) was amplified as a single fragment using the
PCR primers L14863 (Nunn et al 1996) and H15965 (5’-GTGAGGGAAGCTAGTTG
ACCG-3’, designed using existing sequence data for Pterodroma neglecta available on
GenBank, accession number U74341). L and H refer to light and heavy strands,
positions correspond to the 3’-end of each primer when aligned with the chicken
mitochondrial genome (Desjardins & Morais 1990). Amplifications were performed in a
30µl reaction mix containing ~10ng genomic DNA; 1X PCR buffer; 2.9mM MgCl2;
146µM each of dATP, dCTP, dGTP and dTTP; 4.38 M of each primer, ~14 g BSA and
3 units of Taq DNA polymerase (Invitrogen). Thermal cycling was carried out in a
GeneAmp PCR System 9700 (Applied Biosystems) and consisted of 1 min at 95ºC then
40 cycles of 1 min at 94ºC, 1 min at 45ºC, 1 min at 63ºC and 3 min at 72ºC with a final
cycle of 5 min at 72ºC. PCR products were visualised in 2% agarose gel containing
0.3 g/ml ethidium bromide.
Due to multiple bands appearing in the PCR product, fragments of length 1100bp were
cut directly from the gel and purified using a QIAquick Gel Extraction Kit (Qiagen).
Sequencing was carried out using 5 l of purified product in 15 l volume cyclesequencing reactions. The reaction mix contained 1 l of BigDye Terminator v3.1 Cycle
Sequencing Solution (Applied Biosystems); 5 l Better Buffer (Microzone Ltd) and
0.16 M of primer. The thermal cycle consisted of 96ºC for 3 min followed by 30 cycles
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of 96ºC for 15s, 50ºC for 10s and 60ºC for 4 min with a final step of 60ºC for 5 min.
Sequencing products were purified using ethanol precipitation (Appendix A),
resuspended in 10 l HiDi Formamide (ABI) and visualised on an ABI 3100 Automated
DNA Sequencer. Initial sequence data produced using the external primers was used to
design the following internal sequencing primers:
L15238

5’- CAGGAGTTATACTTCTACTTACCC-3’

L15551

5’- CATTCCACCCCTACTTCACCC-3’

H15533

5’- GATACGATACCGAGAGGGTTG-3’

H15158

5’- GAGGCTCCGTTTGCATGTAGGTTT-3’

Subsequent sequencing reactions using all six primers were carried out as before and
produced six overlapping fragments spanning the entire cyt-b gene. Sequences were then
aligned and edited using Sequencher 4.1 (Applied Biosystems) and Bioedit 7.0.5 (Hall
1999).
2.1.6 Microsatellite genotyping.
Details of the isolation of new microsatellite loci in P.arminjoniana and the crossamplification of previously published loci in this species can be found in Chapter 4. All
samples from Round Island (n=386) and Trindade (n=80) were genotyped using nine
microsatellite loci in three multiplex reactions. The forward primer of each pair was
labelled at the 5’ end with a fluorescent dye to permit visualisation on the ABI 3100
Automated DNA Sequencer. Primer labels and concentrations used in the multiplex
reactions are recorded in table 2.1.
All amplifications were performed in a 6 L reaction mix containing ~10ng genomic
DNA; 4 L Multiplex Mastermix (Qiagen) and 0.8 L primer mix (see table 2.1 for
concentrations). Thermal cycling was performed in a GeneAmp PCR System 9700
(Applied Biosystems) and consisted of 12 min at 95ºC then 30 cycles of 30s at 94ºC, 2
min at 55ºC and 1 min at 72ºC with a final cycle of 30 min at 60ºC. Microsatellite
amplification products were visualised on an ABI 3100 Automated DNA Sequencer by
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suspending 1 L of PCR product in 9 L HiDi Formamide (ABI). 0.2 L of GeneScan500 ROX size standard (ABI) was added prior to denaturation and loading onto the
sequencer. Allele fragments were sized using Genemapper v3.5 software.
Multiplex Locus
reaction

Paequ13
A

Parm03
Paequ3
10CH

B

12H8
Parm01
De11

C

Parm02
Calex01

Primer sequence 5’-3’

Label

F: GACCTGCAGCAATAGCACGAC
R: TGCCTTCATCAGAATCCTCCTG
F: CTT GCT GGG TTT TGT TGG TT
R: AAT TGC TCA GGG AGG TGC T
F: TGTGGGTGCAGTAGAGCA
R: CAATAAGAAGATCAGCAGAACAGAC
F: TGGAGATGCAATTGCCTAGA
R: CAGATGAGGTTTTGGCCAGT
F: CATGCCTGAATGCACTTTGT
R: CACAATGGGTATAAGATTTTGCTG
F: CTG GAC TCA GTG CCC TCT TC
R: CAG GGC AGA AGC TCG TCT AT
F: CCTGGAAAAGGCCCTTATATTC
R: CACCGAGTACCATCATTCCC
F: AGC AAG CTG ACA GCA ACA GA
R: TGT TAT GTC CTG CGG ATG AG
F: CTTCTCCATTGTTGTCACCTCCAGT
R: CTTGACTTGGCCTGAGGTTTAGGTT

Concentration
( M)

FAM

2 (0.27)

HEX

3 (0.40)

FAM

1 (0.13)

HEX

2 (0.27)

FAM

2 (0.27)

HEX

2 (0.27)

HEX

1 (0.13)

NED

4 (0.53)

FAM

2 (0.27)

Table 2.1 Microsatellite primers used in the three multiplex reactions (A, B and C), their sequences,
fluorescent labels and volume used (in L of 100 M stock) in 100 L primer mix (final concentration in
reaction mix is shown in parentheses).

2.2 Data analysis.
2.2.1. Analysis methods: microsatellite genotype data.
Microsatellite genotype data was tested for deviations from Hardy-Weinberg
equilibrium and linkage equilibrium using GENEPOP v4.0 (Raymond & Rousset 1995).
GENEPOP

was also used to calculate observed, expected and mean heterozygosity for

various populations.
Allelic richness and Weir & Cockerham’s (1984) variant of FST, , were determined
using FSTAT v2.9.3 (Goudet 2001). The number of genetically distinct clusters within the
microsatellite data set was investigated using a Bayesian admixture procedure
implemented in STRUCTURE v2.2 (Pritchard et al 2000; Falush et al 2003, 2007).
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Parentage analysis based on microsatellite genotypes was conducted using CERVUS 3.0
(Marshall et al 1998; Kalinowski et al 2007) and the proportion of admixture present
within the Round Island population was determined with LEADMIX 1.0 (Wang 2003).
Evidence for the occurrence of a recent population bottleneck was explored using both
BOTTLENECK v1.2.02

(Cornuet & Luikart 1996; Piry et al 1999) and M_P_VAL (Garza &

Williamson 2001).
To determine whether contemporary gene flow is occurring between populations, the
number of migrants per generation was estimated using Slatkin’s private alleles method
in GENEPOP and a coalescent-based maximum likelihood method in MIGRATE v2.0
(Beerli 2004; Beerli & Felsenstein 2001).
2.2.2 Analysis methods: sequence data.
Maximum parsimony and maximum likelihood analysis of mtDNA sequence data was
conducted using PAUP 4.0b10 (Swofford 2002), with bootstrap resampling to assess
support for internal branches. The most appropriate model of nucleotide evolution was
selected using MODELTEST 3.7 (Posada & Crandall 1998). Bayesian analysis was
conducted using MRBAYES 3.1 (Ronquist & Huelsenbeck 2003; Ronquist et al 2005). A
statistical parsimony network of haplotypes was constructed with TCS v1.21 (Clement et
al 2000).
The data set of mtDNA haplotypes was tested for departures from neutrality using
Tajima’s test implemented in DNAsp v4.20.2 (Rozas et al 2003). Pairwise FST estimates
were calculated from sequence data using ARLEQUIN v2.000 (Schneider et al 2000).
ARLEQUIN

was also used to calculate nucleotide diversity and average corrected

sequence divergence.
2.2.3 Analysis methods: morphometric data.
Principal component analysis and discriminant function analysis of morphometric
measurements were conduted using the statistical environment R (R Development Core
Team 2004; Crawley 2007). Details of the code used are given in Appendix C.
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Chapter 3: The separation of Pterodroma madeira (Zino’s
petrel) from Pterodroma feae (Fea’s petrel) (Aves:
Procellariidae).
The work detailed in this chapter is published as Zino et al (2008) in Ibis 150: 326-334.
Blood samples and morphometric measurements were collected by Frank Zino. DNA
extraction, sequencing and phylogenetic analysis were conducted by me, as was analysis
of morphometric data. The manuscript was written mainly by me with some input from
both Frank Zino and Manuel Biscoito.
3.1 Abstract.
The taxonomic status of petrels from the North East Atlantic has long been a matter of
debate (Mathews 1934a,b; Bourne 1957; Bourne 1983; Imber 1985; Zino & Zino 1986;
Bretagnolle 1995). Breeding colonies of petrels occurring on the islands of Madeira,
Bugio and Cape Verde were originally thought to be outlying populations of the
polytypic species Pterodroma mollis. Subsequent taxonomic treatments have varied
considerably in their classification of birds from these islands. The petrel populations on
Madeira and Bugio represent some of Europe’s rarest breeding birds and their exact
species designation, and hence relation to conservation mandates, is a question of
considerable importance. In this study we use molecular techniques alongside more
traditional taxonomic characters to confirm the existence of two good species of the
genus Pterodroma in the Archipelago of Madeira. We also discuss identification of these
species in the field and the implications for their conservation management.
3.2 Introduction.
In the North East Atlantic Ocean, petrels of the genus Pterodroma (Procellariidae) are
known to breed at the Madeiran Archipelago (ca.650km west of Morocco) and also
ca.1900km further south at the Cape Verde Islands. Two separate populations are found
in the Madeira Archipelago, one occupying the mountainous regions of Madeira and the
other about 40 km away on Bugio, one of the offshore islands known as the Desertas
(Bugio, Deserta Grande and Ilheu Chão) (Fig. 3.1). Since their discovery, the taxonomy
of petrels from these islands has been the cause of much debate.
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Figure 3.1 Islands of the Northeast Atlantic.

In 1903, four petrel specimens were collected from the mountains above Santo António,
Madeira by the Rev. Ernesto Schmitz. These he identified as Oestrelata feae, a species
described four years earlier based on a specimen collected at the Cape Verde Islands
(Salvadori 1899; Bourne 1983; Zino & Zino 1986). During the 1890s, Schmitz had also
handled several specimens from the Desertas, which he referred to as Oestrelata
(=Pterodroma) mollis, a Southern Ocean species described in 1844. In 1934 Mathews
conducted a review of the systematics of Procellariiformes, in which he synonymised the
races from the North East Atlantic with P.mollis (Mathews 1934a,b). P.mollis has a
wide distribution throughout the Antarctic, Indian and Atlantic Oceans, with variation in
morphometrics, colouration and breeding behaviour occurring across its range
(Bretagnolle 1995). In his notice on P. mollis, Mathews (1934a) assigned the three North
East Atlantic birds the rank of subspecies, considering the population from Madeira as
P.mollis madeira, the population from Bugio as P.mollis deserta and the population
from Cape Verde as P.mollis feae. Since then most authors have found deserta
inseparable from feae (Bourne 1957; Jouanin et al. 1969; Cramp & Simmons 1977;
Jouanin & Mougin 1979).
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In 1957, W.R.P Bourne noted that there were differences in the size, breeding season
and habitat of the petrels from Madeira and Bugio. Madeiran birds are conspicuously
smaller and breed throughout May and June in the cool, moist, heavily-vegetated regions
of the island at an altitude of around 1600m. The larger Bugio birds breed in July and
August on a bare and arid plateau at around 375m, a habitat similar to that preferred by
Cape Verde petrels. Bourne (1983) proposed the splitting of the North East Atlantic
petrels from the P.mollis complex and suggested species level distinction for the birds of
Madeira (P.madeira) and those of Bugio/Cape Verde (P.feae).
In their comprehensive review of Madeiran Pterodroma, Zino & Zino (1986) confirmed
the differences in size and breeding biology of these two petrel populations. Madeiran
birds weigh an average of 53% less than those of Bugio and are consistently smaller
across a number of standard morphometric measurements. However, the authors also
note that the calls of petrels from Madeira and Bugio are indistinguishable from one
another and that there is no plumage feature that can be consistently used to identify
either bird.
Bretagnolle (1995) conducted a survey of the systematics of the entire P.mollis complex,
using analysis of calls as well as morphometrics and colouration. Bretagnolle places
particular emphasis on calls as a distinguishing feature of petrel species since pair
formation occurs at night and therefore calls seem to have a direct role in species
recognition. In his analysis, Bretagnolle found that birds from Madeira and Bugio could
not be completely distinguished based on their vocalisations (73-80% of calls were
correctly assigned to their island of origin using discriminant analysis). He concluded
that P.mollis be split into two distinct species- P.mollis in the South Atlantic and P.feae
in the North Atlantic, with subspecies feae, madeira and deserta retained for Cape
Verde, Madeira and Bugio respectively. Bretagnolle does acknowledge the
morphological differences between the birds of Bugio and Madeira, but concludes that
“the similarity of their calls suggests that there is no behavioural isolation between these
two populations.” (Bretagnolle 1995).
Deciding the exact species designation of Madeiran petrels is more than simply an
exercise in taxonomic pedantry. By the mid 1960s petrels on Madeira were believed to
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be extinct, but extensive searching led to the discovery of a small number of active nest
sites in 1969. Monitoring of these sites during the 1980s revealed that no chicks were
fledging due to heavy predation of eggs and chicks by rats. At that time the breeding
population was estimated at less than 30 pairs, making P.madeira (Zino’s Petrel or
Freira) the most endangered seabird species in Europe, with little chance of survival
(Zino & Zino 1986). In 1986 the Freira Conservation Project was launched with the
objective of reversing the decline of P.madeira. However, the question of whether
Zino’s Petrel was a unique endemic species or not remained. Confirmation of this would
no doubt lend weight to the conservation efforts on Madeira.
The identification of petrels as originating from Madeira or Bugio is extremely difficult
both in flight and in the hand (Steele 2006). However, morphometric measurements,
particularly of the bill, may provide a method for distinguishing between the two. In this
study we use multivariate analysis to demonstrate the subtle morphological differences
between the populations on these two islands.
3.3 Materials & methods.
3.3.1 Morphological analysis.
A total of 71 adult petrels were examined between 1986 and 2006 in the central
mountain massif of Madeira and a further 338 were examined between 1985 and 2004
on Bugio, Desertas Islands. Whenever possible, the following measurements were taken:
wing length, total length, tail length, tarsus length, middle toe length, bill length and bill
height at three positions (Fig. 3.2, Table 3.1). Relative lengths of primary feathers of the
left wing were also recorded in eight adult specimens of each species (Table 3.2). A
principal components analysis (PCA) was carried out using the nine morphometric
measurements listed above. Only birds for which all measurements had been recorded
were included in the analysis (Madeira n=58; Bugio n=175).
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Figure 3.2 Bill measurements used (from Zino & Zino 1986).

Total length
Wing length
Tail length
Tarsus
Middle toe
Bill length
Bill height AB
Bill height FG
Bill height DE

P.madeira
331.5 ±7.2
251.1 ±4.8
109.0 ±3.2
34.3 ±1.3
38.8 ±1.6
25.8 ±0.9
11.3 ±0.5
9.6 ±0.4
8.0 ±0.4

n
66
70
66
62
66
71
71
71
71

P.feae
361.5 ±8.2
271.0 ±5.9
110.7 ±3.8
38.0 ±1.6
44.3 ±2.2
29.7 ±1.1
14.7 ±0.7
12.5 ±0.5
10.4 ±0.6

n
338
337
334
185
188
258
306
306
256

Table 3.1 Mean morphometric measurements ±s.d.(mm) of P.madeira and P.feae. Bill heights follow
Zino & Zino (1986).
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P10

P9

P8

P7

Pterodroma madeira
P6
P5
P4

Pterodroma feae
P6
P5
P4

Longest
Equal
Longest
Longest
Equal
-3
Longest
-2

-5
Equal
-2
-2
Equal
Longest
-1
Longest

-12
-11
-7
-7
-10
-10
-10
-8

-20
-16
-20
-20
-15
-15
-30
-14

P10

P9

P8

P7

Longest
Longest
Longest
Longest
Longest
Longest
Longest
Longest

-1
-3
-4
-3
-4
-5
-4
-4

-14
-12
-12
-11
-11
-12
-12
-15

-20
-20
-18
-25
-20
-18
-20
-25

-17
-19
-20
-20
-20
-20
-20
-20

-22
-22
-22
-25
-25
-25
-20
-25

-18
-21
-25
-25
-20
-20
-20
-20

-20
-25
-30
-30
-30
-28
-30
-25

-28
-21
-23
-23
-15
-20
-20
-20

-30
-25
-30
-30
-30
-30
-25
-29

P3

P2

P1

TL

-23
-25
-24
-24
-20
-20
-17
-20

-24
-25
-22
-22
-20
-15
-15
-20

-23
-17
-17
-17
-15
-10
-10
-15

*
*
249
260
251
250
257
245

P3

P2

P1

TL

-28
-30
-25
-25
-25
-30
-22
-25

-25
-25
-25
-25
-25
-20
-25
-20

-18
-20
-20
-17
-20
-15
-17
-15

270
275
272
274
270
275
265
255

Table 3.2 Relative primary lengths (mm) of eight P.madeira and eight P.feae . TL= total length of wing.

3.3.2 DNA analysis.
Samples of fresh blood were collected from 15 petrels on Madeira and 11 petrels on
Bugio between September 2003 and September 2005. Blood was stored in 90% ethanol
at ambient temperature for transportation to the lab, whereupon it was stored at -20°C.
DNA was isolated from approximately 5mg of coagulated blood using the Promega
Wizard 96 Genomic DNA Purification System. Final elution was in 500µl of ddH2O and
eluted template DNA was stored at -20°C.
3.3.3 Mitochondrial cytochrome-b gene isolation and sequencing.
An 830bp section of the cyt-b gene was amplified as a single fragment using the PCR
primers L15236/H16065 (Helm-Bychowski & Cracraft 1993). Amplifications were
performed in a 30µl reaction mix containing ~10ng genomic DNA; 1X PCR buffer;
2.5mM MgCl2; 125µM each of dGTP, dATP, dTTP and dCTP; 3.75 M of each primer
and 3 units of Taq DNA polymerase (Invitrogen). Thermal cycling was performed in a
GeneAmp PCR System 9700 (Applied Biosystems) and consisted of 1 min at 95ºC then
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35 cycles of 1 min at 94ºC, 1 min at 40ºC, 1 min at 60ºC and 3 min at 72ºC with a final
cycle of 5 min at 72ºC. PCR products were visualised in 2% agarose gel containing
0.3 g/ml ethidium bromide. Due to multiple bands appearing in the PCR product,
fragments of length 830bp were cut directly from the gel and purified using a QIAquick
Gel Extraction Kit (Qiagen). This purified product was then used for direct sequencing
using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and
0.16 M of the original PCR primers. Sequences were visualised on an ABI Prism 3100
Genetic Analyser. This protocol produced poor quality sequence data, however we were
able to use the sequence obtained to design the following primers in order to facilitate
the amplification and sequencing of cyt-b in the study taxa:
L15281

5’-CCCTTATGGCAACTGCCTTCGTAGG-3’

L15653

5’-CAGAAAACTTTACTCCAGCA-3’

H15535

5’-TAGGGGTGGAATGGGATTTTGTCGCAGTT-3’

Subsequent amplifications of cyt-b were performed using primers L15281/H16065,
producing a fragment of around 780bp in length. The reaction mix was the same as
above and PCR cycling conditions were 1 min at 95ºC followed by 35 cycles of 1 min at
94ºC, 1 min at 45ºC and 3 min at 72ºC with a final cycle of 5 min at 72ºC. PCR products
were visualised as above and cyt-b fragments were again purified from agarose gel and
were sequenced using primers L15281, L15653, H15535 and H16065. This produced
four fragments of sequence, which were aligned and edited using Sequencher 4.1
(Applied Biosystems) and Bioedit 7.0.5 (Hall 1999).
3.3.4 Phylogenetic analysis.
Phylogenetic relationships were estimated using PAUP 4.0b10(Altivec). Both maximum
parsimony and maximum likelihood methods were used with bootstrapping to assess
support for internal branches. Maximum parsimony analysis involved multiple replicate
heuristic searches with random addition of taxa to minimise the effect of input order
bias. Branch swapping was carried out using the tree bisection-reconnection (TBR)
algorithm and all characters were weighted equally. Bootstrapping was performed using
1000 replicates. Maximum likelihood analysis also involved multiple heuristic searches
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with random addition of taxa. The model of nucleotide evolution used was the HKY85
model (Hasegawa et al. 1985) with a Gamma distribution (shape parameter=0.0147).
The model was chosen as having the best fit to the data using Modeltest 3.7 (Posada &
Crandall, 1998). A number of additional species were also included in the phylogenetic
analysis, using cytochrome-b sequences obtained from Genbank. These species and their
Genbank accession numbers are as follows: P.cahow (U74331), P.incerta (U74332),
P.hasitata (U74335), P.macroptera (U74336), P.lessonii (U74337), P.magentae
(U74338) and P.mollis mollis (U74334).
3.4 Results.
3.4.1 Morphology.
PCA of the nine morphometric measurements produced complete separation of birds
from Madeira and Bugio along Principal Component 1 (Fig. 3.3), which accounts for
74% of the variance within the sample. A pattern of striations can be seen along
Principal Component 2, with points forming three rough bands in both species (although
the effect is more pronounced in P.feae). Exploration of the raw data reveals that this
pattern is caused by the tail length measurements. Tail length is a continuous variable
but appears to have a tri-modal distribution in this case, which may be a reflecton of sex
or age classes within these species. However at this time too few data are available to
provide any robust explanation. Differences between the two species were also found in
the relative primary lengths (Table 3.2). The tips of the wings in P.madeira are rounder
than in P.feae, In the former, either the 9th or 10th primary may be the longest and in
some birds the two feathers are equal in length, whilst in the latter the 10th primary is
always the longest.
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Figure 3.3 Principal Component Analysis of morphometric measurements in P.madeira and P.feae,
showing a complete separation of the two species.

3.4.2 Molecular analysis.
A fragment of the cytochrome-b gene spanning 774bp was sequenced from all samples.
The gene sequences can be fully translated using the vertebrate mitochondrial code
(Stothard 2000) and do not contain nonsense or stop codons. For the 26 Pterodroma
samples sequenced, there were 20 nucleotide positions where a base substitution
occurred. Two variable sites were located at the first codon position, one was at the
second codon position (resulting in an amino acid replacement Ile⇔Thr) and 17 were at
the third codon position. The ratio of transitions to transversions was 19:1.
Sequencing of the Pterodroma samples recovered five haplotypes. Of these, two were
found within the Bugio population (designated B1 and B2) and three were found within
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the Madeira population (designated M1, M2 and M3). Cyt-b sequence data is also
available on Genbank for one Pterodroma from Bugio (accession no. U74333). This
sequence proved to be identical to haplotype B1. Haplotypes from the two islands are
mutually exclusive and differ from one another at 17 nucleotide positions (2.2% of the
total sequence). The two Bugio haplotypes differ from one another at one nucleotide
position (0.13%) and the three Madeira haplotypes differ from one another at two
nucleotide positions (0.26%). Complete sequence data is available on Genbank
(accession numbers EF537882-EF537886).
A number of other Pterodroma species were included in the analysis in order to
illustrate the taxonomic position of the Madeira/Bugio populations within a larger
scheme of Atlantic and Southern Ocean taxa. P.cahow and P.hasitata are considered to
be closely allied with the petrels of the North East Atlantic based on morphology,
breeding behaviour and, more recently, molecular studies (Nunn & Stanley 1998;
Brooke 2004). P.mollis mollis was chosen as the outgroup. Four other petrel speciesP.incerta, P.macroptera, P.lessonii and P.magentae- were also included in the analysis.
Molecular studies have placed these four taxa, which are variously distributed across the
Southern Ocean, as the sister group to the North Atlantic clade (Nunn & Stanley 1998).
Phylogenetic analysis of these data using neighbour-joining, maximum parsimony and
maximum likelihood produced one tree in each case, with similar topologies. The
neighbour-joining tree is shown in figure 3.4.
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Figure 3.4 Neighbour-joining tree showing phylogenetic relationships between Pterodroma from Madeira
(M1-M3) and Bugio (B1, B2). Bootstrap support values (1000 replicates) derived from maximum
parsimony analysis are shown.

3.5 Discussion.
It is our opinion that the petrel populations of Madeira and Bugio should be regarded as
separate species- Pterodroma madeira (Zino’s Petrel) and Pterodroma feae (Fea’s
Petrel)- corroborating the suggestions of previous authors (Bourne 1983; Imber 1985;
Zino & Zino 1986). The morphological analyses of the two populations, based on the
largest sampling to date, fully support this separation. Of all the measurements taken,
bill measurements were the most reliable for distinguishing the two species, with P.feae
having a much more robust bill structure than P.madeira (Fig. 3.5). The structure of the
bill allows four clearly defined measurements and is independent of the bird’s nutritional
status, permitting accurate measurements to be taken in the difficult conditions in which
these birds are usually studied - at night and during adverse weather conditions.
However, morphometrics alone may be insufficient evidence to merit a species level
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classification. The Galapagos Petrel P.phaeopygia shows significant differences in body
size among populations from different islands (Brooke 2004), however Friesen et al
(2006) discovered a very low level of sequence divergence in the mitochondrial ATPase
gene across all islands. Similarly the Tahiti Petrel (Pseudobulweria rostrata) displays
significant differences in the bill measurements of its two sub-species trouessarti and
rostrata (Brooke 2004). Therefore, a genetic characterization of the petrels from
Madeira and Bugio was also undertaken.

Figure 3.5 Heads of Pterodroma madeira (left) and P.feae (right), showing bill differences.

The cytochrome-b data from Pterodroma populations on Madeira and Bugio support the
case for a species level split of these two taxa. No haplotypes are shared between the two
populations, indicating reproductive isolation. The approximately 2% difference
between mtDNA haplotypes from the two islands is an order of magnitude larger than
within-island differences (0.13% and 0.26%). In comparison, the haplotypes of
P.macroptera and P.lessonii, for whom a species level classification is undisputed, differ
by only 1% over the same section of the cyt-b gene.
The decision to split a population into two species is dependent on the particular species
concept adopted by the observer. Strict adherence to the Biological Species Concept
(BSC) (Mayr 1942), where any indication of gene flow between two populations will
preclude species level distinction, tends to uncover fewer species than the Phylogenetic
Species Concept (PSC) (Cracraft 1983), where gene flow is permitted so long as some
character discontinuity between populations is evident. These two concepts are not
mutually exclusive, but simply focus on different stages of the speciation process- the
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slow divergence of one species into two. The PSC relies on diagnosable characters as
criteria for the separation of species. We are confident that the molecular and
morphological data presented here, along with observations on breeding season and
habitat preference (Bourne 1983; Zino & Zino 1986), satisfy these criteria and indicate
that the petrel populations of Bugio and Madeira should be treated as separate species
under the PSC.
The Biological Species Concept demands complete reproductive isolation as the grounds
for separating species; however, this is impossible to deduce for allopatric populations.
The petrels of Madeira and Bugio undoubtedly come into contact at sea and might be
regarded as sympatric since they breed within a single small archipelago. Nevertheless,
their breeding colonies remain separated, as do their breeding seasons and no bird ringed
on Madeira has ever been re-captured on Bugio, or vice versa, over a twenty year period
(F.Zino, unpublished). Therefore within the achipelago itself we assume the populations
to be allopatric, and no direct evidence of reproductive isolation can be obtained.
However, the reciprocal monophyly of cyt-b haplotypes from the two islands supports
the idea that these two populations are not interbreeding. The Madeiran population
forms a monophyletic clade with 100% bootstrap support, as does the population from
Bugio. Nevertheless, one must be cautious when drawing conclusions based on data
from a single gene. Since mtDNA is maternally inherited the same pattern could be
produced if there was unequal dispersal between the sexes, ie. if females did not disperse
from their natal breeding site but males were moving between the two islands. However,
this scenario seems unlikely given that all birds appear to remain faithful to the island
where they were ringed. Further evidence of reproductive isolation between the two
islands could potentially be gained by looking at nuclear markers such as microsatellites,
although polymorphic microsatellite loci are not yet described for these species.
Phylogenetic analysis of the Madeira/Bugio birds and other Atlantic/Southern Ocean
species reveals a well supported monophyletic origin for the North Atlantic Pterodroma
clade. Pterodroma cahow (the Bermuda petrel) shows the closest affinity to the
Madeira/Bugio clade, followed by Pterodroma hasitata (the Black-capped petrel). Both
of these conclusions have been suggested by previous authors (Penhallurick & Wink
2004; Nunn & Stanley 1998; Bretagnolle 1995).
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The fact that the two populations maintain reproductive isolation despite their close
proximity, similar appearance and similar calls is intriguing. Bourne (1983) speculates
that the Madeiran archipelago may have been colonised twice by gadfly petrels.
P.madeira may have evolved there when the climate was cooler and wetter during the
Pleistocene. Then, as the climate became warmer and drier in recent times, P.madeira
retreated to higher ground whilst Bugio was colonised by birds migrating from the arid
environment of Cape Verde. This scenario is compatible with the data presented here.
Nunn & Stanley (1998) used fossil data to calibrate the rate of molecular evolution in a
number of Procellariiform groups and arrived at a figure of 0.78%Ma-1 (0.9% using a K2 correction) for medium sized Pterodroma spp. This estimate suggests divergence of
the two species at around 2.5 million years ago (Madeira and Bugio Islands were formed
by volcanic activity some 4-5 million years ago (Schwarz et al 2005)), placing the split
between the Madeira and Bugio populations in the late Pliocene. Assuming Bugio was
then colonised from the south during climatic change in the Pleistocene, temporal
variation in breeding could have maintained a reproductive barrier between the two
island populations. Philopatry to natal breeding sites may also act as a mechanism of
isolation between petrel populations and promote speciation in this group.
This route of radiation of petrels in the North Atlantic is, of course, highly speculative.
Data from the petrels of the Cape Verde Islands would be necessary before firmer
conclusions could be reached. Although a few specimens of P.feae from the Cape Verde
islands have been measured, the sample was not large enough for inclusion in this paper.
It is, however, interesting to note that the population of P.feae in Cape Verde do not
share the same breeding season as the population from Bugio (Bannerman & Bannerman
1968), thus suggesting a degree of isolation. The few Cape Verde birds handled would
suggest significant biometric differences from the Bugio population. A morphological
and genetic characterization of the Cape Verde birds should be undertaken.
The separation of Zino’s and Fea’s Petrel in flight has been much debated amongst
experienced ornithologists and birdwatchers (Fisher 1989; Gantlett 1995; Steele 2006;
Tove 1997, 2001). From the biometrics analysed, the bill is by far the easiest form of
differentiating the two species, but for an observer in the field this is difficult. Using
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digital photography and image analysis, Tove (2001) demonstrated that there are
differences in the shape of the wings of these species. The relative primary lengths
measured confirm this, the tip of the wing of P.madeira being rounder, however such
technology is available to few people. Wing feather pattern in the sample studied
showed a large individual variation with very similar patterns in both species (Fig. 3.6).
Steele (2006) discusses the problem at length and is in agreement that it is still near
impossible to differentiate between P.madeira and P.feae in flight.
As a direct result of ongoing predator control measures initiated by the Freira
Conservation Project, the productivity of P.madeira has risen (though with some
fluctuations) since 1989 (Zino et al 2001). In 2005, with an estimated population of 6580 pairs, P.madeira was down-listed from Critically Endangered to Endangered in the
IUCN Red List of Endangered Species (Birdlife International 2006). The breeding sites
on Madeira have been designated a Special Protected Area under the European Union’s
Wild Bird Directive, an action which has not only provided protection for the petrels but
also for many other Madeiran endemics including plants, insects, molluscs, a lizard and
a bat (Zino et al 2001). The future of Zino’s Petrel, and other endemic species on
Madeira, depends on the continuation of such projects. It is our hope that by removing
any trace of doubt about the unique status of this petrel species, we will help to
guarantee the future of this important conservation initiative.

85

Figure 3.6 Underwings of Pterodroma feae from Cape Verde (A) and Bugio (B) and P.madeira (C),
showing similar feather patterns. P.cahow (D) from Bermuda, showing the distinctive “thumb print”.

3.7 Acknowledgements.
The authors have counted on the help of many individuals over the years, without whom
it would have been difficult to gather the information obtained. Of these, our particular
thanks go to Edward (Ted) Gerrard, Miguel Moreira, Henrique Costa Neves, Elizabeth
Zino, Alexander Zino, Francesca Zino, João de Gouveia, Adam Blandy, João Borges,
Amílcar Vasconcelos, Rui Dantas and Donato Caires. Thanks also to Jacob GonzálezSolis for providing a photograph of P. feae from Cape Verde. The authors are deeply
indebted to the Portuguese Air Force, British Navy and French Navy for the transport to
Bugio in their helicopters, the Portuguese Navy for several sea transports and the staff of
the Madeira Natural Park, notably Dr. Paulo Oliveira and his team of climbers for the
invaluable help provided in the field with Zino’s petrel. The authors are also indebted to
Richard Nichols and Bill Jordan for assistance with the analysis, and to Christian
Jouanin and W. (Bill) Bourne for the critical reading of the manuscript and useful
suggestions.

86

Chapter 4: Isolation of six microsatellite loci from Round
Island Petrels (Pterodroma arminjoniana) and their utility in
17 Procellariiform and one Sphenisciform species.
4.1 Abstract.
Six microsatellite loci were isolated from the petrels of Round Island, near Mauritius in
the Indian Ocean (Pterodroma arminjoniana). Three loci were monomorphic in
P.arminjoniana but were found to be polymorphic in other Procellariiforms. Crossutility of all six loci was tested in 17 Procellariiform and 1 penguin species.
P.arminjoniana samples were also screened for PCR amplification using 53
microsatellite loci developed for other species of birds, and six of these loci displayed
polymorphism.
4.2 Introduction.
Petrels were first reported on Round Island, a small islet 22km NE of Mauritius, in 1948
(Vinson 1949). Records from earlier expeditions to the island make no mention of
petrels and as a result this population is often considered to be a recent colonisation.
Round Island petrels are currently recognised as Pterodroma arminjoniana, a species
previously known only from Trindade Island in the South Atlantic. In order to
investigate the origin and population structure of Round Island petrels, a suite of
polymorphic microsatellite loci was developed.
4.3 Materials & methods.
Tissue samples were collected from three dead chicks on Round Island in 2005. Samples
were stored in 100% ethanol at ambient temperature until arrival at the laboratory,
whereupon they were stored at -20ºC. A genomic library enriched for CA and CAGA
repeats was constructed using procedures described by Tenzer et al (1999) and Gautschi
et al (2000a, b). Total genomic DNA was isolated from tissue samples using a standard
phenol-chloroform extraction protocol (Sambrook et al 1989). Genomic DNA was
digested with Tsp509I (New England Biolabs) and fragments of 500-1000bp in length
were isolated by agarose gel extraction. Linker sequences TSPADSHORT/
TSPADLONG were ligated to the fragments according to Tenzer et al (1999). Ligation
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products were amplified in 40x25 l reactions containing 1xPCR buffer; 2.5mM MgCl2;
125 M each dNTP; 1 M TSPADSHORT and 1.25U Taq polymerase (Invitrogen). The
thermal profile consisted of 5 min at 72ºC then 12 cycles of 1 min at 94ºC, 1 min at 55ºC
and 1 min at 72ºC. Products from all 40 PCR reactions were combined and concentrated
using a Millipore Ultrafree Centrifugal Filter. The concentrated PCR product was
hybridized to biotinylated (CA)13 and (CAGA)8 probes that were immobilized onto
streptavidin-coated magnetic beads (Dynabeads M-280 Streptavidin, Dynal Biotech)
(see Tenzer et al 1999). Enriched fragments were amplified again using TSPADSHORT
as a primer and 15 thermal cycles (as above but without the initial extension step) and
products were cloned using the Original TA Cloning Kit (Invitrogen), following the
manufacturers instructions.
Approximately 1500 positive clones were screened for inserts containing CA and CAGA
repeats using PCR based isolation of microsatellite arrays (Lunt et al 1999). Around 480
plasmids containing such inserts were detected and these were subsequently sequenced
using M13 forward and reverse primers and the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems). Sequencing of plasmids revealed 43 inserts
containing unique microsatellite loci with sufficient flanking region for PCR primers to
be designed. Primer pairs were designed using Primer3 software (Rozen & Skaletsky
2000) and the forward primer of each pair was labelled using fluorescent dyes on the 5’end (6-FAM, HEX or NED).
Each locus was tested for polymorphism in Pterodroma arminjoniana. PCR reactions
were carried out in a 6 l volume containing 10-50ng of DNA, 0.3 M each primer and
4 l Qiagen Multiplex PCR Mastermix. The thermal cycle consisted of 95ºC for 12 mins
then 30 cycles of 94ºC for 30s, 55ºC for 2 mins and 72ºC for 1 min, with a final step of
60ºC for 30 mins. Products were visualised on an ABI Prism 3100 Automated DNA
Sequencer and genotypes were scored using Genemapper v3.7 (ABI). Six primer pairs
amplified a product in P.arminjoniana. Microsatellite repeat motifs and flanking
regions, including primer sequences, are available on Genbank (accession numbers
EU360817-EU360822).
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4.4 Results.
Of 43 loci tested, only three unique loci were polymorphic in P.arminjoniana (Table
4.1). A further three loci were monomorphic in P.arminjoniana but were found to be
polymorphic in a number of other species. Sequence data for all six loci are deposited on
Genbank (accession numbers EU360817-EU360822). Therse six loci were additionally
tested for cross-utility in 17 Procellariiform species and 1 penguin (Table 4.2).
P.arminjoniana were also screened for amplification using PCR primers developed for
53 microsatellite loci isolated from other bird species using the protocol described
above. Six loci were found to be polymorphic: Paequ3, Paequ13 (Techow & O’Ryan
2004), 10C5, 12H8 (Dubois et al 2005), De11 (Burg 1999) and Calex01 (Küpper et al
2007). All P.arminjoniana samples from Round Island (n=260) and Trindade Island
(n=80) were then screened using the suite of polymorphic loci described in table 4.1.
The observed and expected heterozygosities for each locus were calculated and tested
for deviation from Hardy-Weinberg equilibrium and for linkage disequilibrium using
Genepop (Raymond & Rousset 1995). One locus (Parm02) showed significant deviation
from H-W equilibrium (P<0.05) for both populations. In both cases, HO was lower than
HE perhaps suggesting the presence of null alleles. Three pairs of loci were found to be
in linkage disequilibrium with significance P<0.05 using Fisher’s exact test, although
none of these pairs showed disequilibrium in both populations. After Bonferroni
adjustment all of these results became non-significant.
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Locus

Primer sequence (5’-3’)

Loci developed during the course of this study
Parm01
F: CTG GAC TCA GTG CCC TCT TC
R: CAG GGC AGA AGC TCG TCT AT
Parm02‡
F: AGC AAG CTG ACA GCA ACA GA
R: TGT TAT GTC CTG CGG ATG AG
Parm03
F: CTT GCT GGG TTT TGT TGG TT
R: AAT TGC TCA GGG AGG TGC T
Parm04
F: AGT GCC TGG ATG CAA ACT G
R: AAT GCG CTG CAG TGT GTG
Parm05
F: CGT ATA CCC TGC AGA TAC GC
R: CTC AGT GCC AAT TCG TAC CC
Parm06
F: CAC CAG TGT GAA GGA GTT GC
R: TGT CTG TTG GCA GGT GAG AG
Previously published loci
Paequ3*
F: TGTGGGTGCAGTAGAGCA
R: CAATAAGAAGATCAGCAGAACAGAC
Paequ13*
F: GACCTGCAGCAATAGCACGAC
R: TGCCTTCATCAGAATCCTCCTG
10C5**
F: TGGAGATGCAATTGCCTAGA
R: CAGATGAGGTTTTGGCCAGT
12H8**
F: CATGCCTGAATGCACTTTGT
R: CACAATGGGTATAAGATTTTGCTG
De11†
F: CCTGGAAAAGGCCCTTATATTC
R: CACCGAGTACCATCATTCCC
Calex01†† F: CTTCTCCATTGTTGTCACCTCCAGT
R: CTTGACTTGGCCTGAGGTTTAGGTT

Repeat motif

Popn

A

At

HO

HE

201-235

(CA)13
(CA)6TA(CA)9

174-192

(CA)5TA(CA)11

207

(CA)53(GACA)2

8
9
4
3
9
5

10

179-200

M

0.725
0.738
0.346
0.125
0.598
0.582
-

0.687
0.668
0.391
0.186
0.577
0.508
-

122

(CA)11

M

-

-

160

(CA)6GA(CA)2TACA

Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.

M

-

-

Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.
Round Is.
Trindade Is.

5
4
4
3
2
2
4
4
2
3
4
3

5

0.486
0.575
0.527
0.513
0.295
0.150
0.612
0.500
0.399
0.525
0.363
0.388

0.543
0.529
0.530
0.509
0.303
0.161
0.579
0.573
0.433
0.510
0.343
0.384

s

216-224

(GA)19*

136-142

(GT)9*

160-163

(GA)11(GC)2GT(GC)2**

185-191

(GT)7(AT)7**

164-170

(AC)9.5+(TA)7(CA)4(CG)5.5†

224-232

(GT)2GA(GT)3GC(GT)10(GTGC)

2(GT)3††

4
9

4
2
4
3
4
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Table 4.1 Microsatellite primer sequences for Pterodroma arminjoniana. Allelic size range in bp (s), number of alleles per population (A), total number of alleles
detected (At : M=monomorphic) and observed (HO) and expected (HE) heterozygosities for populations from Round Island, Indian Ocean (n=260) and Trindade
Island, South Atlantic (n=80). Primer sequences and repeat motifs for Parm01-Parm06 are derived from the sequenced clones (Genbank accession numbers
EU360817-EU360822). Primer sequences and repeat motifs for Paequ3, Paequ13, 10C5, 12H8, De11 and Calex01 are taken from the publications indicated.
*Techow & O’Ryan (2004) **Dubois et al (2005) †Burg (1999) ††Küpper et al (2007)
‡significant deviation from Hardy-Weinberg equilibrium (P<0.05) in both populations.

Species

n

Parm01

Parm02

Parm03

Parm04

Parm05

Parm06

Pterodroma neglecta (Kermadec Petrel)
Pterodroma madeira (Zino’s Petrel)
Pterodroma feae (Feae’s Petrel)
Pterodroma cahow (Bermuda Petrel)
Bulweria bulwerii (Bulwer’s Petrel)
Procellaria aequinoctialis (White-chinned Petrel)
Calonectris diomedea borealis (Cory’s Shearwater)
Pachyptila desolata (Antarctic Prion)
Halobaena caerulea (Blue Petrel)
Macronectes giganteus (Southern Giant Petrel)
Macronectes halli (Northern Giant Petrel)
Pelecanoides urinatrix (Common Diving Petrel)
Pelecanoides georgicus (South Georgia Diving Petrel)
Fregetta tropica (Black-bellied Storm Petrel)
Thalassarche melanophrys (Black-browed Albatross)
Thalassarche chrysostoma (Grey-headed Albatross)
Diomedea exulans (Wandering Albatross)
Eudyptes chrysolophus (Macaroni Penguin)

17
8
8
5
7
12
7
8
1
6
6
8
8
1
8
8
7
8

A
9
4
3
3
4
4
3
3
M
2
4
M
3
M
2
M
M
7

A
3
M
M
M
M
3
M
3
2
M
M
M
M
M
M
M
M
5

A
6
M
M
M
N
N
N
N
2
M
M
N
4
M
3
4
M
2

A
N
N
M
N
M
2
M
N
N
N
N
M
M
N
3
4
2
N

A
2
3
2
M
N
N
N
N
N
N
N
N
N
N
N
N
N
N

A
M
2
2
M
M
M
2
2
M
M
M
M
2
N
M
M
2
M

s
203-235
200-210
209-213
204-208
209-231
196-204
201-206
183-187
217
194-196
194-200
180
160-180
208
207-209
209
189
177-220

s
179-200
189
197
197
185
187-193
176
183-187
185-187
177
177
178
178
180
177
177
177
209-219

s
176-192
171
171
171
165-167
167
167
484-500
167
168-172
168-176
163
183-189

s
452
358
361-365
278
278
278
444-458
452-458
278-280
-

s
122-126
116-122
118-120
118
-

s
160
160-162
160-162
160
162
160
160-164
158-160
158
160
160
158
158-162
154
154
156-160
160

Table 4.2 Tests for cross-utility of microsatellite loci isolated from Pterodroma arminjoniana in 17 Procellariiform species and one penguin species. Number of
alleles (A, M=monomorphic, N=no amplification), size range in bp (s) and number of individuals genotyped (n).
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4.5 Discussion.
Six microsatellite loci were developed for Round Island petrels (P.arminjoniana).
Although just three of these loci were polymorphic in the target species, the other three
were polymorphic in at least some other Procellariiform species. Indeed, one locus
(Parm01) was polymorhophic in 13 of 18 additional species screened, suggesting that it
may have a wide utility in birds.
Fifty-three previously published primer pairs from both Procellariforms and other bird
families were screened for utility in P.arminjoniana. Six polymorphic loci were
identified, with the majority of these loci being isolated from other Procellariforms. Two
loci were developed for the White-chinned petrel (Procellaria aequinoctialis), three
were developed for the Wandering albatross (Diomedea exulans) and one was developed
for the Kentish plover (Charadrius alexandrinus) (Techow & O’Ryan 2004; Dubois et
al 2005; Burg 1999; Küpper et al 2007). These results follow the generally accepted
pattern that the cross-utility of microsatellite loci diminishes with increasing
phylogenetic distance.
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Bried, Richard Phillips, Mareile Techow and Tom Hart for providing DNA samples.
This work was supported by grants from the Natural Environment Research Council and
the University of London Central Research Fund.

92

Chapter 5: Range expansion and hybridisation in Pterodroma
arminjoniana; evidence from microsatellite genotypes.
5.1 Introduction.
The Order Procellariiformes (albatrosses, petrels, shearwaters, storm-petrels and divingpetrels) are a group of birds supremely adapted for a pelagic lifestyle. Most species are
long-lived, forage over vast areas of ocean and breed on offshore islands, often in large
and dense colonies (Brooke 2004). The group is also characterized by a high degree of
philopatry to natal breeding grounds, indeed many species breed only at a single island
or archipelago (Brooke 2004; Friesen et al 2007). High levels of philopatry can
theoretically lead to differentiation between populations, and ultimately to speciation.
However, even low levels of gene flow between populations will have the opposite
effect and prevent diversification (Wright 1969). In Procellariiformes, the ability to
traverse large stretches of ocean with ease implies that there are few barriers to gene
flow between populations on different islands. On the other hand, philopatric behaviour
may encourage divergence, even between populations that are in close proximity. These
two opposing factors have great evolutionary significance in this group, since they will
influence the potential for range expansion, population differentiation and speciation.
5.1.1 Philopatry in Procellariiformes.
Once they have started breeding, petrels and albatrosses almost invariably continue to
breed for the rest of their lives at the same colony (Smith et al 2007; Brooke 2004). High
levels of natal philopatry have long been reported in this group through the recovery of
banded individuals at the colonies where they fledged (eg. Zino et al 2008; Smith et al
2007; Inchausti & Weimerskirch 2002; Warham 1990). Evidence of dispersal based on
ringing data must be treated with caution, however, since it is largely dependent on the
amount of effort expended on ringing and recapture. Banded birds dispersing to colonies
other than the one where they were ringed might easily be overlooked. Similarly, the
provenance of un-banded birds arriving at a colony is impossible to know. A more
compelling source of evidence for philopatry (or lack thereof) is now emerging through
the use of molecular markers to identify population differentiation and migrant
individuals. Friesen et al (2006) analysed data on microsatellite allele frequencies from
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populations of the Galapagos petrel (Pterodroma phaeopygia) breeding on five islands
within the Galapagos archipelago, with a maximum distance between colonies of about
160km. These data strongly supported the existence of three distinct genetic populations,
between which the migration rate was effectively zero. Conversely, analysis of allele
frequencies in Buller’s albatross (Thalassarche bulleri bulleri) from the two islands at
which it breeds (again about 160km apart) revealed no evidence of genetic structure at
all, despite mark/recapture studies suggesting a high degree of philopatry (van Bekkum
et al 2006). Even colonies separated by relatively large distances are not necessarily
genetically isolated. For instance, there is no evidence of genetic structure amongst five
populations of Wandering albatross (Diomedea exulans) breeding on islands up to
1000km apart (Burg & Croxall 2004).
As these examples demonstrate, the level of migration between populations of petrels
and albatrosses can vary greatly. This has implications not only for gene flow between
established populations but also for colonisation of new habitats and range expansion.
The breeding ranges of Procellariiform species are highly variable- from those restricted
to a single island (eg. the Bermuda petrel, Pterodroma cahow), to those distributed
across several major oceans (eg. Audubon’s shearwater, Puffinus lherminieri) (Brooke
2004). In species that occupy a single island or archipelago, natal philopatry must be
extremely high, since all individuals return to breed at the island where they hatched. It
therefore seems intuitive that species breeding at many sites will have a lower level of
philopatry than species breeding at few sites, and will be more likely to colonise new
areas (Brooke 2004).
5.1.2 Range expansion and colonisation.
Although most adult petrels and albatrosses remain faithful to the colony at which they
first breed, the juveniles of many species have a protracted period of migration during
which they may visit other colonies or unoccupied habitat. Inchausti & Weimerskirch
(2002) found that 23% of ringed juvenile Wandering albatross (Diomedea exulans)
dispersed to breed at other island groups up to 1450km away from their hatching site. In
another example, in February 2004 a White-capped albatross (Thalassarche [cauta]
steadi) was reported for the first time on South Georgia in the Southern Ocean. It
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returned to the island the following spring and was observed building a nest and
displaying to a Black-browed albatross, yet the closest breeding colony of White-capped
albatross to South Georgia is over 10,000km away in New Zealand (Phalan et al 2004).
Such itinerant prospecting, particularly by juveniles, is likely to be the route by which
petrels and albatrosses colonise new habitat. There are a number of recent examples of
colonisations by Procellariiformes in the literature. Leach’s storm petrel (Oceanodroma
leucorhoa) has been reported visiting the coastal islands of South Africa since at least
1976, and was considered to be a rare and non-breeding migrant (Randall & Randall
1986), but in 1996 a small number of birds were found to be breeding at Dyer Island.
The species is numerous and widespread in the Northern Hemisphere, and the Dyer
Island population is thought to represent a new colonisation (Whittington et al 1999).
Maatsuyker Island, off Tasmania’s south coast, supports a number of petrel and
shearwater species and has been inhabited as a lighthouse station since 1891. However,
the Soft-plumaged petrel (Pterodroma mollis) was not recorded there until the mid1980s, when a number of individuals were observed performing aerial courtship displays
(Brothers et al 2001). In late 2001 several active nests were discovered on the island,
confirming that Soft-plumaged petrels are now breeding there (Wiltshire et al 2004).
Similarly, on Lord Howe Island in the Pacific (570km east of Australia) early naturalists
made no record of the Black-winged petrel (Pterodroma nigripennis), but in 1971 this
species was confirmed to be breeding at the island. Indeed, the range expansion of the
Black-winged petrel in the last century has been remarkable. Once known only from the
Kermadec Islands it has now colonised Lord Howe, Philip Island, Three Kings, Portland
Island and the Chatham Islands (Hutton & Priddel 2002, and references therein).
Evidence of long-range colonisation as a process leading to speciation in albatrosses has
recently been uncovered by genetic analysis of the White-capped albatross
(Thalassarche steadi) and the Shy albatross (T.cauta) (Abbott & Double 2003a,b). The
Shy albatross breeds at three islands near Tasmania, whilst the main breeding sites of
White-capped albatross are found around 1800km away in the Auckland Islands. The
species level classification of these two taxa is debated, though asynchronous breeding
and morphometric differences have been used as grounds for separating them
(Robertson & Nunn 1998). Abbott & Double (2003a,b) used both microsatellite
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genotypes and sequence data from the mtDNA control region to investigate the
relationship between the two taxa. They found significant genetic structure (using FST
values and AMOVA) between Shy and White-capped albatrosses, suggesting a lack of
contemporary gene flow. In addition, they discovered that Shy albatrosses had lower
allelic diversity and lower heterozygosity than White-capped albatrosses, and that rare
alleles appeared to have been lost from Shy albatrosses. These results are suggestive of a
founder event. Patterns of haplotype diversity and nested clade analysis of sequence data
also indicated that Shy albatrosses arose through range expansion and subsequent
speciation by a small number of White-capped albatrosses. This is the first molecular
evidence of a colonisation event leading to a speciation event in albatrosses (Abbott &
Double 2003a,b).
5.1.3 Recent colonization of Round Island.
The Round Island (or Trindade) petrel, Pterodroma arminjoniana, provides us with an
opportunity to study a recent, long-range colonisation event in petrels. Until 1949, this
species was known to breed only at a single island in the South Atlantic- Trindade Island
(and the nearby rocky outcrop of Martin Vaz), which lies around 1200km east of Vitória
in Brazil. In 1949 a second population was discovered breeding on Round Island, a
small islet 22km northeast of Mauritius in the Indian Ocean (Vinson 1949). Although
Round Island is uninhabited, a number of earlier expeditions to the island made no
record of petrels being present (Lloyd 1846; Newton 1861; Pike 1869, 1873;
Meinertzhagen 1912). It has therefore been assumed that the Round Island population
represents a recent colonisation by birds originating from Trindade. Nevertheless, there
remains the possibility that petrels were present on Round Island prior to their discovery
by Vinson (1949), but were simply overlooked. The two populations are separated by a
distance of roughly 9000km and by the landmass of continental Africa, which could
potentially result in isolation and divergence between them. However, as previous
examples have shown, distance is not necessarily a barrier to gene flow in
Procellariiformes (eg. Inchausti & Weimerskirch 2002).
Using multilocus genotype data from nuclear markers (microsatellites) I will address the
following questions:
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(a) Does significant genetic structure exist between the populations of
P.arminjoniana on Round Island and Trindade Island?
(b) Is there any evidence of contemporary migration and gene flow between the
populations?
(c) Is there any evidence of a historical bottleneck in the Round Island population?
5.1.4 Hybridisation as a confounding factor.
The situation on Round Island is complicated by the presence of a second species of
petrel, the Kermadec petrel (Pterodroma neglecta). P.neglecta has a wide distribution
throughout the Pacific Ocean and breeds on numerous islands, from Lord Howe in the
western Pacific to Juan Fernández in the east (Brooke 2004). Its presence on Round
Island was first noted in 1986, representing a significant westward expansion in the
range of the species, and breeding was confirmed in subsequent years (Brooke et al
1999). Observations of the petrels on Round Island in recent years suggest that
P.neglecta and P.arminjoniana may be hybridising.
Hybridisation between birds is relatively common, having been reported in around 9.2%
of all bird species. The true global incidence is probably much higher since hybridisation
will be difficult to detect amongst cryptic or shy species. The incidence of hybridisation
varies a great deal between different orders and tends to be more common among
terrestrial birds than among seabirds (Grant & Grant 1992).
The detection of hybrids often relies upon morphological characteristics, with the
assumption that hybrid individuals will be phenotypically intermediate to the parental
species (Smith 1992). There are a number of flaws with this assumption. For instance,
morphological variation may not have a simple genetic basis, and the amount of natural
variation within populations of the same species can sometimes be large (McCarthy
2006; Brooke 2004). Also, if hybridisation is extensive, with many generations of
backcrossing and mating among hybrids, then a population may consist almost entirely
of hybrid individuals (a hybrid swarm). In this case individuals who derive a large

97

proportion of their genes from one parent population could well be indistinguishable
from the parental taxon (Allendorf & Luikart 2007).
Molecular techniques have been successfully used to detect hybrid individuals and
hybrid swarms in a number of cases. Diagnostic loci for which different alleles are fixed
in the parent populations are the most useful method of detection. These can be allozyme
loci (eg. Allendorf & Leary 1988) or microsatellite loci (eg. Gottelli et al 1994;
Schwartz et al 2004). There are also techniques that use allele frequency data from
multiple loci to detect hybrid individuals (eg. Beaumont et al 2001) or to assess the
overall level of introgression by each parent population into the hybrid population (eg.
Chen et al 2007).
Hybridisation between Pterodroma arminjoniana and P.neglecta on Round Island has
been suspected for a number of years (C.Jones pers.comm.). The two species are very
similar in appearance but can be distinguished on the basis of a single plumage
characteristic. The vanes of the primary wing feathers are dark brown or black along
their entire length in P.arminjoniana, whereas in P.neglecta the vanes are white along
their entire length. This characteristic is considered diagnostic of P.neglecta (Murphy &
Pennoyer 1952). In recent years a small proportion of the birds caught on Round Island
have been found to have primary wing-feather vanes that are partly white and partly
dark brown/black. In addition, the calls of P.arminjoniana and P.neglecta are readily
distinguishable from one another but birds have been recorded on Round Island giving a
call that appears to be intermediate between those of the two different species. Petrels
call in flight and it is therefore difficult to determine whether birds giving the
intermediate call-type also display the intermediate plumage-type. However, during the
2005 field season, a single individual was observed giving the intermediate call-type on
the ground. When captured, this bird was found to have an intermediate plumage-type.
Mixed-species pairs of petrels have been recorded incubating eggs on Round Island on a
number of occasions. During the course of this study three such pairs were identified and
one pair successfully hatched a chick. A further 12 pairs were recorded where one
individual had intermediate plumage-type and three pairs where both individuals had
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intermediate plumage-type. Blood samples were collected from all of these birds,
including the putative hybrid chick and its alleged parents.
Based on these behavioural and morphological observations, it has been suggested that
birds on Round Island displaying the intermediate plumage-type are the hybrid offspring
of P.arminjoniana and P.neglecta. However, with no knowledge of the genetic basis of
inheritance of this plumage characteristic, it is difficult to draw any firm conclusions.
If hybridisation is occurring between the two species on Round Island, this could affect
the results of any comparison between P.arminjoniana from Round Island and Trindade
Island. Therefore an additional aim of this study is to:
(d) Investigate the extent of hybridisation between P.arminjoniana and P.neglecta
on Round Island.
5.2 Materials and methods.
Details of sample collection, DNA extraction, molecular sexing and microsatellite
genotyping procedures can be found in Chapter 2 (section 2.1, pp.30-36). A total of 383
petrels were successfully genotyped at nine microsatellite loci. The number of alleles per
locus ranged from two to twelve and the average was 6.9. The sample contained 80
P.arminjoniana from Trindade Island (adults and chicks) and 303 petrels from Round
Island (all adults). Chicks from Round Island were excluded from analysis since it was
impossible to classify them to species level based on plumage. Round Island birds were
divided into three groups based on their plumage type- birds with dark wing vanes were
classified as P.arminjoniana (n=260), birds with pale wing vanes were classified as
P.neglecta (n=17) and birds who could not be confidently assigned to either species on
the basis of wing vanes were classified as intermediate-type (n=26).
5.2.1 Statistical analysis of genetic diversity.
P.neglecta from Round Island and both populations of P.arminjoniana were tested at all
loci for deviations from Hardy-Weinberg equilibrium and linkage equilibrium using
GENEPOP v4.0,

with Markov chain parameters left at the default settings (Raymond &

Rousset 1995).
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Allelic diversity was calculated by counting the number of alleles at each locus and
averaging over the nine loci. However, this measure is highly sensitive to sample size so
a related measure, allelic richness, was also calculated using FSTAT v2.9.3 (Goudet 2001).
Allelic richness uses a rarefaction method to standardise uneven sample sizes (El
Mousadik & Petit 1996, Petit et al 1998).
Observed and expected heterozygosity were calculated for each locus in each population
using GENEPOP, as well as the mean heterozygosity for each population. The differences
in mean heterozygosity and allelic richness between populations were compared using
Student’s t-test in R (Crawley 2007).
5.2.2 Population differentiation.
Estimates of genetic differentiation between populations were calculated using Weir &
Cockerham’s (1984) variant of FST, θ, in FSTAT. Four populations were included in the
analysis- as well as P.neglecta and both populations of P.arminjoniana, intermediatetype birds were considered as a separate population. The method takes into account
variable sample and population sizes (Weir & Cockerham 1984). 95% confidence
intervals were calculated by bootstrapping over all loci and statistical significance was
determined after 1000 random permutations of the data. RST, the analogue of FST
developed for use with microsatellites, was not considered as Gaggiotti et al (1999) have
demonstrated that FST is a more accurate statistic when the number of loci examined is
less than ~20. RST is also dependent on the assumption of a particular model of
nucleotide evolution, the step-wise mutation model, whilst empirical data suggest that
the actual mode of mutation for microsatellites may not precisely follow this pattern
(Balloux & Lugon-Moulin 2002).
5.2.3 Cluster analysis.
In order to identify the number of genetically distinct clusters (K) within the
microsatellite data set, a Bayesian admixture procedure was used (STRUCTURE v2.2;
Pritchard et al 2000; Falush et al 2003, 2007). This program searches for HardyWeinberg or linkage disequilibrium within the data set and introduces population
structure by clustering individuals into groups that are not in disequilibrium. The log
probability of the data, Pr(X|K), where X is the genotypes of the sampled individuals, is
100

generated for specified values of K and the highest value of Pr(X|K) determines the
number of clusters that best explain any population structure in the data. STRUCTURE can
be used to demonstrate the presence of population structure and identify distinct genetic
populations independently of any pre-determined groupings of the data based on, for
example, geographic location or phenotype. Prior information can then be superimposed
onto the results to determine if genetic groups correspond to groups identified by other
means. The program also has the capability to assign individuals to particular genetic
groups and identify migrants and admixed individuals.
For analysis in STRUCTURE, a model allowing admixture and correlated allele
frequencies among populations was chosen. The degree of admixture, α, was inferred
from the data and the parameter of the distribution of allele frequencies, λ, was set to
one. These parameters are the default settings of the program and are suggested as being
the most generally appropriate by the user manual (Pritchard et al 2007). The first
10,000 generations of data were discarded as burn-in and data were collected for
100,000 generations thereafter. Visual inspection of the summary statistics produced
during each run showed that 10,000 generations was a sufficient burn-in period for the
Markov chain to converge. Several independent simulations were run for each value of
K. The default method of analysis in STRUCTURE is to use only genetic information to
provide an unbiased estimate of genetic structure. However, prior information relevant
to clustering (such as geographical location of samples) is often available, and it is
possible to incorporate this information into the analysis. One method of introducing
prior information is through the use of learning samples, whereby individuals of known
origin are used to classify individuals of unknown origin (Pritchard et al 2007).
Beaumont et al (2001) used this method to investigate introgression between Scottish
wildcats and domestic cats by specifying point priors for a group of the domestic cat
genotypes, thereby forcing the analysis to accept them as a single genetic group. When
using prior information in this way, STRUCTURE assumes that any pre-defined
populations have been correctly identified as separate genetic clusters. It is therefore
important to run initial analysis without using prior information, to determine whether
pre-defined populations are roughly in agreement with genetic clusters (Pritchard et al
2007).
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Petrels on Round Island nest within four distinct breeding colonies. Whilst none of these
colonies are more than 1km apart, recapture data seems to suggest that petrels remain
faithful to a particular colony from year to year (C.Jones, pers. comm.). Samples from
Trindade were also collected from nine separate locations across the island. To
determine whether any genetic structure was present within island populations, global
and pairwise FST values were calculated for each set of colonies using microsatellite data
from P.arminjoniana, and the number of genetic populations present was estimated
using STRUCTURE. Global FST values for Round Island and Trindade Island were 0.002
and 0.003 respectively. Neither these nor any of the pairwise comparisons were
significantly greater than zero (P>0.05), and results from STRUCTURE strongly rejected
more than one genetic population on either island. Therefore, in subsequent analyses
data from different breeding colonies within islands were pooled.
5.2.4 Estimating admixture.
During the 2004/2005 field season, a chick was successfully hatched on Round Island by
a mixed-species pair (identified by plumage type). Blood samples were obtained from
the chick and both its putative parents and these birds were sexed and genotyped at nine
microsatellite loci. To determine the likelihood that these birds were the true parents
(that is the probability of the data under the hypothesis that the birds were the true
parents), parentage analysis was conducted using CERVUS 3.0 (Marshall et al 1998;
Kalinowski et al 2007). For parent pair analysis, all adult birds from Round Island of
known sex were included as candidate parents, a total of 129 females and 152 males. An
estimation of paternity was also conducted, in which the putative mother was specified
and the 152 candidate fathers were analysed to determine their likelihood of being the
true father. Paternity was assigned based on resulting LOD scores.
The proportion of admixture in the Round Island population was determined using
LEADMIX 1.0

(Wang 2003). Results from STRUCTURE suggested that P.arminjoniana

from Trindade and P.neglecta form distinct genetic clusters, therefore these two groups
were selected to represent the parental populations. The degree of introgression was
initially determined for intermediate-type birds from Round Island, then for
P.arminjoniana from Round Island and finally for both P.arminjoniana from Round

102

Island and intermediate-type birds together. The parameter ti (the minimum genetic drift
allowed in estimation) was set at 0.00001. LEADMIX also estimates the degree of
introgression using two methods other than maximum likelihood. These are the leastsquares methods of Roberts and Hiorns (1965) and Long (1991), later elaborated by
Chakraborty et al (1992). The 95% confidence intervals for the least-squares estimators
were obtained from 1000 bootstrap samples over loci, whilst those of the likelihood
estimator were obtained from profile log-likelihood curves (Wang 2003).
5.2.5 Detecting a recent population bottleneck.
The program BOTTLENECK v1.2.02 (Cornuet & Luikart 1996; Piry et al 1999) was used to
test for the genetic signature of a recent population bottleneck in petrels from Round
Island. In recently bottlenecked populations the relationship between allelic richness and
heterozygosity is displaced from that expected under mutation-drift equilibrium, in the
direction of higher heterozygosity. Expected heterozygosity was calculated using the
two-phase model of mutation (TPM), which is believed to be the most appropriate
model of mutation for microsatellite loci (Di Renzo et al 1994). The probability of a
single-step mutation was set at 95% and that of multi-step mutations at 5%, as
recommended by the authors (Piry et al 1999). Estimates were based on 1000
replications and a Wilcoxon sign-rank test was used to determine if the number of loci
exhibiting heterozygote excess was significant. Other tests of significance are available
in BOTTLENECK but the Wilcoxon’s test is considered the most powerful and robust
when using <20 loci (Piry et al 1999). Both P.arminjoniana from Round Island and
P.neglecta were tested for evidence of a recent bottleneck.
The program M_P_VAL (Garza & Williamson 2001) was also used to calculate the ratio
(M) of the number of alleles in a population to the range of allele size. Estimates of M
were compared to equilibrium values of M calculated using the two-phase model of Di
Renzo et al (1994). A mutation rate (µ) of 5 x 10-4 was assumed. M was calculated for
three populations, P.arminjoniana from Trindade Island (n = 80), P.arminjoniana from
Round Island (n = 260) and P.neglecta from Round Island (n = 17). The average size of
multi-step mutations and the percentage occurrence of multi-step mutations were
calculated separately for each population. Values of pre-bottleneck effective population
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size (Ne) were estimated at 500 for P.arminjoniana and 10,000 for P.neglecta (Brooke
2004; Frankham et al 2004). However, since M can be strongly dependent on the value
of Ne assumed, calculations were repeated using a range of values of Ne (100, 500, 1000
and 2000 for P.arminjoniana and 1000, 2000, 10,000 and 20,000 for P.neglecta).
5.2.6 Indirect estimates of gene flow.
Private alleles (alleles present in only one population) were detected in three of the
petrel populations- P.arminjoniana from Round Island, P.arminjoniana from Trindade
and P.neglecta. To determine whether contemporary gene flow is occurring between
populations, overall and pairwise values for the number of migrants per generation (Nm,
where N is the population size and m is the migration rate) were calculated using
Slatkin’s private allele method (Slatkin 1985), implemented in GENEPOP.
The parameters M and θ were also estimated from microsatellite allele frequency data
for these three populations using the coalescent-based maximum likelihood method in
MIGRATE v2.0

(Beerli 2004; Beerli & Felsenstein 2001). M is the ratio of migration rate

to mutation rate (m/ ) and θ is equal to 4Ne (Ne = effective population size,

=

mutation rate). The Brownian motion model was used as an approximation of the
stepwise mutation model and search criteria were set at 10 short chains of 20,000 steps
and 3 long chains of 200,000 steps with the first 10,000 iterations discarded as burn-in.
Two independent runs were carried out for each comparison from different random
starting seeds to check for consistency of results. Nem was calculated from M and θ as
follows: Nem = (Mθ) / 4 (Beerli 2004).
5.3 Results.
5.3.1 Genetic diversity.
The total number of alleles and estimates of allelic diversity (A), allelic richness (R(17)),
observed heterozygosity (HO) and expected heterozygosity (HE) are presented in table
5.1. The number of alleles per locus ranged from two to 12 and private alleles were
found in all three populations. Only one locus in one population (Parm02 in
P.arminjoniana from Trindade) showed significant deviation from Hardy-Weinberg
equilibrium after sequential Bonferroni correction (P<0.05, adjusted P-value of 0.0056
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for nine tests). Pairwise comparison of all loci in each population revealed one case of
significant deviation from linkage equilibrium after Bonferroni correction (P<0.05,
adjusted P-value of 0.0007 for 72 tests), between Parm01 and Calex01 in
P.arminjoniana from Trindade.
The highest values of mean HE and allelic richness were recorded in P.neglecta.
However, there was no significant difference between any of the three populations
according to these measures of genetic diversity (Student’s t-test, P>0.05).
5.3.2 Genetic structure.
The global estimate of FST (θ) for all populations was 0.031, and was significantly
greater than zero (P<0.05) indicating the presence of population structure. FST was
significantly greater than zero (P<0.01) in all pairwise comparisons except for the
comparison of P.arminjoniana from Round Island and intermediate-type birds (Table
5.2). The highest value of FST (0.125) was seen when comparing P.arminjoniana from
Trindade Island with P.neglecta from Round Island. The pairwise FST value for
P.neglecta and intermediate-type birds on Round Island is an order of magnitude larger
than the value for Round Island P.arminjoniana and intermediate-type birds.
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Locus
Parm01
Parm02
Parm03
Paequ3
Paequ13
10CH
12H8
De11
Calex01
mean

P.arminjoniana (RI)
(n = 260)
A
R(17)
HO

HE

P.neglecta (RI)
(n = 17)
A
R(17)

HO

HE

P.arminjoniana (T)
(n = 80)
A
R(17)
HO

HE

At
12
4
9
5
4
2
4
3
4

8
4*
8*
5
4*
2
4
2
3

5.97
3.77
4.47
3.43
2.84
2.0
3.35
2.0
2.13

0.725
0.346
0.598
0.486
0.527
0.294
0.612
0.399
0.363

0.687
0.391
0.577
0.543
0.530
0.303
0.579
0.433
0.343

9*
3
6*
4
2
2
4
2
4*

9.0
3.0
6.0
4.0
2.0
2.0
4.0
2.0
4.0

0.647
0.588
0.588
0.412
0.529
0.353
0.529
0.176
0.235

0.788
0.535
0.602
0.689
0.486
0.299
0.619
0.258
0.223

9*
3
5
4
3
2
4
3*
2

6.22
2.71
3.81
3.69
2.7
1.97
3.76
2.62
2.0

0.738
0.125†
0.582
0.575
0.513
0.150
0.500
0.525
0.388

0.668
0.186
0.507
0.529
0.509
0.161
0.573
0.510
0.384

4.4

3.33

0.483

0.487

4

4

0.451

0.5

3.9

3.28

0.455

0.447

Table 5.1 Characterization of genetic diversity in petrel populations from Round Island (RI) and Trindade Island (T). Allelic diversity (A), allelic richness
(R(17)), observed heterozygosity (HO) and expected heterozygosity (HE) are shown for each locus and averaged over all nine loci. Total numbers of alleles per
locus (At) and number of individuals genotyped (n) are also shown.
*private alleles present.
†significant deviation from Hardy-Weinberg equilibrium (P<0.05) after Bonferroni correction.
Significant deviation from linkage equilibrium (P<0.05) was recorded between Parm01 and Calex01 in P.arminjoniana from Trindade Island, after
Bonferroni correction.
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106

P.arminjoniana
(RI)
intermediatetype

P.arminjoniana
(RI)
-

intermediatetype (RI)
0.006
(-0.003-0.017)

P.neglecta
(RI)
0.099*
(0.03-0.196)
0.088*
(0.007-0.202)

0.108

-

P.neglecta

0.001

0.001

-

P.arminjoniana
(T)

0.001

0.001

0.001

P.arminjoniana
(T)
0.017*
(0.008-0.028)
0.021*
(0.007-0.034)
0.125*
(0.079-0.183)
-

Table 5.2 Pairwise values of FST variant θ for petrel populations from Round Island (RI) and Trindade
Island (T) are above the diagonal (95% confidence intervals after bootstrapping over loci in parentheses).
P-values after 1000 random permutations are shown below the diagonal.
*significantly different from zero (P<0.01).

5.3.3 Cluster analysis.
When all individuals from Round Island and Trindade were analysed using STRUCTURE,
results strongly rejected more than one genetic cluster (K=1-6, 5 independent
simulations for each value of K). Figure 5.1a shows the proportion of times in 100,000
replications that each individual was assigned to different genetic populations for a value
of K=3. The proportion of the sample assigned to each genetic population is roughly
symmetrical, except in the case of P.neglecta where a larger proportion of the sample
has been assigned to the ‘red’ population (table 5.3), and most individuals seem to be
fairly admixed. This is indicative of a lack of detectable genetic structure (Pritchard et al
2007).

P.arminjoniana (RI)
intermediate-type
P.neglecta
P.arminjoniana (T)

red
0.32
0.35
0.58
0.29

Genetic cluster
green
0.33
0.33
0.19
0.41

blue
0.35
0.32
0.23
0.30

Table 5.3 Proportion of membership of each population into three genetic clusters.
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(a)

(b)

(c)
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Figure 5.1 Proportion of times in 100,000 replicates that petrels were assigned to different genetic clusters (red, green or blue) by STRUCTURE. Group 1 =
P.arminjoniana from Round Island, group 2 = intermediate-type birds, group 3 = P.neglecta, group 4 = P.arminjoniana from Trindade Island. (a) No prior
information included, K=3. (b) ‘Parental’ populations (3 and 4) specified, K=2. (c) ‘Parental’ populations (3 and 4) specified, K=3.
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Similar results were obtained when running simulations in STRUCTURE using sub-sets of
the data. Analysis of P.neglecta and P.arminjoniana from Round Island were conducted
both with and without the inclusion of intermediate-type birds (K=1-5, 5 independent
simulations for each value of K). In all cases the results strongly suggested a single
genetic population. However, when the analysis was conducted using only
P.arminjoniana from Trindade Island and P.neglecta from Round Island, results from
STRUCTURE

provided support for two genetic populations (Fig 5.2).

1.00
0.80
0.60
0.40
0.20
0.00

P.neglecta

P.arminjoniana (Trindade)

Figure 5.2 Proportion of times in 100,000 replicates that P.arminjoniana from Trindade and P.neglecta
from Round Island were assigned to different genetic clusters (red and green) by STRUCTURE.

Although genetic structure was detected when P.arminjoniana from Trindade and
P.neglecta from Round Island were analysed alone, this structure disappeared when
P.arminjoniana from Round Island and intermediate-type birds were included. The
analysis was repeated using prior information to place P.arminjoniana from Trindade
and P.neglecta into separate genetic populations. Bar plots for analyses assuming K=2
and K=3 are shown in figure 5.1b and 5.1c. Using prior information to define the two
supposed ‘parent’ populations does not allow P.arminjoniana from Round Island or
intermediate-type birds to be confidently classified as belonging to either of the parental
groups. The two populations are assigned to the ‘green’ cluster (representing
P.arminjoniana from Trindade) for roughly two thirds of the iterations and the ‘red’
cluster (representing P.neglecta) for the remainder of iterations (Table 5.4).
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Genetic cluster
red
green
0.36
0.64
0.39
0.61
0.98
0.02
0.02
0.98

P.arminjoniana (RI)
intermediate-type
P.neglecta
P.arminjoniana (T)

Table 5.4 Proportion of membership of each population into two genetic clusters with P.neglecta
From Round Island and P.arminjoniana from Trindade as learning samples.

5.3.4 Estimating admixture.
Patterns of distribution of private alleles in Round Island and Trindade petrels were
examined for evidence of admixture. Seven alleles from P.arminjoniana (Trindade)
were absent from P.neglecta and five of these were present in P.arminjoniana (Round
Island), intermediate-type birds or both. Ten alleles from P.neglecta were absent from
P.arminjoniana (Trindade) and six of these alleles were present in other Round Island
birds. A single allele was present in P.arminjoniana (Trindade) and P.neglecta but not in
other Round Island birds. Finally, three alleles were present in P.arminjoniana (Round
Island) but not in the other populations (Fig. 5.3). The frequencies of these alleles are
shown in table 5.5. Due to the small sample size of P.neglecta (17 individuals), alleles
appearing at a frequency of less than 0.03 are unlikely to have been detected, even if
they are present in the population.
P.arminjoniana (RI) + intermediate-type

3
6
4
P.neglecta

27
1

5
2
P.arminjoniana (TI)

Figure 5.3 Numbers of alleles shared by various groups of Pterodroma petrels from Round Island (RI)
and Trindade Island (TI).
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allele P.arminjoniana
(RI) (n=260)
Parm01 201*
0.041
213*
0.021
215*
0
219§
0
223†
0
227§
0.002
235§
0
Parm02 196
0.056
Parm03 174*
0.002
176§
0.041
178§
0
184
0.006
190*
0.004
192§
0.015
Paequ3 218*
0.012
224§
0.004
Paequ13 136*
0.035
142
0.004
De11
170*
0
Calex01 224§
0.004
228§
0
Locus

Intermediatetype (RI) (n=26)
0.038
0
0
0
0
0
0
0.02
0
0.077
0
0
0
0.019
0
0
0.038
0
0
0
0

P.neglecta
(RI) (n=17)
0
0
0
0.029
0.029
0.029
0.029
0
0
0.088
0.059
0
0
0.088
0
0.029
0
0
0
0.029
0.059

P.arminjoniana
(T) (n=80)
0.031
0.035
0.006
0
0.006
0
0
0
0.006
0
0
0
0.038
0
0.106
0
0.031
0
0.025
0
0

Table 5.5 Selected allele frequencies for petrels from Round Island (RI) and Trindade (T), and number of
individuals genotyped (n).
* Alleles present in P.arminjoniana (Trindade) but absent in P.neglecta.
§ Alleles present in P.neglecta but absent in P.arminjoniana (Trindade).
† Alleles present in both P.arminjoniana (Trindade) and P.neglecta but absent in other Round Island
petrels.
Due to the small sample size of P.neglecta, alleles in bold may have gone undetected due to their low
frequency.
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The degree of introgression by P.neglecta into the putative hybrid population was
estimated using three methods, RH (Roberts & Hiorns 1965), LC (Long 1991;
Chakraborty et al 1992) and W (Wang 2003). These methods utilise genotype data from
both parental populations and the putative hybrid population. Three analyses were
conducted using P.arminjoniana from Trindade and P.neglecta from Round Island as
the parental populations, with the hybrid population variously represented by data from
P.arminjoniana from Round Island, intermediate-type birds or both together. Results,
including 95% confidence intervals, are detailed in table 5.6. Estimates of introgression
using the RH and W methods show close agreement, however the confidence intervals
for the RH method show that the possibility of zero introgression cannot be excluded.
The LC method produces similar estimates of introgression for each population tested.
Confidence intervals for all three methods are broad.

P.arminjoniana (RI)

RH
13.4 (-5-39)

LC
27.0 (10-45)

W
13.9 (3-25)

intermediate-type

20.0 (-2-57)

24.0 (7-43)

27.0 (9-49)

P.arminjoniana (RI) and
intermediate-type

14.0 (-5-40)

29.0 (11-47)

14.6 (3-26)

Table 5.6 Estimates of genetic contribution (%) of P.neglecta to putative hybrid populations with their
95% confidence intervals in parentheses. Confidence intervals were obtained from 1000 bootstrapping
samples (over loci) for RH and LC, and from profile log-likelihood curves for W.
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5.3.5 The hybrid chick.
The putative hybrid chick and its alleged parents were genotyped at nine microsatellite
loci. Locus 3 failed to amplify in the chick. At all other loci there were no mismatches
between the chick and parental genotypes, indicating that these birds could not be
excluded as the true parents of the chick (Table 5.7).

sex
species
Locus 1
Locus 2
Locus 3
Locus 4
Locus 5
Locus 6
Locus 7
Locus 8
Locus 9

Parent 1
f
P.neglecta
138/140
176/180
220/222
160/163
185/185
205/217
164/164
198/198
230/230

Parent 2
m
P.arminjoniana
140/140
180/180
216/216
163/163
187/187
209/209
164/168
198/198
230/230

chick
138/140
180/180
163/163
185/187
209/217
164/168
198/198
230/230

Table 5.7 Genotypes (allele sizes in bp) of the putative hybrid chick and
its parents at nine microsatellite loci.

To determine the statistical likelihood that these birds were the true parents, parentage
analysis was conducted using CERVUS 3.0. In a parent pair analysis where sexes were
known, CERVUS was unable to identify either of the putative parents above as the most
likely parents of the chick. When the mother was specified, 34 of the 152 candidate
fathers had positive LOD scores (ie. were more likely to be the father than a randomly
selected male). Two candidate fathers were identified as the equally most likely fathers
by CERVUS, based on the LOD score of the offspring-mother-father trio and the absence
of mismatches. One of these candidate fathers was identified as P.arminjoniana and the
other was identified as an intermediate-type bird. Of these two individuals, one was
selected as the most likely father based on the offspring-father pair LOD score. This bird
was the putative father from table 5.7, identified as P.arminjoniana. Therefore CERVUS
identified the putative father as the most likely father if the maternal genotype was
specified. However, statistical confidence in this assignment was less than the relaxed
level of 80%. This is not surprising considering the results of the simulation of parentage
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analysis conducted by CERVUS prior to other analyses. Using the allele frequency data
from Round Island petrels, this simulation indicated that the level of confidence in
assignment of parents would be very low. The simulation suggested that <1% of parents
would be correctly assigned when neither parental genotype was known, even at the
relaxed confidence level of 80%. Simulation also suggested that with a known mother,
only 10% of paternity assignments would be secure at 80% confidence level and at 95%
confidence level this value dropped to just 4%.
5.3.6 Population bottleneck.
Heterozygosity (HE) was higher than would be expected under mutation-drift
equilibrium (Heq) for 4 out of 9 loci in P.arminjoniana from Round Island and 5 out of 9
loci for P.neglecta (Table 5.8). These results did not suggest significant heterozygote
excess in either population (one-tailed Wilcoxon test for HE excess, P=0.79 and P=0.67
for P.arminjoniana and P.neglecta respectively). Therefore neither population contains
the genetic signature of a recent bottleneck according to this method.

Locus 1
Locus 2
Locus 3
Locus 4
Locus 5
Locus 6
Locus 7
Locus 8
Locus 9

HE (arm)
0.530
0.577
0.543
0.303
0.579
0.687
0.433
0.391
0.343

Heq (arm)
0.528
0.756
0.617
0.189
0.528
0.755
0.176
0.533
0.401

HE (neg)
0.487
0.602
0.690
0.299
0.619
0.788
0.258
0.535
0.223

Heq (neg)
0.276
0.757
0.614
0.275
0.611
0.853
0.272
0.491
0.620

Table 5.8 Observed heterozygosity (HE) versus heterozygosity expected under mutationdrift equilibrium (Heq) under the TPM for P.arminjoniana from Round Island (arm) and
P.neglecta (neg).

The M-ratio was calculated for three populations assuming a range of values for Ne.
Under all conditions, the average M was 0.83 for P.arminjoniana from Round Island,
0.88 for P.arminjoniana from Trindade and 0.81 for P.neglecta. None of these values
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fell below the critical value of M estimated using simulations, suggesting that none of
these populations have experienced a recent bottleneck.
5.3.7 Estimates of migration rate.
Estimates of the number of migrants per generation (Nm) based on the average
frequency of private alleles and using a maximum likelihood estimator were calculated
(Table 5.9). The private alleles method assumes that migration rates are symmetrical,
whilst maximum likelihood calculates opposing migration rates independently. The
overall value of Nm for all three populations using the private alleles method was 1.34.
axb
P.arminjoniana (RI) x P.arminjoniana (T)
P.arminjoniana (RI) x P.neglecta
P.arminjoniana (T) x P.neglecta

PA
2.86
1.35
1.95

ML a→
→b
1.36
0.67
0.69

ML b→
→a
1.01
0.74
0.56

Table 5.9 Estimates of the number of migrants per generation between petrel populations from Round
Island (RI) and Trindade Island (T) using private alleles (PA) and maximum likelihood (ML).

5.4 Discussion.
In a recent paper, Friesen et al (2007) discussed the factors that influence population
differentiation in seabirds. By conducting a meta-analysis of genetic studies from a wide
range of seabird species, they investigated which aspects of life history, behaviour and
distribution could best predict the presence of population genetic structure and
phylogeographic structure within these taxa. The study concluded that geographic
distance between colonies and foraging range had little influence on genetic structuring
whereas populations separated by land or that had separate non-breeding distributions
were highly likely to display strong genetic structure. Of seven species, including two
petrel species, whose distribution was fragmented by land (usually a continental
landmass such as Africa or the Americas), all had significant genetic differentiation,
characterised by significantly positive FST values, and six had phylogeographic structure
(monophyly of mtDNA haplotypes in one or more populations). In addition, of five
species separated by historical barriers such as Pleistocene land bridges or glaciers, all
had population genetic structure and five also had phylogeographic structure. Although
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not all population differentiation could be explained by land barriers and non-breeding
distribution, the authors concluded that gene flow in seabirds seems to be severely
limited by land (Friesen et al 2007).
The two known breeding populations of P.arminjoniana, on Round Island in the Indian
Ocean and Trindade Island in the South Atlantic, are separated by the continental
landmass of Africa. One might predict, therefore, that there is little gene flow between
them and that the two populations will display significant genetic structure. Both
populations contain private alleles, but these are at low frequencies (table 5.5). The
pairwise FST value for the two populations is significantly different from zero (FST =
0.017, P<0.01), however it is low when compared with values for other species
separated by land barriers. For example, the Band-rumped storm petrel and Leach’s
storm petrel, both of which have populations in the Atlantic and Pacific Oceans, have
FST values of 0.77 and 0.15 respectively (Friesen et al 2007). Analysis of genotype data
from the two populations of P.arminjoniana using STRUCTURE strongly rejected more
than one genetic population. In some cases, testing for allele frequency differences
between predefined groups (ie. FST) can be more powerful than applying STRUCTURE.
This is because identifying population clusters without prior knowledge of the likely
groups is statistically more demanding (Pritchard et al 2007). Also, if populations have
diverged very recently (<20 generations ago) it is unlikely that STRUCTURE will be able
to differentiate between them, unless drift has been particularly strong (Falush et al
2003). If we assume the generation time of P.arminjoniana to be around 10 years (birds
start to breed at around 2-3 years of age and can live for up to 27 years, C.Jones pers.
comm.), then the populations would need to have been separated for around 200 years to
produce a detectable difference. Allele frequency differences between the two
populations of P.arminjoniana were insufficient to be classified as separate genetic
clusters by STRUCTURE, suggesting that the level of differentiation between them is low.
Phylogenetic analysis of mitochondrial sequence data for the two populations of
P.arminjoniana reveals that there is no phylogeographic structure between the two
islands (see Chapter 6). Indeed some individuals from different islands share identical
cytochrome-b haplotypes. Therefore, there is some evidence of genetic differentiation
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between P.arminjoniana from Round Island and P.arminjoniana from Trindade, but
this differentiation is weak.
Weak genetic structuring between the two populations of P.arminjoniana indicates that
either gene flow is still occurring between them or that the two populations have
diverged recently (or possibly both). There are numerous records of petrels and
albatrosses covering vast distances at sea. For example, in 2006 a Herald petrel
(Pterodroma heraldica) ringed in Australia was re-captured on Round Island, giving it a
minimum journey distance of around 6000km (C.Jones, pers comm). The very fact that
P.arminjoniana is present on the two islands indicates that exchange must have
occurred between them at some stage. Therefore it is not out-with the realms of
possibility that petrels regularly migrate between Round Island and Trindade.
Direct evidence of migration, in the form of birds ringed on one island being recovered
on the other, has not yet been recorded. However, effort expended on ringing and
recapture, both on the different islands and over time, has varied hugely. Sporadic
ringing has occurred on Round Island since the 1970s. Since 2002 a more systematic
program of monitoring has been undertaken by the wardens of Round Island, with
monthly surveys of the petrel population and ringing of all adults and chicks. To date
around 2800 birds have been ringed. Trindade Island is logistically difficult to access,
therefore ringing and recovery data from the island is sparse. Since 1999 an estimated
900 birds have been ringed on the island but monitoring of the petrel population is nonexistent (L.Bugoni pers comm). Therefore although no bird ringed on one island has
ever been recorded on the other, it is possible that migrant birds may simply have been
overlooked.
Brooke et al (1999) reported anecdotal evidence that P.arminjoniana from Round Island
and Trindade host different species of feather lice. This evidence has been strengthened
by the identification of a larger number of lice collected from live birds in the field on
both Round Island and Trindade and identified by R.Palma (Chapter 7). Lice collected
from Trindade birds have been identified as Halipeurus kermadecensis whilst Round
Island birds (including P.arminjoniana, P.neglecta and intermediate-type birds) host
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H.heraldicus. This fact is difficult to explain, particularly considering that
H.kermadecensis is usually associated with P.neglecta from the Pacific (Brooke et al
1999). The fact that the two populations of P.arminjoniana host different feather lice
may be an indication that there is little or no migration between the two islands and
therefore no cross-infection of louse species. However, as with ringing data this does
not provide unequivocal evidence of isolation.
The two indirect estimates of the rate of migration between Round Island and Trindade
using microsatellite data produced very similar results. The private alleles method
indicated a rate of just under three migrants per generation and the maximum likelihood
estimator suggested around one migrant per generation in both directions. A widely
cited rule of thumb, based on the theoretical work of Wright (1931), is that one migrant
per generation (OMPG) between populations is sufficient to obscure the disruptive
effects of drift. The OMPG rule has been proposed by numerous authors as a method of
genetic management in the conservation of fragmented populations (eg. Frankel &
Soulé 1981; Allendorf 1983; Triggs et al 1989). In fact, although OMPG will minimise
the loss of genetic variability in isolated populations, it will allow substantial divergence
in allele frequencies between populations. For example, the theoretical equilibrium
value of FST for populations exchanging OMPG is 0.2. Therefore, OMPG does not
indicate panmixia (Wright 1931; Mills & Allendorf 1996). The levels of migration
estimated for the two populations of P.arminjoniana may therefore be sufficiently low
to allow genetic divergence to occur, as indicated by FST, but high enough to maintain
similar levels of genetic diversity in both populations. As we have seen, there is no
significant difference in heterozygosity or allelic richness between the two populations
(Table 5.1).
Nevertheless, if the two populations have split from one another very recently then
evidence from rare alleles and allele frequencies may lead to an overestimation of
migration rate due to shared ancestral genotypes.
P.arminjoniana were first recorded on Round Island in 1949 (Vinson 1949) and it is
often assumed that colonisation of the island occurred at or around this time. At the time
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of discovery Vinson gave no estimate of the number of birds present on the island,
however in October 1964, Gill et al (1970) estimated that around 75 pairs of petrels
were nesting at Round Island and between November 2004 and February 2005,
evidence of nesting (chick or egg) was found at 208 sites on the island (this study).
These data suggest that the population is expanding. However, analysis of microsatellite
genotypes revealed no evidence of a recent population bottleneck on Round Island.
Heterozygosity and allelic richness did not differ significantly from the putative parent
population on Trindade and results from BOTTLENECK did not show a significant
heterozygote excess at microsatellite loci. The M-ratio for P.arminjoniana from Round
Island also gave no indication of a reduction in population size. This statistic retains
information about demographic history for longer than heterozygote excess. A genetic
bottleneck might be expected to result in the loss of rare alleles from the bottlenecked
population. P.arminjoniana from Trindade possess two private alleles at low
frequencies (0.006 and 0.025) which are not present in the Round Island population.
However, the Round Island population contains three rare alleles not present on
Trindade. Lack of evidence for a population bottleneck suggest that either no bottleneck
occurred or that its effects have been obscured. One possibility is that P.arminjoniana
have been present on Round Island for a long time and any loss of genetic variability
due to colonisation has been masked by mutation and drift. This seems unlikely given
the low level of differentiation in allele frequencies between the two islands. A second,
and more plausible, explanation is that there is a high level of gene flow between the
islands. However, direct and indirect estimates of migration between Round Island and
Trindade suggest that the number of migrants per generation is low. Studies of other
seabird species also indicate that land provides a significant barrier to gene flow
(Friesen et al 2007). A third possibility is that hybridisation between P.arminjoniana
and P.neglecta on Round Island has caused introgression of P.neglecta alleles into the
P.arminjoniana population, resulting in an inflation of genetic diversity.
This study provides the first directly observed case of hybridisation occurring between
P.arminjoniana and P.neglecta. In 2005 a mixed-species pair (as identified by plumage
type) successfully hatched a chick. The genotypes of the putative parents at nine
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microsatellite loci were consistent with them being the true parents of the chick and
analysis using CERVUS identified the male bird as the most likely father out of 152
candidate males.
It has been suggested that birds on Round Island displaying intermediate-type plumage
are the hybrid offspring of P.arminjoniana and P.neglecta. This view may be overly
simplistic. There were no detectable genetic differences between P.arminjoniana from
Round Island and intermediate-type birds. The FST value for these two groups was not
significantly different from zero (FST = 0.006, P=0.12) and results from STRUCTURE
strongly rejected more than one genetic population. In contrast, the pairwise FST value
for P.neglecta and intermediate-type birds was significantly different from zero (FST =
0.09, P<0.001) and was very similar to the pairwise value for P.arminjoniana and
P.neglecta (FST = 0.1, P<0.001). This suggests that the allele frequencies of
intermediate-type birds are more similar to P.arminjoniana than they are to P.neglecta.
Cluster analysis using STRUCTURE produced some intriguing results. When only
genotype data from Round Island is considered, the program consistently finds just a
single genetic cluster, whether or not genotypes of intermediate-type birds are included.
Similarly, when all the genotype data is used, including birds from Trindade, only a
single genetic cluster is recovered. However, when the analysis is conducted using only
P.arminjoniana from Trindade and P.neglecta genotypes, two genetic clusters are
detected. Why, then, is STRUCTURE unable to detect these two genetic clusters when all
the genotype information is analysed? One explanation is that a large number of birds
from Round Island (both P.arminjoniana and intermediate-type) are admixed, and
derive varying proportions of their genotype from each ‘parental’ population. This
would effectively blur the line between P.arminjoniana from Trindade and P.neglecta
to such an extent that STRUCTURE could no longer detect discrete clusters. Further
analysis was conducted in which the ‘parental’ populations were specified beforehand,
to determine whether birds from Round Island could be placed in one or other group
using prior information (Figure 5.1b & 5.1c). Results of this analysis suggest that all
Round Island birds are admixed to some degree, and there appears to be no difference in
the level of admixture between P.arminjoniana and intermediate-type birds. Although
the proportion of admixture varies considerably between individuals, the overall
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proportion of membership to the two ‘parental’ genetic clusters is roughly the same in
both groups with 60% attributed to P.arminjoniana from Trindade and 40% attributed
to P.neglecta.
The likelihood estimation of admixture method of Wang (2003) also indicates that
admixture has occurred between P.arminjoniana and P.neglecta on Round Island. The
estimated genetic contribution of P.neglecta into the Round Island population of
P.arminjoniana is around 14%, and into intermediate-type birds is 27%, although 95%
confidence intervals for these values are wide and overlapping (Table 5.6).
5.5 Conclusions.
The results of this study suggest that hybridisation is occurring between P.arminjoniana
and P.neglecta on Round Island, possibly at quite a high level. Genetic differences
between Trindade Island birds and P.neglecta were greater than those between Round
Island birds and P.neglecta. Analysis using STRUCTURE indicated that most birds on
Round Island are admixed and overall estimates of the proportion of their genotype
derived from P.neglecta ranged from 14% to 40%. It is possible that many generations
of hybridisation and backcrossing on Round Island have resulted in a ‘hybrid-swarm’.
Birds with intermediate-type plumage were genetically indistinguishable from
P.arminjoniana on Round Island. Therefore, whilst it is likely that there is some degree
of introgression of the P.neglecta genotype into these birds, this plumage characteristic
alone does not identify hybrid individuals.
Genetic differences between the populations of P.arminjoniana on Round Island and
Trindade Island are small, lending weight to the theory that Round Island was colonised
relatively recently. However, levels of genetic diversity on both islands are similar and
there is no evidence of a recent population bottleneck on Round Island. It is possible
that ongoing contemporary gene flow is responsible for the lack of differentiation
between the two islands, although indirect estimates of migration are low and land
barriers have been shown to be a considerable obstacle to gene flow in other seabird
species. Another explanation is that hybridisation between P.arminjoniana and
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P.neglecta on Round Island has helped to maintain genetic diversity in P.arminjoniana
and obliterated any genetic evidence of a colonisation event.
Overall the data presented here support the evidence from historical records that
P.arminjoniana has recently colonised Round Island. It seems likely that the two
populations are now relatively isolated from one another, although in practice it may be
almost impossible to separate the genetic effects of recent common ancestry and
contemporary gene flow. There is also considerable evidence that P.arminjoniana and
P.neglecta are hybridising on Round Island. This fact may cast doubt on the specieslevel classification of these two taxa, however if there is little or no migration from
Round Island to either Trindade Island or to the Pacific colonies of P.neglecta, then it is
possible that the two species could maintain their genetic integrity despite the existence
of the Round Island hybrid zone.
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Chapter 6: Taxonomic relationships between Round Island
petrels (Pterodroma arminjoniana) and their sister taxa
inferred from cytochrome-b sequence data.
6.1 Introduction.
The taxonomy of Procellariiformes (albatrosses, petrels, shearwaters, storm-petrels and
diving-petrels) is historically confused, and appears to be in a constant state of flux (eg.
Zino et al 2008; Smith et al 2007; Abbott & Double 2003a; Nunn et al 1996;
Bretagnolle 1995). Species boundaries have often proved difficult to determine, a
problem stemming from the reliance of traditional taxonomy on identifying phenotypic
differences between taxa. In the Procellariiformes, a combination of low levels of
phenotypic divergence between species and high levels of polymorphism within species
have led to considerable disagreement over the taxonomy of many groups.
Procellariiformes tend to display high levels of natal philopatry (see Chapter 5), which
might provide an explanation for their problematic taxonomy. Populations breeding in
isolation from one another will accumulate genetic differences through both selection
and drift. One of the most widely accepted theories on the formation of new species
suggests that this process will continue until eventually hybridisation between
individuals from different populations is impossible, or selectively disadvantageous
(Mayr 1963). If hybridisation produces reduced fitness offspring then selection will
favour recognition systems, such as differences in external appearance, which prevent
this from happening, a process known as reinforcement. However, given a high level of
philopatry, individuals from different populations will very rarely come into contact and
the selective pressure favouring differences in appearance will be reduced. Therefore, in
philopatric taxa such as Procellariiformes, the amount of genetic divergence may not be
matched by the amount of divergence in external appearance (Brooke 2004). As Brooke
(2004) points out, this situation is “a sure recipe for taxonomic mayhem”.
If reliable species designations cannot be based on phenotypic characters, then other
characters must be employed. In a large-scale revision of the taxonomy of gadfly petrels
(Pterodroma spp.), Imber (1985) employed anatomical features of the intestine and skull
and species of feather lice hosted, as well as other phenotypic data, to classify taxa.
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These alternative characters are not without their drawbacks. For example, there is
debate over whether similarities in intestinal structure are a good indicator of affinity in
petrels, and over what the ancestral state might have been. In addition, feather lice are
know to switch hosts when different hosts live in close proximity (Brooke 2004). It is
hardly surprising, then, that Imber’s phylogeny (Fig. 6.1) agrees only loosely with
molecular phylogenies that have followed it.
Another potential character for the identification of petrel species is their vocalisations.
Since many taxa are nocturnal and nest underground, vocalisations are thought to be an
important characteristic of species recognition, and may therefore be involved in
reproductive isolation. Bretagnolle (1995) conducted a revision of the Soft-plumaged
petrel (Pterodroma mollis) species complex that included analysis of calls from different
geographic locations. Various parameters of calls showed no overlap between
populations from the Northern and Southern Hemispheres, leading the author to
conclude that these two groups should be regarded as separate species. Smith & Friesen
(2007) have demonstrated differences in the calls of male birds from different
populations of the Band-rumped storm-petrel (Oceanodroma castro) in the Galapagos
Islands. Although sympatric, these populations breed at different times of year and the
call differences, together with molecular and morphological data, suggest that they are
reproductively isolated.
Whilst vocalisations are clearly useful in defining species boundaries in petrels, they do
not provide a magic bullet for solving classification problems. An example of this is the
Madeiran petrel (Pterodroma madeira), once considered part of the P.mollis complex.
Analysis of call data did not provide a clear distinction between P.madeira and it’s
closest relative P.feae (Bretagnolle 1995), however molecular data suggests that these
two taxa diverged over 1 million years ago (Chapter 3, published as Zino et al 2008).
DNA sequence data, particularly from the mitochondrial genome, is increasingly being
used to determine the relationships between taxa and to estimate the time since their
divergence. For example, the Band-rumped storm-petrel (O.castro) is widespread
throughout the tropical and sub-tropical Atlantic and Pacific Oceans and shows
considerable geographic variation in morphology and plumage. Analysis of sequence
data from the mitochondrial control region reveals that the Atlantic and Pacific
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populations have reciprocally monophyletic haplotypes, as do some populations within
the Pacific basin. Populations from the Galapagos Archipelago and from Cape Verde
form clades that are distinct from all other populations and have been genetically
isolated for an estimated 150,000 years. The authors suggest that this single species may
therefore actually comprise three cryptic species (Smith et al 2007).
Similarly, Cagnon et al (2004) conducted a phylogeographic analysis of the European
storm-petrel (Hydrobates pelagicus) based on sequence data from the cytochrome-b
gene. The European storm-petrel breeds in the Northeast Atlantic and Western
Mediterranean. Phylogenetic analysis revealed that haplotypes from these two regions
were reciprocally monophyletic and separated by at least six fixed differences (0.76%
sequence divergence), giving an estimated period of reproductive isolation of between
350,000 and 550,000 years. In this case the authors recommended that the two
populations be regarded as sub-species.
A large-scale phylogenetic analysis of the Procellariiformes, using cytochrome-b
sequence data, was carried out by Nunn & Stanley in 1998. The analysis involved 85
species, of which 16 belonged to the genus Pterodroma (Fig. 6.2a). Penhallurick &
Wink (2004) conducted a similar analysis, with the addition of two more Pterodroma
species (P.axillaris and P.solandri, Fig. 6.2b), although their methodology has since
been criticised (Rheindt & Austin 2005). Major groupings of taxa in the molecular
phylogenies are in loose agreement with those from Imber (1985) (Fig. 6.1). For
example, all the trees place P.neglecta, P.phaeopygia and P.externa together in a single
clade. However, there are also substantial differences between the molecular
phylogenies and Imber’s classification. For instance, DNA data places P.inexpectata in a
clade with P.neglecta rather than the more basal position suggested by Imber.
The relationships between taxa within clades also differ significantly when comparing
molecular and non-molecular trees. This serves to highlight the fact that, amongst the
Pterodroma, traditional taxonomic characters are not necessarily a good indicator of
genetic relationships.
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baraui
arminjoniana
externa
externa
n. juana
n.neglecta
n. neglecta
p.phaeopygia
p.phaeopygia
p.sandwichensis
heraldica
alba
feae
madeira
mollis mollis
mollis fusca
cahow
h.hasitata
h.caribbaea
incerta
lessonii
magentae
macroptera gouldi
m. macroptera
solandri
solandri
ultima
inexpectata
inexpectata
pycrofti
longirostris
brevipes
l. caledonica
l. leucoptera
cooki
defilippiana
hypoleuca
c. cervicalis
cervicalis subsp.
nigripennis
axillaris
Figure 6.1 Phylogeny of Pterodroma spp. based on intestinal twisting, feather lice, skull morphology, foot
colour and underwing pattern. From Imber (1985). Taxa shown in red were later re-classified as a
monophyletic group based on mtDNA sequence data.
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(a)

Pterodroma neglecta
Pterodroma externa
Pterodroma phaeopygia
Pterodroma inexpectata

(b)

Pterodroma
Pterodroma
Pterodroma
Pterodroma
Pterodroma

externa
phaeopygia
inexpectata
neglecta
solandri

Figure 6.2 Phylogenies of Pterodroma spp. based on cytochrome-b sequence data. From (a) Nunn &
Stanley (1998) and (b) Penhallurick & Wink (2004). Taxa shown in red were not considered a
monophyletic group according to the classification of Imber (Fig. 6.1).
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6.1.1 Taxonomy of P.arminjoniana and its allies.
The discovery of the Trindade petrel (P.arminjoniana) and subsequent taxonomic
wrangling are described in detail in Chapter 1. Currently three other species are
recognised as having close affinities with P.arminjoniana- the Kermadec petrel
(P.neglecta), the Herald petrel (P.heraldica) and the Henderson petrel (P.atrata). The
Kermadec petrel is further divided into two sub-species across its range (P.n.neglecta
and P.n.juana) (Brooke 2004). Taxonomic relationships between these four species have
altered a number of times, based variously on plumage, morphometrics, intestinal
structure, feather lice, vocalizations, breeding behaviour and DNA sequence data.
The similarity between P.arminjoniana and P.neglecta was noted by Murphy (1936),
who suggested that they should be considered sub-species rather than full species. Both
taxa are polymorphic with a similar range of plumage types (dark, light and a range of
intermediate forms), and they are similar in size. This revision was never implemented,
however, due to the obvious differences between the two taxa. At the time their ranges
were thought to be non-overlapping, with P.neglecta found throughout the Pacific Ocean
and P.arminjoniana restricted to Trindade Island in the South Atlantic (Fig. 6.3). A
single diagnostic plumage character (white vanes on the primary wing feathers) can be
used to identify P.neglecta and the two species have distinctive calls (Murphy &
Pennoyer 1952). Imber (2004) argues that P.neglecta is also present on Trindade Island.
However, this conclusion is based on a written description of petrel calls given by da
Silva (1995), and on examination of museum specimens. The presence of P.neglecta has
not been reported on Trindade by any researchers who have visited the island. Over the
course of four months on the island in 2005-2006, L.Bugoni looked for, but found no
evidence of P.neglecta, either in the form of calls or from examining the plumage of
birds in the hand (L.Bugoni, pers. comm.). Indeed, there is currently no uncontested
evidence to support the presence of P.neglecta in the Atlantic Ocean.
In 1952 P.arminjoniana and P.heraldica were condensed into a single species (Murphy
& Pennoyer 1952). They are similar in size and appearance and have almost identical
calls. However, once again ranges were non-overlapping, with P.heraldica breeding in
the Pacific and P.arminjoniana restricted to the Atlantic (Fig. 6.3). Furthermore,
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P.arminjoniana displayed light, dark and intermediate forms whereas in P.heraldica
only light and dark forms were known. Imber (1985) restored both taxa to specific status
based on intestinal structure and feather lice hosted by the birds. He found that the
intestines and feather lice of P.arminjoniana and P.neglecta were identical, but differed
from those of P.heraldica.
In 1995 Brooke & Rowe re-classified the light and dark forms of P.heraldica as two
species. Their evidence included assortative courting and mating between the two forms,
differences in vocalisations, separate breeding areas and breeding seasons and finally
mutually exclusive mitochondrial DNA haplotypes. The dark form became P.atrata. The
Pacific breeding ranges of P.neglecta, P.heraldica and P.atrata overlap, in fact the
Tuamotus Archipelago and the Pitcairn Islands both support colonies of all three species
(Fig. 6.3). However, there has been no suggestion to date that these species hybridise at
their sympatric breeding grounds.
The discovery in the last 60 years of a breeding colony of petrels on Round Island, in the
Indian Ocean (Fig. 6.3), has further complicated matters. The colony was identified as
P.arminjoniana (Rountree et al 1952), providing the first record of this species
anywhere other than Trindade Island and its vicinity. In subsequent years, P.neglecta
was also discovered to be breeding on the island, the two species being distinguished by
their calls and colour of the primary wing vanes (Brooke et al 1999). This observation
indicates a significant westward shift of the range of this species, and the first record of
it breeding in the Indian Ocean. This thesis presents new evidence that P.arminjoniana
and P.neglecta hybridise where their ranges overlap on Round Island (Chapter 5),
casting doubt on their status as full species, at least under the strict Biological Species
Concept (Mayr 1942).
Finally, in 2006 a single individual of P.heraldica, ringed in Australia, was caught on
Round Island. This bird was paired with a dark Round Island petrel and successfully
hatched an egg, providing the first evidence that P.heraldica may also be breeding and
hybridising on Round Island (C. Jones pers.comm.).
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The true relationships between P.arminjoniana and its allies are clearly difficult to
recover using traditional taxonomic characters. Therefore, DNA sequence data could
potentially provide a useful source of additional information. An initial survey of
mitochondrial DNA haplotypes within these taxa was carried out by Brooke & Rowe
(1995) and Brooke et al (1999). Samples were collected from Round Island
(P.arminjoniana, P.neglecta), the Pitcairn Islands (P.heraldica, P.atrata) and the
Kermadec Islands (P.neglecta) (Fig. 6.3), however no samples were available from the
Trindade Island population of P.arminjoniana. Sequencing of a 307bp fragment of the
mitochondrial cytochrome-b gene revealed that P.atrata had unique haplotypes, which
did not overlap with those of the other species. However, cyt-b haplotypes provided no
clear distinction between P.arminjoniana, P.neglecta and P.heraldica. One haplotype
was found in all three species and a number of haplotypes were shared by two species.
Neither study attempted to reconstruct the phylogeny of this group based on
mitochondrial DNA haplotypes.
Using a larger sample size, an increased length of sequence and data from the previously
unsampled Trindade Island population, I will investigate the relationships between
P.arminjoniana and its allies using molecular phylogenetic techniques. The aims of this
study are:
(a)

To determine whether the distribution of mtDNA haplotypes supports current
species designations.

(b)

To determine whether patterns of mtDNA haplotype distribution correspond
to geographic location of populations.

(c)

To estimate the time since divergence of clades within this group.
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Figure 6.3 Distribution of Pterodroma arminjoniana (1,2; red), P.neglecta (2,3,6,7,8,11,13,15,16; blue), P.heraldica (4,5,9,10,12,13,14,15; yellow) and
P.atrata (11,12,13,15; green). 1: Trindade Island; 2: Round Island: 3: Juan Fernandez; 4: Raine Island; 5: New Caledonia; 6: Lord Howe Island; 7: Phillip
Island; 8: Kermadecs; 9: Tonga; 10: Cook Islands; 11: Australs; 12: French Polynesia; 13: Tuamotus; 14: Easter Island; 15: Pitcairn Islands; 16:
Desventuradas.

131

6.2 Materials & methods.
Details of sample collection, DNA extraction, amplification and sequencing of
cytochrome-b can be found in Chapter 2 (pp.30-36). A total of 67 individuals were
sequenced over a 995bp fragment of the cyt-b gene. The sample consisted of 26
P.arminjoniana from Round Island, 21 P.arminjoniana from Trindade, 8 P.neglecta
from Round Island, 11 intermediate-type birds from Round Island (those which could
not be confidently assigned to species based on plumage) and 1 P.heraldica from Round
Island. In addition, a single cyt-b sequence from P.neglecta was downloaded from
Genbank (accession no. U74341). This individual was sampled at Juan Fernandez Island
in the Eastern Pacific.
Sequence data from the original studies of Brooke & Rowe (1995) and Brooke et al
(1999) are not available on Genbank. Sequences from these studies were copied directly
from the original publications and included the 307bp fragment of cyt-b for 32
P.heraldica and 17 P.atrata from the Pitcairn Islands, and 10 P.neglecta from the
Kermadec Islands.
6.2.1 Phylogenetic analysis.
Phylogenetic relationships were estimated using maximum parsimony, maximum
likelihood and Bayesian optimality criteria. Four species were included as outgroup
taxa, using sequence data downloaded from Genbank. These species and their accession
numbers were as follows: Pterodroma externa (U74339), P.phaeopygia (U74340),
P.inexpectata (U74346) and P.solandri (U74347). Previous studies have identified these
four taxa as close relatives of P.neglecta (Nunn & Stanley 1998; Penhallurick & Wink
2004; Fig 6.2).
Parsimony and likelihood analysis were conducted using PAUP 4.0b10 (Swofford 2002),
with bootstrap resampling to assess support for internal branches. Unweighted maximum
parsimony analysis was carried out using 10 replicate heuristic searches with random
addition of taxa to minimise the effect of input order bias. Branch swapping used the
tree bisection-reconnection (TBR) algorithm and bootstrapping was performed with
1000 replicates. Maximum likelihood analysis also involved multiple heuristic searches
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with random addition of taxa. The model of nucleotide evolution used was the HKY85
model (Hasegawa et al 1985) with a Gamma distribution of substitution rates (shape
parameter = 0.0001). This model was chosen as having the best fit to the data using
MODELTEST 3.7

(Posada & Crandall 1998).

Bayesian analyses were conducted using MRBAYES 3.1 (Ronquist & Huelsenbeck 2003;
Ronquist et al 2005) with default priors. The nucleotide substitution type (nst) was set at
2, corresponding with the HKY model of nucleotide substitution. A gamma model of
rate variation across sites was invoked using the rates=invgamma function. Analyses
were initiated with random starting trees and run for 1 million generations with trees
sampled every 100 generations. The first 250,000 generations (2500 trees) were
discarded as burn-in and posterior probabilities were estimated from the remaining
sampled generations. Two separate analyses with two independent chains were carried
out and the log-likelihood values were compared to check that the chains had converged
and were mixing well.
To determine whether the sequences were evolving according to a molecular clock, a
maximum likelihood ratio test was performed using the log likelihood scores for trees
constructed with and without the assumption of clock-like evolution. The likelihood
ratio test ( = logLno clock – logLclock) provides a test for significant difference between
the likelihoods of the trees, where 2 is χ2 distributed with (n – 2) degrees of freedom
and n is the number of sequences (Page & Holmes 1998). For two trees constructed
using MRBAYES, with and without a molecular clock enforced, 2 = 2(-2167.48 – (2170.26)) = 5.56, which is not significant (χ2(17, 0.05) = 27.59). The approximate times of
cladogenic events were estimated using corrected sequence divergence values and a
divergence rate of 0.9% My-1 (Nunn & Stanley 1998).
Finally, a statistical parsimony network for Round Island and Trindade haplotypes was
estimate using a 95% confidence limit with the program TCS v1.21 (Clement et al 2000).
6.2.2 Population differentiation.
The Round Island/Trindade data set was first tested for departures from neutrality using
Tajima’s test implemented in DNAsp v4.20.2 (Rozas et al 2003). No significant departure
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from neutrality was found (Tajima’s D = -0.379, P>0.1). To assess the level of genetic
differentiation between populations, pairwise FST estimates were calculated using
ARLEQUIN v2.000

(Schneider et al 2000). Four populations were considered-

P.arminjoniana from Trindade, and P.arminjoniana, intermediate-type birds and
P.neglecta from Round Island. The significance of FST values was tested by comparing
them to the null distribution of 1023 random permutations of the data between
populations. Nucleotide diversity and average sequence divergence within and between
populations and/or phylogroups were calculated from Nei’s corrected average pairwise
differences (πXY – (πX + πY)/2; Nei & Li 1979) using ARLEQUIN.
6.3 Results.
6.3.1 Phylogenetics.
Twenty-nine variable sites were found among the 67 sequences from Round Island and
Trindade Island petrels, and these defined 15 unique haplotypes (Fig. 6.4). The single
P.neglecta sequence downloaded from Genbank was identical to haplotype B4.
Haplotypes were named (A, B or C) according to how they grouped together during
phylogenetic analysis. No haplotypes were shared by P.arminjoniana from Trindade and
P.neglecta, and four fixed nucleotide differences separated haplotypes from these two
groups (nucleotide positions 27, 105, 492 & 576; Fig. 6.4). P.arminjoniana from Round
Island shared haplotypes with all other groups.
The 307bp fragments of cyt-b for P.heraldica, P.atrata and P.neglecta taken from the
literature corresponded to a section spanning nucleotide positions 99 to 405 of the 995bp
sequence recorded for Round Island/Trindade petrels. The 59 sequences yielded 10
haplotypes (Fig. 6.5), named A-I and T in the original manuscripts. Haplotype BRhapA
was identical to haplotype C1 from the Round Island/Trindade data set and haplotype
BRhapH was identical to four other haplotypes from that data set (A1, A2, A3 and A4).
All other haplotypes taken from the literature were distinct from Round Island/Trindade
haplotypes.
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Figure 6.4 Variable sites in the mitochondrial cytochrome-b gene of petrels from Round Island and
Trindade. Total number of individuals sharing each haplotype is shown in parentheses. The final five
columns indicate the occurrence of each haplotype according to species and location- P.arminjoniana
from Trindade (Ta), P.arminjoniana from Round Island (RIa), intermediate-type birds from Round Island
(RIi), P.neglecta from Round Island (RIn) and P.heraldica from Round Island (RIh).

A1
BRhapA
BRhapB
BRhapC
BRhapD
BRhapE
BRhapF
BRhapG
BRhapH
BRhapI
BhapT

(24)
(15)
(1)
(1)
(2)
(11)
(2)
(1)
(1)
(1)

11112223333
03892394599
58992165236

Hh

Dh

Ha

Kn

GTTGATCCGGC
A.C....T...
A....C.....
A....C...A.
A....C..A..
A.C....T.A.
A....C....T
A.CA...T...
...........
AC....T...T
A...TC....T

16
1
-

8
1
3
2
1
-

15
1
1
-

8
1
1

Total

17

15

17

10

Figure 6.5 Variable sites in the 307bp fragment of cyt-b for petrels from the Pitcairn Islands (Henderson
and Ducie), and the Kermadec Islands. Haplotypes are named following the original literature (eg.
BRhapA refers to Brooke & Rowe (1995) haplotype A, BhapT refers to Brooke et al (1999) haplotype T
etc.). Total number of individuals sharing each haplotype is shown in parentheses. Final columns
indicate the occurrence of each haplotype according to species and location- P.heraldica from
Henderson (Hh), P.heraldica from Ducie (Dh), P.atrata from Henderson (Ha) and P.neglecta from the
Kermadecs (Kn). Haplotype A1 from the Round Island/Trindade data set is used as a reference.
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Maximum parsimony analysis of haplotypes from Round Island, Trindade and the four
outgroup taxa produced two equally most parsimonious trees, which differ only in a
trivial re-arrangement of terminal branches involving some A-group haplotypes (Fig.
6.6). Maximum likelihood analysis produced a single tree with a topology identical to
one of the maximum parsimony trees (Fig.6.7). Haplotypes from Round Island and
Trindade formed a monophyletic group with strong bootstrap support. Within the Round
Island/Trindade clade there were three distinct phylogroups- designated A (haplotypes
A1-A6), B (haplotypes B1-B8) and C (haplotype C1).
Bayesian inference of phylogeny returned a tree that was identical to the maximum
likelihood tree (Fig. 6.9). The outgroups form a polytomy with the ingroup on the
Bayesian tree, however this does not conflict with the topology of the maximum
likelihood tree. Posterior probability support values for clades were similar to bootstrap
support values for the maximum likelihood and maximum parsimony trees.
The statistical parsimony network (Fig. 6.10) shows the haplotypes clustering into the
same three groups (A, B and C) as phylogenetic analysis. The groups are separated by a
minimum of eight substitutions. Within group A, haplotypes radiate from a central
haplotype (A1) that is found at high frequency on both Trindade and Round Island. This
star-like pattern is absent from group B, for which internal haplotypes are unsampled.
Group C contains only a single haplotype, but is found at reasonably high frequency on
Round Island.
6.2.2 Population genetics.
All pairwise FST values between populations from Round Island and Trindade were
significantly greater than zero, except for the comparison of Round Island
P.arminjoniana and intermediate-type birds (Table 6.1).
Average pairwise sequence divergence within each of the populations was very similar
(0.5 – 0.67%), apart from that of P.arminjoniana from Trindade where sequence
divergence was an order of magnitude lower (0.045%). Within each of the three
phylogroups identified during phylogenetic analysis (A, B and C; Fig. 6.7), average
sequence divergence ranged from zero (phylogroup C) to 0.26% (phylogroup B).
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Corrected sequence divergence between phylogroups A and B was 0.93%, placing the
estimated time since divergence of these two clades at around 1 million years. Sequence
divergence between phylogroups B and C was 0.93%, and A and C was 0.8% giving
estimated divergence times of around 1 million and 890,000 years respectively. By
comparison, the uncorrected pairwise sequence divergence between two of the outgroup
taxa (P.externa and P.phaeopygia) was 3.2% (approximately 3.5 million years).

P.arminjoniana
(RI)

intermediatetype

P.neglecta

P.arminjoniana
(T)

-

-0.009

0.29*

0.25*

0.43

-

0.44*

0.25*

P.neglecta

<0.001

<0.01

-

0.83*

P.arminjoniana
(T)

<0.001

<0.01

<0.001

-

P.arminjoniana
(RI)
intermediatetype

Table 6.1 Matrix of pairwise comparisons of FST (above diagonal) for petrel populations from Round
Island (RI) and Trindade Island (T) and their P-values (below diagonal).
*significantly different from zero (P<0.01).
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P.externa
P.externa
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P.phaeopygia
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P.solandri
P.solandri

5 substitutions
A1
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P.externa
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P.solandri
P.solandri

5 substitutions
Figure 6.6 The two equally most parsimonious trees recovered using maximum parsimony analysis of the
mitochondrial cytochrome-b haplotypes of petrels from Round Island and Trindade, plus outgroups.
Branch lengths are proportional to the number of substitutions occurring
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Figure 6.7 Maximum likelihood tree for cyt-b haplotypes of petrels from Round Island/Trindade showing
bootstrap support values obtained after 1000 resamplings using maximum parsimony (above branches)
and maximum likelihood (below branches), and species/island associations for each haplotypeP.arminjoniana from Round Island (RIa), P.arminjoniana from Trindade (Ta), P.neglecta (RIn),
intermediate-type (int) and the single P.heraldica from Round Island (RIh).
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Figure 6.8 Bayesian inference tree for cyt-b haplotypes from Round Island/Trindade (995bp, A1-A6, B1B8, C1), Genbank (B4), Brooke & Rowe (1995) (307bp, BR hapA-I) and Brooke et al (1999) (307bp, B
hapT). Posterior probability support values are shown above branches. Species/island associations in
addition to those shown in figure 6.7 are P.neglecta from Juan Fernandez (JFn), P.neglecta from the
Kermadec Islands (KIn), P.heraldica from Ducie in the Pitcairn Islands (Dh), P.heraldica from
Henderson in the Pitcairn Islands (Hh) and P.atrata from Henderson (Ha).
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Figure 6.9 Bayesian inference tree for Round Island and Trindade haplotypes, plus outgroups. Bayesian
posterior probability support values are shown above branches.
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Figure 6.10 Statistical parsimony network of haplotypes from Round Island (RI) and Trindade (T).
Haplotype name (upper value) and haplotype frequency (lower value) are given within each circle.
Connecting lines represent a single base substitution and slashes diagonal to the lines show the number of
inferred base substitutions between haplotypes when >1. Small filled circles represent hypothetical
unsampled haplotypes. Shaded areas show the proportion of each haplotype assigned to each population.
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6.2.3 Phylogenetic analysis including Pacific Ocean populations.
Maximum likelihood analysis of cyt-b haplotypes from Round Island and Trindade,
together with the 307bp fragment of cyt-b haplotypes from the Pitcairn Islands
(Henderson and Ducie) and the Kermadec Islands, produced 34 trees with equal
likelihood. These trees were combined to produce a 50% majority-rule consensus tree
which was similar in topology to the tree produced using Bayesian phylogenetic analysis
(Fig. 6.8). In both trees the same four clades were recovered within the ingroup taxa,
although relationships between taxa within those clades were largely unresolved.
Bootstrap support values for these clades are lower than Bayesian posterior probability
support values. This result is not unusual- support values derived from Bayesian
posterior probabilities are on average substantially higher than those from nonparametric bootstrapping, both in simulations and in analysis of empirical data. The
reason for this discrepancy is not yet fully understood (Wròbel 2008).
6.4 Discussion.
Molecular phylogenies are increasingly being used to delimit species boundaries,
whether by identifying cryptic species, providing support for existing classifications or
merging species or populations that are genetically indistinguishable. In the case of
P.arminjoniana and its allies, however, molecular phylogenetic analysis of
mitochondrial DNA does not distinguish unambiguous taxonomic groups. Indeed, it
would appear that the confusion of early taxonomists was entirely justified.
6.4.1 The petrels of Round Island and Trindade.
For the various petrel populations on Round Island and Trindade, FST values based on
mitochondrial cyt-b haplotypes revealed a similar pattern to those based on
microsatellite allele frequencies (Chapter 5). The largest FST value (0.83) was recorded
when comparing P.arminjoniana from Trindade and P.neglecta. The FST value for
P.arminjoniana from Round Island and intermediate-type birds was not significantly
different from zero, reinforcing the conclusion from the previous chapter that these two
groups are genetically indistinguishable. For the remainder of this discussion,
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intermediate-type birds and P.arminjoniana from Round Island will be considered
together as a single group.
Trindade Island, in the South Atlantic, is thought to support just a single species of
petrel- Pterodroma arminjoniana. In contrast Round Island, in the Indian Ocean, is
visited by at least three species of Pterodroma- P.arminjoniana, P.neglecta and
P.heraldica. The distribution of mtDNA haplotypes within these birds does not appear
to correspond with species identity or with geographic sampling location. Phylogenetic
analysis of cytochrome-b haplotypes from the two islands revealed the presence of three
distinct phylogroups (A, B and C; Fig. 6.7). Haplotypes of P.arminjoniana from
Trindade Island were restricted to phylogroup A, whilst haplotypes of P.neglecta from
Round Island were restricted to phylogroups B and C. P.arminjoniana from Round
Island shared identical haplotypes with both P.arminjoniana from Trindade and
P.neglecta, and was represented in all three phylogroups. These data, together with the
results described in Chapter 5, strongly suggest that P.arminjoniana and P.neglecta are
hybridising where their ranges overlap on Round Island. However, no haplotypes are
shared by Trindade P.arminjoniana and Round Island P.neglecta, indicating that
introgressed P.neglecta haplotypes have not spread to the South Atlantic population. The
single P.heraldica sampled on Round Island had a haplotype that was identical to both
P.arminjoniana and P.neglecta, and was placed in phylogroup C. This bird was
observed breeding on Round Island, therefore it seems possible that hybridisation is also
occurring between P.heraldica and one or both of the other Round Island species.
Interspecific hybridisation has been reported in some other Procellariiform taxa. The
Northern Giant petrel (Macronectes halli) and Southern Giant petrel (M.giganteus) form
mixed-species pairs at Bird Island, South Georgia, and hybrid chicks have successfully
fledged (Hunter 1982). Possible hybrid offspring of the Black-browed albatross
(Thalassarche melanophrys) and Campbell albatross (T.impavida) have been identified
at Campbell Island, New Zealand (Moore et al 2001), and hybridisation between the
Balearic shearwater (Puffinus mauretanicus) and Yelkouan shearwater (P.yelkouan) in
the Mediterranean has been identified using evidence from mtDNA haplotypes
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(Genovart et al 2007). The situation on Round Island, where three species are apparently
interbreeding, appears to be unique.
6.4.2 Species integrity and retained ancestral polymorphism.
The three clades identified by phylogenetic analysis of mtDNA haplotypes from Round
Island and Trindade correspond loosely, but not exactly, to current species designations.
All P.arminjoniana haplotypes from Trindade are restricted to phylogroup A, all except
one P.neglecta haplotypes are restricted to phylogroup B and P.heraldica is placed in
phylogroup C. Assuming a rate of sequence divergence of 0.9% Myr-1 (Nunn & Stanley
1998) the three phylogroups last shared a common ancestor around 1 million years ago.
Could haplotypes that are shared by the three species represent ancestral polymorphisms
that have persisted within the different populations?
For nuclear genes, the time taken to reach reciprocal monophyly in a newly isolated
population is roughly 4Ne generations, where Ne is the effective population size (Neigel
& Avise 1986). The effective population size for mtDNA is approximately four times
smaller than for nuclear genes, therefore lineage sorting is expected to occur roughly
four times as fast (Allendorf & Luikart 2007). Therefore, in order for ancestral
polymorphisms to be retained, we would predict that the split between clades occurred
Ne generations ago or less. Generation time refers to the average age of reproduction
rather than the age at first reproduction (Harris & Allendorf 1989), which I have
estimated as 10 years for the petrels of Round Island (breeding begins at age two or
three, the oldest recorded bird on the island was at least 27 years old, C.Jones pers.
comm.). The global population size of P.arminjoniana is estimated at between 2000 and
15,000 birds, whilst those of P.neglecta and P.heraldica are estimated at 55,000-200,000
and 10,000-150,000 birds respectively (Brooke 2004; Birdlife International 2007a,b,c).
However, effective population size is, on average, about one tenth of census population
size (Frankham et al 2004), therefore the largest effective population size for any of the
three species is 20,000 birds. In this case we would predict that reciprocal monophyly of
mtDNA haplotypes would be seen after 200,000 years. Although this calculation is
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necessarily ad hoc, it seems unlikely that the distribution of mtDNA haplotypes amongst
the three species on Round Island is the result of retained ancestral polymorphism.
A possible scenario to account for the distribution of mtDNA haplotypes on Round
Island and Trindade is that a relatively long period of divergence between the three
species was followed by secondary contact and interbreeding. If divergence was not
sufficient to produce reproductive isolation then should we continue to classify these
taxa as species? The species concept debate has rumbled on for decades, and it seems
likely that no definitive answer will ever be reached (see Chapter 1). According to the
strict Biological Species Concept (Mayr 1942) the three taxa on Round Island cannot be
described as species since reproductive isolation between them is incomplete. However,
there is clearly divergence between the taxa, both genetic and phenotypic, although the
two do not correspond precisely. Subsuming the three taxa into a single species would
therefore underestimate the amount of variation present.
The Phylogenetic Species Concept (Cracraft 1983) is more broadly interpretable, and
refers to species as the ‘smallest diagnosable cluster of individual organisms’. Under
some interpretations of the PSC Round Island taxa will still fail to qualify as species. For
instance, Donoghue (1985) suggests that clusters should be monophyletic. However, the
lack of monophyly in this case appears to be due to hybridisation, and taxa that hybridise
can still be classified as species under the PSC so long as there is some level of character
discontinuity between them. Similarly, under the Evolutionary Species Concept
(Simpson 1961), taxa that appear to be on independent evolutionary trajectories can be
regarded as good species. Therefore phenotypic, morphological, behavioural and allele
frequency differences between ‘pure’ races of Pterodroma petrels (eg. P.arminjoniana
from Trindade compared to phenotypically ‘pure’ P.neglecta from Round Island) may
qualify these groups for species level classification. However, the argument has now
become uncomfortably circular. The characters used by early taxonomists to describe
P.arminjoniana, P.neglecta and P.heraldica were ambiguous enough to provoke debate
over their correct classification. When genetic analysis was invoked to clarify the
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situation the results also proved ambiguous, so we return to the original characters to
justify species level classification.
Given the continued confusion over the taxonomic status of P.arminjoniana, P.neglecta
and P.heraldica, and the apparently high level of hybridisation occurring on Round
Island, would a sub-specific status be more appropriate for these three taxa? Whilst
DNA haplotypes from P.neglecta and P.heraldica are found within the P.arminjoniana
population on Round Island, there is currently no indication that introgressed haplotypes
have spread to the population on Trindade Island. Trindade arminjoniana and Round
Island neglecta are genetically distinguishable, whether considering mtDNA haplotypes
(this chapter) or microsatellite allele frequencies (Chapter 5). Therefore, whilst
hybridisation appears common on Round Island, this does not necessarily mean that the
genetic integrity of the parental species has been compromised. If Round Island
represented a stable hybrid zone in an area where the ranges of the parental species
overlap, then both parental populations may still qualify as good species. Naturally
occurring, interspecific hybrid zones have been reported in many taxa (Arnold 1997;
Harrison 1993) and are often the result of secondary contact between species after range
expansion (Allendorf & Luikart 2007). Some hybrid zones appear to remain stable for
long periods of time, without resulting in the collapse and genetic merging of the two
parental species. An example of this was described recently by Mebert (2008)- the
Northern water snake (Nerodia sipedon) and the Banded water snake (N.fasciata) are
considered separate species despite extensive and long-term hybridization within a zone
of contact between them. However, in order to determine whether Round Island
represents a hybrid zone for Pterodroma spp., diagnostic molecular markers for all
putative parental populations, including those from the Pacific Ocean, would be
required. Such markers are currently unavailable. Maintenance of a stable hybrid zone
on Round Island would require either that hybrids were less fit than the parental species,
but this reduced fitness was balanced by constant migration of parental types into the
hybrid zone, or that hybrids were fitter than parents on Round Island, but less fit than
parents in the ‘true’ parental habitats (Arnold 1997). The former option seems unlikely
given the low estimated rates of migration to Round Island and the apparent ubiquity of
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hybrid genotypes (Chapter 5). Data about the habitat preference, and particularly the atsea foraging range, of the parental taxa is scant, therefore it is difficult to assess the latter
option. A third possibility is that the hybridisation seen on Round Island is very recent,
and that over time DNA leakage will occur between the parental taxa. Nevertheless, this
study revealed no overlap in mitochondrial DNA haplotypes of Atlantic P.arminjoniana
and phenotypically pure P.neglecta from Round Island, and a similar pattern is revealed
by microsatellite allele frequencies. It therefore seems premature to consider
downgrading any of the Round Island taxa to sub-species or conspecific status.
Some limited mtDNA sequence data is available in the literature from Pacific
populations of P.neglecta, P.heraldica and P.atrata, and phylogenetic analysis was
carried out using these sequences together with sequences from Round Island and
Trindade. Once again, the pattern of mtDNA distribution does not support species
designations, however the four clades appear to loosely correspond to the four species
with some instances of introgression. The limited sequence data available from Pacific
populations, and the lack of any data from nuclear markers for these populations, make
it difficult to draw any firm conclusions about the relationships between Pacific, Atlantic
and Indian Ocean taxa. One must be cautious when interpreting genealogies based on a
single gene, as they may not accurately represent the genealogy of the species as a whole
(Nichols 2001). This caveat is particularly true of mitochondrial DNA, which may be
more likely to introgress than nuclear DNA. There are a number of studies that
demonstrate mitochondrial introgression between taxa without any sign of nuclear
introgression (Ballard & Whitlock 2004, and references therein). Nonetheless, it appears
that none of the four Pterodroma species considered in this study are reciprocally
monophyletic for mtDNA haplotypes. Given the time since divergence of clades, this
pattern seems more likely to be due to secondary contact and interbreeding between
species than to retained ancestral polymorphisms.
6.5 Conclusions.
The dynamics of divergence and secondary contact between P.arminjoniana, P.neglecta,
P.heraldica and P.atrata are clearly complex and worthy of further investigation.

146

Although unequivocal characters for delimiting species boundaries in this group remain
elusive, and reproductive isolation between the taxa does not seem to be complete, there
is not yet any case for reclassification as sub-species or as a polytypic species complex.
The levels of differentiation in morphology, phenotype, behaviour and genetics suggest
distinct evolutionary trajectories for each of these taxa, albeit with some level of
permeability between them. The current classification should therefore be retained, in
order to best represent the diversity and evolutionary potential contained within this
group.
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Chapter 7: Patterns of differentiation in Pterodroma petrels
from the Atlantic, Pacific and Indian Oceans: morphometrics,
feather lice and vocalizations.
7.1 Introduction.
In the last few decades, advances in genetic analysis have provided a powerful new tool
for ecologists and taxonomists. Genetic markers can be used to identify cryptic
speciation and hybridisation, as well as to support or refute current taxonomic
classifications. DNA analysis has also proved invaluable for determining sex in species
that display no sexual dimorphism. However, analysis of genetic material can be time
consuming and expensive, and requires specialist equipment and training. As a result
genetic techniques are not always available to field biologists and are never available at
the time of capture of a particular organism. Thus more traditional, non-genetic methods
for investigating taxonomy and population differentiation can provide a useful
alternative to genetic analysis. Morphometric measurements, ectoparasites and
vocalizations are all characters that have a long history of use in the systematics of birds
(Imber 1985, Bretagnolle 1995). They can also be used to great effect when considered
in conjunction with genetic studies.
Morphometric measurements can provide a method of sexing organisms and separating
cryptic species that is quick, cheap and can be used in the field. Techniques employing
morphometrics are also useful in cases where DNA samples are not available, for
example in the study of extinct taxa. Morphometric analysis is frequently used alongside
genetic analysis, both to support taxonomic classifications (eg. Cuthbert et al 2003) and
to develop accurate methods of sexing (eg. Copello et al 2006).
The study of co-evolution in parasites and their hosts can provide insights into the
ecology and evolutionary history of both. In birds, feather lice (Phthiraptera) have often
been used to investigate the phylogenetic relationships between taxa (eg. Hopkins 1942;
Ash 1960; Hahn et al 2000). Feather lice tend to be highly host-specific and are usually
transmitted by direct contact between hosts (Marshall 1981). Patterns of differentiation
in host lineages resulting from isolation are therefore expected to be mirrored by patterns
of differentiation in the lice they carry. In reality there are many exceptions to this
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expectation (eg. Toon & Hughes 2008, Gómez-Díaz et al 2007), which themselves can
reveal information about the ecology of both parasite and host.
Finally, vocalizations play an important role in the life cycles of most bird species. Birds
use vocalizations to establish and defend territories, to attract mates, to reinforce the
pair-bond and in parent-offspring interactions (Bretagnolle 1996). Because of their role
in mate choice, calls have long been recognised as an important method by which
individuals recognise conspecifics. This is particularly true of nocturnal and burrowing
species, where visual cues to species identity are of little value (Brooke 2004). Calls
therefore potentially provide a powerful means for differentiating one species from
another and can be considered as additional taxonomic characters.
7.1.1 Morphometrics.
Morphometric measurements have been successfully used to determine species and sex
in a wide variety of taxa (see later references). However, the methods are not without
their disadvantages. When several variables are measured on the same individual, these
measurements are typically highly correlated. Multivariate techniques must therefore be
employed in order to examine all the variables simultaneously, and extract any patterns
or signals from an otherwise ‘noisy’ dataset (Everitt 2007). In addition, errors made
when recording morphometric measurements can reduce their reliability. This problem
is particularly acute when measurements are taken by different observers. Hedd et al
(1998) showed that there were significant differences in repeat measurements of Shy
albatross (Thalassarche cauta) taken by three experienced observers. Finally,
populations from different geographic locations may exhibit variation in their
morphometrics. This effect has been reported in a number of studies of seabirds (eg.
Waugh et al 1999, van Franeker & ter Braak 1993), therefore caution must be exercised
when extrapolating the results of morphometric analysis from one population to another.
7.1.1.1 Sex determination and sexual size dimorphism in Procellariiformes.
Determining the sex of individual animals can be crucial for certain behavioural and
ecological studies, for example determining the investment made by each parent when
rearing offspring. Variation in the behaviour of males and females has been reported in
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some Procellariiform species. In the Antarctic petrel (Thalassoica antarctica), males
spend more time incubating eggs and brooding chicks than females (Lorentsen & Rov
1995), whilst Northern Giant petrels (Macronectes halli) exhibit sexual segregation in
their foraging areas and foraging strategies (Gonzalez-Solis et al 2000). A common
problem with this type of study, however, is the lack of sexual dimorphism displayed by
many seabirds. In Procellariiformes particularly, there is often little obvious dimorphism
in plumage, size or other physical features making sex determination extremely difficult.
During the breeding season it may be possible to identify females by the presence of a
distended cloaca (Boersma & Davies 1987), however this technique is not applicable at
other times of the year. Gender-specific variations in vocalisations can also sometimes
be used to sex Procellariiformes (Bretagnolle & McGregor 2006), but this approach
often requires calls to be recorded and analysed at a later date. Molecular tests are
reliable for sexing a wide variety of bird species (Griffiths et al 1998; Fridolfsson &
Ellegren 1999) but once again these methods cannot be applied in the field.
Techniques employing morphometric measurements have been successfully used to sex
a variety of Procellariiform species including Yelkouan shearwaters (Puffinus yelkouan),
Flesh-footed shearwaters (Puffinus carneipes), Southern Giant petrels (Macronectes
giganteus), Slender-billed prions (Pachyptila belcheri) and Cape petrels (Daption
capense) (Bourgeois et al 2007; Thalmann et al 2007; Copello et al 2006; Weidinger &
van Franeker 1998; Genevois & Bretagnolle 1995). Indeed, Copello et al (2006) found
that 100% of Southern Giant petrels could be correctly sexed using a single bill
measurement. In other cases, morphometric characters from birds of known sex are
combined using discriminant function analysis (DFA) to produce a predictive function- a
formula that can be used to distinguish the sexes. A threshold value is determined, with
individuals falling above this value classified as one sex and individuals below this value
classified as the other sex. The discriminant function can then be used to classify any
unknown individuals as male or female. In recent years, genetic sexing techniques have
proved extremely useful in the development of predictive discriminant functions using
morphometric measurements (Thalmann et al 2007; Copello et al 2006).
The Trindade Petrel (Pterodroma arminjoniana) is sexually monomorphic in plumage
colouration and size. However, sexual dimorphism in morphometric measurements has
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been reported. Murphy & Pennoyer (1952) found that the tarsus measurements of 9
males and 11 females were significantly different when compared using a t-test. No
further investigation into sexual dimorphism in this species has been conducted to date,
therefore this study aims to answer the following questions:
(a) Is there significant sexual dimorphism in the morphometric measurements of
P.arminjoniana from Trindade Island or from Round Island?
(b) Could morphometric measurements be used as an effective method for sexing
this species in the field?
7.1.1.2 Separating species using morphometrics.
Multivariate analysis of morphometric data can be useful in assigning species level rank
to a taxon. For example, Gutierrez & Molinari (2008) examined 267 adult bats
(Pteronotus spp.) from Venezuela and conducted a principal component analysis of 33
skeletal measurements and 4 external measurements. On the basis of this analysis, the
authors recommended that one allopatric population be elevated to species status
(Pteronotus paraguanensis).
In 1998 a taxonomic revision of the great albatrosses (Diomedea spp.) recommended
that the number of recognised species be elevated from three to seven (Robertson &
Nunn 1998). Some authors have argued that more evidence is required to support this
split (Bourne & Warham 1999). In the case of the Tristan albatross (Diomedea
dabbenena) evidence for species status has been provided by morphometrics. The
Tristan albatross is almost completely restricted to Gough Island in the South Atlantic.
Morphometric measurements of it and the more common Wandering albatross
(Diomedea exulans) were compared using discriminant function analysis and a
combination of bill measurements was found to discriminate between the two species
with 97-98% accuracy (Cuthbert et al 2003).
Morphometric measurements of P.arminjoniana from the Atlantic and P.neglecta from
the Pacific have been previously reported by Murphy & Pennoyer (1952) (Table 7.1).
P.neglecta is generally larger than P.arminjoniana and is divided into two sub-species,
with birds from the Eastern Pacific (P.n.juana) being larger than those from the Western
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Pacific (P.n.neglecta). However, multivariate analysis of morphometric data for these
two species has not been attempted.

P.arminjoniana (Trindade)
Wing
Bill depth
Tarsus
Tail
Culmen
Toe and claw
P.n.neglecta
Wing
Bill depth
Tarsus
Tail
Culmen
Toe and claw
P.n.juana
Wing
Bill depth
Tarsus
Tail
Culmen
Toe and claw

males
n=9
294.0 (274-309)
29.8 (27.8-31.5)
36.8 (35.1-39.0)
116.3 (114.3-117.4)
29.8 (27.8-31.5)
48.8 (47.6-50.5)
n=110
290.4 (279-305)
9.4 (8.8-10)
38.2 (35.2-40.9)
100.9 (92.4-107)
30.6 (28.5-32.5)
52.2 (46.4-55.2)
n=49
298.9 (290-307)
40.3 (38.6-41.8)
105.8 (102-113.3)
30.5 (29.2-32.5)
53.8 (51.4-56.1)

females
n=11
281.9 (272-292)
28.5 (27.2-30.2)
35.0 (33.8-36.5)
110.3 (107.2-116.1)
28.5 (27.2-30.2)
47.4 (45.5-49)
n=20
289.5 (274-300)
9.3 (9.2-9.3)
37.6 (33.2-39.4)
101.4 (97-107.3)
30.4 (28.8-31.8)
51.3 (48.7-53)
n=31
300.4 (290-309)
40.4 (39.1-43.1)
106.1 (100.7-112)
30.8 (29.3-32.8)
53.6 (52-56)

Table 7.1 Mean (mm, with range in parentheses) measurements for P.arminjoniana and P.neglecta. From
Murphy & Pennoyer (1952).

Genetic analysis of petrels from Round Island, where the ranges of the two species
overlap, suggests that hybridisation is occurring between them (Chapters 5 and 6). In
this chapter I aim to investigate morphometric variation between P.arminjoniana and
P.neglecta, both from the supposed ‘parent’ populations in the Atlantic and Pacific, and
in the ‘hybrid zone’ on Round Island. In particular I will address the following
questions:
(c) Is there a significant difference in the morphometric measurements of
P.arminjoniana from the Atlantic and P.neglecta from the Pacific, and with what
degree of accuracy can morphometrics discriminate between the two species?
(d) Is there a significant difference in the morphometric measurements of
P.arminjoniana and P.neglecta from Round Island?
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(e) Is the population on Round Island distinct from either Atlantic P.arminjoniana or
Pacific P.neglecta, on the basis of morphometrics?
7.1.2 Feather lice.
Compared with other ectoparasites, feather lice are considered particularly suitable for
inferring evolutionary relationships between hosts. Louse species often display high
host-specificity, and may be restricted to a single genus or species of host. They are
obligate parasites with many species spending their entire life cycle on the host and
dispersing only via direct contact between hosts, usually during copulation or care of the
young (Marshall 1981). Thus dispersal of lice is more likely to occur vertically within
lineages than horizontally between different lineages (Gomez-Diaz et al 2007). Factors
promoting the divergence of host populations will therefore also result in the divergence
of parasite populations, and we might expect to see congruent patterns of speciation
when comparing the phylogenies of hosts and lice.
The host-specificity of avian lice has been used by Hahn et al (2000) to study the
ecology of Brown-headed cowbirds (Molothrus ater). This North American species is a
brood parasite, laying its eggs in the nests of other birds, and is known to parasitize the
nests of over 140 different species. By collecting lice from recently fledged cowbirds,
Hahn et al (2000) were able to identify the species of the host, since nestlings became
infected by lice directly from their host parents.
Feather lice have also been used as a tool in taxonomic classification. Imber (1985) used
evidence from louse identity in his revision of the taxonomy of gadfly petrels. In
particular he raised Pterodroma heraldica to specific status based largely on the
distribution of lice species between it and congeners. Imber advised caution, however,
when inferring relationships between bird species based on feather lice, since secondary
infestations are a possibility.
Indeed, there are numerous examples of highly host-specific parasites whose
phylogenies do not reflect the phylogenies of their hosts. Analysis of two species of
feather lice from the Australian magpie (Gymnorhina tibicen) revealed different patterns
of divergence among the parasites (Toon & Hughes 2008). The magpie shows
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significant phylogeographic structure, with genetically distinct populations in the eastern
and western parts of its range. Both louse species also showed phylogeographic
structure. However, whilst structure in one louse species (Philopterus sp.) mirrored the
east-west split of the host, the other louse species (Brueelia semiannulata) showed
divergence between populations in the north and south of the host species range.
Similarly, a study of the ectoparasites of Calonectris shearwaters from the Atlantic and
Mediterranean revealed unusual patterns of differentiation (Gómez-Díaz et al 2007). The
shearwaters are divided into three genetically distinct and geographically separate taxaC.d.diomedea, C.d.borealis and C.edwardsii. Phylogenetic analysis of three hostspecific lice revealed no significant genetic structure between lice carried by the three
host lineages. Moreover, similar analysis of a generalist flea species parasitizing these
birds revealed significant levels of population differentiation, corresponding to that of
the three host taxa. Clearly isolation of host taxa is not sufficient to guarantee cospeciation of parasites, even those that are highly host-specific.
Since lice are relatively immobile and do not survive away from their host, how can
discordant patterns of host and louse divergence be explained? In the case of the
Australian magpie, the authors suggest that differences in the dispersal ability of lice and
different ecological constraints may influence the phylogeographic structure of the two
louse species (Toon & Hughes 2008). Feather lice are known to sometimes attach to
parasitic flies (Hippoboscidae) and thus be horizontally transferred between hosts
(Clayton et al 2003). The north-south phylogeographic structure of B.semiannulata
could therefore be explained if lice were dispersing on different species of flies that were
restricted to these different geographic locations. Alternatively, the genetic structure of
this louse species could be related to habitat heterogeneity. Clayton et al (2003)
demonstrated that host body size and louse body size are linked- in order to escape being
removed during preening, louse body size must correspond closely to feather size, which
is proportional to the overall body size of the bird. The size of Australian magpies varies
along a north-south gradient, therefore the distribution of B.semiannulata may reflect
adaptation to feather size of the host across its range (Toon & Hughes 2008).
In the case of Calonectris shearwaters, recent work has suggested that although the three
taxa breed in geographically isolated regions they may come into contact at their winter
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feeding grounds, providing an opportunity for lice to switch between hosts (Gómez-Díaz
et al 2007).
The life history of Procellariiformes, which generally includes strong philopatry and
breeding on remote islands, might be expected to encourage co-speciation of host taxa
and their lice (Gómez-Díaz et al 2007). Some studies have suggested that most seabirds
and their lice have congruent phylogenies (eg. Paterson et al 1993) and that hostswitching of lice is relatively rare (Paterson et al 2000). Timmermann (1965) proposed
classifying the gadfly petrels into two genera based on the distinct species-groups of lice
that they hosted, however Ernst Mayr was scathing of this approach, describing
Timmermann’s faith in the use of lice to infer host taxonomy as ‘child-like’ (Paterson et
al 1995). Imber (1985) was similarly cautious, suggesting that bird species sharing
similar habitats and breeding sympatrically may share related lice, even if the hosts
themselves are not closely related. Nevertheless, lice may still provide us with some
insight into the history of contact between different populations and species.
Pterodroma petrels are host to seven genera of Mallophaga, including eight species from
the genus Halipeurus. These Halipeurus form two distinctive species groups, the
‘marquesanus’ group containing two species and the ‘procellariae’ group containing six
species (Imber 1985). According to Imber (1985), Pterodroma arminjoniana and
P.neglecta both host the same species of Halipeurus, H.kermadecensis, whereas
P.heraldica hosts a different species, H.heraldicus. H.kermadecensis is part of the
‘procellariae’ lice group whilst H.heraldicus belongs to the ‘marquesanus’ group,
therefore under Timmerman’s (1965) proposed classification P.heraldica would be
placed in a different genus to either P.arminjoniana or P.neglecta. However, Imber
points out that “as there can be little doubt of the close relationship of heraldica to
arminjoniana and neglecta, [Timmermann] seems to have overlooked a clear case of
secondary infestation from Pseudobulweria petrels, presumably the origin of
‘marquesanus’-group lice.” (Imber 1985).
There is only a single recorded example of two species of Halipeurus simultaneously
infesting the same host population. Although 30 species of Halipeurus are known to
parasitize 92 petrel species, no petrel population has ever been shown to host more than
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one species of Halipeurus. The exception is the Chatham Island Taiko (Pterodroma
magentae), from which two Halipeurus spp. have been recorded, sometimes from the
same individual bird, over a period of around 20 years (Palma & Imber 2000). The
presence of one of these louse species (H.theresae) has been ascribed by the authors to
secondary infestation from the Chatham petrel (P.axillaris). It would appear, therefore,
that when secondary infestations of Halipeurus do occur, one species will usually drive
any others to extinction within the host population. Palma & Imber (2000) speculate that
this may eventually happen on the Chatham Island Taiko.
There have been reports that petrels on Round Island are host to H.heraldicus, the louse
species usually associated with P.heraldica from the Pacific (R.L. Palma, pers. comm. in
Brooke et al 1999). P.arminjoniana from Trindade Island and P.neglecta from the
Pacific are thought to host a different species, H.kermadecensis (Imber 1985). In order
to confirm these differences in louse fauna between populations the following questions
will be addressed:
(f) Do P.arminjoniana and P.neglecta on Round Island share the same species of
Halipeurus louse?
(g) Are the petrels of Trindade Island host to a different Halipeurus species than the
petrels of Round Island?
7.1.3 Vocalizations.
Nearly all petrel species are nocturnal at their breeding grounds and many also breed in
burrows. Thus vocal signals are likely to be more important in species recognition and
mate attraction than visual signals (James & Robertson 1986; Bretagnolle 1995). Indeed,
most petrel species are highly vocal at their breeding colonies. A number of studies have
highlighted the usefulness of petrel vocalizations in determining the systematics of the
group. Bretagnolle (1995) analysed the calls of Soft-plumaged petrel (Pterodroma
mollis) from populations throughout its range in the Pacific, Atlantic and Indian Oceans.
Variation between calls from the Northern and Southern Hemispheres was pronounced,
leading the author to recommend that P.mollis should be split into two species
corresponding to these geographic areas. Brooke & Rowe (1995) also analysed calls in
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their taxonomic revision of the Herald petrel (Pterodroma heraldica). The calls of dark
and light forms of this species were recorded at the Pitcairn Islands, South Pacific, and
two call parameters were analysed. Both parameters were significantly different between
light and dark birds and this evidence, along with behavioural and genetic data, was used
by the authors to split P.heraldica into two species, with the dark form being re-named
Pterodroma atrata.
Geographic variation in the call structure of petrels also occurs within species, and
playback experiments suggest that females are more likely to respond to the calls given
by males from their own geographic region (Bretagnolle 1989; Bretagnolle & Lequette
1990). The same appears to be true of sympatric populations of the Band-rumped (or
Madeiran) storm-petrel (Oceanodroma castro) that breed at different times of the year.
Breeding of storm petrels at colonies in Madeira and the Azores occurs in two distinct
periods- the hot season and the cool season. Ringing studies have suggested that birds
never switch between breeding seasons. Bolton (2007) analysed calls from both
geographically and temporally separate populations of O.castro and found that there
were significant differences among populations in all the call parameters measured.
Playback experiments confirmed that these differences affected the behaviour of the
birds- hot season birds in the Azores did not respond to the calls of sympatric cool
season birds. It therefore seems that differences in calls can act as pre-mating isolating
mechanisms, and may therefore promote speciation in petrels.
The two petrel species on Round Island, in the Indian Ocean, utter very different and
easily distinguishable calls. Indeed it was this difference in calls that first alerted
researchers on the island to the fact that two species were breeding there (Brooke et al
1999). The call of P.arminjoniana consists of a rapidly repeated series of ‘kyek’ sounds
lasting for 2-3 seconds with a repetition rate of around 10-12 per second. The call is
terminated by a ‘wuk-oo-wuk-oo-wuk’ sound, with ‘wuk-oo’ repeated 4 or 5 times. In
contrast, the call of P.neglecta consists of a single ‘kyek’ followed by a long, drawn-out
ascendent and descendent ‘keraaooouw’ of about 3 seconds and again terminated with
the ‘wuk-oo-wuk’ (Brooke et al 1999; Fig. 7.1). The calls are usually given by birds in
the air, as they display above their breeding colony in the late afternoon and evening.
Calls are often exchanged between pairs flying in synchrony and sometimes between
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pairs on the ground, and are thought to be an important component of pair recognition
and bonding. The population of P.arminjoniana on Trindade Island in the South Atlantic
has only been reported giving the typical arminjoniana call and not the neglecta call (da
Silva 1995, L.Bugoni pers. comm.). However, on Round Island a third type of call has
been heard, which appears to be intermediate between the arminjoniana- and neglectatype calls. This call consists of the drawn out sound of P.neglecta, but broken down into
shorter sections and repeated at a rate of about 3-4 per second (Fig. 7.1). It has been
suggested that this call is being produced by the hybrid offspring of P.arminjoniana and
P.neglecta. The most common call given on Round Island is the arminjoniana-type call,
with the neglecta-type call and the unknown call being heard much less frequently.
7.2 Materials and methods.
7.2.1 Morphometric measurements.
Detailed descriptions of the morphometric measurements used in this analysis, and
methods for recording them, are given in Chapter 2 (pp.31-33). A total of 10 standard
measurements were recorded for 167 adult birds on Round Island, comprising 125
P.arminjoniana, 16 P.neglecta and 26 intermediate-type birds (identified based on the
colour of the primary shaft). These measurements were tarsus length (T), centre toe
length (CT), centre claw length (CC), exposed culmen (EC), bill depth at three pointsbase (BB), centre (BC) and tip (BT), head length (H), wing length (WL) and tail length
(TL). Birds were sexed using molecular techniques, as described in Chapter 2 (p.33).
Three birds (all P.arminjoniana) could not be sexed by molecular methods and were
therefore excluded from the analysis of sexual dimorphism.
Morphometric measurements for live birds from Trindade Island (P.arminjoniana) and
the Pacific Islands (P.neglecta) were not available for this study, therefore
measurements were taken from museum specimens held at the Natural History Museum
collection in Tring, Hertfordshire. A total of seven measurements were recorded for
museum specimens- owing to the stiffness and fragility of skins it was not possible to
record all 10 measurements taken from live birds. Measurements taken were tarsus,
exposed culmen, bill depth at base, centre and tip, wing length and tail length. A total of
40 P.arminjoniana from Trindade Island and 19 P.neglecta from various Pacific Islands
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were measured. Sex was unknown for two P.arminjoniana from Trindade and these
individuals were excluded from the analysis of sexual dimorphism. Full details of the
museum specimens are listed in Appendix B.
The mean values of morphometric measurements for male and female P.arminjoniana
from Round Island are shown in Table 7.2. The mean values for morphometric
measurements for male and female P.arminjoniana from Trindade and for P.neglecta
from the Pacific are given in Table 7.3.
males (n=75)
38.24 (±1.09)
45.68 (±1.62)
7.82 (±0.86)
29.48 (±1.11)
13.98 (±0.49)
9.79 (±1.54)
11.01 (±0.39)
76.22 (±1.75)
285 (±5.76)
116 (±2.99)

Tarsus
Centre toe
Centre claw
Exposed culmen
Bill (base)
Bill (centre)
Bill (tip)
Head
Wing
Tail

females (n=47)
38.13 (±1.05)
45.91 (±1.60)
7.99 (±0.82)
29.38 (±0.98)
13.86 (±0.51)
9.48 (±0.49)
10.85 (±0.44)
75.25 (±1.34)
286 (±6.9)
117 (±3.7)

Table 7.2 Mean values (mm, ±s.d.) of ten morphometric measurements for P.arminjoniana from Round
Island.

Tarsus
Exposed culmen
Bill (base)
Bill (centre)
Bill (tip)
Wing
Tail

P.arminjoniana
males
36.95 (±1.00)
28.77 (±0.96)
14.01 (±0.77)
9.58 (±0.39)
11.29 (±0.31)
287 (±7.1)
108 (±7.0)

n
22
22
18
18
12
20
21

P.arminjoniana
females
36.39 (±1.70)
28.16 (±1.25)
13.5 (±0.87)
9.15 (±0.49)
10.98 (±0.45)
285 (±5.9)
109 (±5.3)

n
16
16
15
15
13
16
14

P.neglecta
40.49
29.99
14.18
9.75
11.43
291
100

(±2.7)
(±0.81)
(±0.75)
(±0.45)
(±0.39)
(±7.1)
(±3.9)

n
18
19
13
13
13
17
16

Table 7.3 Mean values (mm, ±s.d.) of seven morphometric measurements for P.arminjoniana from
Trindade and P.neglecta from the Pacific.

7.2.2 Multivariate analysis.
Principal component analysis (PCA) of morphometric data was carried using the
statistical environment R (R Development Core Team 2004, Crawley 2007). Data from
159

Round Island P.arminjoniana (47 females, 75 males) and Trindade P.arminjoniana (16
females, 22 males) were analyzed separately to determine whether morphometric
measurements revealed sexual dimorphism in either population. A number of individuals
in the museum data set (P.arminjoniana from Trindade) had missing data. Removing all
of these individuals from the analysis would have reduced the sample size to an
unacceptably low level, therefore missing values were replaced with the average value
for the particular group (averages for males and females were calculated separately), as
described in Everitt (2007). Details of the R code used in this analysis are given in
Appendix C.
To determine whether there was a significant difference between different groups based
on morphometric measurements, a discriminant function analysis (DFA) was performed
on the principal components of the data using the package ade4, implemented in R
(Chessel et al 2008; Dray & Dufour 2007). The statistical significance of between-group
differences was calculated using a permutation test, with 999 random permutations of
the data. Details of the R code used are given in Appendix C.
In cases where a statistically significant difference was detected between groups, a
further linear discriminant analysis was carried out using the package MASS,
implemented in R (Venables & Ripley 2002, Ripley 1996). A subset of the data
(approximately half the data points) was randomly selected to act as a training set for the
discriminant function. Linear discriminant analysis was performed on this training set
and a discriminant function model was derived. The predictive value of the model was
then tested by classifying the remaining data points (those not included in the training
set) and comparing the results with the real classifications for each point. A ‘leave-oneout’ cross validation test was also carried out using the entire data set. In this case each
data point was removed from the set in turn and was classified using a discriminant
function derived from the remaining data points. This method returns a posterior
probability of membership to each group for each individual. Finally, a linear
discriminant analysis was conducted using all the data points and the discriminant scores
for each point were plotted to visualize the discriminatory power of the function. For
details of the R code used see Appendix C.
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PCA was carried out for P.arminjoniana from Trindade (n=40) and P.neglecta from the
Pacific (n=19) using the seven morphometric measurements recorded. Missing data was
replaced with average values for each group. DFA and a permutation test were also
carried out, as above. Similar analyses were conducted on Round Island birds
(P.arminjoniana (n=125), P.neglecta (n=16) and intermediate-type birds (n=26)) from
Round Island using 10 morphometric measurements. Finally, multivariate analysis was
carried out on P.arminjoniana and P.neglecta from the Atlantic, Pacific and Indian
Oceans combined.
7.2.3 Feather lice.
Feather lice were collected from petrels on Round Island in September and October
2005 by searching amongst the tail feathers of birds caught on the nest. Lice were
removed using tweezers and stored in 100% ethanol. A total of 38 lice were collected
from 23 P.arminjoniana, 7 P.neglecta and 3 intermediate-type birds (identification
based on the colour of the primary shafts). 34 lice were sent to Ricardo L. Palma at the
Museum of New Zealand Te Papa Tongarewa in Wellington for identification.
Feather lice were collected from 10 P.arminjoniana on Trindade Island by Leandro
Bugoni. A total of 46 lice were collected and these specimens were also sent to Ricardo
Palma for identification.
7.2.4 Vocalizations.
The sonograms shown in Figure 7.1 depict calls recorded on Round Island in September
and October 2005. Calls were recorded using a Sony WMD6C Professional Walkman
and Sennheiser directional microphone. Calls are given by birds in flight, therefore it is
usually impossible to identify birds giving particular calls to species level using the wing
vane characteristic. However, in one case a bird observed giving the ‘unknown’ call was
subsequently caught. This bird had primary feather vanes that were partially white and
partially dark brown, and was classified as intermediate-type.
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arminjoniana-type call

neglecta-type call

unknown call
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Figure 7.1 Sonograms of the three petrel call types recorded on Round Island, Indian Ocean.
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7.3 Results.
7.3.1 Sexual dimorphism.
Principal component analysis of morphometric data from Round Island P.arminjoniana
revealed no obvious separation of males and females along the first three principal
component axes (Fig. 7.2), which together explained 65% of the variance within the
data. However, the permutation test returned a p-value of 0.001, indicating that there is a
significant difference between males and females. Exploration of the data revealed that
this result was largely due to a single variable- head length. The analysis was repeated
with this measurement omitted and the permutation test returned a non-significant pvalue (0.128). A Welch two sample t-test of the head length measurements from Round
Island P.arminjoniana showed that there was a significant difference in the mean head
length of males and females (p<0.001). However, there is a large degree of overlap in
the ranges of male and female head length (females= 71.8 - 78.1mm, males= 72.9 81.7mm).
PCA of morphometric data from Trindade P.arminjoniana also revealed no obvious
clustering of males and females (Fig. 7.3), with the first three principal components
explaining 69% of the variance within the data. The permutation test returned a p-value
of 0.314, indicating no significant difference between males and females. Head length
could not be measured in the preserved skins of these birds.
Linear discriminant analysis was carried out using morphometric measurements from
male and female P.arminjoniana from Round Island. An initial training set of 24
females and 37 males was used to derive the discriminant model. The resulting
coefficients of the linear discriminant for each variable were (T x 0.0382)+(CT x 0.1828)+(CC x 0.0674)+(EC x -0.5654)+(BB x 0.3195)+(BC x 0.0553)+(BT x 0.1740)+(H x 0.8747)+(W x -0.0523)+(TL x -0.0780).
Using this discriminant model to classify the remaining 61 individuals resulted in 9/23
females misclassified as males and 19/38 males misclassified as females. The
discriminatory power of the function was therefore poor (54% of individuals correctly
classified).
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Plotting histograms of the posterior probabilities of group membership for each group
provides a visual indication of how well the discriminant function has performed (Fig.
7.4). When investigating sexual dimorphism there are only two possible groups, male
and female, therefore individuals will be assigned to a particular group if their posterior
probability of membership to that group is >0.5. Figure 7.4a shows the histogram of
posterior probabilities for female P.arminjoniana from Round Island (ie. the probability
that each individual is female according to the discriminant function model). A large
proportion of individuals have a probability of <0.5 and very few individuals have a
probability close to 1, indicating that the model cannot accurately predict whether a bird
is female. The posterior probabilities for male birds are shown in figure 7.4b. A
scatterplot of the linear discriminant scores for each individual also demonstrates the
lack of discriminatory power for this function (Fig. 7.4c). There is a large degree of
overlap between males and females along the y-axis (LD1). Therefore, despite the
significant difference in head length between male and female P.arminjoniana from
Round Island, morphometric measurements cannot be reliably used to discriminate
between the sexes.
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Figure 7.2 Principal component analysis of 10 morphometric measurements from Pterodroma arminjoniana from Round Island. Males are shown in blue,
females in red. Graphs show scatterplots for the first three principal components (PC1-PC3).
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Figure 7.3 Principal component analysis of 7 morphometric measurements from Pterodroma arminjoniana from Trindade. Males are shown in blue, females
in red. Graphs show scatterplots for the first three principal components (PC1-PC3).

166
166

c
Linear discriminant score

b

Frequency

Frequency

a

Posterior probability

Posterior probability

Rank order
Arbitrary

Figure 7.4 Linear discriminant analysis using 10 morphometric measurements from Pterodroma arminjoniana from Round Island. Histograms show the
posterior probabilities of group membership for females (a) and males (b). Graph (c) shows the linear discriminant scores for males (green) and females (red).
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7.3.2 Species identity.
Museum specimens of P.neglecta from the Pacific were collected from both the Eastern
and Western Pacific, therefore likely included representatives of both sub-species,
P.n.neglecta and P.n.juana. The two sub-species are generally considered to differ in
size, therefore a multivariate analysis (PCA, DFA and permutation test, see above) was
conducted to determine whether there was a significant difference in the morphometric
measurements of museum specimens from different locations. Four specimens from the
Eastern Pacific (Chile, Juan Fernandez Island) were compared with 12 specimens from
the Western Pacific (Kermadec Islands, Herald Island). The remaining three specimens
were excluded from this analysis- one had no data on collection locality and two were
from the Central Pacific (Rapa Island). The permutation test returned a p-value of 0.546,
indicating that there was no difference between the two groups. Therefore in subsequent
analysis data from all Pacific Island individuals was pooled.
Principal component analysis of the morphometrics of P.arminjoniana from Trindade
Island and P.neglecta from the Pacific islands show reasonably good separation of the
two species, particularly along PC1 (Fig. 7.5), although there is some degree of overlap.
When considering morphometric data, the first principal component is generally an
indicator of overall body size variation. Looking at the principal component loadings for
this analysis (Table 7.4) we see that the values for PC1 are similar and in the same sign
(negative) for all measurements except tail length. Therefore for these two species, as
overall body size decreases tail length increases. It has been noted by several authors
that, whilst P.neglecta is larger than P.arminjoniana, it tends to have a shorter and
rounder tail (Murphy & Pennoyer 1952), which is corroborated by these results. There is
no separation of the species along PC2 and only marginal separation along PC3. PC3
again appears to be heavily influenced by tail length. The permutation test returned a pvalue of 0.001, indicating that there is indeed a significant difference between the
morphometric measurements of the two species.
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Tarsus
Exposed culmen
Bill base
Bill centre
Bill tip
Wing
Tail

Variance explained (%)
Cumulative variance (%)

PC1
-0.42
-0.41
-0.40
-0.43
-0.40
-0.28
0.27
45
45

PC2
0.39
0.28
-0.18
-0.47
-0.43
0.58
~0
17
63

PC3
~0
~0
-0.28
-0.11
~0
-0.30
-0.90
13
76

Table 7.4 Principal component loadings for a PCA of morphometric measurements of P.arminjoniana
from Trindade and P.neglecta from the Pacific.

A linear discriminant function was derived for the two species using a random selection
of half the measurements from the data set (22 P.aminjoniana and 8 P.neglecta). The
resulting coefficients of linear discrimination were (T x 0.4402)+(EC x 0.1850)+(BB x 0.2395)+(BC x 0.9019)+(BT x 0.3500)+(W x 0.0026)+(TL x -0.1435) and the function
correctly classified 90% of the remaining individuals. Of the individuals that were
incorrectly classified, two P.arminjoniana were classified as P.neglecta and one
P.neglecta was classified as P.arminjoniana. Histograms of the posterior probabilities of
group membership show that the majority of individuals in each group had a posterior
probability close to one (Fig. 7.6a,b). The scatterplot of discriminant function scores also
reflect the high level of discrimination between the two species, with very little overlap
along the y-axis (Fig. 7.6c). Therefore, morphometric measurements can be used to
discriminate between P.arminjoniana from Trindade Island and P.neglecta from the
Pacific with reasonably high accuracy.
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Figure 7.5 Principal component analysis of 7 morphometric measurements from Pterodroma arminjoniana from Trindade (red) and P.neglecta from the
Pacific (blue). Graphs show scatterplots for the first three principal components (PC1-PC3).
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Figure 7.6 Linear discriminant analysis using 7 morphometric measurements from Pterodroma arminjoniana from Trindade and P.neglecta from the Pacific.
Histograms show the posterior probabilities of group membership for P.arminjoniana (a) and P.neglecta (b). Graph (c) shows the linear discriminant scores
for the two species (P.arminjoniana in red, P.neglecta in green).
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To investigate whether a similar level of differentiation was present between
P.arminjoniana and P.neglecta from Round Island, the multivariate analyses were
repeated using the Round Island data set. Intermediate-type birds were excluded
initially. Principal component analysis reveals a large degree of overlap between the two
species along the first three principal components (Fig. 7.7), although some degree of
clustering of P.neglecta is evident. The PCA loadings (Table 7.5) again suggest that
birds with larger body size have a shorter tail. Despite this lack of obvious clustering, a
permutation test of the data returned a p-value of 0.001.

Tarsus
Centre toe
Centre claw
Exposed culmen
Bill base
Bill centre
Bill tip
Head
Wing
Tail

Variance explained (%)
Cumulative variance (%)

PC1
-0.37
-0.35
~0
-0.38
-0.33
-0.31
-0.38
-0.43
-0.24
0.11
39
39

PC2
0.40
0.44
0.34
~0
-0.34
-0.45
-0.34
~0
0.29
~0
16
55

PC3
~0
~0
~0
~0
~0
~0
0.11
~0
0.58
0.78
13
68

Table 7.5 Principal component loadings for a PCA of morphometric measurements of P.arminjoniana and
P.neglecta from Round Island.

A linear discriminant function derived using half the data (63 P.arminjoniana and 7
P.neglecta) had coefficients (T x 0.3021)+(CT x -0.1431)+(CC x 0.2334)+(EC x 0.2538)+(BB x -0.2153)+(BC x 0.1584)+(BT x 0.0410)+(H x 0.6195)+(W x
0.0712)+(TL x -0.1829). Of the remaining individuals, 5/62 P.arminjoniana were
incorrectly classified as P.neglecta and 4/9 P.neglecta were incorrectly classified as
P.arminjoniana. Although the overall performance of the function was still reasonably
good (87% of birds correctly classified), it was poor at identifying P.neglecta (only 56%
of birds correctly classified). This performance is reflected in the histograms of posterior
probabilities (Fig. 7.8a,b), with a large number of P.neglecta having a probability <0.5.
The scatterplot reveals that discriminant scores for P.neglecta overlap considerably with
the range of scores for P.arminjoniana (Fig. 7.8c).
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Figure 7.7 Principal component analysis of 10 morphometric measurements from Pterodroma arminjoniana (red) and P.neglecta (blue) from Round Island.
Graphs show scatterplots for the first three principal components (PC1-PC3).
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Figure 7.8 Linear discriminant analysis using 10 morphometric measurements from Pterodroma arminjoniana and P.neglecta from Round Island. Histograms
show the posterior probabilities of group membership for P.arminjoniana (a) and P.neglecta (b). Graph (c) shows the linear discriminant scores for the two
species (P.arminjoniana in red, P.neglecta in green).
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The discriminant function model derived for birds from Trindade Island and the Pacific
Islands was also applied to the Round Island data set, using the seven measurements that
were recorded for both sets of birds. In this case the model incorrectly classified 2/125
P.arminjoniana as P.neglecta and 5/16 P.neglecta as P.arminjoniana. Again the
identification of P.neglecta from Round Island was poor, with nearly a third of the birds
incorrectly classified. Therefore it would appear that there is less differentiation between
the morphometric measurements of P.arminjoniana and P.neglecta on Round Island
than there is between the Atlantic and Pacific populations of these species.
The inclusion of intermediate-type birds in the Round Island data set further reduces the
power of discrimination between groups using linear discriminant analysis. A
discriminant model derived using a training set of 61 P.arminjoniana, 8 P.neglecta and
14 intermediate-type birds performed poorly at classifying the remaining individuals,
particularly the intermediates. Only one of the remaining 12 intermediate birds was
classified as such whilst 10 were classified as P.arminjoniana and one as P.neglecta. In
addition 15/64 P.arminjoniana were incorrectly classified as were 3/8 P.neglecta, giving
an overall success rate for this model of just 65%. The posterior probabilities of group
membership (Fig. 7.9a,b,c) demonstrate the lack of discrimination of intermediates, as
does a scatterplot of LD1 and LD2 (Fig. 7.9d).
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Figure 7.9 Linear discriminant analysis using 10 morphometric measurements from Pterodroma
arminjoniana, P.neglecta and intermediate-type birds from Round Island. Histograms show the posterior
probabilities of group membership for P.arminjoniana (a), P.neglecta (b) and intermediates (c). Graph (d)
shows the linear discriminant scores for the three groups (P.arminjoniana in red, P.neglecta in blue and
intermediates in green).
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A final set of multivariate analysis was carried out to investigate whether there were
detectable differences in morphometric measurements between the petrel populations
from the Atlantic, the Indian Ocean and the Pacific. Four groups were consideredP.arminjoniana from Trindade, P.arminjoniana from Round Island, P.neglecta from
Round Island and P.neglecta from the Pacific Islands. The seven morphometric
measurements recorded for all groups were used for the analysis.
Principal component analysis of the four groups does not reveal obvious clustering of
any group, although there is some indication of separation- for example P.arminjoniana
from Round Island and P.neglecta from the Pacific are completely separated along PC3
(Fig. 7.10).
Linear discriminant analysis was carried out with a training set comprising 21
P.arminjoniana from Trindade, 61 P.arminjoniana from Round Island, 9 P.neglecta
from Round Island, and 9 P.neglecta from the Pacific. The coefficients of the three
linear discriminant models are listed in table 7.6.

LD1
LD2
LD3

T
0.2253
-0.5007
0.4491

EC
-0.2519
-0.4949
-0.8265

BB
0.0635
0.8004
1.3616

BC
-0.4945
-1.1741
-0.5778

BT
0.8934
0.6631
-0.2631

W
0.0560
0.0180
-0.0202

TL
-0.2233
-0.0402
0.0646

Table 7.6 Coefficients of the linear discriminant models for petrels from the Atlantic, Pacific and Indian
oceans.

Of the remaining individuals, 91% were correctly classified using the discriminant
models. Incorrectly classified birds were as follows: 3/19 P.arminjoniana from
Trindade, 1/64 P.arminjoniana from Round Island, 2/7 P.neglecta from Round Island,
3/10 P.neglecta from the Pacific. The models identified P.arminjoniana from Round
Island with a high level of accuracy, whilst performance was poorer for birds from the
other groups. This result is reflected in the posterior probabilities of membership to each
group (Fig. 7.11) with P.neglecta from Round Island appearing to be the least likely
group to be correctly identified. A scatterplot of scores for LD1 (xvals) and LD2 (yvals)
for each individual (Fig. 7.12) shows discrete clusters forming for each group with only
a small amount of overlap between clusters. LD1 completely separates P.arminjoniana
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from Round Island and P.neglecta from the Pacific. LD2 is most effective at separating
P.arminjoniana from Trindade and P.neglecta from Round Island. It appears, therefore,
that all four of the groups can be distinguished from one another on the basis of
morphometric measurements.
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Figure 7.10 Principal component analysis of 7 morphometric measurements from Pterodroma arminjoniana from Round Island (red), P.neglecta from Round
Island (blue), P.arminjoniana from Trindade (green) and P.neglecta from the Pacific (purple). Graphs show scatterplots for the first three principal components
(PC1-PC3).
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Figure 7.11 Histograms of the posterior probabilities of group membership for P.arminjoniana from
Round Island (a), P.neglecta from Round Island (b), P.arminjoniana from Trindade (c) and P.neglecta
from the Pacific (d).
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Figure 7.12 Linear discriminant analysis using 7 morphometric measurements from Pterodroma spp.
Graph shows the linear discriminant scores for the four groups (P.arminjoniana from Round Island in red,
P.neglecta from Round Island in green, P.arminjoniana from Trindade in dark blue and P.neglecta from
the Pacific in light blue).
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7.3.3 Feather lice.
All lice collected from petrels on Round Island belonged to the genus Halipeurus. Of the
34 lice identified, 28 were adult H. heraldicus and the remaining six were nymphs which
could not be identified to species (Table 7.7). Lice collected from petrels on Trindade
belonged to three genera, with all adult Halipeurus being identified as H.kermadecensis.
Host species
P.arminjoniana
P.neglecta
intermediate
P.arminjoniana

Location
Round Island
Round Island
Round Island
Trindade

Adult lice identified
21
5
2
23

Louse species
H.heraldicus
H.heraldicus
H.heraldicus
H.kermadecensis

Table 7.7 Adult feather lice collected from petrels on Round Island and Trindade Island.

7.4 Discussion.
7.4.1 Sexual dimorphism in P.arminjoniana.
Multivariate analysis of morphometric data for P.arminjoniana from Round Island
revealed that sexual dimorphism is present within this population. However, dimorphism
could be accounted for by a single measurement, head length, and a linear discriminant
model based on all 10 morphometric measurements performed poorly at classifying
individuals as male or female (only 54% of individuals were correctly classified). There
is a large degree of overlap between head length measurements for males and females,
therefore morphometric measurements do not provide an effective method for sexing
P.arminjoniana in the field. The most effective method for sexing these birds remains
the molecular method described in Chapter 2.
7.4.2 Differentiation of species using morphometrics.
Analysis of morphometric measurements from museum specimens of P.arminjoniana
from Trindade and P.neglecta from the Pacific Islands revealed that there was a
significant difference in morphometry between these two species (p<0.001). Mean
values of all measurements taken were larger for P.neglecta than for P.arminjoniana
except for tail length which was smaller for P.neglecta. A linear discriminant model
derived using seven measurements was able to correctly classify 90% of individuals.
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When the same model was applied to P.arminjoniana and P.neglecta from Round Island
(identified on the basis of colour of primary vanes), 95% of individuals were correctly
classified. However, this result disguises the fact that the model was poor at identifying
P.neglecta from Round Island. The sample contains a large proportion of
P.arminjoniana (125 individuals) of which only two were incorrectly classified (<2%).
However five out of 16 P.neglecta were incorrectly classified as P.arminjoniana (31%).
This result suggests that P.neglecta on Round Island are more similar to P.arminjoniana
than are P.neglecta from the Pacific.
When intermediate-type birds from Round Island were included in the analysis, the
power to discriminate between species was reduced further. A linear discriminant model
derived using P.arminjoniana, P.neglecta and intermediate-type birds from Round
Island was able to correctly classify only 65% of individuals. When intermediate-type
birds were excluded, and all four remaining groups are analysed together
(P.arminjoniana from Trindade, P.arminjoniana from Round Island, P.neglecta from
Round Island and P.neglecta from the Pacific), linear discriminant analysis was able to
distinguish between the four taxa with 91% accuracy.
The size difference between P.arminjoniana and P.neglecta has long been noted, with
P.neglecta being larger but having a shorter, more rounded tail (Murphy & Pennoyer
1952). Data collected from museum specimens of the Atlantic and Pacific populations of
these species confirms this observation, and the two taxa can be distinguished on the
basis of morphometric measurements. However, discriminant analysis was also able to
distinguish between geographically separated populations of both species (from
Trindade and Round Island for P.arminjoniana and Round Island and the Pacific Ocean
for P.neglecta) with a high degree of accuracy. This result suggests within-species
geographic variation in morphology for these taxa.
Geographic variation in morphology has been reported in a number of other
Procellariiform species. Wedge-tailed shearwaters (Puffinus pacificus) display variation
in their morphometry across their range (Bull 2006). Similarly, the Black-browed
albatross (Diomedea melanophrys) can be divided into two groups on the basis of
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morphometrics, corresponding to the two recognised subspecies, D.m.impavida and
D.m.melanophrys (Waugh et al 1999). In both of these cases the authors found that the
level of similarity between colonies was not related to their geographical proximity.
Instead they concluded that variability in morphometrics was most likely the result of
adaptation to local environmental conditions. The latitude of a colony has been shown to
correlate with body size, probably as a result of variation in thermal tolerance (Bull
2006). Variation in wind conditions across a species’ range could also result in variation
in wing morphology. In addition, differences in food supply in different geographic
areas could result in variation in the size of eggs or the rate of chick growth, which in
turn may influence adult size (Waugh et al 1999; Bull 2006). Determining the factors
that may account for geographical variation in the morphometrics of P.arminjoniana and
P.neglecta is beyond the scope of this study. However, the very fact that there is
detectable differentiation between the separate populations suggests that they may not be
connected by gene flow.
When considering just the petrels of Round Island, discriminant analysis of
morphometrics was apparently effective at separating P.arminjoniana from P.neglecta,
however it appeared that the function was less able to accurately identify P.neglecta.
When intermediate-type birds were included in the analysis, the ability of the function to
distinguish species was drastically reduced. These results seem to generally support the
conclusion from genetic data that P.neglecta and P.arminjoniana are hybridising on
Round Island and that the population may consist largely of a hybrid swarm (Chapter 5,
Chapter 6). A similar result was obtained by Eastham & Nicholls (2005) in their study of
the morphometrics of falcons. Multivariate analysis of six morphometric measurements
of the Gyr falcon (Falco rusticolus) and the Saker falcon (F.cherrug) successfully
separated the pure parental species. However, when F1, F2 and backcrossed hybrids
were included it was impossible to discriminate between the hybrids and either parental
taxon.
7.4.3 Feather lice
P.arminjoniana, P.neglecta and intermediate-type birds on Round Island host a single
species of Halipeurus louse- H. heraldicus. The population of P.arminjoniana on
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Trindade Island is host to a different species- H.kermadecensis. Pacific populations of
P.neglecta are reported to host H.kermadecensis, whereas H.heraldicus is commonly
found on the Pacific Herald petrel (P.heraldica) (Imber 1985). This distribution of lice is
difficult to explain. Assuming that Round Island was colonised by petrels from Trindade
Island and by P.neglecta from the Pacific, then at some point the louse H.heraldicus
must have been introduced to the Round Island population and out-competed
H.kermadecensis. A single Herald petrel (P.heraldica) has been recorded on Round
Island in recent years, however the presence of H.heraldicus on the island suggests that
Herald petrels may have been present there, or at least visited the island, in the past. The
presence of H.kermadecensis on Trindade petrels and P.neglecta from the Pacific is
further evidence that there is limited contact between these populations and the
population on Round Island. Alternatively, if migration is occurring between the
populations, then the different louse species must rapidly out-compete one another in
their respective geographical areas.
7.4.4 Vocalizations.
Genetic studies of the petrels on Round Island indicate that hybridisation is occurring
between P.arminjoniana and P.neglecta (Chapter 5, Chapter 6). However it was not
possible to genetically identify F1 hybrids of the two species, nor was it possible to
determine whether birds giving intermediate-type calls also had intermediate-type
plumage, except in one case. Therefore the question of whether intermediate calls on
Round Island are produced by hybrid individuals remains unresolved. Hybridisation in
other bird species has been shown to result in call types that are intermediate between
the two parental species. For example, the Vinaceous dove (Streptopelia vinacea) and
the Ring-necked dove (Streptopelia capicola) in Africa are known to hybridise where
their ranges overlap. These two species are morphologically very similar but have highly
distinctive vocalizations, whereas hybrid individuals produce various forms of
intermediate vocalization (Hartog et al 2007).
Vocalizations in doves are thought to be genetically determined, rather than learned, and
are most likely controlled by multiple genes (Lade & Thorpe 1964. Nottebohm &
Nottebohm 1971; Baptista 1996; de Kort et al 2002, all in Hartog et al 2007). Although
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learning, and therefore cultural transmission, of vocal characteristics by birds has been
widely reported in passerines, it is largely unknown outside this group. Song learning
has been reported in just a few non-passerine groups, most notably the parrots and the
hummingbirds (Bretagnolle 1996). It therefore seems likely that the calls of petrel
species are genetically determined and not learned, although this question has not been
rigorously investigated. Chicks of the Snow petrel (Pagodroma nivea) reared by Cape
petrels (Daption capense) developed the calls of their own species (Bretagnolle 1996)
and in the penguins, the sister taxa to Procellariiformes, calls are not learned (Jouventin
1982). Meanwhile, Bolton (2007) speculates that geographic variation in calls within
petrel species is most likely due to genetic variation, rather than cultural transmission.
The intermediate-type call from Round Island has never been reported from the
population of P.arminjoniana on Trindade Island, nor has the intermediate plumage-type
(L.Bugoni, pers. comm.). There is also no genetic evidence of introgression of
P.neglecta mtDNA haplotypes into the Trindade population (Chapter 6). Therefore it
seems possible that hybridisation of P.arminjoniana and P.neglecta on Round Island has
resulted in the merging of two genetically determined call types, but that the calls of the
Trindade population remain pure because P.neglecta DNA has not introgressed into it.
However, this scenario is entirely speculative at present.
7.5 Conclusions.
The data presented in this chapter support the conclusion that hybridisation is occurring
between P.arminjoniana and P.neglecta on Round Island. Although the genetic basis of
vocalizations in petrels is unknown, intermediate call types are present on Round Island,
where there is genetic evidence of hybridisation, and absent from Trindade Island where
there is no evidence of hydridisation or genetic introgression from P.neglecta.
Morphometric measurements taken on Round Island also suggest that P.arminjoniana
and P.neglecta on Round Island are more similar in their morphology than populations
of these species from the Atlantic and Pacific Oceans. There is differentiation of
morphometric measurements between the different populations of P.arminjoniana and
similarly between the different populations of P.neglecta. This result, together with the
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distribution of feather lice amongst the populations, suggests that there is limited contact
and limited gene flow between the petrels of Trindade, Round Island and the Pacific.
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Chapter 8: General discussion.
The aim of this thesis was to determine the evolutionary relationships between petrel
populations, both above and below the level of species, using a combination of
molecular genetic techniques and traditional taxonomic characters. The study focused on
the petrels of Round Island in the Indian Ocean, but was also broadened to include
populations from Trindade Island in the South Atlantic and from several Pacific islands.
In addition, phylogenetic relationships amongst petrels from the Madeiran archipelago in
the North Atlantic were examined.
8.1 Origins of P.arminjoniana on Round Island.
Pterodroma arminjoniana were first recorded on Round Island by Jean Vinson in 1949,
and since that time it has been assumed that the colony was founded by birds originating
from Trindade in the South Atlantic. In this study a genetic comparison of the two
populations was undertaken for the first time. Microsatellite genotype data revealed
weak genetic structuring between the two islands, a situation which could result either
from a recent split between the two petrel populations, or from ongoing gene flow. The
migration rate between Round Island and Trindade, estimated from genetic data, is low,
a result which is supported by data from banding and recapture. In addition, petrels from
the different islands are host to different species of feather lice and display differences in
their morphometry. Therefore it seems likely that there is limited contemporary gene
flow between P.arminjoniana on Round Island and Trindade, and that the low level of
genetic structure between these two taxa is the result of a recent divergence.
Given the apparently low level of movement between the two islands, we might expect
that the Round Island population was founded by a small number of individuals and
therefore had suffered a population bottleneck. However, no genetic evidence of a
bottleneck was discovered in P.arminjoniana from Round Island, a result which seems
to contradict the conclusion that colonisation was recent. One possible explanation for
this finding is that hybridisation between P.arminjoniana and the genetically diverse
P.neglecta has obliterated the genetic signature of a population bottleneck in the Round
Island population.
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Further evidence for a recent split between the two P.arminjoniana populations comes in
the form of sequence data from the mitochondrial cytochrome-b gene. Identical cyt-b
haplotypes were shared by some petrels from Round Island and Trindade. Friesen et al
(2007) demonstrated that seabird populations separated by land barriers (such as
continental Africa) tend to show marked genetic structuring and reciprocal monophyly
of mtDNA sequences. This is not the case in P.arminjoniana, for which lineage sorting
between populations in the Atlantic and Indian Oceans has clearly not occurred.
However, the time required for lineage sorting in P.arminjoniana would be of the order
of several thousand years, therefore data from cyt-b haplotypes gives no indication
whether colonisation of Round Island occurred within the last century, as suggested by
historical records.
8.2 Evolutionary relationships amongst the Pterodroma.
The evolutionary relationships between P.arminjoniana and its close relatives
P.neglecta, P.heraldica and P.atrata have caused considerable debate among
researchers. The same is true for petrels of the Madeiran archipelago- P.madeira and
P.feae. In this study molecular phylogenetic approaches were used to explore the
evolutionary history of these taxa. Although sequence data for a fragment of the
mitochondrial cyt-b gene has previously been reported in P.arminjoniana, this thesis
represents the first occasion that sequences for the entire cyt-b gene have been recorded
in this species, and also the first occasion where phylogenetic analysis of sequences has
been conducted. No previous molecular work has been carried out on P.maderia or
P.feae.
Despite the similarity of their appearance and calls, and the close proximity of their
breeding sites (~40km apart), phylogenetic analysis of P.madeira and P.feae revealed
that the two populations have reciprocally monophyletic mtDNA haplotypes. Estimates
based on the molecular clock place the time since divergence of these two taxa at around
1 million years. Given that there are apparently no barriers to migration between these
two populations, the processes which have led to reproductive isolation between them
remain unclear. Nevertheless, it is the recommendation of this study that these two taxa
should be regarded as separate species.
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In marked contrast to the Madeiran petrels, P.arminjoniana and P.neglecta on Round
Island can be distinguished on the basis of both plumage and calls. Yet phylogenetic
analysis of cyt-b haplotypes provides no clear distinction between these two taxa.
Indeed, identical cyt-b haplotypes are shared by some individuals of the two different
species. Cyt-b haplotypes are also shared by P.arminjoniana from Round Island and
P.arminjoniana from Trindade, however no haplotypes are shared by P.arminjoniana
from Trindade and P.neglecta from Round Island. It seems unlikely that the haplotypes
shared by the two species on Round Island are the result of incomplete lineage sorting
(see Chapter 6), therefore they are instead an indication of incomplete reproductive
isolation between these two taxa. This conclusion is supported by other evidence, from
behavioural observation, microsatellite genotypes and morphometrics, that hybridisation
is occurring on Round Island. However, the lack of overlap between P.arminjoniana
haplotypes from Trindade Island and P.neglecta haplotypes from Round Island suggests
that genetic material from P.neglecta has not introgressed into the Trindade population.
A single bird identified as P.heraldica (and banded in Australia) has been observed
breeding on Round Island. The presence of the louse H.heraldicus in the Round Island
petrel population suggests that this is not the first occasion on which P.heraldica has
been present on the island. The cyt-b haplotype of P.heraldica was identical to a
haplotype found in both P.arminjoniana and P.neglecta on Round Island. This evidence
points to the possibility that P.heraldica may be hybridising with either P.arminjoniana,
P.neglecta, or both. Should it be confirmed, the hybridisation of three petrel species on
Round Island would be the first naturally occurring example of multispecies reticulate
evolution to be reported in vertebrates. Confirmation would require additional genetic
analysis, including data from nuclear markers, from the presumed parental populations
of P.neglecta and P.heraldica from the Pacific. A case of hybridisation between three
fish species has recently been documented by McDonald et al (2008), but this example
involved an introduced species forming a genetic bridge between two native species.
However, as the authors point out, it may be incorrect to assume a strictly bifurcating
pattern of descent for vertebrates in natural systems.
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Limited cyt-b sequence data is available for P.neglecta, P.heraldica and P.atrata from
the Pacific Ocean, and a phylogenetic analysis of this data was conducted, together with
cyt-b haplotypes from Round Island and Trindade. None of the currently recognised
species formed monophyletic groups, although the analysis produced a tree with four
clades that loosely corresponded to the different species. Given the time since
divergence of clades, as estimated using the molecular clock, this pattern seems more
likely to be due to secondary contact and interbreeding between species than to retained
ancestral polymorphisms. However, once again, additional genetic analysis would be
required for this hypothesis to be confirmed.
8.3 Hybridisation of P.arminjoniana and P.neglecta on Round Island.
In recent years, observation of the petrels on Round Island has suggested that
hybridisation may be occurring between P.arminjoniana and P.neglecta. Evidence
includes the presence of birds on Round Island with a plumage characteristic that is
intermediate between the two species (vanes of the primary feathers) and birds giving a
call that is intermediate between the calls of the two species. It has been hypothesised
that these intermediate birds are the F1 offspring of the two parental species.
Intermediate birds (as identified by the primary vanes) are indistinguishable from Round
Island P.arminjoniana on the basis of microsatellite genotype data. However they can be
differentiated from Trindade P.arminjoniana and Round Island P.neglecta. The level of
differentiation between Trindade P.arminjoniana and Round Island P.neglecta is greater
than the level of differentiation between Round Island P.arminjoniana/intermediate
birds and either of these two taxa. Indeed, cluster analysis of genotypes from Trindade
P.arminjoniana and Round Island P.neglecta was able to identify two distinct genetic
clusters, but when Round Island P.arminjoniana and intermediates were added this
distinction disappeared. When the supposed parental populations (P.arminjoniana from
Trindade and P.neglecta from Round Island) were explicitly specified as being
genetically distinct, it was still not possible to classify either Round Island
P.arminjoniana or intermediate birds as belonging to either group using microsatellite
genotypes. Intermediate birds on Round Island share cyt-b haplotypes with
P.arminjoniana from Trindade, P.arminjoniana from Round Island and P.neglecta from
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Round Island. They cannot be distinguished from either P.arminjoniana or P.neglecta
on Round Island on the basis of morphometric measurements.
In the absence of diagnostic genetic loci from the parental populations, it is difficult to
identify hybrid individuals on Round Island. However, birds with the intermediate
plumage type cannot be distinguished from P.arminjoniana on Round Island on the
basis of genetic or morphometric data. Indeed, the only detectable difference between
these taxa is the plumage character with which they were first identified. In addition, the
P.arminjoniana/intermediate complex appears to be more similar to P.neglecta on
Round Island, on the basis of both genetics and morphometrics, than are P.arminjoniana
from Trindade. Finally, P.neglecta on Round Island shares cyt-b haplotypes with
intermediate birds and P.arminjoniana from that island, but not with P.arminjoniana
from Trindade. These data suggest that, rather than being F1 hybrid offspring,
intermediate birds on Round Island are part of a hybrid swarm that has formed through
several generations of hybridisation and backcrossing between P.arminjoniana and
P.neglecta. Since P.arminjoniana are more common than P.neglecta on Round Island,
one would expect that back-crossed individuals would contain a larger proportion of
genetic material derived from P.arminjoniana, and would therefore appear more similar
to phenotypically pure birds of that species.
Although the genetic basis of plumage colouration in Pterodroma petrels is unknown, it
is possible to speculate how the intermediate plumage character seen in Round Island
petrels may have arisen. If we assume that the primary vane colour is controlled by a
single, bi-allelic gene, and that P.arminjoniana is homozygous for the ‘dark’ allele,
producing dark primary vanes and P.neglecta is homozygous for the ‘pale’ allele,
producing pale primary vanes, then F1 offspring of pure parents would be heterozygous
at this locus, possibly resulting in intermediate primary vanes. An F1 hybrid backcrossing with a pure P.arminjoniana would produce offspring with either intermediate
or dark primary vanes, yet these offspring would derive 75% of their genetic material
from P.arminjoniana and only 25% from P.neglecta. Therefore intermediate primary
vanes are not necessarily an indication of an F1 hybrid, and could be seen in birds that
derive a larger proportion of their DNA from one or other of the parental species. By
similar logic, birds displaying dark primary vanes, and therefore indentified as
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P.arminjoniana, could contain genetic material derived from P.neglecta. On Round
Island, P.arminjoniana are more common than P.neglecta, therefore we would expect
the population to contain a higher proportion of ‘dark’ alleles and most birds to be
homozygous ‘dark’ with only a small proportion of heterozygotes. Out of a total of 303
adult petrels caught on Round Island during the course of this study, only 26 displayed
the intermediate plumage type.
Although the scenario described above is entirely speculative, evidence from other bird
species shows that plumage polymorphism can have a very simple molecular basis.
Single point mutations in the melanocortin-1 receptor gene (MC1R) have been shown to
associate perfectly with plumage colour morphs in a number of distantly related bird
taxa. The Bananaquit (Coereba flaveola) is a small passerine that occurs in two plumage
morphs- yellow with a dark back and entirely dark. A single point mutation in the
MC1R gene of this species results in an amino acid substitution producing two alleles.
All yellow variants are homozygous for one allele, whilst heterozygotes and birds
homozygous for the other allele are dark (Theron et al 2001). In the Red-footed booby
(Sula sula), two point mutations in MC1R are associated with the three major adult
plumage types- white, white-tailed brown and brown. Moreover, the Nazca booby (Sula
granti), in which all adults are white, has the same genotype at MC1R as white morph
Red-footed boobies (Baião et al 2007). A similar genetic basis for plumage
polymorphism, involving the MC1R gene, has been documented in lesser snow geese
(Anser c.caerulescens) and arctic skuas (Stercorarius parasiticus) (Mundy et al 2004).
Petrels vocalizations on Round Island have also provoked speculation over
hybridisation. Whilst the calls of P.arminjoniana and P.neglecta are well known and
easily distinguishable, some birds on Round Island produce calls that appear to be
intermediate between those of the two resident species. However, as calls are given in
flight, it has not been possible to link a particular call with any other characteristics such
as plumage type, genotype or morphometrics. It seems likely that vocalizations in petrels
are under genetic control, rather than learned (see Chapter 7) and the proportion of
intermediate-type calls heard on Round Island is small compared to the proportion of
typical P.arminjoniana calls. Therefore if calls were determined by a single gene, or a
small number of genes, then a scenario similar to the one described for primary vanes
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above may also explain the pattern of vocalizations seen on Round Island. However,
nothing is known about the genetic basis of calls in Pterodroma, so the origin of
intermediate type calls on Round Island remains a mystery.
Intermediate plumage and vocalizations have not been reported from the population of
P.arminjoniana on Trindade Island. Trindade birds are distinguishable from P.neglecta
on Round Island on the basis of microsatellite genotypes, morphometrics and
reciprocally monophyletic mtDNA haplotypes. These data suggest that there has been no
introgression of P.neglecta DNA into the P.arminjoniana population on Trindade.
8.4 Implications of this research to conservation.
The conservation implications of this research relate to the genetic distinctiveness of the
taxa involved. If the goal of conservation is to protect the largest possible amount of
genetic variation, then detecting genetically distinct clusters of organisms, whether
above or below the level of species, is paramount. Species level classification holds a
central importance to conservation mandates, since the aims of conservation are often
phrased in terms of species. However, as described in Chapter 1, genetically distinct
populations below the level of species can usually also qualify for protective legislation.
The exact delimitation of species boundaries suffers from the ongoing debate over
species concepts.
The results detailed in Chapter 3 of this thesis describe a situation where molecular
genetic techniques have had a direct impact on conservation priorities. The taxonomic
status of petrel populations from Madeira and Bugio, based on morphology and
vocalizations, was undecided for several decades. Phylogenetic analysis revealed that
these two populations were genetically distinct and confirmed that they should be
regarded as separate species. The population on Madeira (Pterodroma madeira) is
extremely small, and should therefore be given the highest conservation priority. A
program of monitoring and predator control is currently underway on Madeira and it is
vitally important that this program continues in order to guarantee the survival of this
species.

194

The results of genetic and morphometric analysis of Round Island petrels (Chapters 5,6
and 7) are more difficult to interpret in terms of conservation status. Hybridisation
between P.arminjoniana and P.neglecta means that, according to the Biological Species
Concept, they should not be regarded as separate species. However, there appears to be
no introgression of P.neglecta DNA into the petrel population on Trindade Island. If
Round Island represents a stable hybrid zone then the genetic integrity of the parental
species could be maintained. The species status of P.arminjoniana and P.neglecta would
therefore be recognised according to the Phylogenetic Species Concept. There is some
debate over whether hybrid organisms should be given the same conservation priority as
genetically pure species. However, in the case of Round Island this seems to be a moot
point. Round Island is currently managed by the Mauritian Wildlife Foundation, with the
aim of protecting its unique fauna and flora. Access to the island is strictly limited and
quarantine procedures are in place to prevent the accidental introduction of alien species.
There are no mammalian predators present on the island, and introduced mammalian
herbivores have been removed. The petrels of Round Island, therefore, already receive a
high level of protection against environmental disturbance. The situation on Trindade is
very different. The island is extremely remote and is visited only by the Brazilian Navy,
who maintain a base there, and occasional researchers. Monitoring of the seabird
population is limited and the island has been colonised by introduced mice. Given the
apparently low level of migration between Round Island and Trindade, and the
possibility that Trindade P.arminjoniana represent a genetically pure population, then
birds on Trindade should be considered as a high conservation priority, independently of
birds on Round Island. Protection of these birds would require action from conservation
groups and the government in Brazil.
Phylogenetic analysis of P.arminjoniana, P.neglecta, P.heraldica and P.atrata does not
provide a clear distinction between these taxa, suggesting that reproductive isolation
between them is incomplete. However, the molecular phylogeny reveals a large amount
of genetic diversity within the group, and four distinct clades are evident, which appear
to have been independently evolving for a considerable time. Therefore reducing any of
these species to sub-specific status is not recommended at present, since this would
underestimate the amount of genetic variability contained within these taxa.
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8.5 Future directions
The research presented in this thesis reveals the tantalising possibility of a naturally
occurring hybridisation between three species of vertebrates. Should I continue with this
project, my first priority would be to obtain DNA samples from populations of
P.neglecta, P.heraldica and P.atrata from the Pacific in order to try and confirm this.
I would also be interested in investigating the genetic basis of plumage polymorphism in
Pterodroma petrels. The range of plumage types seen in some petrel species bears a
striking similarity to that seen in other bird species where polymorphism appears to be
controlled by the MC1R gene. Sequencing of this gene in petrels of known phenotype
may provide an insight into the basis of polymorphism in the Procellariiformes.
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Appendix A.
Purification of sequencing reaction product by ethanol precipitation.
For a 20µL sequencing reaction:
1.

Centrifuge reaction product at 100g for 60s.

2.

Add 5µL 125mM EDTA per reaction.

3.

Add 60µL 100% ethanol per reaction.

4.

Seal and invert plate 4 times.

5.

Incubate at room temperature for 15 minutes.

6.

Centrifuge at 3000g for 30 minutes (4°C).

7.

Immediately invert on tissue paper and centrifuge at 100g for 60s.

8.

Add 60µL 70% ethanol per reaction.

9.

Seal and centrifuge at 1650g for 15 minutes (4°C).

10.

Invert on tissue paper and centrifuge at 100g for 60s.

11.

Incubate at 55°C for 2 minutes to evaporate any remaining ethanol.

12.

Keep pellet frozen prior to resuspension in 10µL of Formamide.
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Measurements (mm)- tarsus (T), exposed culmen (EC), bill depth base (BB), bill depth centre (BC), bill depth tip (BT), wing (W), tail (TL).
Plumage descriptions- forehead (FH), around eye (EY), chin (CH), throat (TH), abdomen (AB), undertail coverts (UT), tarsus (TA), vanes of
primary feathers (WV).
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Details of Pterodroma skins examined at the Natural History Museum
Collection, Tring, Hertfordshire.
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Appendix C.
The wonderful world of R.
I am deeply indebted to Richard Nichols and Nathalie Pettorelli for their tranquil
guidance through R. Also helpful were Crawley (2007) and Everitt (2007).
1. Getting data into R.
The data needs to be saved as a tab delimited text file, which can be done from Excel. If
you have a Mac then the following command will load the data into R, attach it and
show you the column headings, just to make sure everything is hunky dory:
>mydata<-read.table("~/Desktop/location of your file/file name.txt", header=T)
>attach(mydata)
>names(mydata)
It is a good idea to check if there are any wildly improbable outliers in your data set
before doing anything else. Realising you made a typo in the original data file after
several hours of analysis does not a happy research student make. Do it like this:
>pairs(mydata)
2. Principal component analysis.
For this particular method of PCA the first column of the input data file must contain the
names or IDs of your individuals/samples, each row having a different name. There must
be no heading in this initial column.
First of all you need to test whether there are significant differences between the
variances of your variables. This can be done using the following commands. If there is
a significant difference in the variances you need to use scale=TRUE in the PCA code
later.
>bartlett.test(mydata)
>fligner.test(mydata)
Now you can do a principal component analysis! There are two commands that do this,
one of them (‘prcomp’) extracts principal components from a correlation matrix and the
other (‘princomp’) extracts them from a covariance matrix. There are pros and cons to
both of these methods (see Everitt 2007) but personally I use princomp because R is
reluctant to reveal the principal component loadings with prcomp.
>pca<-princomp(mydata, cor=T, scale=TRUE)
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You can then look at the principal component scores for each of your individuals, the
principal component loadings and the proportion of variance explained by each principal
component using:
>pca$scores
>loadings(pca)
>summary(pca)
Or for a visual representation of how each variable relates to principal components 1 and
2 use:
>biplot(pca)
Now hold onto your hats. This next bit of code looks horrendous but it will draw three
pretty graphs side by side showing a scatterplot of the PC scores for each of your
individuals along PC1 vs PC2, PC2 vs PC3 and PC1 vs PC3. It will even make the
points representing different groups different colours/shapes. To do this you need to
create a ‘dummy’ object showing the number of individuals in each group. So dummy<c(rep(1,9), rep(2,7)) comprises two groups, the first one having 9 members and the
second one having 7 members (in the order in which they appear in your data set). The
number of groups can be expanded as you wish.
>par(mfrow=c(1,3))
>plot(pca$scores[,1],pca$scores[,2], type='
n'
, xlab="PC1", ylab="PC2",
font.lab=2,font.axis=2)
>dummy<-c(rep(1,9), rep(2,7))
>points(pca$scores[dummy==1, 1],pca$scores[dummy==1, 2], pch=16,
col='
red'
)
>points(pca$scores[dummy==2, 1],pca$scores[dummy==2, 2], pch=16,
col='
green'
)
>plot(pca$scores[,2],pca$scores[,3], type='
n'
, xlab="PC2", ylab="PC3",
font.lab=2,font.axis=2)
>dummy<-c(rep(1,9), rep(2,7))
>points(pca$scores[dummy==1, 2],pca$scores[dummy==1, 3], pch=16,
col='
red'
)
>points(pca$scores[dummy==2, 2],pca$scores[dummy==2, 3], pch=16,
col='
green'
)
>plot(pca$scores[,1],pca$scores[,3], type='
n'
, xlab="PC1", ylab="PC3",
font.lab=2,font.axis=2)
>dummy<-c(rep(1,9), rep(2,7))
>points(pca$scores[dummy==1, 1],pca$scores[dummy==1, 3], pch=16,
col='
red'
)
>points(pca$scores[dummy==2, 1],pca$scores[dummy==2, 3], pch=16,
col='
green'
)
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3. Testing for significant difference between groups using multivariate data.
This method of checking for statistically significant differences between groups requires
the library ‘ade4’ which you can load as follows:
>library(ade4)
This time the data set does not require individual row names, however you will need to
create a separate text file detailing group membership of individuals in the data set (ie a
single column indicating which group the corresponding individual in the data set
belongs to (1,2,3…male,female…species 1, species 2…etc). Load both text files into R
as before, you might want to call the group file something original like ‘group’.
The group file is now a vector in R but we need to change it into a factor using the
following command. Don’t ask why, just do it.
>fgroup<-factor(group[,1])
And now do a PCA using the dudi.pca command (for a cryptic explanation of ‘dudi’
(=duality diagram) see Chessel et al 2004).
>dudi<-dudi.pca(museum, scan=FALSE)
You can examine your data with the following functions:
>s.corcircle(dudi1$co)
>scatter(dudi1)
Now do a discriminant function analysis using the principal components you have
generated.
>dis<-discrimin(dudi, fgroup, scan=FALSE)
You can get some very professional looking graphs now using the function below. They
show the barycentre of each group and an inertia ellipse for each group (though this is
not a confidence interval ellipse), which is a way of visualising the groups (A-M Dufour,
pers comm.). If, like me, you don’t have the foggiest idea what this means then probably
best not to use them.
>plot(dis)
And finally, the all important p-value. This significance test involves random
permutations of the original data (in this case 999 times) followed by a comparison of
your observed value with the simulated values. You can also plot the result as a lovely
histogram.
>test<-randtest(dis, nrepet = 999)
>plot(test)
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4. Discriminant function analysis.
This time the input file must have different names for each row, no species heading and
a column specifying group membership of each individual (in the following example
this column has the heading ‘group’). The first type of test involves choosing a subset of
the data (a training set) to derive the discriminant function, then testing how well it
works at classifying the remaining data. The following functions will randomly choose a
training set and show you how many individuals from each group have been chosen. N
is the number of individuals in your data set (ie. the number of rows) and x is the number
of individuals you want to be included the training set.
>train<-sample(1:n, x)
>table(mydata$group[train])
You will need to load the library ‘MASS’. You can then train the discriminant function
and store it as an object using the ‘lda’ command (linear discriminant analysis). You do
not have to specify the prior probabilities of group membership but in this example they
are specified for two groups with equal probability of membership to either group (nb. if
the number of groups were three, equal priors would be written as (1,1,1)/3):
>library(MASS)
>dis<-lda(group~.,mydata,prior=c(1,1)/2,subset=train)
Now get the function to predict the group (eg. sex or species) of individuals not in the
training set:
>predict<-(predict(dis,mydata[-train,])$class)
And compare the prediction with the true groupings:
>nontrain<-mydata[-train,]
>cbind(nontrain,predict)
A second type of discriminant function test is called the ‘leave-one-out cross validation’.
This test uses all the data, but leaves out each individual in turn, calculates the
discriminant function using all the remaining individuals, and reclassifies the left-out
individual on the basis of its own data. It then calculates the posterior probability of
membership to each group for that individual. The individual is assigned to the group for
which is has the highest probability of membership.
>dis2<-lda(group~.,mydata,prior=c(1,1)/2,CV=T)
>dis2$posterior
For a visualization of how well the discriminant function has performed at classifying
individuals, the posterior probabilities for each group can be plotted as a histogram. If
most of the values for each group are close to 1 then the function has performed well.
You need to tell R which individuals to plot in each histogram by row number, so n1 is
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the row number of the last individual in group 1, n1+1 is the row number of the first
individual in group2, n2 is the row number of the last individual in group 2 and so on.
>par(mfrow=c(1,2))
>group1<-dis2$posterior[,1]
>hist(group1[1:n1])
>group2<-dis2$posterior[,2]
>hist(group2[n1+1:n2])
Of course, nothing is more persuasive than a graph with lots of different coloured points
on it, so you can do that as well. The ‘scaling’ part gives you the coefficients of the
linear discriminant. The second lot of commands draw the graph- if you only have two
groups (and therefore one discriminant function) the x-axis will show each individual in
the order in which it appears in the data set, whilst the y-axis will show the discriminant
score for each point. If you have more that two groups you can plot one discriminant
function against another (third set of commands). P is the number of variables
(columns), n is the number of individuals (rows). If you can make the points different
colours to what R chooses then you’re a better man than me.
>dis3<-lda(group~.,mydata,prior=c(1,1)/2)
>dis3$scaling
>par(mfrow=c(1,1))
>xvals=rowSums(mydata[,1:p]*matrix(dis3$scaling[,1],nrow=n,ncol=p,byrow=T))
>plot(xvals,col=1+as.integer(mydata$group),pch=16)
>xvals=rowSums(mydata[,1:p]*matrix(dis3$scaling[,1],nrow=n,ncol=p,byrow=T))
>yvals=rowSums(mydata[,1:p]*matrix(dis3$scaling[,2],nrow=n,ncol=p,byrow=T))
>plot(xvals,yvals,col=1+as.integer(mydata$group),pch=16)
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