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Abstract A stable evidence-based taxonomy is a critical requirement for the effective future conservation of
the albatrosses. Recently published partial molecular phylogenies are in broad agreement with respect to the
structure of the evolutionary tree for most named taxa, but the analytical methods used to create them have
been seriously criticised and they must be considered provisional at best. A further problem is that their
authors reach startlingly different conclusions regarding the numbers of taxa which should be recognised
as species; 13 vs. 24. Here, we attempt to resolve this situation by supplying full length mitochondrial
cytochrome b data presently missing for 2 taxa, carrying out thorough phylogenetic analyses meeting the
requirements of published prescriptions and taking into full account other sources of new molecular data
and contemporary opinions on albatross nomenclature and the status of taxa. We provide general support
for the published trees and critically evaluate claims regarding how many taxa represent full species. Some
genetic distances between pairs of taxa are so small that considerable weight of alternative evidence is
required to support any decision leading to a recommendation to split them. We note that the empirical
boundary between consensus and controversy falls at or around 1% DNA sequence divergence and further
that few, if any, commentators recognise taxa that are separated by less than 0.1% as being valid species.
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INTRODUCTION

Albatrosses are a long-lived charismatic component
of the oceanic avifauna. They presently face many
threats from pollution of the marine environment
and the activities of international fishing fleets
(Croxall & Gales 1998, Mills & Ryan 2005). These
problems are compounded by their intrinsically
slow rate of reproductive increase, with most
species raising only 1 chick every year or every 2
years, and losses due to disruption of breeding pairs.
The situation is dire, but not impossible, and a new
international agency, the Parties to the Agreement
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on the Conservation of Albatrosses and Petrels
(ACAP) has been set up to oversee the situation.
This body recognises that a key factor in the
effective conservation management of these species
is a good understanding of species descriptions and
distributions (ACAP 2005). As a first step towards
this goal they have set up a Taxonomy Working
Group (TWG) to critically review the published
data and make recommendations to the ACAP via
the annual meeting of their Advisory Committee
(AC).

Albatross systematics has a long and complex
history (Christidis & Boles 1994, 2007, OSNZ
Checklist Committee 1990, 2010). During the
last 300 years biologists have produced formal



descriptions of more than 80 separate taxa (ACAP
2009). Until recently these were entirely based on
morphology, occasional reports of field observations
and behavioural anecdotes. In recent times, it has
become conventional for the entire assemblage to
be bundled into just 2 genera (Jouanin & Mougin,
1979); Phobetria (sooty albatrosses) and Diomedea
(everything else) with variable numbers of species
and subspecies (e.g. Sibley & Monroe 1990 list 14
species). The application of molecular methods
began about 10 years ago with an examination of
those on thislist (Nunnetal. 1996) and later expanded
to 22 taxa and included most of the recognised
subspecies (Nunn & Stanley 1998). This work was
based on examination of full length nucleotide
sequences from mitochondrial cytochrome b genes
and was incorporated into a synthetic proposal for
all 24 named taxa entitled ‘Towards a new taxonomy
for albatrosses” (Robertson & Nunn 1998).

The operative word in the title of this work is
‘towards’ and reflects the intent of the authors that
this be regarded as a working hypothesis, rather than
an exhaustive evaluation of all available evidence.
In short, all 24 taxa were raised to species level.
Despite the caveat above, this suggestion has been
generally well received, but not universally adopted
in its entirety (Brooke 2004, Onley & Scofield 2007),
i.e,, mostauthors accept most, butnotall, of the splits
while keeping their own counsel regarding which
ones. Perhaps the strongest feature of the Robertson
and Nunn (1998) model is their re-establishment of
4 genera (after Alexander ef al. 1965); Phobetria and
Diomedea are retained, but the latter now restricted
to just the large royal and wandering albatrosses,
while 2 new genera Phobastria (containing all
Northern Hemisphere taxa) and Thalassarche
(smaller albatrosses sometimes commonly known
as ‘mollymawks’) are established. These generic
names have been widely adopted by recent authors
(Tickell 2000, Brooke 2004, Christidis & Boles 2007,
Onley & Scofield 2007, OSNZ 2010). The strongest
critics of their model (Penhallurick & Wink 2004)
accepted the 4 genera, but lumped the taxa into
just 13 species. They based this decision on their
interpretation of a ‘Multidimensional Species Concept’
(MDSC) after Mayr (1996), as applied to their novel
phylogenetic analysis of the Procellariformes. This
study (and to some extent those carried out by
their predecessors) has been extensively criticised
in turn (Rheindt & Austin 2005). One key point
is that the MDSC had simply been reduced to a
‘barcoding’ (see Methods) decision process based on
uncorrected nucleotide sequence divergence, where
only taxa separated by greater than 1% divergence
were recognised as species. Uncritical application
of this view in the mistaken belief that it reflects
a consensus can lead to confusion. For instance,
Lindsay (2008) tries to adopt (p.114) both the 24
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and 13 taxon models simultaneously via a covert

‘superspecies’ approach.

Overall, the short comings of the present
situation can be summarised:

(i) The cytochrome b dataset is incomplete with
only 22 of 24 described taxa represented.

(ii) The 2 leading published phylogenetic analyses
are congruent, but independently inadequate.

(iii) There hasbeen inappropriate and/or inconsistent
adoption and use of species concepts in these
previous reports.

(iv)Investigators have missed the opportunity to
incorporate new molecular data from other
loci — notably mtDNA control region sequences
from shy albatross (Abbot & Double 2003a,b),
black-browed, and wandering albatrosses (Burg
& Croxall 2001, 2004, respectively).

Here we attempt to fill the gaps in (i) by supplying

mitochondrial cytochrome b data for the 2 missing

taxa: white-capped (T. steadi) and northern (=Pacific)

Buller’s albatross (T. bulleri platei; see Methods for

recent changes to common and scientific names for

taxa). We address (ii) by carrying out a thorough
phylogeneticanalysisof the24 taxondatasetintended
to satisfy all previously published criticisms and
supply a full matrix of genetic distances between
taxa. Finally, we consider the taxonomic ranking
of the terminal branches in our tree(s) to the extent
that this gene is informative about those rankings

and consider opinions based on the new data in (iv)

in the light of published commentary on (iii) from

ACAP and others in the sources above.

METHODS

Tissue samples and DNA extraction

Extracts were isolated from frozen liver samples
taken from by-catch autopsies and provided by
C.J.R. Robertson with reference numbers; 54014 for
T. steadi and 54245 for T. platei. The DNA extracts
were originally made by van Bekkum (2004) using
methods described in van Bekkum et al. (2004) and
stored frozen at -80°C.

PCR amplification and DNA sequencing

The mitochondrial cytochrome b target was
amplified from template DNA (5 pL each reaction)
using the L14863/H16065 primer pair under the
reaction conditions and thermal cycling regime
described by Nunn et al. (1996). The quality and
quantity of dsDNA amplification products were
estimated by agarose gel electrophoresis. Products
from reaction giving clean single bands of the
expected size (~1200 bp) were purified using Roche
High Pure kits according to the manufacturer’s
instruction. Fluorescent dideoxynucleotide cycle
DNA sequencing services were provided by the
Allan Wilson Centre at Massey University, Albany
Campus and data returned as electronic files.
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Table 1. Albatross taxa examined in this study with names after ACAP (2009) including subspecies. * The data for these

taxa are new to this study.

Common Name Scientific Name GenBank #
Genus Phoebastria:
Short-tailed albatross D. albatrus U48952.1
Waved albatross P. irrorata U48951.1
Laysan albatross P. immutabilis U48949.1
Black-footed albatross P. nigripes U48950.1
Genus Diomedea:
Southern royal albatross D. epomophora AF076049.1
Northern royal albatross D. sanfordi U48946.1
Tristan albatross D. dabbenena U48947.1
Antipodean albatross D. a. untipodensis AF076047.1
Gibson’s albatross D. a. gibsoni AF076050.1
Amsterdam albatross D. amsterdamensis U48948.1
Wandering albatross D. exulans AF076048.1
Genus Phoebetria:
Sooty albatross P. fusca U48942.1
Light-mantled albatross P. palpebatra U48943.1
Genus Thalassarche:
Indian yellow-nosed albatross T. carteri AF076091.1
Atlantic yellow-nosed albatross T. chlororhynchos U48944.1
Grey-headed albatross T. chrysostoma U48954.1
Campbell albatross T. impavida AF076093.1
Black-browed albatross T. melanophris U48955.1
Buller’s albatross T. b. bulleri U48945.1
Pacific albatross T. b. platei EU024821*
Chatham albatross T. eremita AF076092.1
Salvin’s albatross T. salvini AF076094.1
Shy albatross T. cauta U48953.1
White-capped albatross T. steadi EU024820*

Data analysis

The DNA sequence files were checked carefully
by eye to eliminate misassigned bases and full
sequences assembled using DNAStar Inc Lasergene
software package. Further quality assurance checks
were made by translating the ORFs into protein
sequences and making sure that they corresponded
totypical cytochrome b protein sequences containing
neither stop codons nor non-conservative amino
acid substitutions. These consensus sequences
were further checked for close nucleotide sequence
matches to their close relatives (see below). These
2 sequences have been deposited in GenBank with
acquisition numbers (EU024820 and EU024821).
They were then combined into an extended data
set with the sequences for other taxa as used by
Penhallurick & Wink (2004) but independently
downloaded from the NCBI database (http://www.
ncbinih.gov/). We also downloaded outgroup
sequences for giant petrel (Macronectes giganteus)
and grey petrel (Procellaria cinerea). However, since
we discovered that both of these taxa are now
represented by 2 slightly divergent cytochrome b
sequences we imported both for each respectively:

AF076060* + U48941 for M. giganteus differ by
0.88% and AP009191 + U48940* for P cinerea differ
by 0.35%. Those marked (*) were the ones used in
Penhallurick & Wink (2004). A full list of the taxa
examined is given in Table 1.

First, we constructed a Neighbour Joining tree
with PAUP* 4.0b10 (Swofford 2002) using all 28
sequences and assembled a matrix of uncorrected ‘p’
distances followed by bootstrap repeats with a 1000
pseudoreplicates to obtain bootstrap support values.
Next, we carried out a cladistic parsimony analysis
in PAUP* 4.0b10 with characters unordered and
using a branch and bound search which returned
just 1 shortest tree. The procedure was repeated with
1000 pseudoreplicates to obtain bootstrap values
and then rerun with tv/ts weightings of 2:1 and 3:1
which yielded the same shortest tree. Finally, we
ran a maximum likelihood (ML) analysis in PAUP*
4.0b10 using the model of nucleotide sequence
evolution (K81 + I+ G) recommended by ModelTest
V 3.06 software (Posada & Crandall 1998) under the
Aikake Information Criterion (AIC). The procedure
was repeated with 100 pseudoreplicates and fast
search setting to obtain bootstrap values. We note in



passing that preliminary analyses using TVM + G,
JC and HKY85 models of evolution gave the same
result. Further details of analytical parameters and
methods are given for the tree diagram in Figure 1
and Table 2. Finally, we analysed the data using the
GTR+I+G model with all parameters estimated from
the data, as implemented in the program GARLI
(Zwikl 2006), to obtain both a best-fit maximum
likelihood tree and branch support values based on
a 1000 pseudoreplicate bootstrap run.

We did not perform extensive Bayesian analyses
principally because the 3 independent methods
above had already returned identical trees showing
that the tree estimate for these data is insensitive
to tree estimation procedure. There are also other
technical and practical reasons for this decision:
1) Bayesian tree estimation with flat priors on
the trees reduces to likelihood-weighted survey
of reasonably likely trees and as such provides
little information beyond the conventional ML
procedure, and 2) a conventional ML tree can be
computed from our data in reasonable time and
hence there is no need for Bayesian tree estimation
as a shortcut. However, we did run quick checks
using MrBayes (Hulsenbeck et al. 2001) at default
settings under the F81 and HKY + I + G models of
evolution and demonstrated that both return the
same tree identical to the one produced by ML and
other methods of analysis.

Taxonomic approach

We advocate a ‘total evidence’ approach
which amounts to diagnosis of taxa as reliably
differentiated as based on all available published
information. The sections below outline our
position on the use of molecular distance data and
phylogenetic separation in relation to systematic
and nomenclatural considerations.

DNA barcodes

This is a relatively new initiative. An international
consortium is building an open access ‘Tree of Life’
based on biological classification using short DNA
sequences from a standardized region of the genome
(e.g. Stoeckle 2003, Edwards 2005). The preferred
target is a 648-bp region of the mitochondrial
cytochrome ¢ oxidase subunit I gene (COI). These
sequences are used to create a public library of
‘DNA barcodes’ linked to reliably identified and
fully described specimens.

The leading assertion underlying this
programme is that there is general concordance
between mtDNA gene trees and species trees. This
is based partly on empirical observations and partly
on assumptions based on extrapolation. Hence,
the organisers note that genetic variation forms a
discontinuous hierarchy paralleled by taxonomic
levels. It is then often taken to be the case that
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taxa whose COI sequences differ by more than 1%
are good species, although this value may differ
for some sets of taxa or when other genes (e.g.
cytochrome b) are used (Newton 2003).

This approach was recently applied to 260
species of North American birds and found to work
well (Hebert ef al. 2004). However, the method is not
without its pitfalls and inherent limitations and has
attracted a number of influential critics (e.g. Moritz
& Cicero 2004). For instance, Hickerson et al. (2006)
warn that DNA barcoding will fail to discover many
animal species. However, the true key diagnostic
criterion for declaring a ‘barcoding species’ is that
the range of genetic distances between individuals
within the limits of the proposed species should
be significantly smaller than those between them
and members of other species. This is effectively
a form of phylogenetic species concept based on
phenetic distance analysis (see Discussion). It is
clear that multiple taxon sampling is a minimum
requirement to support such claims and any wider
application of single cut off values must be taken as
both hypothetical and provisional.

Species concepts in birds

A wide variety of species concepts is available for
biologists to choose (e.g. Claridge et al. 1997). For
birds, making the right selection is particularly tricky,
since many pairs of taxa become morphologically
or behaviourally distinct long before they lose the
capacity to interbreed. Historically, the traditional
favourites have been morphological, biological and
phylogenetic (diagnostic) type concepts, together
with their modern counterparts, the General Lineage
and Multidimensional Species Concepts (Helbig ef al.
2002). These authors combine diagnostic characters
with evolutionary trajectory as a practical approach
to resolving the dilemma of selecting an appropriate
concept. Their advice has been followed by ACAP
(2006) and by OSNZ (2010).

It is clear that once 2 taxa permanently cease to
exchange genes they are on an inevitable pathway
leading to genetic, morphological and behavioural
divergence leading eventually to reproductive
isolation (Randler 2006). Buthow can an observer tell
where particular taxa are actually positioned on this
pathway at any given time? Assortative mating in
sympatry can be a good clue, as occurs in the black-
browed albatrosses on Campbell Is (see Discussion).
Allopatric populations provide an extra challenge.
For instance, even strong natal philopatry has not
lead to divergence of the 2 southern populations
of T. b. bulleri on The Snares and Solander Is (van
Bekkum et al. 2004). However, the microsatellite
data do show that they are genetically separable
from the more distant northern populations of T. b.
platei (van Bekkum 2004), despite the similarity of
their cytochrome b sequences reported here.
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The problem of avian subspecies is even more
difficult (Zink 2004). How can one decide what is
and what is not a subspecies when it is so difficult
to say what species are in the first place? For birds,
such fine distinctions can still be of value, but
their reliability tends to depend on the group(s)
of taxa under examination. It is well known that
particularly well-studied groups may be over
divided (Phillimore & Owens 2006).

Albatross nomenclature

The scientific and common names applied to
albatross taxa have been in a constant state of flux as
each succeeding wave of taxonomic revision breaks
upon the field. Luckily, there are many excellent
technical guides to this history (Brooke 2004; ACAP
2005, 2006, 2009, Onley & Scofield 2007, Christidis
& Boles 2007, OSNZ 2010). Below we review some
tricky problems that have recently been resolved.

In the wandering albatrosses (‘exulans complex’),
the taxon formerly known as D. chionoptera has now
been established as D. exulans as first described by
Linnaeus (Medway 2006). A new type specimen
has been described Schodde et al. (2009), and now
generally adopted under the common name of
wandering albatross, although some authors (Onley
& Scofield 2007) still prefer to call it snowy albatross
after the common name originally attached to D.
chionoptera. Also in this group, the Antipodean
albatrosses (taxon labels antipodensis and gibsoni)
have been lumped as subspecies. However, the
authors above prefer the term New Zealand
Albatross for the pair.

In the genus Thalassarche, the 2 black-browed
albatrosses include the widespread form T.
melanophris. For many years this has also appeared
under the correct spelling melanophrys (Brooke
2004) but the Rules of Zoological Nomenclature
require retention of the original incorrect spelling
(ACAP 2009). Next, the taxon label platei, used
to describe the northern populations of Buller’s
albatross, must be dropped as the type specimen is
reported (Robertson & Nunn 1998) to be a juvenile
of the southern form, T. b. bulleri. These authors
suggest T. sp. nov. as a provisional name until an
new type specimen can be described. This would
be appropriate if this taxon held up as a full species,
but since most do not support this view the term T.
ssp. nov. might be more correct (Onley & Scofield
2006). As Christidis & Boles (2007) and OSNZ
(2010) point out, the original observation was not
supported by published evidence hence one must
resort to T. b. platei as we have done here. Finally, the
term “mollymawk’ which was often used to describe
the smaller albatrosses that make up this genus has
now fallen into disuse.

Two other taxastill remain tobenamed. These are
the distinct lineage of the dark-eyed form of black-

browed albatross nesting on the Falklands (Burg
& Croxall 2001) and the isolated population of P.
nigripes described by Edwards et al. (2001). We note
that the latter probably only represents an isolated
inbred population characterised by possession of
an otherwise rare mtDNA haplotype. Consequently
it is, therefore, unlikely to be recognised even at
subspecific level.

The nomenclature system used here follows
ACAP practice. OSNZ (2010) has a similar list but
lump T. steadi and T. cauta as subspecies arguing
that the former is a Tasmanian population of the
latter, the data of Abbott & Double (2003a,b) not
withstanding. Birdlife International also follow
ACAP but go further and split antipodensis from
gibsoni based on plumage features as mentioned in
the text.

RESULTS

The 2 new sequences passed our quality assurance
tests and were almost full length, lacking only 21 nt
from the 5" end. These checks showed that our T.
platei sequence was most similar to that of T. bulleri,
and similarly, T. steadi was closest to T. cauta. These
observations are consistent with the Robertson &
Nunn (1998) model. All tree-estimation methods
produced the same best-fit topology with the
same relative branch lengths. Figure 1 shows this
tree optimised under the K81 + I + G maximum
likelihood model. The results under alternative ML
models are indistinguishable to the eye. Internal
nodes on this figure are numbered sequentially.
Almost all internal branches have high bootstrap
support across all methods; bootstrap scores
are given in Table 2. In the Bayesian analyses, all
posterior probablites under the F81 model were
> 98% and under the more general HKY + I + G
model they generally reflected the same order
as the bootstrap values in the ML analyses. For
example, the least well supported node 17 has
bootstrap <50% and a posterior probability of 62%,
with all other values >90% except for node 6 (81%)
and node 12 (88%; full figures are available from
the authors on application). This demonstrates the
now conventional 4-genus arrangement of taxa and
matches those reported earlier (Nunn & Stanley
1998; Robertson & Nunn 1998; Penhallurick & Wink
2004) with the addition of the 2 extra albatross
taxa and the duplicate outgroups. The matrix of
uncorrected ‘p’ distances between pairs of taxa is
given in Table 3.

DISCUSSION

We have produced the first complete mitochondrial
cytochromeb gene tree forall24named albatross taxa
based on single accessions (i.e., 1 DNA sequence/
taxon). The tree is robust to estimation methods with
high boot strap support for most branches. It can



Fig. 1 Best-fit maximum
likelihood tree estimated by
PAUP and GARLI. The branch
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r M. giganteus U48941

lengths are optimised here
using the K81 +I+ G maximum
likelihoodmodelrecommended
by MODELTEST but all other
models give the same tree
with virtually identical branch
lengths. The ML score (log
likelihood) under this model
is -4534. Internal nodes are 1
numbered as in the table of
bootstrap scores (Table 2)
and nodes accepted as valid
monophyletic groups on the
gene tree are shown by thick
lines.

L M giganteus AF076060
I P. cinerea U48940

L P. cinerea AP009191

P. albatrus

P. irrorata
P. immutabilis

P. nigripes

— 0.01 substitutions/site

thus be taken as indicating that there is strong signal
in the data that may reflect historical relationships
between those female lineages which carried these
mitochondrial genomes. We acknowledge that
gene trees based on mtDNA characters may not
correspond exactly to species trees and that gene
trees are necessarily dichotomous due to the mode
of inheritance of this particular genome. We also
acknowledge that we have no information on intra—
taxon variation (see our comments on barcoding
in the Methods). Furthermore, as the majority of
internal branches are short in our tree, caution must
guide our interpretations. The ‘p” distances of 0.35-
0.88 in the 2-sample outgoups illustrate this point
well. However, we must be equally careful with
respect to the values themselves, since we have
no background information to show how closely

9 I D. epomorphora
D. sanfordi

D. dabbenea

D. a. antipodensis & D. a. gib soni
11 % D. amsterdamensis

2 Lp. exulans

LE P. fusca
P. palpebrata

13 16 I- T. carteri
T. chlororhynchos
T. chrysostoma
18

L[ T. impavida
19
T. melanophris

17 T. b. bulleri
21

T. b. platei
20 T. eremita
23

T. salvini
22

T. cauta

24

T. steadi

related or otherwise the 2 pairs of outgroup taxa
might be in taxonomic terms.

The 2 additional taxa are placed next to their
closest relatives in accord with expectations. The
T. b. platei sequence shows minimal divergence
(0.09%) from T. b. bulleri. The T. steadi sequence
is placed in the ‘shy albatross complex’ together
with T. cauta, T. salvini and T. eremita, but closest
to T. cauta. This finding is in accord with evidence
discussed at length in ACAP (2006) for the cauta/
steadi pair and in ACAP (2009) for salvini/eremita.
Hence, we think that it is permissible to make the
provisional claim that this particular arrangement
of the 24 taxa enjoys general support. Further, we
believe that the comprehensive set of phylogenetic
analyses that we have carried out are sufficient to
satisfy the observations of Rheindt & Austin (2005)
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Table 2. Bootstrap scores by node under a range of tree-estimation methods. Nodes judged to have sufficient evidential
support in these data to be accepted as delineating a monophyletic group on the gene tree are marked * here and are shown
in bold on Figure 1.

Bootstrap score % Gene-tree
Node id # nodes with
Asin Fig. 1 NJ with ‘p’ Unw?ighted ML- PAUP ML -GARLI bOOtStI'aF
distances parsimony (K81 +1+G) (GTR+IJTG? suppor
Branch & Bound  ‘fast’ bootstrap full heuristic
1 100 100 100 100 *
2 100 100 85 86 *
3 100 100 100 100 *
4 100 100 91 100 *
5 100 99 98 99 *
6 <50 58 73 71
7 97 92 92 92 *
8 100 100 96 100 *
9 100 100 99 100 *
10 100 96 88 87 *
11 52 88 75 80
12 <50 60 55 66
13 80 77 82 74
14 100 100 95 97 %
15 100 100 97 98 *
16 100 100 97 99 *
17 55 69 <50 66
18 87 81 94 93 *
19 100 99 99 100 *
20 96 92 64 93 *
21 100 100 100 100 *
22 87 67 53 73
2 98 99 95 100 *
24 95 97 72 95 *

on deficiencies in prior analyses of the restricted 22
taxon dataset (Robertson & Nunn 1998, Penhallurick
& Wink 2004). The fact that this mtDNA gene tree
is robust may help explain why our present results
match those reported earlier. But even if this set of
relationships may be said to be established beyond
reasonable doubt, this is not to say that these will
remain unchanged when more extensive data from
other mitochondrial targets (e.g. for Control Region
as reported by Burg & Croxall, 2001, 2004, Abbot &
Double 2003a,b, or for COI as observed by Cassidy,
Steel & Chambers, unpubl. data) or nuclear loci (e.g.
for flanking regions and central repeat units of

microsatellite loci as reported by van Bekkum 2004)
become available for all 24 taxa, rather than for
limited subsets of them. We do note the conventional
reservation that although data from further mtDNA
targets have the potential to add to the existing
phylogenetic signal in the present dataset, the
mitochondrial genome should still be regarded as
a single locus. Equally, if it should eventually prove
possible to increase the number of cytochrome b
sequences per taxon, then the extended haplotype
distributions may blur taxon boundaries. Where this
has been achieved for some taxa using other targets
such as the mtDNA control region (see below) the
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Table 3. Continued. resultant data have supported the proposed splits
and even finer subdivisions, particularly between
allopatric populations of general morphotypes
such as the various black-browed albatrosses (Burg

N . & Croxall 2001).
We now turn to the rather more vexed question
§ of how best to label the terminal taxon on each
° S branch: how many of them really merit species
N S rank? Final decisions in this regard go beyond
o o a simple molecular approach. However, an
L X important feature in any such debate is selection of
™ S 8 an appropriate species concept to fit the biological
o e e situation (see Methods). For relatively simple data,
Y2 such as those considered here, one tends to be
a 9 g limited to the diagnostic version of the phylogenetic
<3 L 22 2 species concept (Cracraft 1983, Mayden, 1997) which
emerges as a version of the barcoding paradigm
85 8 38 under MDSC (Penhallurick & Wink 2004). The
- 8 § g E PSC has the well-known potential to inflate species
o S S S o counts as in extremis each different DNA sequence
w o oo o might be taken to represent a separate species.
Xz 8 R Thus, prudent investigators should properly collect
~ 8 & 8 2 5 multiple DNA sequences to represent each taxon.
o e e e e-° This must be done to show that the finite variation
2NNy g within the taxon is bounded and well removed from
BB NN NS its nearest neighbour in phylogenetic space. Indeed,
= == = === the same requirement strictly applies equally to
barcoding studies in a general sense, but is rarely
55 &8 9 o % practical.

§ § § ﬁ g g § The efficient, but not robust, alternative is to
& . 3 S S 3 S 3 S establish some cut off value for sequence divergence
W oo e o« e e above which taxa are considered species. The cut off
s 9§ g e gl gy value should be selected with an eye to population
o g5 88 &8 8 8 8 sizes, the rate of evolution of the molecular target
- e e e e e e e- and the rate of speciation among the taxa under
R R RS stu(;ly. In practige, it more often comes down to
ERN2IEZRILN G asking how far diverged well established or ‘good’
®© = == == S = species pairs might be. This looks like a reasonable
and objective procedure, but is actually full of all
L YRR QYL pitfalls. Not least of these is the near truism that
cdz8zadzdaa all the difficult cases will almost certainly be more
= I O S S 3 S 5 S S 3 S closely related than the exemplars. The greater
G o6 oo o oo o — danger is that simple decision rules like a single cut
2 X PO IDET LIS off number have a natural authority to persuade
© S 5858888858385 885 well beyond all reasonable expectations of their
— e e e e e e e e e e actual performance. Nonetheless, we certainly agree
O = © 4 © & N B = oA that adopting a 1% ‘p’ distance cut off provides
R EEEEEEERES evidence for around 13 organism-level splits. To
wl, 222222z :zsz22¢e¢8 go beyond this based on cytochrome b data alone
would be a step too far in our opinion. Rather, it
is the case that further splits must be argued on
g the balance of total evidence and made despite
g g 2 the contrary impression created by the small ‘p’
= £ 2 3 “§ < distance values. The tree itself is entirely in accord
s T8 28583 Efosw with the proposed relationships between taxa that

T 8§55 E% 8 s g 8 have emerged based on other evidence.
A AR R HEEEBNERERBEE In their survey work for ACAP, the TWG follows
2222238838 S8NR Helbig et al. (2002), who use a relaxed version of the



General Lineage Species Concept and starting (as
we have here) from the species rich arrangement
of Robertson & Nunn (1998) in which pairs were
lumped again if there is insufficient published
evidence of all types to support the split. We can
now proceed to examine their recommendations
(ACAP 2006, 2009) in the light of our cytochrome
b sequence evidence for divergence between pairs
of closely related birds. It will be clear from what
follows that the general application of a cut off
value of 1% divergence may be inappropriate for
such a recent radiation. This view is established
from consideration of many cases and based on a
wide variety of molecular and other evidence.

At the outset we observe that the branches
within the genera Phoebetria (the 2 sooty albatrosses)
and Phobastria (4 northern hemisphere albatrosses)
lead to well resolved singletons and are regarded
as good species by all recent commentators. Our
cytochrome b trees give no grounds to question this
position.

The genus Diomedea is divided in our gene tree
into clades containing the 2 royal albatrosses and the
5 wandering albatrosses. The former are recognised
by TWG in 2007 as D. epomorpha and D. sandfordi
on the basis of well-established morphological and
plumage differences. The cytochrome b distance is
only 0.08% and when considered alongside their
potential to interbreed must leave this decision open
toreview. Indeed, ACAP (2006) lumped the isolated
population breeding on Adams Is in the subantarctic
as a subspecies of those breeding on the Antipodes
Is; D. a. gibsoni and D. a. antipodensis, respectively.
Their decision was made in face of characteristic
retention of darker juvenile plumage by adult
female Antipodes birds, their distinct foraging
patterns (Walker & Elliot 2006) and lack of gene
flow between members of these 2 geographically
distinct populations (Burg & Croxall 2004). These
taxa have identical cytochrome b sequences (Nunn
& Stanley 1998) and control region sequences, but
do show some differentiation at microsatellite loci
(Burg & Croxall 2004). The 3 remaining members of
Diomedea are provisionally recognised as species by
ACAP (2006) and other recent publications (Brooke
2004, Onley & Scofield 2007) and reviewed by TWG
in 2008 (ACAP 2009). However, their cytochrome b
distances range from 0.5% between D. exulans and
D. amsterdamensis and 0.9% between D. dabbenea and
each of the other two. Taken in isolation such values
would not support there being more than one good
species in this group. Burg & Croxall (2004) support
the exulans/dabbenea split based on their distinct
mtDNA control region lineages.

The genus Thalassarche is the most complex clade
and consists of 5 subclades. First, the Indian and
Atlanticformsoftheyellow-nosed albatross (T. carteri
and T. chlororhyncus, respectively) are recognised at
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species level by TWG in 2007 (ACAP 2009) based
largely on breeding distributions and qualitative
morphological characters (Marchant & Higgins
1990, Robertson 2002). This pair has also diverged
quite recently and their cytochrome b distance is
only 0.4%. Thus, although the cytochrome b tree
does not contradict their separation from the other
9 taxa in this genus, it is not sufficient in isolation to
justify splitting the yellow-nosed taxon pair.

The second subclade, the grey-headed albatross
(T. chrysostoma), is a singleton and is accepted by all
authors at species level. In our tree, it groups with
the 2 black-browed albatrosses (T. impavida and T.
melanophris), but is well separated (‘p’ distances:
1.8 and 2.0%, respectively). Hence, this particular
species hypothesis is supported by the cytochrome
b data.

The third subclade comprises the 2 members
of the impavida/melanophris pair. The cytochrome b
sequences differ by 0.8% between these 2 species
but they have been decisively separated by Burg &
Croxall (2001) on the basis of independent genetic
evidence and can be recognised by the colour of the
iris; red in black-browed albatross (T. melanophris)
and pale (straw) in the Campbell albatross (T.
impavida). They have recently been reported as
breeding in sympatry on Campbell Is, but have
distinct calls and mate assortatively (Moore et al.
1997), although they are capable of hybridising
when the sex ratio of one form is skewed (Moore et
al. 1997, 2001). This view was supported by TWG in
their 2008 report (ACAP 2009).

The fourth subclade involves the 2 forms of
Buller’s albatross. No recognised authority presently
grants them full species status (e.g. Brooke 2004,
Onley & Scofield 2007, ACAP 2009) despite the
large geographic separation of their breeding sites
(>900 km) and observations of Robertson & Nunn
(1998) that they breed at different times. Our new
data confirm the close relationship between them
with a minimal “p” distance of only 0.09%, a value
otherwise strongly indicative that they are con-
specific. The nomenclature suggested for this pair
is the Buller’s albatross (T. b. bulleri), breeding on
Snares and Solander Is, and northern (or Pacific)
Buller’s albatross (T. b. platei), breeding 2 months
earlier at Three Kings Is and at 2 sites in the Chatham
Is. Onley & Scofield (2007) suggest T. b. ssp nov is
preferable to T. b. platei, which would be more
correct if Robertson & Nunn (1998) had provided
published evidence to support their view regarding
the type specimen (see Methods). Microsatellite
data and assignment tests (van Bekkum 2004)
show that these breeding stocks are genetically
differentiated and probably no longer interbreed to
any significant extent. However, their separation is
clearly recent and it has been argued that there are
few real grounds even for granting them subspecific
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status (ACAP 2006). Our cytochrome b data support
this latter position.

Finally, the shy albatross complex consists of 4
taxa which deserve most careful attention, since they
are very closely related and were formerly classified
as members of a single species (e.g. Marchant &
Higgins 1990). Our new data cover this group as
a whole for the first time. The findings presented
here justify the TWG approach of treating them as 2
pairs of 2 taxa: T. cauta + T. steadi (ACAP 2006) and
T. salvini + T. eremita (ACAP 2009), as shown in Fig.
1. The ‘p” distances between pairs reflect this view
being around 1% between the pairs but only 0.2%
between T. cauta and T. steadi and 0.3% between
T. salvini and T. eremita. Hence, they should not be
grouped into a single species even under the strict
Penhallurick & Wink (2004) decision framework.
Further, ACAP (2006) presents extensive total
evidence arguments for the recognition of T. cauta
and T. steadi at specific level and similarly ACAP
(2009) for T. salvini and T. eremita.

Taking all of the above together it is clear that
taxa separated by ‘p” distances of 1% or greater are
widely recognised at species level. At the other end
of the scale there are few reliable sources that split
pairs of taxa with ‘p” distances equal to or less than
0.1%. Those pairs of taxa with intermediate values
must be viewed holistically. Here we see examples
of pairs of taxa with “p” distances as low as 0.2 or
0.3% for which there is other good evidence to show
that they satisfy the Helbig et al. (2002) criteria for
recognition as good species. Newton (2003) collated
reports that show many avian species are separated
by as much as 6 — 10% cytochrome b divergence.
However, there are several instances where this
value may be as low as 0.1%. This author concludes
that “..... there can be no fixed degree of genmetic
divergence that defines a speciation event.”

In summary, a mitochondrial gene tree has
been prepared for 24 albatross taxa. It includes 22
nominate species whose relationships have been
recognised by other authorities with abundant
support from other data sources. The list (after
ACAP 2009) is provisionally identical with Onley &
Scofield (2007) and differs only from Brooke (2004)
and OSNZ (2010) by splitting cauta and steadi. These
totals are subject to change as new data emerge.
There are 2 remaining enigmatic taxa that we have
not had the opportunity to examine here. The first
is the unique Falklands Is lineage of black-browed
albatross recorded by Burg & Croxall (2001). The
second is the isolated Japanese population of P.
nigripes described by Edwards et al. (2001). At first
sight the available evidence would seem to support
species status for the former, but not the latter. Of
course, it would be desirable to have more extensive
molecular data, especially from rapidly evolving
nuclear loci, for these and indeed all taxa to aid in

making such decisions. Recent technical advances
by Bakstrom et al. (2008) and Kimball et al. (2009)
have opened up many new genetic targets for
analysis in avian molecular systematics and have
already been applied across a wide range of bird
orders with considerable success (Hackett et al. 2008)
albeit associated with obviously high experimental
costs. However, in the case of the albatrosses, the
rarity of nucleotide variation data reported for
chromosomal regions flanking microsatellite loci by
van Bekkum (2004), suggests that very large nuclear
targets will need to be examined to gain much in
the way of resolving power.

We conclude by noting that our study shows
comparatively short DNA sequences can give robust
gene trees displaying hypothetical evolutionary
relationships between taxa. Such trees may be of
assistance in recognising conservation priorities,
but our experience also shows clearly the dangers
inherent in using just one type of information or
overly simple and/or unsupported decision rules to
determine what is or what is not a good species.
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