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Species are the fundamental units of biology, ecology and conservation, and progress in
these fields is therefore hampered by widespread taxonomic bias and uncertainty.
Numerous operational techniques based on molecular or phenotypic data have been
designed to overcome this problem, yet existing procedures remain subjective or incon-
sistent, particularly when applying the biological species concept. We address this issue
by developing quantitative methods for a classic technique in systematic zoology, namely
the use of divergence between undisputed sympatric species as a yardstick for assessing
the taxonomic status of allopatric forms. We calculated mean levels of differentiation in
multiple phenotypic characters – including biometrics, plumage and voice – for 58 sym-
patric or parapatric species-pairs from 29 avian families. We then used estimates of mean
divergence to develop criteria for species delimitation based on data-driven thresholds.
Preliminary tests show that these criteria result in relatively few changes to avian taxon-
omy in Europe, yet are capable of extensive reassignment of species limits in poorly
known tropical regions. While we recognize that species limits are in many cases inher-
ently arbitrary, we argue that our system can be applied to the global avifauna to deliver
taxonomic decisions with a high level of objectivity, consistency and transparency.
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Biodiversity can be subdivided into a range of cate-
gories from genes to ecosystems, but it is the
species category in particular that underpins much
of biology, ecology and conservation (May 1990,
Mace 2004, de Queiroz 2005). Although it can be
argued that species limits are not important for
understanding evolution, or even speciation
(Winker et al. 2007, Mallet 2008), they have a
major influence on biogeography, community ecol-
ogy and macroecology, all of which rely on
estimates of species richness, abundance and distri-
bution (Agapow et al. 2004, Isaac et al. 2004,
Tobias et al. 2008). Moreover, species are crucial
to conservationists and policy-makers, who use
them as units for prioritizing action and formulat-
ing national and international law, and who
therefore require species delimitation to be consis-

tent and transparent (Ryder 1986, Collar 1997,
Agapow 2005, Garnett & Christidis 2007).

The emphasis on species is here to stay for a
variety of biological and cultural reasons, and yet
the same can be said of the ‘species problem’ (Hey
2001, Hey et al. 2003). Biodiversity tends to segre-
gate neatly into discrete species at any given local-
ity, and therefore taxonomic confusion is negligible
in sympatry. However, the wider picture is greatly
complicated by geographical variation and the
gradual evolution of reproductive isolation in allo-
patry. Lineages diverge slowly, and taxonomy
involves placing cut-offs somewhere along the
transition from populations to species. For this
reason, amongst others, it is generally agreed that
no species concept can fully capture the arbitrary
nature of species boundaries (Stebbins 1969,
Hendry et al. 2000, Hey 2006, Wiens 2007, Joseph
& Omland 2009). This element of subjectivity
means that species classification is best viewed as a
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‘man-made system of pigeonholes’ devised for the
purpose of subdividing biotic variation into conve-
nient units (Dobzhansky 1937). To ensure that
these ‘pigeonholes’ are comparable entities, we
need a man-made system of taxonomic criteria
that maximizes consistency and transparency, and
hence objectivity.

Decisions in avian taxonomy were once
relatively uncontested matters for a small
museum-based community, but in the past few
decades several factors have tended to destabilize
species lists. For example, the biological species
concept (BSC), whose cornerstone principle is
reproductive isolation (Dobzhansky 1937, Mayr
1942), has been partly replaced by various alterna-
tives. These include the phylogenetic species con-
cept (PSC), whose cornerstone is diagnosability
(Cracraft 1989), and the monophyletic species
concept (MSC), whose cornerstone is monophyly
(Mishler & Donoghue 1982). The instability
caused by shifting species concepts has been accel-
erated by the rapid development of molecular ana-
lysis, which has led to major advances in our
understanding of the historical descent of lineages,
but also to widespread acknowledgement that
degrees of genetic divergence cannot easily be
translated into species limits (Edwards et al. 2005,
Winker et al. 2007, Joseph & Omland 2009, Win-
ker 2009). Meanwhile, other sources of bias and
confusion have emerged simply because there is
broader participation in the taxonomic evaluation
process, involving academics, national committees,
amateur naturalists, conservationists, and the
authors of textbooks and field guides (e.g. Rowlett
2003, Chaitra et al. 2004).

The main outcome of these changes is taxo-
nomic uncertainty, which in turn has led to a pro-
liferation of quantitative methods designed to
improve the rigour of species delimitation. Many
of these techniques are of limited utility, however,
because they are geared to comparing taxa on the
basis of detailed phenotypic (Wiens & Servedio
2000) and genetic datasets (Sites & Marshall 2003,
2004, Knowles & Carstens 2007, Shaffer & Thom-
son 2007). To be effective, these datasets need to
be sampled from multiple populations, individuals
and loci, and they are therefore often expensive
and time-consuming to compile. Proponents of
genetic barcoding have sought to accelerate the
process by delimiting species en masse (Hebert
et al. 2004), but barcodes cannot replace taxon-
omy for a variety of reasons, not least because they

reflect a single locus or character (see Moritz &
Cicero 2004, DeSalle et al. 2005, Meyer & Paulay
2005, Will et al. 2005, Elias et al. 2008).
Meanwhile, we face escalating threats to the envir-
onment and continuing uncertainty about how
many species it supports (May 1988, Collar 2003,
Tobias et al. 2008).

One possible solution is to refine the classic tech-
nique of using the degree of phenotypic divergence
in sympatric species to guide judgements about
allopatric taxa. The logic of comparing divergence
in putative species against that found between
undisputed sympatric species can be traced back to
leading European ornithologists of the early 20th
century, including Ernst Hartert and Walter Roths-
child. The procedure was later championed by
Ernst Mayr (1969). In its traditional format, it
involved simple visual comparisons of museum spe-
cimens, and was therefore open to subjectivity and
misinterpretation. It was not until the end of the
20th century that it was rephrased in a quantitative
framework. This step was taken by Isler et al.
(1998), who established criteria for species designa-
tion in antbirds (Thamnophilidae) based on song
divergence in eight sympatric species-pairs. This
approach laid the foundations for a series of taxo-
nomic re-appraisals (Isler et al. 1999, 2005, 2007,
2009, Braun et al. 2005), but it is only relevant to
antbirds and antbird vocalizations (Zink 2006).

An attempt to introduce broader procedural
consistency was made by the British Ornitholo-
gists’ Union in its ‘guidelines for the application of
species limits to sympatric, parapatric, allopatric
and hybridizing taxa’ (Helbig et al. 2002, hereafter
‘the BOU guidelines’). These proposals – summar-
ized in the Supporting Information Table S1 – were
based on quantifying the number of differences
between pairs of taxa, and making a rough compar-
ison of their phenotypic and genetic divergence
with that found in related pairs of sympatric
species. The BOU guidelines succeeded in adding a
quantitative dimension to Mayr’s (1969) proce-
dure, and a degree of uniformity and efficiency to
the taxonomic decision-making process. However,
the guidelines lack clarity in key areas, including
the methods for divergence evaluation. Most
importantly, they provided no explicit recommen-
dations for (i) judging the number or magnitude of
differences required to trigger species status,
(ii) limiting the influence of trivial differences, or
(iii) comparing divergence in different types of
trait, e.g. songs vs. plumage. A more detailed
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appraisal of the BOU guidelines is provided in
Appendix S1.

In this paper, we build on the advances of Isler
et al. (1998) and the BOU guidelines by develop-
ing a revised set of criteria based on direct quantifi-
cation of divergence in multiple traits. We assess
divergence in a sample of sympatric species, then
use this to calibrate thresholds for species status in
allopatric or parapatric taxa. Finally, we discuss the
strengths and weaknesses of the system based on
the results of empirical tests against current sub-
species limits. The main goal is to produce a sys-
tem that is simple and rapid enough to be applied
to all birds, quantitative enough to satisfy the need
for rigour and repeatability, and transparent
enough to allow taxonomic decisions to be traced
and evaluated. Before presenting our system of
thresholds we outline our position regarding sev-
eral relevant issues, including species concepts,
paraphyly and the use of genetic data.

SPECIES CONCEPT

The PSC, MSC and BSC all fall under the general
lineage concept of species (de Queiroz 1998).
They are not so much species conceptualizations
as criteria for recognizing species, each emphasiz-
ing a different line of evidence for lineage separa-
tion (de Queiroz 2007). Discrepancies between
them arise because they focus on different stages
of the speciation process. A typical sequence of
events for two recently separated lineages begins
with the evolution of diagnostic differences (the
hallmark of the PSC), then reciprocal monophyly
(the hallmark of the MSC) and finally reproductive
isolation (the hallmark of the BSC). Thus, any
system of taxonomic guidelines must begin by
defining which of these standards will be used to
delimit species.

The PSC and MSC are valuable tools for study-
ing evolution and diversification, but they have
some drawbacks as a basis for species taxonomy.
First, the criterion of reciprocal monophyly is not
always easy to pin down because each gene has its
own evolutionary history that is not necessarily
congruent with that of other genes, or indeed
populations (Coyne & Orr 2004). Secondly, when
using a rapidly evolving gene like mitochondrial
DNA (mtDNA), monophyly can either arise very
early in the speciation process or long after specia-
tion is complete, depending on whether popula-
tions have the opportunity to hybridize (Funk &

Omland 2003, Irwin et al. 2009, Joseph & Omland
2009). Thirdly, strong inferences of monophyly are
only possible when geographically intermediate
populations have been adequately sampled
(Remsen 2005). Fourthly, the criterion of diagno-
sability is problematical because there is no clear
limit to how subtle a diagnostic difference can be,
which opens the door to unconstrained taxonomic
inflation via character triviality (Collar 1997,
Johnson et al. 1999, Isaac et al. 2004, Mace 2004,
Garnett & Christidis 2007, Winker et al. 2007).
This is a serious consideration in tropical archipela-
gos or mountain ranges, where a vast number –
many tens of thousands – of subtly divergent,
sedentary populations are likely to be monophy-
letic (Phillimore & Owens 2006, Phillimore et al.
2008), or diagnosable by at least one minor trait
(Collar 1997, Price 2008).

Our criteria are based on the BSC, not because
it is ‘right’ but because it has some advantages as a
framework for global taxonomic treatments. In par-
ticular, it relies on the semi-objective criterion of
reproductive isolation, which applies a relatively
fixed and broadly intuitive limit to species diversity.
These are important considerations, particularly for
conservationists and legislators (Collar 1997, Mace
2004, Winker et al. 2007). The BSC is often chal-
lenged on the grounds that it struggles to deal with
hybridization, and distorts evolutionary history by
grouping non-monophyletic populations together
as taxa (Rosen 1978, Cracraft 1983, Donoghue
1985). These objections are justified but not fatal,
first because modern applications of the BSC allow
hybridization between species (e.g. Johnson et al.
1999, Helbig et al. 2002), and secondly because
non-monophyletic species are often an accurate
reflection of biological reality (see below). A more
serious drawback is that decisions on the status
of allopatric taxa are essentially subjective and
arbitrary because without geographical contact
there can be no direct test of reproductive isolation
(Mayr 1942, Brown & Wilson 1956, Cracraft 1989,
Zink & McKitrick 1995). Again, this need not be
fatal as arbitrariness can be minimized using direct
comparisons with sympatric species (Isler et al.
1998, Johnson et al. 1999, Winker 2010, this
study).

PARAPHYLY AND HYBRIDIZATION

Paraphyly, which is anathema to many cladistic
systematists, lies at the core of many taxonomic
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disputes. Paraphyly in gene trees often reflects (i)
incomplete lineage sorting (i.e. the failure of gene
lineages to fix along species lineages), or (ii) hybri-
dization and selective introgression (Funk &
Omland 2003, Wang et al. 2008, Joseph &
Omland 2009, McKay & Zink 2010). These are
common features of biological systems because
hybridization may continue long after speciation,
and the sorting of ancestral polymorphisms may
continue long after hybridization has ceased (Cran-
dall et al. 2000, Edwards et al. 2005, Rosenberg
2007, Carling & Brumfield 2008, Wang et al.
2008). Thus, paraphyletic gene trees are wide-
spread even in geographically or reproductively
isolated lineages.

Perhaps more importantly, intraspecific para-
phyly can be reflected not only in individual gene
trees, but at the level of populations. Indeed,
population-level paraphyly appears to be common-
place in the case of peripatric or ‘budding’ specia-
tion (Frey 1993), in which reproductive isolation
evolves rapidly in a spatially isolated population
embedded within a widespread taxon, leading to
paraphyly of the ancestor (Harrison 1998, see
fig. 2 in Funk & Omland 2003). This may occur,
for example, when a continental form colonizes an
island, or expands its range into different habitats,
such that ecological selection drives phenotypic
evolution, and thereby speciation (see Losos et al.
1997, Schluter 2009). Evidence of this form of
paraphyly can be found in a wide variety of taxa,
including birds (Talbot & Shields 1996, Hedin
1997, Omland et al. 2000, Salzburger et al. 2002,
Zink et al. 2009).

There are two schools of thought regarding the
taxonomic treatment of population-level para-
phyly. One is that it reflects ‘incorrect taxonomy’
and can be rectified simply by matching species
limits to monophyletic groupings based on
mtDNA (McKay & Zink 2010). Many recent
papers propose splits on this basis. For example, it
has been suggested that Corvus corax clarionensis
should be elevated to species level to avoid para-
phyly with respect to Corvus cryptoleucus (McKay
& Zink 2010), or that the Motacilla flava ⁄ Motacilla
citreola complex requires further subdivision to
eliminate paraphyly (Pavlova et al. 2003), despite
the fact that these revisions would break up
phenotypically homogeneous groupings.

We take the opposing view, that a distinctive,
reproductively isolated lineage can be classified as
a species even though it is nested within a pheno-

typically homogeneous ancestor. To clarify, if sub-
species A and B are phenotypically similar, but
genetically and geographically interposed by a
third divergent and reproductively isolated taxon
C, it does not follow that the classification of C
as a separate species must necessarily trigger the
splitting of A and B (Lee 2003, Coyne & Orr
2004, Nordal & Stedje 2005, Zander 2007,
Joseph & Omland 2009). It is clear that lumping
non-sisters in this way results in a mismatch
between species and clades. However, we concur
with Lee (2003), who argued that ‘this mismatch
is precisely what makes the species category
worthy of special recognition: species are not
merely another type of clade, but a different type
of biological entity altogether’. From this perspec-
tive, useful information is lost when taxonomy is
forced to reflect gene trees by either over-lump-
ing daughter and parent species, or over-splitting
inherently paraphyletic taxa, and thereby ignoring
the evolutionary reality of the nested lineage (see
Hedin 1997, Harrison 1998, Funk & Omland
2003, Coyne & Orr 2004, Joseph & Omland
2009).

A related area of disagreement involves hybri-
dization, which occurs between a surprisingly
large proportion of avian species (Grant & Grant
1992, McCarthy 2006), even long after speciation
(Price & Bouvier 2002, Mallet 2005). While it is
therefore important that any concept of avian
species admits a degree of hybridization (Johnson
et al. 1999), this leaves open the question of
where we should place the cut-off point between
species and subspecies. No resolution to this issue
is in sight, as demonstrated by numerous incon-
sistencies in the taxonomic treatment of hybridi-
zation: many distinctive taxa that hybridize
frequently across broad contact zones are classi-
fied as species (e.g. Melanerpes aurifrons and
Melanerpes carolinus; Emberiza leucocephalos and
Emberiza citrinella; Vermivora pinus and Vermivora
chrysopterus), whereas others with similar or
reduced levels of hybridization are lumped (e.g.
Dendroica coronata coronata and Dendroica coro-
nata auduboni; Pheugopedius nigricapillus nigrica-
pillus and Pheugopedius nigricapillus castaneus)
(Price 2008, Brelsford & Irwin 2009, Irwin et al.
2009). The aim of our system is to classify hybri-
dizing taxa as species where the degree of diver-
gence between pure phenotypes exceeds a
threshold set by known parapatric and sympatric
species.
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MOLECULAR TAXONOMY

Molecular data can reveal the historical descent of
lineages and the extent of gene flow between
them. These insights are relatively easy to interpret
in the case of genera and families, and phylogenetic
analyses are therefore revolutionizing higher-level
systematics in birds (e.g. Chesser et al. 2007,
Hackett et al. 2008). Genes are also informative in
species-level taxonomy, particularly when popula-
tions meet, in which case divergence or mono-
phyly in genetic markers indicates that mating is
assortative, or that hybrids are inviable. In most
cases, phylogenies are therefore capable of reveal-
ing cryptic species in geographical contact (e.g.
Sorenson et al. 2003, Toews & Irwin 2008, Benk-
man et al. 2009, Brambilla et al. 2009), or near
contact in the case of dispersive taxa (e.g. Cibois
et al. 2007, Dávalos & Porzecanski 2009). Even so,
it is worth bearing in mind that the gene trees of
sympatric or parapatric populations regularly fail
to reflect species limits as a result of incomplete
lineage sorting, or hybridization and selective
introgression (Ballard & Rand 2005, Alström et al.
2008a, Irwin et al. 2009).

Allopatric populations are also routinely delim-
ited on the basis of relatively simplistic molecular
approaches, such as mtDNA monophyly or ‘diag-
nosability’ (e.g. Zink 1994, García-Moreno &
Fjeldså 1999, Abbott & Double 2003, Dietzen
et al. 2008, Techow et al. 2009). This approach is
much more contentious because, without geogra-
phical contact between populations, molecular
data are less informative about species limits
(Helbig et al. 1995, Sangster 2000a, Edwards et al.
2005, Wiens 2007, Winker 2010). Most impor-
tantly, mtDNA often sorts completely in isolated
lineages long before the evolution of reproductive
isolation or even phenotypic divergence (Helbig
et al. 1995, Hendry et al. 2000, Phillimore et al.
2008, Price 2008). In other words, lineages are
bound to qualify as independently evolving units
even after a relatively brief allopatric phase. Treat-
ing all such entities as species can lead to taxo-
nomic chaos, particularly in the montane or insular
tropics where barriers to gene flow abound. In
effect, a taxonomy based on this approach may
reflect either (i) barriers to dispersal and gaps in
distribution or (ii) biases in the availability of
genetic data, rather than more fundamental attri-
butes such as reproductive isolation or phenotypic
divergence. Of course, many intraspecific lineages

will become reproductively isolated in future as
divergence continues, and thus our species limits
should not be interpreted to mean that anything
falling below these limits is unimportant to conser-
vation. We argue that all independent evolutionary
lineages should be treated as units of conservation
significance, but not necessarily as species (Meiri &
Mace 2007).

We do not mean to imply that genetic analyses
cannot contribute to species delimitation of allopa-
tric forms under the BSC. On the contrary,
comparing molecular divergence with that found
between irrefutable species is clearly useful inas-
much as it ‘gives a rough indication of how likely
it is that reproductive incompatibilities have
evolved between two taxa’ (Helbig et al. 2002).
We therefore agree that taxonomic decisions
should be based on the maximum number of avail-
able characters (de Queiroz 1998, 2007, Sites &
Marshall 2004, Winker 2009), and that the ideal
scenario involves a combination of ecological,
behavioural, phenotypic and genotypic data (e.g.
Yoder et al. 2005, Alström et al. 2008b, Leaché
et al. 2009, Cadena & Cuervo 2010). However,
molecular data are typically unavailable in the
required format (i.e. sampled throughout species’
ranges from multiple individuals and at multiple
loci). Indeed, for most taxa, appropriate genetic
samples may not be generated for decades, and
thus a standardized molecular taxonomy is not yet
feasible, even for a relatively well-known group
like birds. In the meantime, the best available data-
sets for global treatments involve phenotypic char-
acters.

In summary, molecular data are a mixed blessing
for the BSC. On the one hand, we suggest that
genes should take precedence as a taxonomic char-
acter in cases of known geographical contact
between breeding populations, particularly when
they reveal assortative mating. On the other hand,
our system of criteria may provide a more useful
framework for taxonomic decisions in cases of allo-
patry or extensive hybridization. In the version
presented here, we focus on phenotypic divergence
and exclude molecular divergence, largely because
of the patchiness of genetic data and the extent of
disagreement about how they should be applied to
species limits (Edwards et al. 2005, Knowles &
Carstens 2007, Price 2008, Joseph & Omland
2009, Winker 2009). Nonetheless, our system is
designed to use any form of quantitative evidence,
including thresholds of molecular divergence. We
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hope that such thresholds can be developed and
incorporated when more extensive comparative
data are available (see Discussion).

METHODS

Our approach is based on measuring phenotypic
divergence in undisputed species to establish
thresholds for a taxonomic scoring system. The
following sections serve as a rationale for this
technique and as guidelines for its application; the
background and methods we provide for quantify-
ing divergence between sympatric and parapatric
species can be directly transferred to comparisons
between any pair of allopatric taxa. Note that
thresholds set in the following section are based on
data presented in the Results.

Throughout, we use ‘trait’ to mean a broad class
of phenotypic differences (plumage, song,
biometrics, etc.), and ‘character’ to mean any diag-
nostic difference identified by a cross-taxon com-
parison. We assume that characters (i) can be
described, measured or counted and (ii) are consis-
tently present in members of the same age and ⁄ or
sex class of a population, on the basis of which that
population can be classified as a taxon. The most
relevant characters for our purposes are morpholo-
gical (e.g. size and shape), visual (e.g. plumage col-
our and pattern), acoustic (e.g. pitch and pace) and
behavioural (e.g. courtship display or nest type). It
is worth observing here that allopatric disjunction,
however great, is not in itself a character, and
should not be taken as evidence of species status.

Species delimitation by phenotype

The use of phenotype to delimit species has some
drawbacks but many advantages. In particular,
phenotypic characters are often determined by
multiple genes, and thus an assessment of numer-
ous phenotypic characters is more likely to reflect
divergence across the genome than are molecular
methods dependent on limited sampling of loci.
Of course, museum taxonomists have long been
making use of phenotypic datasets, although they
have typically been restricted to a partial set of
characters visible in specimens. The BOU guide-
lines continued to emphasize the importance of
divergence in morphological and plumage traits,
but gave less space to other forms of phenotypic
divergence, such as vocal and behavioural traits. In
recent years, the availability of these additional

datasets has improved greatly, and we believe that
this paves the way for a new set of criteria that
incorporates a more complete set of phenotypic
characters in a quantitative framework.

The use of vocal characters in avian taxonomy
has increased dramatically in recent decades for
three main reasons (Isler et al. 1998, Alström &
Ranft 2003). First, acoustic signals often play a
central role in species recognition and mate choice,
and therefore mediate reproductive isolation in
many avian systems (Catchpole & Slater 1995,
Baker & Boylan 1999, Slabbekoorn & Smith 2002,
Marler & Slabbekoorn 2004, Price 2008, Toews &
Irwin 2008). Indeed, vocal characters often provide
a better indication of species limits and relation-
ships than morphological characters (e.g. Martens
et al. 2003, Päckert et al. 2003, Rheindt et al.
2008). Secondly, the use of songs and calls to deli-
mit species has several practical advantages, not
least the ease and economy of sound recording and
analysis (Remsen 2005). Thirdly, collections in
sound libraries (e.g. British Library Sound Archive,
London) and on the internet (e.g. http://www.
macaulaylibrary.org; http://www.xeno-canto.org)
now rival museum specimen collections and online
genetic databases in the diversity of taxa repre-
sented, and the depth of sampling per taxon.

Ecological divergence also provides a clue to the
reproductive compatibility of taxa, particularly as
hybridization between distinct ecomorphs or
migratory types may lead to hybrid inviability
(Price 2008). However, most ecological data may
only be tangentially helpful, as many species vary
geographically in their microhabitat requirements,
a circumstance that low sampling effort can mask.
Moreover, an ecological difference between two
closely related taxa would probably covary with a
morphological, acoustic or behavioural difference
(Losos et al. 1997, Patten et al. 2004, McCormack
& Smith 2008), so that ecology is not necessarily an
independent factor. On the other hand, strict spe-
cialization in habitat preferences, along with other
key ecological factors such as foraging behaviour,
choice of nest-site, timing of breeding season, host-
use (in brood parasites) and even migratory
pattern, may have a bearing on taxonomic status
(Sorenson et al. 2003, Friesen et al. 2007, Rissler &
Apodaca 2007, Rolshausen et al. 2009).

Finally, innate behaviours unique to a taxon or
group of related taxa may have taxonomic signifi-
cance. For example, the split of Hippolais opaca
from Hippolais pallida (with its races elaeica, reiseri
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and laeneni), proposed in Ottosson et al. (2005), is
reinforced by the fact that all races of pallida share
a tail-dipping habit which opaca lacks. Differences
in innate courtship behaviours are particularly
likely to be relevant, whereas learnt or plastic
behaviours, such as tameness, are less useful and
should be discounted. We emphasize that this does
not apply to the underlying structure of songs,
reflected in basic measurements such as peak fre-
quency and pace of notes, which have a largely
genetic basis, even in oscine passerines with a high
degree of song learning (Marler & Slabbekoorn
2004).

Assessing phenotypic divergence under
the BSC

Museum skins cannot reveal the vocalizations,
behaviours and ecological traits underlying mating
preferences and zygotic compatibility in the living
bird. Therefore, taxonomy traditionally rests on
the evidence of phenotypic characters that play an
uncertain role in reproductive isolation. The BOU
guidelines responded to this issue by asserting that
‘it does not matter whether or not characters used
in diagnosis are relevant to the birds themselves’.
This approach was theoretically sound because
‘any property that provides evidence of lineage
separation is relevant to inferring the boundaries
and numbers of species’ (de Queiroz 2007). How-
ever, we are not merely trying to identify lineages
that have separated, but those that have separated
in such a way that they are likely to be reproduc-
tively isolated.

From this perspective, the most appropriate
taxonomic characters will be those contributing
directly to reproductive isolation. A single charac-
ter that makes such a contribution must inevitably
have greater significance than several characters
that do not. In other words, minor differences in
gene sequences, or in characters like bill length and
shade of plumage coloration, explicable as adapta-
tions to local environments, are perhaps unlikely to
represent barriers to interbreeding, whereas the
opposite will be true of differences in characters
related to courtship or species recognition (Marler
1957, Konishi 1970, Grant & Grant 1997, 2008).
By the same logic, large differences in any pheno-
typic trait are more likely to reflect lineage separa-
tion and reproductive isolation than small
differences. Previous criteria generally gloss over
vocal or behavioural differences, and lump

together minor and major phenotypic differences
as characters with equal weighting (if they are
‘diagnosable’). Our system focuses more attention
on mating signals such as songs and displays, and
weights all characters according to the degree of
their divergence.

It is worth pointing out that even selecting tar-
get taxa for comparison raises challenges (Appen-
dix S1). The choice is relatively straightforward
when a ‘species’ is made up of only two disjunct
subspecies. However, with an increasing number of
subspecies the pattern of character distribution can
become highly complex. In many polytypic taxa,
subspecies vary from highly distinct to highly
indistinct, so that any prospective revision of
species limits requires multiple comparisons
between taxa. But which taxa? – the geographically
closest, the phenotypically closest, the nominate?
The answer may vary on a case-by-case basis, but
as a general rule we suggest that phenotypically
close taxa should be compared even when geogra-
phically distant. We also suggest that – at least for
conservation purposes – individual taxa be split off
if they meet the criteria, rather than waiting for a
full review of all subspecies.

Geographical relationships

In line with considerations outlined in the BOU
guidelines, we propose that the evidence for char-
acter differentiation must increase in tandem with
geographical separation. In other words, the degree
of differentiation required to trigger species status
must increase from parapatry through narrow
hybrid zones and broad hybrid zones to allopatry.
However, assigning cases to categories is not
straightforward, and some practical clarifications
are required.

We follow the definitions of sympatry, parapatry
and allopatry provided by Futuyma and Mayer
(1980):
1 ‘Two populations are sympatric if individuals of

each are physically capable of encountering one
another with moderately high frequency. Popula-
tions may be sympatric if they are ecologically
segregated, as long as a fairly high proportion of
each population encounters the other along
ecotones’.

2 Two populations are parapatric if they occupy
‘separate but adjoining regions, such that only a
small fraction of individuals in each encounters
the other’.
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3 Two populations are allopatric if they are ‘sepa-
rated by uninhabited space (even if it is only a
very short distance) across which migration
(movement) occurs at very low frequency’.

Taxa appearing parapatric on the evidence of
mapped ranges should be treated as allopatric
unless their populations actually come into contact
(Appendix S1). Those appearing sympatric may
replace each other on elevational or ecological gra-
dients, in which case they should be treated as
parapatric if few individuals are likely to interact
with heterospecifics. If contact between popula-
tions is greater, however, they may be classed as
sympatric. Where habitat heterogeneity allows
extensive geographical overlap without hybridiza-
tion, taxa should be treated as sympatric even if
their ranges appear to interdigitate in a strictly
non-overlapping mosaic, so long as there is evi-
dence that the taxa frequently come into contact.
If ranges are in contact and data depth appears to
be sufficient, then taxa should be treated as para-
patric if records of hyridization are absent or rare.

At the junction of species ranges, stable hybrid
zones are more common than true parapatry, but
equally difficult to categorize. It is generally
accepted that narrow hybrid zones provide better
evidence of reproductive incompatibility, but how
should we define a narrow zone in relation to a
broad zone? Price (2008: pp. 326–328) tabulates
data from 23 studies of interspecific hybrid zones
varying in width from < 10 km to 1000 km, by
which we can calculate a mean zone-width of
224 km. Based on these figures, we classified nar-
row zones as < 200 km wide, and broad zones as
‡ 200 km wide, at the maximum point.

A taxonomic scoring system

To address the inherent subjectivity of assigning
taxonomic rank to allopatric, parapatric and hybri-
dizing forms, we propose a simple point-based sys-
tem whereby phenotypic differentiation between
taxa is scored according to four degrees of magni-
tude (minor, medium, major and exceptional). These
categories are defined, as far as possible, according
to quantitative thresholds (see below). Overall
divergence is then summed and compared with
that found in irrefutable species.

We apply our criteria in two steps (Table 1).
As a first step, we quantify differentiation in
three main types of trait (morphology, voice and

biometrics, interpretable against all four degrees
of magnitude) and one subsidiary trait (ecological
and behavioural characters, interpretable only
against minor or medium degrees of magnitude).
Minor, medium, major and exceptional differences
are given scores of 1, 2, 3 and 4, respectively,
and all scores are summed to generate an overall
score of phenotypic divergence. As a second step,
we assign taxa to one of four conditions of geo-
graphical relationship: allopatry, broad hybrid zone,
narrow hybrid zone and parapatry. These are given
scores of 0, 1, 2 and 3, respectively. Taxa are
treated as species if their overall score reaches 7
(see Results).

Where possible, we score the strength of charac-
ters according to effect sizes computed from the
means and standard deviations of sets of measure-
ments. Effect sizes are more suitable for taxonomic
appraisals than are P-values, which are highly cor-
related with sample size (Nakagawa & Cuthill
2007, Appendix S1). The fact that it is easy to
achieve statistically significant differences merely
by increasing sample size may lead to inappropri-
ate taxonomic decisions (Patten & Unitt 2002).
Effect sizes are most commonly presented as the
Cohen’s d statistic, which combines a measure of
the magnitude of a difference with a measure of
precision. On the basis of the distribution of effect
sizes produced by empirical tests of divergence in
undisputed species (see Results), we scored charac-
ter differences with an effect size of 0.2–2 as minor,
2–5 as medium, 5–10 as major and > 10 as excep-
tional. This approach assumes that we can calibrate
the ‘significance’ of effect size differences accord-
ing to divergence measured across a sample of
known species.

Although some plumage features, such as the
width of colour patches on flight feathers, can be
measured in terms of size, not all traits can be
measured and converted into effect sizes using the
methods outlined above. For example, it is diffi-
cult to quantify the shape of feather spots or the
density of striations in a meaningful way. Simi-
larly, colours of plumage and bare-parts can be
measured using quantitative techniques, but these
require sophisticated instruments, as well as com-
plex computational processing to take into
account differences in colour vision between birds
and humans (e.g. Endler & Mielke 2005). Given
that human vision can serve as a valid, if imper-
fect, proxy for avian vision (Armenta et al. 2008,
Seddon et al. 2010), we have opted to rely on
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qualitative judgement for differences in colour
and pattern until appropriate technology is more
widely available.

We propose that visible plumage characters are
categorized as follows: (i) a minor difference
involves weak divergence in a plumage or bare part
feature, i.e. a slightly different wash or suffusion to
all or part of any area of feathering or bare part; (ii)
a medium difference involves a distinctly different
tone (shade: light yellow vs. dusky yellow, etc.) to
all or part of a significant area of feathering (e.g.
head, mantle and back; rump; wings; tail); or a
strongly demarcated part of these areas (broad
supercilium, breast-band, etc.) or bare part; (iii) a
major difference involves a contrastingly different
hue (colour: e.g. white ⁄ yellow; red ⁄ brown; green ⁄
blue) to all or part of a significant area of feathering
(as medium above) or bare part, or the presence of
an entirely different pattern (e.g. strong spotting vs.
strong stripes); (iv) an exceptional difference
involves a radically different coloration or pattern
(a striking contrast of colours, shades or shapes)
involving the majority of the plumage area, or any
trait directly involved in courtship and mate choice.

Scoring plumage traits qualitatively in this way
increases the subjectivity of our approach. How-
ever, it has the benefit of rendering the procedure
both simple and inexpensive, which helps to
ensure that it is open to use by anyone seeking to
make species-rank assessments. Moreover, a clear
scoring system minimizes subjectivity and maxi-
mizes repeatability (see below). Plumage character
assessments can be made using published illustra-
tions if necessary, although the accuracy and con-
sistency of our method is improved with reference
to museum skins.

Sampling and non-independence

Phenotypic comparisons raise many practical con-
siderations, particularly in relation to sampling.
Regardless of the target trait, or the sophistication
of analysis, an inadequate or biased geographical
sample will generate spurious estimates of overall
divergence (Remsen 2005). For instance, the likeli-
hood that species status is triggered will be high if
characters are sampled from either end of a cline,
and low if they are sampled throughout the cline.
Thus, traits should be sampled from a scatter of
regions, including those geographically close to the
comparison taxon (Isler et al. 2005, Remsen
2005). For similar reasons, quantitative compari-

sons should be made between multiple individuals
(ideally more than 10), each from the same age
group, sex and race.

Another important consideration is the indepen-
dence of samples. The BOU guidelines specify that
morphological characters used in taxonomic assess-
ments should be ‘functionally independent’. We
emphasize that functional independence not only
implies that characters are used in ‘separate func-
tional contexts’, but that they are not covariant, or
caused by multiple phenotypic effects of a single
gene (i.e. pleiotropy). For example, size-related
characters, such as tarsus-length and wing-length,
often covary and therefore cannot be treated inde-
pendently. Similarly, covariance in colour-related
traits, such as a whiter belly, broader white wing-
bars and a larger white rump-patch, may be driven
by the same genes underlying pigmentation (e.g.
reduced melanin: see Theron et al. 2001). In this
case, related plumage features should be collapsed
into a single character.

We use two methods to limit the triviality and
interdependence of characters. First, we propose
that taxa cannot be elevated to species rank solely
on the basis of minor characters, as these can easily
exceed thresholds without ever amounting to a
compelling degree of differentiation; this rule
applies to all four conditions of geographical rela-
tionship above. Secondly, we propose a cap on the
number of scores generated within each category.
Thus, total scores can only include a maximum of
(i) two biometric characters (the largest increase,
and the largest decrease in effect size), (ii) two vocal
characters (the largest temporal, and the largest
spectral effect size), (iii) three plumage characters,
and (iv) one behavioural or ecological character.

Capping of biometric (i) and vocal (ii) diver-
gence at two characters allows the maximum num-
ber of characters with the minimum degree of
covariance. Note that in cases where all biometric
characters increase (or decrease) in size, only one
character contributes to the total score. We are
able to include a third plumage character (iii)
because these differences vary along multiple axes
of colour and pattern and are much less prone to
non-independence, particularly as non-independent
plumage characters are excluded at the outset.
Characters that do not vary along the same axis of
size or colour are assumed to be functionally inde-
pendent. Likewise, different characters thought to
be used in mate choice or social signalling (e.g.
song, throat-patch and tail-streamers) are treated
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as independent. Characters found only in males, or
only in females, are treated separately. If a trait is
expressed asymmetrically in both sexes, only the
largest score is calculated. We only admit one
behavioural or ecological character (iv) as these are
often correlated. Categories are defined in Table 1.

Setting thresholds

To produce a quantitative general estimate of the
level of divergence indicative of a barrier to gene
flow, we compiled a dataset of standard morpholo-
gical and vocal measurements, plus scores of plu-
mage divergence, from 58 pairs of closely related
congeneric sympatric or parapatric species. These
species pairs contain representatives from 29
avian families, and were selected in consultation
with regional experts (see Acknowledgements). We
sampled from as broad a geographical and taxo-
nomic range as possible, while ensuring that all
species pairs had similar songs and ⁄ or morphology.
For a complete list of species, along with sources of
specimens and sound recordings, see Appendix S2.

Biometric evidence

We collected biometric data from 53 of 58 species
pairs using specimens housed at the Natural His-
tory Museum in Tring, UK, and Louisiana State
University in Baton Rouge, LA, USA. Data for one
further species pair were drawn from the literature
(Appendix S2). Our own measurements were
based on material collected from within the area of
sympatry, where possible. We took standard mea-
surements from five to 21 individuals per species
(mean ± sd = 14.0 ± 2.6). We discounted body
mass data as being too plastic (i.e. variable depend-
ing on time of day and season, etc.). We selected
males where possible, and only used unsexed birds
if they were indistinguishable from known males
in size or phenotype. Dial callipers were used to
measure (to the nearest 0.1 mm) (i) culmen length
from tip to skull, (ii) tarsus length from where the
tarsus meets the foot to the notch between the
tibia and tarsus, (iii) wing length (unflattened wing
chord), and (iv) tail length from the tip of the
uppertail (central feathers wherever possible) to
the ‘point of insertion’ (where the shaft disappears
into the skin). We generally limited measurements
to these traits, but we also used callipers to
measure additional diagnostic traits (e.g. hind-claw
length, bill depth or bill width) on a case-by-case
basis.

Acoustic evidence

We analysed the songs of 54 of our 58 species
pairs. We focused on songs rather than call notes,
as songs tend to function in mate-choice and hence
in reproductive isolation in birds (Collins 2004).
We defined songs as territorial or advertising sig-
nals; these were generally identifiable by their
complexity or stereotypy in relation to alarm or
contact calls. Song recordings were compiled from
the British Library Sound Archive and Macaulay
Library (Cornell University), and from commer-
cially available CDs, online sound archives and
personal collections (Appendix S2). We obtained
recordings from within the zone of sympatry,
where possible. Final samples contained songs from
two to 10 individuals per species (mean ± sd =
4.6 ± 2.1), with 1–10 songs per individual (4.6 ±
2.3). Where there was much intra- and inter-indi-
vidual variation (as in many oscine species) we
sampled at least six individuals per species, and at
least six songs per individual. Multiple songs were
often analysed from the same recording.

Using AVISOFT SASLab Pro version 4.0c (� 2002
Raimund Spect, Berlin, Germany) recordings were
digitized at a sampling frequency of 44.1 kHz. We
used only good quality recordings with low back-
ground noise. Amplitude was adjusted to ensure
that the maximum relative amplitude of the
recording was )9 dB (using Adobe AUDITION). Con-
trast was adjusted according to recording intensity
to ensure that all elements were retained, while
minimizing reverberation between elements. Song
structure was then quantified using seven standard
temporal (in s) and spectral (in kHz) measures:
1 total number of notes,
2 duration of song,
3 pace (number of notes divided by duration),
4 maximum frequency,
5 minimum frequency,
6 bandwidth (maximum minus minimum fre-

quency), and
7 peak frequency (the frequency with the greatest

amplitude).

These variables are easily measured from all bird
songs using widely available free software (e.g.
RAVEN LITE). They also show high repeatability and
species specificity (J. A. Tobias et al. unpubl. data).
Variables 1–6 were measured using on-screen cur-
sors, and variable 7 was extracted automatically
from amplitude spectra. To achieve maximum
temporal resolution (1.5 ms), time features were

ª 2010 The Authors

Journal compilation ª 2010 British Ornithologists’ Union

734 J. A. Tobias et al.



taken from spectrograms generated using broad-
band (324 Hz) filter settings (FFT = 512). To
maximize frequency resolution (43 Hz), spectral
measures were taken from spectrograms produced
using narrow-band (162 kHz) filter settings
(FFT = 1024). As with morphology, other measur-
able characters can also be included on a case-by-
case basis (change in pace or pitch, inter-note
interval, etc.).

Several practical considerations should be borne
in mind when assessing song divergence. For
instance, it is essential that comparisons are made,
not only with the corresponding age ⁄ sex class, but
also with analogous vocalizations. For example, it is
easy in poorly sampled cases to presume calls of
taxon A are comparable to songs of taxon B, or pri-
mary song of taxon A to secondary song of taxon B.
Doing so will result in spurious estimates of pheno-
typic divergence. It is also worth noting that the
most diagnostic acoustic signal for analysis is not
always the song. For example, reproductive isolation
is sometimes maintained between sympatric or para-
patric taxa with similar complex vocalizations (i.e.
songs), although in these cases species often have
different simple vocalizations (i.e. call notes: Mar-
tens et al. 2003, Tobias & Seddon 2009, Seddon &
Tobias 2010). In other cases, vocal signals are some-
times near-identical between related taxa, whereas
mechanically produced signals are divergent, as is
the case with the calls and drums of some wood-
peckers. The most diagnostic acoustic traits should
be sought when selecting traits for quantification.

Testing taxonomic hypotheses with vocal data
in birds is also complicated by the issue of learning,
which produces complex songs, dialects and reper-
toires. Taxa in which learning is minimal or absent
(i.e. suboscine passerines and most non-passerines)
and those in which learning is widespread (i.e.
oscine passerines, hummingbirds and parrots) are
likely to differ in terms of individual and regional
variation. Moreover, vocal divergence in learners is
likely to involve many more subtle acoustic charac-
ters than vocal divergence in non-learners. For
these reasons, equivalent differences in acoustic
structure might reflect species status in a suboscine
passerine (e.g. Isler et al. 1998), but nothing more
than geographical dialects in an oscine passerine.
Our criteria address this issue by restricting mea-
surements to general characters, thereby limiting
the influence of character triviality. Overall, rela-
tively crude temporal or spectral characters appear
to be more taxonomically informative, whereas

fine-scale analyses over-emphasize divergence in
oscines, particularly mimetic species (J. A. Tobias
et al. unpubl. data; see Results).

Qualitative evidence

To produce overall divergence scores, quantitative
evidence was combined with qualitative evidence
in the form of plumage characters and behavioural
and ecological differences. Two observers (N.J.C.
and L.D.C.F.) visually scored divergence in plu-
mage characters for all 58 species pairs, using cri-
teria outlined above. Judgements were based on
samples of museum specimens where possible (47
species), or else the colour plates from The Hand-
book of the Birds of the World (11 species). Scores
were produced independently but with a high
degree of congruence (Pearson’s correlation:
R2 = 0.89). Observers then conferred and agreed
on a final score (Appendix S2).

Ecological and behavioural data were compiled
from relevant literature. We treated ecological char-
acters as distinct (i.e. non-overlapping) differences
in (i) foraging and ⁄ or breeding habitat preferences
or (ii) adaptations related to foraging and ⁄ or breed-
ing. We treated behavioural differences as distinc-
tive innate habits (e.g. wing or tail movement) or
displays. All ecological and behavioural distinctions
were clear-cut; and because degrees of distinctive-
ness in these characters appear difficult to discrimi-
nate, we scored them as minor characters only,
unless they were clearly related to courtship, in
which case they were scored as medium characters.

Converting to effect sizes

For each species in our sample, we calculated the
mean and standard deviation for the seven vocal
and four biometric characters (Appendix S2). We
then used an effect size calculator (widely available
online) to calculate Cohen’s d statistics for each
species ⁄ subspecies pair and each character, as
follows:

d ¼ �x1 � �x2

spooled

where �x = mean of species 1 and 2, s = standard
deviation, and

spooled ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn1 � 1Þs2

1 þ ðn2 � 1Þs2
2

n1 þ n2

s

where n = number of individuals sampled in
species 1 and 2.
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Comparative analyses

We used Cohen’s d values to assess phenotypic
divergence at the species level, and to set thresholds
for discriminating between minor, medium, major
and exceptional categories. We then assessed the
effect of these thresholds on the distribution of
categories across the traits and among the species
pairs. Using all traits, we also explored the effect of
capping the number of characters within traits on
the mean and variance of total scores, and on the
congruence of observer scores for plumage. We then
investigated the effect of missing data by including
and excluding song traits, and compared effect size
distributions between oscine and suboscine species

to test the extent to which our measures were influ-
enced by song learning. Finally, we examined the
relationship between divergence in morphology and
song across all species pairs.

We set the threshold for triggering species status
as the total capped score that resulted in 95% of
sympatric taxa being assigned as species (restricting
the analysis only to those species pairs with full
arrays of data: biometric, vocal, visual and ecologi-
cal). We then used data from a sample of 23 pairs
of subspecies drawn from the Western Palaearctic
avifauna (Appendix S2) to compare taxonomic

(a)

(b)

Figure 2. Proportion of sympatric species pairs with minor,

medium, major and exceptional differences in (a) biometric and

(b) vocal characters, with thresholds for triggering these cate-

gories set at 0.2, 2.0, 5.0 and 10.0 (Cohen’s d), respectively.

Palest bar represents traits that did not qualify (i.e. Cohen’s

d < 0.2), with four progressively darker bars indicating minor,

medium, major and exceptional differences, respectively.

Figure 1. Mean (± sd) unsigned effect size (Cohen’s d) across

(a) four biometric and (b) seven vocal characters analysed for

pairs of congeneric sympatric species (n = 53 in a; n = 54 in b;

see Appendix S2). The dashed line denotes overall mean

effect size across all characters within each type of trait.
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recommendations based on our approach with
those of the BOU guidelines. Data were collected
from ‘nearest neighbour’ taxa, where possible
including the nominate subspecies. Using speci-
mens housed in the Natural History Museum, UK,
we compiled data on biometrics from four to 15
individuals per subspecies (mean = 14.3 ± 1.9).
These data were used to generate Cohen’s d values,
which in turn were converted to character magni-
tudes. For each pair of taxa, N.J.C. and L.D.C.F.
generated a list of diagnostic plumage and bare-
part characters from Cramp (1977–1994), and
then used museum specimens to score these differ-
ences as minor, medium, major and exceptional, as
above. Biometric and plumage scores were
converted into total capped scores, and taxonomic
status was assigned according to our criteria. Using
the same literature and specimen data, we then
assigned species limits according to the BOU
guidelines (Table S1). We discounted acoustic data
from both analyses because (i) they were only
available for a subset of taxa, and (ii) the BOU
guidelines do not include information about deal-
ing with acoustic data, making it impossible to
standardize acoustic comparisons. Comparisons on
the basis of incomplete datasets are not full tests of
our criteria. However, they remain valid and highly
informative about the differences between the pro-
posed systems (see Discussion). We also note that
it was difficult to invoke the ‘divergence evaluation
test’ under the BOU guidelines, leading to uncer-
tainty regarding the taxonomic rank supported.

RESULTS

Comparing across all species pairs, our data
revealed that vocal characters had greater variabil-
ity but slightly lower mean levels of divergence
than biometric data. Specifically, the mean ± se
unsigned effect size across all four biometric char-
acters was 1.86 ± 1.88 (range = 0–10.73; n = 53;
Fig. 1a), whereas the equivalent mean unsigned
effect size across all vocal characters was
1.64 ± 0.92 (0–18.0; n = 54; Fig. 1b). However,
mean effect sizes were fairly consistent across all
biometric and vocal characters, being close to 2.0
in all cases (Fig. 1). On the basis of this result we
set the threshold for triggering a medium difference
as Cohen’s d = 2.0. In addition, the thresholds for
major and exceptional differences were arbitrarily
set at d = 5.0 and d = 10.0, respectively, within
the tail of the effect size distribution generated by

our sample (Fig. 2). Finally, we treated any effect
size larger than 0.2 as biologically relevant, follow-
ing Cohen (1988), and hence the threshold for a
minor difference was set at d = 0.2.

When these four thresholds were applied to
biometric characters we found that 58.0 ± 5.9% of
pairs had a minor difference, 26.0 ± 1.1% had a
medium difference, 6.0 ± 1.1% had a major differ-
ence and 0.5 ± 1.1% had an exceptional difference
(n = 53; Fig. 2a). We also found that a similar pro-
portion of pairs had vocal differences in each of
these categories: 63.0 ± 9.0% of pairs had a minor
difference, 24.0 ± 6.0% had a medium difference,
3.0 ± 1.0% had a major difference and 1.0 ± 1.0%
had an exceptional difference (n = 54; Fig. 2b).
Visual assessment of plumage characters generated
a slightly different category ratio, with more char-
acters detected overall, higher numbers of medium
and major characters, but very few exceptional
characters. All but one species pair (98.3%) had at
least one minor difference in plumage, 47 pairs
(81.0%) had at least one medium difference, 18
pairs (31%) had at least one major difference and
only one pair had an exceptional difference.

By applying our thresholds and summing scores
across all traits (i.e. no capping), we found that
species pairs had high and variable total scores of
phenotypic difference: 18.7 ± 3.9 (range = 10–28;
n = 49). In contrast, capping the number of char-
acters within each trait produced a lower, less vari-
able total score of 10.4 ± 2.0 (5–14). Focusing
exclusively on qualitative plumage assessments
showed that species pairs differed substantially by
plumage characters, with a mean uncapped score
of 5.28 ± 2.57 (0–13), and a mean capped score of
4.66 ± 1.73 (0–8; Appendix S2). Note that the
application of capping to plumage characters again
resulted in reduced variance. Moreover, it also
resulted in greater agreement between observers
during plumage divergence assessments (without
capping: R2 = 0.78; with capping: R2 = 0.89).

Using capped data, and restricting the analysis
to biometric, visual and ecological data, the mean
total divergence score was 6.87 ± 1.71 (n = 53
pairs; Fig. 3a); when song was added, this increased
to 10.4 ± 2.0 (n = 49; Fig. 3b). When we pooled
capped data in this way, we found that 95% of all
sympatric taxa were correctly classified as species
by a cut-off at 7.0 (Fig. 3b). We conclude that a
total capped score of 7.0 is an appropriate thresh-
old for triggering species status according to our
criteria.
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When we tested this system, along with the
BOU guidelines for comparison, against 23 pairs of
European subspecies, we found that the two
approaches produced different taxonomic recom-
mendations (Appendix S2). Under our system,
phenotypic divergence between subspecies was
lower than that found between sympatric species:
Cohen’s d values ranged between 0.01 and 3.69
(mean = 1.16 ± 0.91) for biometric characters, and
total uncapped plumage scores between 0 and 6.0
(2.0 ± 1.5). The mean total score summed across
biometric and plumage characters (with capping)

for allopatric subspecies was 4.1 ± 1.8 (Fig. 4),
rather than 7.0. Only two pairs of taxa (9%) qua-
lify for species status under our criteria: Oenanthe
oenanthe oenanthe and Oenanthe oenanthe
seebohmi; and Rhodopechys sanguinea sanguinea
and Rhodopechys sanguinea aliena (Appendix S2).
Meanwhile, 17 pairs of taxa (74%) convert to
species (or probable species) under the BOU
guidelines as we interpret them (Appendix S2).
Under both systems, the proportions of taxa
considered species would probably increase with
the addition of vocal data. However, as vocal dif-
ferences between most subspecies are likely to be
far smaller than those between sympatric species,
we believe that the addition of vocal characters
would still produce fewer taxonomic changes
under our system than the BOU guidelines.

Further analysis of phenotypic variation in our
species-level dataset revealed no significant differ-
ence between oscine and suboscine passerines
in the mean unsigned effect size for any vocal
character (unpaired t-test; 0.22 < t < 1.75, 0.087 <
P < 0.827, n = 33 pairs of oscines, 17 pairs of sub-
oscines). This suggests that our method is robust
to variation in song learning and song complexity.
We also found a negative correlation between total
uncapped scores when comparing plumage with
song scores (Spearman’s rho = )0.33, P = 0.015,
n = 54 species pairs). This reflected the fact that
some species with divergent morphology had

Figure 4. Distribution of total scores for allopatric pairs of sub-

species in European birds. Note that 21 of 23 pairs of taxa

retain subspecies status when the threshold for triggering

species status is set at 7.0, although the addition of vocal data

may increase this proportion.

Figure 3. Overall levels of phenotypic divergence across sym-

patric species pairs. Shown are the distributions of scores

summed across (a) biometrics and plumage only (n = 53), and

(b) biometrics, plumage and song (n = 49). Depicted are the

normal distribution curve (dashed black line) and the threshold

(7.0) for triggering species status (vertical arrow). Note that

when using this threshold 95% of pairs of taxa are correctly

classified as species.
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similar songs (e.g. Neocossyphus poensis and Neocos-
syphus rufus), whereas other species with divergent
songs had very similar morphology (e.g. Empidonax
alnorum and Empidonax traillii). This result does
not correct for phylogenetic effects, and so has to
be interpreted with caution. Nonetheless, it
suggests that increased divergence in acoustic char-
acters was associated with reduced divergence in
visual characters.

DISCUSSION

The taxonomic methods outlined here are similar
to previous approaches in that decisions are guided
by direct reference to known sympatric species.
However, the novel addition of a quantitative scor-
ing system allows us to make this calibration more
accurate and explicit. Allopatric and parapatric
species are treated as hypotheses which can be
tested. Our system is therefore analogous to a
hypothetico-deductive framework. In this case, the
null hypothesis is that different populations are
representatives of a single species, and the signifi-
cance level of empirical tests is set by the degree of
divergence in undisputed species. Unless an allopa-
tric form passes these quantitative thresholds, we
conclude that it should be left as a subspecies of a
wider ranging taxon until better evidence – genetic,
ecological or behavioural – permits rejection of the
null hypothesis.

Our results suggest that this approach is work-
able and relatively consistent. In particular, they
confirm that the exclusion of trivial characters, and
the capping of character number, limits the accu-
mulation of scores based on minor characters. It
also shifts focus to the largest differences between
taxa, which are more likely to be associated with
reproductive isolation. Testing the criteria against
European subspecies limits suggests that our sys-
tem produces results that align with general stan-
dards in Europe concerning biological species. This
contrasts with the application of the BOU guide-
lines, which prove to be more ambiguous and lead
to many more taxonomic changes. Although this
finding may suggest that our thresholds are
designed to maintain the taxonomic status quo, it
should be borne in mind that vocal data were not
included in the analyses, and therefore the addition
of these data may trigger species status for some
vocally divergent subspecies (e.g. Sylvia sarda
sarda and Sylvia sarda balearica) under our criteria
(Fig. 3). More importantly, Collar (2006a,b, 2007)

tested an earlier version of the same criteria against
a larger suite of Asian taxa, and found that it
allowed the separation of 48 ‘new’ species, of
which three have already been supported by inde-
pendent molecular work (Li Shou-Hsien et al.
2006, Feinstein et al. 2008). Overall, we conclude
that our scoring system can deliver robust and con-
sistent taxonomic change within the conceptual
framework of the BSC.

Two other inferences can be made from our
results. First, they suggest that the methods for
capping character number – which were intro-
duced to reduce the difficulty posed by non-inde-
pendent characters – have the added benefit of
reducing uncertainty and maximizing repeatability.
Secondly, they reveal an inverse correlation
between divergence in plumage and morphology
on the one hand, and song on the other, supporting
the idea that there is an evolutionary trade-off
between different forms of costly traits (Badyaev
et al. 2002). In other words, a taxonomy based on
morphological and plumage characters alone will
tend to overlook cryptic species whose divergence
is biased towards acoustic characters. This high-
lights the importance of including both morphol-
ogy and song when assessing species limits in birds.

Strengths and limitations of the system
proposed

Species boundaries are inherently ‘fuzzy’, and it is
therefore easy to find fault with any species con-
cept and any system of rules for delimiting species
(Hey 2001, Mallet 2008, Joseph & Omland 2009).
In effect, an operational approach will always
require researchers to make qualitative judge-
ments, and no system involving the subdivision of
a continuous process can hope to be fully objective
(Hey 2001, 2006, Sites & Marshall 2004). How-
ever, this becomes less of an obstacle once it is
recognized that the priority is not perfect objectiv-
ity but effective compromise (Hey et al. 2003,
Winker et al. 2007). We accept that our system
can neither cover every context nor cater for all
tastes, but we hope that it may help promote accu-
racy, stability and consistency in avian taxonomy.

As with any system partially based on qualita-
tive judgement, one of the main difficulties faced
by our method is subjectivity (Peterson & Moyle
2008). It could be argued, for example, that much
depends on the distinction between minor and
medium characters, opening the way for slight
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ambiguities to blur the boundary between species
and subspecies. Nonetheless, difficulties of this
type are unavoidable in any taxonomic appraisal
(Sites & Marshall 2004), and we minimize their
impact by introducing explicit quantitative or ver-
bal thresholds. We argue that these thresholds lend
our approach a higher degree of objectivity than
achieved by the PSC, which – because of the lack
of constraints to character triviality – merely shifts
the problem of arbitrariness to a finer scale (Collar
1997, Johnson et al. 1999, Coyne & Orr 2004,
Winker et al. 2007, Price 2008).

The dependence of our criteria on a fixed over-
all threshold (seven character points) may be inter-
preted as a procedural weakness. Can the system
work if Acrocephalus warblers and Empidonax fly-
catchers choose their mates differently from ducks
or parrots? Will it be effective if a character of
given magnitude is relevant to one group but not
to another? Our analysis suggests that the criteria
largely overcome this problem by combining data-
sets, because divergence at the species level is fairly
consistent when the full array of traits is taken into
account (Fig. 3). In other words, divergence in
ducks and parrots may occur in visual traits, while
that in warblers and flycatchers may occur in vocal
and behavioural traits, but species status is
reflected in a relatively uniform shift in overall
phenotype. Thus, on the one hand, our data sup-
port the observation of Mayr and Gilliard (1952,
p. 334) that ‘reproductive isolation and morpholo-
gical divergence are not closely correlated’. On the
other hand, they indicate that divergence summed
across morphology, plumage, behaviour, ecology
and acoustic signals is much more likely to be
correlated with reproductive isolation.

This finding validates the use of a fixed thresh-
old, and also argues against the use of a two-tier
system, i.e. one threshold for phenotypic data and
another (raised) threshold for phenotypic plus
vocal data. Although fewer cases are correctly clas-
sified as species if our single-threshold analysis con-
tains only non-vocal traits (Fig. 3), we do not see
this as a shortcoming. Under a two-tier system
there would be a temptation to opt for the lower
threshold by eliminating vocal data, which may
lead to cryptic species being overlooked. A one-tier
system has the benefit of encouraging considera-
tion of multiple characters, an approach that has
been widely recommended (e.g. Edwards et al.
2005, Yoder et al. 2005, de Queiroz 2007, Alström
et al. 2008b, Leaché et al. 2009). If a one-tier sys-

tem classifies forms as species on the basis of mor-
phological and ecological characters alone, then
vocal analyses are not required. However, if it clas-
sifies them as subspecies, the result can be further
tested by adding vocal data.

Although any fixed threshold will erroneously
classify some taxa as species, and others as sub-
species, a key strength of our criteria is that they
correctly classify the vast majority of taxa if data-
sets are combined. We also argue that the use of a
fixed threshold brings a number of advantages, not
least of which are stability and clarity. It renders
our system easily understood and communicated,
and simple enough to be used as a taxonomic rule-
of-thumb. It also means that all steps are easily
tracked and reported, improving the transparency
of taxonomic decisions. Stability, clarity and trans-
parency may not be widely considered core
scientific goals, but this view overlooks the great
importance of standardized taxonomy as the
bedrock of conservation and policy (Ryder 1986,
Collar 1997, Mace 2004, Garnett & Christidis
2007), as well as for disciplines such as macro-
ecology that use species as units of comparison
(Isaac et al. 2004).

To bring rigour to taxonomic assessments, we
use as our benchmark for species status the degree
of divergence between sympatric or parapatric con-
geners. Our method will therefore tend to generate
phenotypically distinctive species. Indeed, the
development of these criteria was motivated by
widespread misgivings about the subjective deter-
mination and proliferation of undistinctive PSC or
molecular-based species (see Collar 1997, Johnson
et al. 1999). Our system counters this trend, and
goes some way to answering the call for taxonomic
splits to be accompanied by ‘sufficient evidence
that morphological, ecological, behavioural, and
genetic differences between the two forms are of a
magnitude that would merit specific rank in closely
related sympatric forms’ (Meiri & Mace 2007). In
adopting these standards, our criteria will classify a
proportion of PSC species (Cracraft 1983), ‘evolu-
tionarily significant units’ (Moritz 1994), and
‘independent evolutionary trajectories’ (Peterson &
Moyle 2008), as intraspecific variation. However,
we see this as a strength, because it ensures that
‘species’ meet a consistent and significant level of
phenotypic divergence.

The above points deal mainly with strategies
to forestall the over-splitting of biodiversity into
phylospecies. However, our system is also designed
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to reduce the over-lumping of polytypic species in
poorly known regions. Like Helbig et al. (2002),
we accept taxa connected by stable hybrid zones as
species, as long as phenotypic divergence outside
the hybrid zone meets stipulated levels. Note that
we have established these levels by comparison
with divergence in species-pairs occurring not only
sympatrically, but also across hybrid zones. As
species linked by hybrid zones tend to be less
divergent than sympatric species (Price 2008), the
threshold for species status is reduced, making our
system sensitive enough to detect cryptic diversity.

Future directions

The criteria presented here require further testing
against widely accepted species and subspecies lim-
its. They should be viewed as a baseline which can
be modified according to new information, includ-
ing their performance in specific case studies. To
point the way forward, we draw a parallel with the
IUCN Red List and its categories of conservation
status (IUCN Species Survival Commission 2001).
The Red List uses arbitrary quantitative thresholds
to assign species to categories, and it therefore faces
many of the challenges described above. Nonethe-
less, it has proved to be extremely useful, and is
growing more robust over time with the refine-
ment of criteria (Rodrigues et al. 2006). Its success
is founded on two decades of vigorous and con-
structive criticism, along with a pragmatic accep-
tance that its advantages outweigh its drawbacks.

Like the Red List process, our method involves
assigning populations to categories partially on the
basis of quantitative data. For some characters, this
means generating effect sizes, converting effect
sizes to scores and then applying scores to a thresh-
old. This three-step process is necessary because
many characters (plumage, behaviour, ecology)
cannot yet be converted into effect sizes, as they
are scored visually or from the literature. One
possible improvement to the procedure involves
adopting a quantitative approach to the measure-
ment of colour, hue and pattern differences, per-
haps using spectrophotometry. By this route, all
vocal and visual characters would generate effect
sizes, which could then be added together to pro-
duce a single ‘test statistic’ and applied directly to
an effect-size threshold. This would eliminate the
need for converting effect sizes to scores, reducing
the process to two steps. Refinements of this kind
should be explored, but we caution against making

the system so technical and costly that it is off-put-
ting to those who are likely to find it the most use-
ful, i.e. taxonomists and conservationists. We also
feel that the score-based system will need to be
retained for use in data-poor scenarios.

Another possible improvement is the use of
genetic evidence (Winker 2009). Thresholds of
genetic divergence could easily be converted to
scores and incorporated into our system along with
minor adjustments to the seven-point system. A
simple threshold such as 4% divergence in mtDNA
coding regions may capture the majority of allo-
patric species as there is evidence that genomic
incompatibilities tend to build up after 2 million
years of isolation (Price & Bouvier 2002). How-
ever, most evidence suggests that the link between
genetic divergence and reproductive isolation is
extremely complex, and that 4% mtDNA diver-
gence is an unreliable threshold (see Payne &
Sorenson 2007). We therefore hesitate to propose
any cut-offs at this stage, and suggest that a thor-
ough survey of molecular divergence estimates in
accepted species (either sympatric or parapatric) is
required to assess the feasibility of applying genetic
criteria to allopatric forms.

Any such review would need to consider a range
of issues. At a practical level, incomplete sampling
of localities may lead to errors and exaggerations in
divergence estimates, whereas extensive sampling
may uncover phylogeographical structure so com-
plex that it is difficult to interpret in terms of
species limits (e.g. Goldstein et al. 2000, Marks
et al. 2002, Cadena et al. 2007, Nyári 2007, Smith
et al. 2007, Miller et al. 2008). Measurement and
comparison of genetic divergence across taxa and
studies must also account for variation in evolu-
tionary rate within and between genes. Ideally,
multiple loci and individuals should be sampled
across each taxon’s range, including contact zones,
with sampling depth standardized across species.
When these issues are surmounted, molecular
analyses will doubtless play an increasingly central
role in global taxonomic revisions.

CONCLUSION

Disagreement about what constitutes a species is
so pervasive that some authors view current taxo-
nomic assessments of species totals as gross under-
estimates (e.g. Peterson 1998, Sangster 2000b)
whereas others fear that they are overestimates
(e.g. Chaitra et al. 2004, Isaac et al. 2004, Meiri &
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Mace 2007). According to Brookfield (2002), this
aspect of the species problem ‘is not a scientific
problem at all, merely one about choosing and
consistently applying a convention about how we
use a word’. We have addressed this issue at an
operational level by developing a system of stan-
dardized criteria for species delimitation. It has
been developed for use in birds, but can be easily
adapted for use in many other taxa. Moreover, it
can be applied more broadly to the study of
evolutionary questions, including spatial variation,
phenotypic plasticity and sexual dichromatism.

To some, the system we have proposed will
seem unacceptably simplistic and subjective.
Others will think it excessively complicated. How-
ever, we believe it maximizes objectivity and pro-
cedural consistency. It clearly adds a greater
measure of uniformity to the taxonomic decision-
making process, and has the power to produce
taxonomic changes that are consistent and easily
evaluated by independent reviewers. This contrasts
markedly with current practice in avian systema-
tics, which generates anything from narrowly diver-
gent allopatric ‘species’ to highly divergent
‘subspecies’. If carefully applied, our system can
therefore help to resolve difficult cases with con-
servation implications (e.g. Gamauf et al. 2005,
Phillimore et al. 2008), and to produce a global
taxonomy of comparable species units.

This paper grew from the work of BirdLife International’s Taxo-
nomic Working Group, which over the last decade has imple-
mented taxonomic decisions with the aim of establishing a
standardized global list of avian species. Title, content and
authorship have evolved as with any work in progress, and we
hope to be forgiven for advance publishing of taxonomic mat-
ters relating to highly threatened regions based on earlier ver-
sions of the criteria. We are especially indebted to Per Alström,
Jim Mallet, Trevor Price, Michael Sorenson and Kevin Winker
for valuable comments on earlier versions of the manuscript,
and to many colleagues who offered assistance or shared their
views on species concepts and species delimitation, including
Paul Andrew, Axel Bräunlich, Leon Bennun, Stuart Butchart,
John Croxall, Robert Dowsett, Françoise Dowsett-Lemaire,
Stephen Garnett, Jamie Gilardi, Jürgen Haffer, Leo Joseph, Ian
Newton, Stephen Parry, Ben Phalan, Robert Prŷs-Jones, Pamela
Rasmussen and Alison Stattersfield. For access to study skins,
we are grateful to Robert Prŷs-Jones and colleagues of the
Natural History Museum, Tring, and James Van Remsen, Jr, of
the Museum of Natural Science, Lousiana State University,
USA. We thank Marina Amaral for assistance with acoustic ana-
lyses, and the following regional experts for providing record-
ings or suggestions for suitable congeneric sympatric ⁄ allopatric
species-pairs: Callan Cohen (South Africa), Mario Cohn-Haft
(South America), Françoise Dowsett-Lemaire (West and
Central Africa), Guy Dutson (New Guinea), John Fitzpatrick

(North America), Pete Leonard (East Africa), Pamela Rasmus-
sen (Indian subcontinent), Glenn-Peter Sætre (Europe), and
David Stewart and Richard Thomas (Australia). Thanks also to
the Macaulay Library (Mike Andersen) and National Sound
Archive (Cheryl Tipp) for providing many of the recordings.

REFERENCES

Abbott, C.L. & Double, M.C. 2003. Phylogeography of Shy

and White-capped Albatrosses inferred from mitochondrial

DNA sequences: implications for population history and tax-

onomy. Mol. Ecol. 12: 2747–2758.

Agapow, P.M. 2005. Species: demarcation and diversity. In

Purvis, A., Gittleman, J.L. & Brooks, T. (eds) Phylogeny

and Conservation: 57–75. Cambridge: Cambridge Univer-

sity Press.

Agapow, P.M., Bininda-Emonds, O.R.P., Crandall, K.A.,

Gittleman, J.L., Mace, G.M., Marshall, J.C. & Purvis, A.

2004. The impact of species concept on biodiversity

studies. Q. Rev. Biol. 79: 161–179.

Alström, P. & Ranft, R. 2003. The use of sounds in avian sys-

tematics, and the importance of bird sound archives. Bull.

Br. Orn. Club 123A(Suppl.): 114–135.

Alström, P., Olsson, U., Lei, F., Wang, H.-T., Gao, W. &

Sundberg, P. 2008a. Phylogeny and classification of the

Old World Emberizini (Aves, Passeriformes). Mol. Phylo-

genet. Evol. 47: 960–973.

Alström, P., Rasmussen, P.C., Olsson, U. & Sundberg, P.

2008b. Species delimitation based on multiple criteria: the

Spotted Bush Warbler Bradypterus thoracicus complex

(Aves: Megaluridae). Biol. J. Linn. Soc. 154: 291–307.

Armenta, J.K., Dunn, P.O. & Whittingham, L.A. 2008. Quan-

tifying avian sexual dichromatism: a comparison of meth-

ods. J. Exp. Biol. 211: 2423–2430.

Badyaev, A.V., Hill, G.E. & Weckworth, B.V. 2002. Species

divergence in sexually selected traits: increase in song ela-

boration is related to decrease in plumage ornamentation in

finches. Evolution 56: 412–419.

Baker, A.J. & Boylan, J.T. 1999. Singing behaviour, mating

associations and reproductive success in a population of

hybridizing lazuli and indigo buntings. Condor 101: 493–

504.

Ballard, J.W.O. & Rand, D.M. 2005. The population biology of

mitochondrial DNA and its phylogenetic implications. Annu.

Rev. Ecol. Syst. 36: 621–642.

Benkman, C.W., Smith, J.W., Keenan, P.C., Parchman, T.L.

& Santisteban, L. 2009. A new species of the Red

Crossbill (Fringillidae: Loxia) from Idaho. Condor 111: 169–

176.

Brambilla, M., Vitulano, S., Spina, F., Baccetti, N., Gargallo,

G., Fabbri, E., Guidali, F. & Randi, E. 2009. A molecular

phylogeny of the Sylvia cantillans complex: cryptic species

within the Mediterranean basin. Mol. Phylogenet. Evol. 48:

461–472.

Braun, M.J., Isler, M.L., Isler, P.R., Bates, J.M. & Robbins,

M.B. 2005. Avian speciation in the Pantepui: the case of

the Roraiman Antbird (Percnostola [Schistocichla] ‘leucos-

tigma’ saturata). Condor 107: 327–341.

Brelsford, A. & Irwin, D.E. 2009. Incipient speciation despite

little assortative mating: the Yellow-rumped Warbler hybrid

zone. Evolution 63: 3050–3060.

ª 2010 The Authors

Journal compilation ª 2010 British Ornithologists’ Union

742 J. A. Tobias et al.



Brookfield, J. 2002. [Review of] ‘Genes, categories and spe-

cies – the evolutionary and cognitive causes of the species

problem’. Genet. Res. 79: 107–108.

Brown, W.L. & Wilson, E.O. 1956. Character displacement.

Syst. Zool. 5: 49–64.

Cadena, C.D. & Cuervo, A.M. 2010. Molecules, ecology, mor-

phology and songs in concert: how many species is Arre-

mon torquatus (Aves: Emberizidae)? Biol. J. Linn. Soc. 99:

152–176.

Cadena, C.D., Klicka, J. & Ricklefs, R.E. 2007. Evolutionary

differentiation in the Neotropical mountains: molecular phy-

logenetics and phylogeography of Buarremon brush-finches

(Aves, Emberizidae). Mol. Phylogenet. Evol. 44: 993–1016.

Carling, M.D. & Brumfield, R.T. 2008. Integrating phyloge-

netic and population genetic analyses of multiple loci to test

species divergence hypotheses in Passerina buntings.

Genetics 178: 363–377.

Catchpole, C.K. & Slater, P.J.B. 1995. Bird Song: Biological

Themes and Variations. Cambridge: Cambridge University

Press.

Chaitra, M.S., Vasudevan, K. & Shanker, K. 2004. The biodi-

versity bandwagon: the splitters have it. Curr. Sci. 86: 897–

899.

Chesser, R.T., Barker, F.K. & Brumfield, R.T. 2007. Fourfold

polyphyly of the genus formerly known as Upucerthia, with

notes on the systematics and evolution of the avian sub-

family Furnariinae. Mol. Phylogenet. Evol. 44: 1320–1332.

Cibois, A., Thibault, J.-C. & Pasquet, E. 2007. Uniform

phenotype conceals double colonization by reed-warblers of

a remote Pacific archipelago. J. Biogeogr. 34: 1150–1166.

Cohen, J. 1988. Statistical Power Analysis for the Behavioral

Sciences. Hillsdale, NJ: Lawrence Erlbaum Associates, Inc.

Collar, N.J. 1997. Taxonomy and conservation: chicken and

egg. Bull. Br. Orn. Club 117: 122–136.

Collar, N.J. 2003. How many bird species are there in Asia?

Oriental Bird Club Bull. 38: 20–30.

Collar, N.J. 2006a. A partial revision of the Asian babblers

(Timaliidae). Forktail 22: 85–112.

Collar, N.J. 2006b. A taxonomic reappraisal of the Black-

browed Barbet Megalaima oorti. Forktail 22: 170–173.

Collar, N.J. 2007. Taxonomic notes on some insular Loriculus

hanging-parrots. Bull. Br. Orn. Club 127: 97–107.

Collins, S. 2004. Vocal fighting and flirting: the functions of

birdsong. In Marler, P. & Slabbekoorn, H. (eds) Nature’s

Music: The Science of Birdsong: 39–79. London: Elsevier.

Coyne, J.A. & Orr, H.A. 2004. Speciation. Sunderland, MA:

Sinauer Associates.

Cracraft, J. 1983. Species concepts and speciation analysis.

Curr. Ornithol. 1: 159–187.

Cracraft, J. 1989. Speciation and its ontology: the empirical

consequences of alternative species concepts for under-

standing patterns and processes of differentiation. In Otte,

D. & Endler, J.A. (eds) Speciation and its Consequences:

28–59. Sunderland, MA: Sinauer Associates.

Cramp, S.E. 1977–1994. Handbook of the Birds of the

Western Palearctic, Vols 1–9. Oxford: Oxford University

Press.

Crandall, K., Bininda-Emonds, O., Mace, G. & Wayne, R.

2000. Considering evolutionary processes in conservation

biology. Trends Ecol. Evol. 15: 290–295.
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Garcı́a-Moreno, J. & Fjeldså, J. 1999. Re-evaluation of spe-

cies limits in the genus Atlapetes based on mtDNA

sequence data. Ibis 141: 199–207.

Garnett, S.T. & Christidis, L. 2007. Implications of changing

species definitions for conservation purposes. Bird Conserv.

Int. 17: 187–195.

Goldstein, P.Z., DeSalle, R., Amato, G. & Vogler, A.P. 2000.

Conservation genetics at the species boundary. Conserv.

Biol. 14: 120–131.

Grant, P.R. & Grant, B.R. 1992. Hybridization in bird species.

Science 256: 193–197.

Grant, P.R. & Grant, B.R. 1997. Hybridization, sexual imprint-

ing and mate choice. Am. Nat. 149: 1–28.

Grant, P.R. & Grant, B.R. 2008. How and Why Species Multi-

ply: The Radiation of Darwin’s Finches. Princeton: Prince-

ton University Press.

ª 2010 The Authors

Journal compilation ª 2010 British Ornithologists’ Union

Quantitative criteria for species delimitation 743



Hackett, S.J., Kimball, R.T., Reddy, S., Bowie, R.C.K.,

Braun, E.L., Braun, M.J., Chojnowski, J.L., Cox, W.A.,

Han, K.-L., Harshman, J., Huddleston, C.J., Marks, B.D.,

Miglia, K.J., Moore, W.S., Sheldon, F.H., Steadman, D.W.,

Witt, C.C. & Yuri, T. 2008. A phylogenomic study of

birds reveals their evolutionary history. Science 320: 1763–

1768.

Harrison, R.G. 1998. Linking evolutionary patterns and pro-

cesses: the relevance of species concepts for the study of

speciation. In Howard, D.J. & Berlocher, S.H. (eds) Endless

Forms: Species and Speciation: 19–31. Oxford: Oxford Uni-

versity Press.

Hebert, P.D.N., Stoekle, M.Y., Zemlak, T.S. & Francis, C.M.

2004. Identification of birds through DNA barcodes. PLoS

Biol. 2: 1657–1663.

Hedin, M.C. 1997. Speciational history in a diverse clade of

habitat-specialized spiders (Araneae: Nesticidae: Nesticus):

inferences from geographic-based sampling. Evolution 51:

1927–1943.

Helbig, A.J., Seibold, I., Martens, J. & Wink, M. 1995.

Genetic differentiation and phylogenetic relationships of

Bonelli’s Warbler Phylloscopus bonelli and Green Warbler

P. nitidus. J. Avian Biol. 26: 139–153.

Helbig, A.J., Knox, A.G., Parkin, D.T., Sangster, G. & Col-

linson, M. 2002. Guidelines for assigning species rank. Ibis

144: 518–525.

Hendry, A.P., Vamosi, S.M., Latham, S.J., Heilbuth, J.C. &

Day, T. 2000. Questioning species realities. Conserv.

Genet. 1: 67–76.

Hey, J. 2001. The mind of the species problem. Trends Ecol.

Evol. 16: 326–329.

Hey, J. 2006. On the failure of modern species concepts.

Trends Ecol. Evol. 32: 447–450.

Hey, J., Waples, R.S., Arnold, M.L., Butlin, R.K. & Harrison,

R.G. 2003. Understanding and confronting species uncer-

tainty in biology and conservation. Trends Ecol. Evol. 18:

597–603.

Irwin, D.E., Rubtsov, A.S. & Panov, E.N. 2009. Mito-

chondrial introgression and replacement between Yellow-

hammers (Emberiza citrinella) and Pine Buntings (E.

leucocephalos; Aves, Passeriformes). Biol. J. Linn. Soc.

98: 422–438.

Isaac, N.J.B., Mallet, J. & Mace, G.M. 2004. Taxonomic infla-

tion: its effect on macroecology and conservation. Trends

Ecol. Evol. 19: 464–469.

Isler, M.L., Isler, P.R. & Whitney, B.M. 1998. Use of vocaliza-

tions to establish species limits in antbirds (Passeriformes;

Thamnophilidae). Auk 115: 577–590.

Isler, M.L., Isler, P.R. & Whitney, B.M. 1999. Species limits in

antbirds (Passeriformes; Thamnophilidae): the Myrmother-

ula surinamensis complex. Auk 116: 83–96.

Isler, M.L., Isler, P.R. & Brumfield, R.T. 2005. Clinal variation

in vocalizations of an antbird (Thamnophilidae) and implica-

tions for defining species limits. Auk 122: 433–444.

Isler, M.L., Isler, P.R. & Whitney, B.M. 2007. Species limits in

antbirds (Thamnophilidae): the Hypocnemis cantator com-

plex. Auk 124: 11–28.

Isler, M.L., Isler, P.R., Whitney, B.M., Zimmer, K.J. & Whit-

taker, A. 2009. Species limits in antbirds (Aves: Passeri-

formes: Thamnophilidae): an evaluation of Frederickena

unduligera (Undulated Antshrike) based on vocalizations.

Zootaxa 2305: 61–68.

IUCN Species Survival Commission. 2001. IUCN Red List

Categories and Criteria: Version 3.1. Gland, Switzerland

and Cambridge, UK: IUCN (http://www.iucnredlist.org/static/

categories_criteria_3_1).

Johnson, N.K., Remsen, J.V. & Cicero, C. 1999. Resolution

of the debate over species concepts in ornithology: a new

comprehensive biologic species concept. Proc. Int. Ornithol.

Congr 22: 1470–1482.

Joseph, L. & Omland, K.E. 2009. Phylogeography: its

development and impact in Australo-Papuan ornithology

with special reference to paraphyly in Australian birds. Emu

109: 1–23.

Knowles, L.L. & Carstens, B.C. 2007. Delimiting species

without monophyletic gene trees. Syst. Biol. 56: 887–895.

Konishi, M. 1970. Evolution of design features in the coding of

species specificity. Am. Zool. 10: 67–72.
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