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Abstract. Species are a fundamental unit for all fields of biology but conceptual and practical limitations have hampered
the process of identifying and describing species in many organismal groups. One outcome of these challenges is the
accumulation of genetically divergent lineages and morphologically distinctive populations that are ‘known’, but remain
of uncertain taxonomic status and evolutionary significance. These lineages are also currently not effectively incorporated
into evolutionary studies or conservation planning andmanagement. Here we suggest three ways to address this issue. First,
there is a need to develop improved frameworks to systematically capture taxonomically unrecognised lineage diversity.
Second, increased utilisation of metadata frameworks will allow better recording and dissemination of biodiversity
information. Finally, emerging genomic and analytical techniques will provide powerful new tools to improve our
identification and understanding of evolutionary lineages.
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Introduction

Species are a fundamental unit of biology (Hull 1977).
However, species boundaries are also testable hypotheses.
Tests of these hypotheses need to be set in context of the facts
that species formation occurs through diverse and interacting
processes, manifest in differing outcomes for phenotypic and
genetic divergence, and it is often a protracted process (de
Queiroz 1998; Fujita et al. 2012). Conceptual advances and
new empirical data thus result in the continual refinement of
species limits and taxonomic arrangements. More so than
many other fields of biology, the resulting changes have
implications to a wide range of end users with highly variable
levels of interest in the systematic process itself. On the one
hand, this creates a need to explain the rationale behind
taxonomic decisions to the wider community using this
framework. On the other hand, systematists need to continually
evaluate their processes to ensure that they are effectively
capturing evolutionary diversity and maximising rigor and
robustness of species delineation for end users.

In this paper we have three specific aims. First, we highlight
a particular issue in systematics – the ongoing proliferation
of genetically divergent lineages or ‘candidate species’ in the
literature that remain almost invisible to other scientific work,
including conservation assessments, management planning
and evolutionary analyses. This issue is especially notable for
low-dispersal and morphologically conservative taxa, such as
many clades of reptiles on which we focus here. Second, we

attempt to provide a brief introduction to the philosophy and
practice of modern taxonomy – in part, an explanation of why
taxonomists continue to make changes. Finally, we discuss
three emerging approaches – a standardised provisional
nomenclature, metadata frameworks and genomic techniques –
that may provide opportunities to more effectively document,
understand and manage biodiversity in taxonomically
challenging groups.

Known unknowns: the proliferation of unrecognised
lineage diversity

New species continue to be recognised at a high rate, even in
comparatively well known vertebrate groups. For instance, over
100 new reptile species were recognised in 2013 (Uetz and
Hosek 2014). Some new species, recognised primarily on the
basis of highly divergent phenotype, cannot be confounded with
any other recognised taxa (e.g. Hoskin and Couper 2013).
However, at least amongst vertebrates, an increasing majority
of new species are part of ‘species complexes’ – groups of taxa
that are difficult to elucidate and diagnose without detailed,
multidimensional analysis (e.g. Donnellan et al. 1993; Bickford
et al. 2007).

Molecular genetic tools, especially mitochondrial DNA
sequences, allow us to identify potentially divergent lineages
within species complexes quickly and efficiently. However,
this is not without error (for example, due to mtDNA
introgression across species boundaries or incomplete lineage
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sorting) such that additional independent data sources are
required to test the hypothesis that these lineages represent
distinctive evolutionary lineages or species (see below). In
some cases morphological characters that allow diagnosis in
the field are then identified (e.g. Shea et al. 2011; Oliver et al.
2014a). However, other species appear to be genuinely cryptic
and show little to no evidence of consistent morphological
differentiation (Hoskin 2007; Smith et al. 2011; Pepper et al.
2011a). In both cases, assembling appropriate datasets to
resolve species boundaries in species complexes is time
consuming, dependent on appropriate sampling, and often
expensive.

This comparative ease of initial genetic screening, on the
one hand, juxtaposed against the challenges of species
delineation, on the other, has resulted in a proliferation of
candidate species and genetic lineages that are not captured
by current taxonomy (Fouquet et al. 2007; Vieites et al.
2009; Oliver et al. 2010). This evolutionary diversity thus
also remains almost entirely missing from conservation
assessments, management planning and evolutionary analyses.
Finding new ways to effectively incorporate this unnamed
diversity into biological research in the short term, and

ultimately resolving the taxonomy of these lineages in the
longer term, are two of the biggest challenges facing
systematists in the coming decade.

Australian reptiles as a case study

Australia has an exceptionally diverse reptile fauna with over
950 recognised species (Wilson and Swan 2013). This state of
knowledge is the result of decades of mostly painstaking, peer-
reviewed ‘alpha’ taxonomy based largely on morphological
characters. This creates the perception that the job is nearly done,
except for ongoing discoveries in remote, and/or highly endemic
regions (Chapman 2009; Hoskin and Couper 2013). By contrast,
genetic studies continue to reveal additional, highly divergent
lineages within species as currently recognised (Pepper et al.
2006, 2011b; Fujita et al. 2010; Oliver et al. 2010, 2014b; Marin
et al. 2013). These data indicate that significant evolutionary
diversity remains uncaptured by taxonomy (see Box 1).
Conversely, there are also some instances where molecular
analyses have shown that taxonomy based on highly plastic
characters inflates estimates of species diversity (Keogh et al.
2005; Rabosky et al. 2014a) (Fig. 1). These deficiencies in our

Box 1. Australia’s increasing reptile diversity: geckos

(a) Diplodactylus conspicillatus complex

(b) Heteronotia binoei complex

(c) Oedura marmorata complex

9+ species or lineages; Oliver et al. 2014a

Fig. II. Hyperdiverse species complexes

10 Candidate species; Fujita et al. 2010

10 major lineages; Oliver et al. 2014b

Geckos (including pygopods) are the secondmost diverse group
of Australia reptiles and comprise close to 200 species. However
new species continue to be recognised at a high rate: ~20% of
recognised species have been described since 2000 (Macdonald
2014) (Fig. I). While some new taxa are highly distinct and
divergent novelties, most have been partitioned from previously
recognised species such asCyrtodactylus tuberculatus s.l. (Shea
et al. 2011) and Rhynoedura ornata s.l. (Pepper et al. 2011a).
However, even with this recent growth in recognised diversity,
published data indicate that species diversity remains
underestimated (contra Chapman 2009). Of particular note
are hyperdiverse species complexes that comprise up to 10 (or
even more) highly divergent lineages (Fig. I). Many of these
lineages are corroborated by multiple independent datasets and
clearly representundescribedspecies.Ongoingresearch indicates
that similarly diverse species complexes exist in genera such as
Amolosia, Gehyra and Heteronotia. Furthermore, regardless
of the final taxonomic status of these lineages, it is also clear that
our current taxonomy does not fully capture the evolutionary
diversity of Australian geckos, especially in the Monsoon
Tropics.
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systematic framework can conflate biodiversity mapping,
impede or confound monitoring of landscape-scale changes and
potentially even result in the misappropriation of conservation
resources (Siler et al. 2014).

Recent Australian reptile descriptions include localised
species of conservation concern from often highly disturbed
habitats (Kay and Keogh. 2012; Doughty and Oliver 2013;
McLean et al. 2013; Melville et al. 2014) (Fig. 2). Shrinking
islands of high-altitude habitat across eastern Australia also
continue to reveal previously unrecognised endemic lineages
and taxa (Bell et al. 2010; Hoskin and Couper 2014; Haines
et al. 2014). Finally, and perhaps most strikingly, recent work
across the Australian Monsoonal Tropics has revealed an
exceptional number of apparently restricted lineages that still
await proper taxonomic assessment (Fujita et al. 2010;
Pepper et al. 2011b; Smith et al. 2011; Oliver et al. 2012,
2014b; Marin et al. 2013; Rabosky et al. 2014a). Many
mammal taxa have recently disappeared from this region
(Woinarski et al. 2011) and this undocumented reptile biota
might also include species that are similarly vulnerable to
landscape change.

Landscape-scale and community-level approaches to
modelling biodiversity also present an exciting new opportunity
to improve predictions of the consequences of climate change and
allocate management resources (Reside et al. 2013); however,
they tend to use current species-level taxonomies and associated
distributional data. The ongoing discovery of lineage diversity
indicates that current taxonomy may not adequately capture
endemism across many major regions of Australia, especially in
northern Australia (Fujita et al. 2010; Pepper et al. 2011b, 2013;
Smith et al. 2011;Oliver et al. 2012, 2014b),where ongoingwork
is re-emphasising known regions of endemism such as Cape

Range and Cape Melville (Doughty et al. 2008; Hoskin and
Couper 2014), and highlighting overlooked areas such as the Mt
Isa Inlier and the limestone ranges of the southern Kimberley
(Fujita et al. 2010; Oliver et al. 2014c).

With few exceptions, comparative, macroevolutionary and
macroecological analyses typically use species names as
‘provided’ by taxonomists; however, inadequate taxonomy can
also impede autecological and evolutionary studies. Because of
their high diversity and endemism, Australian reptiles have
featured prominently in evolutionary biology; they include focal
groups for investigation of topics ranging from adaptive
diversification (Rabosky et al. 2007; Gründler and Rabosky
2014), community ecology and assembly (Pianka 1986; Powney
et al. 2010), thermal ecology (Grigg and Buckley 2014),
communication and sexual selection (Chen et al. 2013), sociality
(Chapple 2003), and parthenogenesis (Kearney and Shine 2004).
An inaccurate phylogenetic and systematic framework can
confound such studies (Donnellan et al. 1993; Bickford et al.
2007). Furthermore, the same processes that make species
complexes difficult to resolve – phenotypic conservatism,
convergence and plasticity, occasional gene-flow between
lineages, and adaptive and non-adaptive diversification – also
play important roles in shaping biological diversity. Detailed
examination of complexes of related taxa thus tends to provide
frameworks for broader insight into how these processes shape
evolutionary diversification (e.g. Smith et al. 2011; Singhal and
Moritz 2014; Rabosky et al. 2014a).

Species in concept and in practice: the general lineage
concept and integrative taxonomy

Before addressing how best to deal with undescribed
lineage diversity, it is necessary to take a brief look at the

(a) (b) (c) (e) (f ) (g)(d)

Fig. 1. Overestimation of species diversity in lineages with highly plastic morphology. Figured specimens have been ascribed to four different species
on the basis of variation in dorsal colour pattern, but in fact all represent just one species – Ctenotus helenae. Reproduced with permission from Rabosky
et al. (2014a).
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complex issue of how scientists recognise species. While
there has been exhaustive discussion of this topic over many
decades, there is now, perhaps, an increasing consensus on
how we should approach the delimitation of species, at least
for sexually reproducing vertebrates. At the conceptual level
we advocate the General Lineage Concept of species (de
Queiroz 1998; Fujita et al. 2012). This is deliberately broad, but
generally specifies that species are separately evolving lineages –
discrete cohesive groups of organisms (metapopulations)
that are on independent evolutionary trajectories from all other
such groups (de Queiroz 1998). To a significant extent, and
subsuming ideas such as the Biological and Evolutionary
Species Concepts, this framework circumvents the
arguments that dominated the field for many years (de Queiroz
2007).

In practice, there is also widespread acknowledgement
that delineating species requires accumulating independent
datasets of genotypic, morphological or ecological data to help
identify these evolutionarily independent lineages (i.e. species)
(Dayrat 2005; Fujita et al. 2012). Here we follow the recent
fashion to term this ‘integrative taxonomy’ (Dayrat 2005;
Padial et al. 2010; but see Yeates et al. 2011). Leaving

aside the issue of terminology, under this methodological
framework no one source of evidence (morphology, genes,
ecology) has priority or is explicitly necessary, but the larger
the number of independent data sources that support a distinct
evolutionary trajectory, the stronger the case for taxonomic
recognition (Miralles and Vences 2013).

In practice this approach is simply a formalisation of the
‘reciprocal illumination’ ethos and methodologies that many
systematists have followed for many decades (Sites and
Marshall 2004). Indeed, Australian herpetology since the
1970s provides numerous examples of the incorporation of
multiple sources of data into delimiting species boundaries in
difficult groups, including morphology, chromosomes,
allozymes, mtDNA and, increasingly, nuclear sequence data
(King 1982; Hutchinson and Donnellan 1992; Donnellan et al.
2002; Oliver et al. 2007; Sistrom et al. 2013; Pepper et al.
2013). In many cases these workers specifically stated that the
entities they were identifying were congruent across multiple
different species delineation methodologies (Hutchinson and
Donnellan 1992; Oliver et al. 2007); in short, they were
broadly following what are now frequently termed ‘integrated’
taxonomic protocols.

Fig. 2. Australia reptileswith highly restricted ranges recently partitioned from species complexes. Clockwise from top left: the coastal plain ctenotus (Ctenotus
ora) and the cloudy stone gecko (Diplodactylus nebulosus) from the south-west sandplains, the black pilbara gecko (Heteronotia atra) from two mesas in the
Pilbara region, and the Barrier Ranges dragon (Ctenophorous mirritiyana) from the Barrier Range in far western New South Wales. Photographs by Brad
Maryan and Steve Sass.

420 Australian Journal of Zoology P. Oliver et al.



Over the past few years, a plethora of methods to enable sequencing of a large number of nuclear genes has emerged (Lemmon and Lemmon
2013) (Fig. III).

Whole genome approaches: At one end of the spectrum is whole genome resequencing. For some questions (e.g. mapping regions of
genome divergence (e.g. Kawakami et al. 2014) this is the ideal; yet, for taxa with modest size (>1GB) genomes and which do not have a
high-quality reference genome, this approach remains cost-prohibitive for phylogeographic and species boundary scale questions. Hence,
several methods have been developed to enable sequencing at subgenomic scale.

Genome reduction – RADseq: RADseq and its variants samples the genome at random using size-selected fragments generated by one
or more restriction enzymes (e.g. Peterson et al. 2012). So long as a high proportion of restriction sites are conserved, the method can
generate sequence data for 1000s of loci, though there is often considerable missing data and the loci recovered might include repetitive
sequences as well as the unique, orthologous genes. This approach has proven effective at population to phylogeographic scales, including
species delimitation (e.g. Leaché et al. 2014). However, at deeper divergences, mutations at restriction sites erode the number of
orthologous loci that can be captured.

Genome reduction – Target capture: Fragments from randomly sheared DNA containing the target sequences can be enriched via
hybridisation against complementary probes (short regions of DNA used to target complementary regions). There are several strategies to
generate these.

Approach 1: Where 10s to 100 loci will suffice, probes can be generated from the target taxon by PCR, amplifying the genes from one or
two individuals (Peñalba et al. 2014, e.g. including loci previously studied via Sanger sequencing).

Approach 2: Synthetic probes can be designed against exon sequences for the clade in question, which themselves were derived from de
novo transciptome assembly (Bi et al. 2012). This ‘custom exon-capture’ method has proven highly effective at reasonable
phylogenetic distances, such as across skinks of the Eugongylus group (Bragg et al. unpubl. data) and has the advantage of
producing high-quality, near-complete data matrices that can be readily connected across scales from populations to entire
clades. There is, however, a higher start-up cost and the approach is best suited where there is intent to focus on one clade,
addressing questions from population genetics through to macroevolution.

Approach 3: An alternative to clade-specific exon capture is to use more generic probes – conserved, low-copy loci identified by
comparing phylogenetically diverse genomes. This includes two methods that are being used with increasing frequency:
ultraconserved elements (Faircloth et al. 2012), and conserved exons (Lemmon and Lemmon 2012). Although the targets
themselves are highly conserved, the flanking regions, also recovered to some extent by hybridisation, have higher levels
of variation. As a consequence, these more generic approaches, which typically yield high-quality data across 100s of loci,
are informative at the phylogeographic scale (Smith et al. 2014; Brandley et al., unpubl. data) and so have promise for
species delimitation as well as phylogenetic analyses.

Box 2. The expanding toolbox for accessing genome-scale data

Genome (1–2 Gb)

Genome reduction

Random sample
(e.g. RAD)1

1. Peterson et al. (2012)
2. Peñalba et al. (2014)

3. Lemmon and Lemmon (2012)

4. Faircloth et al. (2012) 

5. Bi et al. (2012); Bragg et al., in review 

SCPP (PCR
probes)2

Loci >1000 10–100 300–500 100s–1000 >1000
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high

high
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Anchored
enrichment
(conserved
exons)3

Ultraconserved
elements (non
coding)4

Custom exon
capture5

Whole genome sequencing
(at low coverage)

Target enrichment

Fig. III. Schematic summary of some emerging methods for generating 
genomic and subgenomic datasets
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Evolutionary distinctiveness – necessary and sufficient
evidence?

The shift away from species concept semantics is most welcome.
However, deciding what levels or patterns of variation provide
sufficient evidence of evolutionary distinctiveness still remains
an important challenge (Bond and Stockman 2008; Miralles and
Vences 2013). As increasingly large-scale genomic datasets
emerge (see Box 2), practical limitations on the resolution of
genetic data for resolving species boundarieswill be a thing of the
past. However, the continuous and sometimes meandering
process of species formation (Rosenblum et al. 2012) means that
there is no simple threshold of genetic divergence for recognising
species. Thus, even with extensive genetic data and powerful
analytical methods, the question of howmuch genetic divergence
is enough will remain. It follows that additional evidence – e.g.
from morphology, behaviour or tests for introgression across
contact zone remains highly desirable.

Conversely, while many species can be diagnosed by the
characters that systematists have relied on in the past (especially
discrete morphological traits), there is no intrinsic reason why
this has to be the case. To use morphology as an example, in the
long history of thought and writing in relation to ‘sibling species’
(a precursor idea to cryptic species) it was emphasised that (1)
morphologically indistinguishable species are just as real as
morphospecies, and that (2) more such cases can be expected as
‘biochemical’ methods are used more extensively (Mayr 1970;
Dobzhansky 1970; Grant 1981). As predicted, new multilocus
datasets are increasingly providing compelling evidence of
reduced gene flow across hybrid zones of lineages that are near
indistinguishable usingmorphology (Hoskin et al. 2005; Singhal
and Moritz 2014). While they are effectively indistinguishable
‘in the field’, these more divergent lineages are clearly on
separate evolutionary trajectories and a compelling argument
can be made that they should be recognised as species (Hoskin
2007).

To make matters yet more complicated, with the increasing
application of multilocus and now genome-scale data it is clear
that what appear to be very well defined species boundaries
can sometimes be porous – some genetically, ecologically and
morphologically distinct species do nonetheless exchange
genes (Mallet 2005; Pinho and Hey 2010). Such introgression
has been detected via multilocus studies in several Australian
reptiles (Rabosky et al. 2009; Haines et al. 2014) and amphibians
(Catullo and Keogh 2014), and has even occurred in human
evolution, where regional populations of modern Homo sapiens
show evidence of introgression fromother differentiated hominid
lineages – the Denisovians and Neanderthals (Reich et al. 2011;
Yang et al. 2012). This poses important questions about how
frequent gene flow is between lineages that otherwise show
strong evidence of evolutionary divergence (i.e. species). It
seems likely that only more comprehensive genome-scale
datasets (Box 2 and below) will allow us to better address these
questions about what species boundaries represent and how they
function.

Some directions for the next decade

The Australian herpetofauna includes a large number of
species with divergent lineages, many of which have been

identified initially by mtDNA sequencing, that remain of
uncertain taxonomic and evolutionary significance (Fujita
et al. 2010; Oliver et al. 2010, 2014b; Marin et al. 2013). At
the same time Australia is well served by a pre-existing
taxonomy, and an extensive relevant infrastructure including
major museum collections, several university- and museum-
based research laboratories, and the online Atlas of Living
Australia. This provides excellent opportunities to develop
strategies to improve our capture and understanding of
unrecognised lineage diversity. How Australian biologists
address these challenges may have important implications for
scientists in other less developed megadiverse countries that
are also trying to deal with the challenges of documenting and
understanding their biota (Mittermeier et al. 1997).

Here we suggest three keys areas that could be targeted
to more effectively incorporate biodiversity information into
conservation and biology, and improve our understanding of
species complexes.
(1) Systematic adoption of strategies to facilitate the widespread

inclusion of significant undescribed evolutionary diversity
into biodiversity analyses.

(2) Increasing utilisation of metadata frameworks to better
capture genetic and morphological data to increase the
efficiency of systematics research and improve links
between this and other areas of biology.

(3) Increasing adoption of genomic technologies to refine
our understanding of what species are, and to improve
delineation of species boundaries in difficult groups.

Formalising processes for the ‘recognition’
of ‘unrecognised’ diversity

There do not appear to be any short cuts to delineating taxa in
species complexes. Based on current trends, generating and
processing the genomic and morphological data required to
resolve the more difficult Australian reptile groups alone will
probably take the best part of the coming decade (or more).
Divergent lineages are often identified many years before
they are described (Oliver et al. 2009, 2014a), and well
supported candidate species in many other groups remain
unnamed (e.g. Oliver et al. 2009, 2010; Fujita et al. 2010;
Rabosky et al. 2014a). Furthermore, even if some divergent
lineages do not ultimately warrant recognition as species,
they often still capture evolutionary diversity and reflect
important landscape-level processes that generate, shape and
maintain biodiversity (Moritz et al. 2009; Carnaval et al.
2014), and a strong argument can be made for their inclusion
into biodiversity assessments and mapping (Moritz 2002;
Rissler et al. 2006).

Against this background a compelling argument can be to
formalise a process that will expedite the widespread
recognition of candidate species and their component lineages,
and facilitate their inclusion into biological analyses (Schindel
and Miller 2010; Oliver and Lee 2010). This would improve
the accuracy of biodiversity data used in diversity modelling
and aid allocation of conservation resources. Of particular note
here is the emerging lineage diversity of reptiles from the
monsoon tropics of northern Australia (Fujita et al. 2010;
Smith et al. 2011; Oliver et al. 2012, 2014b). This is where
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lineage diversity information (independent of taxonomy) may
feed in most usefully – for instance, testing whether high
diversity is correlated with particular combinations of climatic
and topographic characters, and using this information to
effectively assign conservation resources and monitor
landscape-scale changes (Rissler et al. 2006).

The Evolutionarily Significant Unit (ESU) concept was
proposed nearly two decades ago, partly in response to the
issues outlined above (Ryder 1986; Moritz 1994). In essence,
the goal was to formalise the recognition of major,
independently evolving lineages within taxonomic species
(ESUs), and of demographically independent units within
these. Yet, there is debate around how to define ESUs and
in most areas of the world (including Australia) this concept
has rarely been applied (beyond threatened species
management) to enable including taxonomically unrecognised
lineage diversity in regional conservation assessments and
planning. Furthermore, in light of ongoing conceptual and
methodological advances, an argument can be made that many
of these independently evolving lineages, ESUs sensu Moritz
1994, should now be recognised as species.

Herpetologists working on diverse faunas elsewhere have
developed alternative protocols for ‘naming’ unrecognised
diversity. Perhaps the most relevant model is that proposed by
Vieites et al. (2009) in their comprehensive assessment of the
Madagascan frog fauna. This centred around three categories:
(1) confirmed candidate species (CCS) – strong evidence
for evolutionary independence from multiple datasources;
(2) unconfirmed candidate species (UCS) – genetic
divergence, other datasources as yet not assessed; and
(3) deeply divergent lineages (DDL) – genetic divergence,
but no support from other datasources. We believe this serves
as a good starting point for the Australian fauna. However, we
propose a modification of this system that involves just two
categories, and also attempts to capture the theme and purpose
of ESUs:
(1) Candidate species (CS) – those lineages for which at

least two different independent datasets relevant to
evolutionary divergence (mtDNA, nDNA, different aspects
of phenotype, reduced gene flow at contact zones) suggest a
significant history of evolutionary distinctiveness.

(2) Evolutionary Significant Unit (ESU) – those lineages
in which divergence levels (morphological/molecular)
approach those seen between related species, but are not
judged sufficient to warrant recognition as species. This,
again, requires more than one data source to provide robust
evidence (e.g mtDNA+ nDNA divergence for ESUs sensu
Moritz 1994).
These categories are deliberately broad and generalised.

We present a worked example of their application in Fig. 3.
We propose just two categories (contra Vieites et al. 2009) for
several reasons. The CS category is designed to be a proxy for
capturing species diversity as accurately as possible pending
formal descriptions, while the ESU category is designed to
capture significant evolutionary diversity within recognised or
candidate species. Thus, they are somewhat complementary
and also hierarchical – for instance one CS may comprise
multiple ESUs. Trying to apply a third category (DDL sensu
Vieites et al. 2009) based on genetic lineage divergence

(especially mtDNA data) alone creates a danger of recognising
lineages that are of ephemeral significance or do not represent
evolutionary boundaries, and including these in biodiversity
analyses. There are also practical and logistical benefits to
a ranking system that comprises just two categories (see
below).

Different, sometimes non-overlapping datasets are often
used to delimit evolutionary diversity in different groups.
Therefore it is essential that the evidence used to assess lineage
diversity is explicitly stated and freely available (i.e. sources
of data, levels of genetic divergence and thoroughness
of sampling). This background information provides the
framework needed for ongoing assessment of the accuracy
and comparability of provisional taxonomies.

Expanding metadata frameworks to expedite the capture
of biodiversity information

Online databases of biological and climatic data have made a
major contribution to expediting systematic and evolutionary
research. For example, online repositories of genetic sequence
data (e.g GenBank) now allow synthesis and leverage of millions
of dollars of public investment into generating genetic data (e.g
Pyron et al. 2013). Similarly, online databases of museum
material with matching coordinates are also now available for
many areas (including Australia), and are making a major
contribution to facilitating biodiversity research and conservation
(Graham et al. 2004; Soberón and Peterson 2004). It is timely to
start considering additional ways that metadata frameworks may
improve the capture of lineage diversity and taxonomic
information.

In Australia we have strong infrastructure in the Atlas of
Living Australia, which itself builds on previous federated
museumdatabases (OZCAM,AVH) and the substantial efforts of
curators in digitising and validating the specimen records. This
considerable investment of time and resources now provides a
framework for accessing a vast number of museum records
(approaching half a million for reptiles and amphibians), and
linking thesewith a diverse array of environmental variables such
as climate and geology. Future options for incorporating
phylogenetic hypotheses and other data sources into this network
are now also being explored (e.g. Jolley-Rogers et al. 2014).
Efforts to ‘phylogenise’ the Atlas are especially exciting as we
will then be able to properly represent and interrogate the tree of
life, above and below recognised species, as it exists across
Australia. There are, however, abundant further opportunities to
build extra data interfaces into this framework. Here we focus on
just two areas that are often reported upon in systematic literature,
but aremissing fromcurrent databases: (1) candidate species (CS)
and ESUs (as discussed above), and (2) phenotypic data.

The argument for recognising candidate taxa and significant
lineage diversity is outlined above and elsewhere (Schindel and
Miller 2010). The Atlas of Living Australia provides an excellent
framework for attempting to do this in a systematic manner for
large portions of the biota. To enable collaborative research
and, ultimately share the outcomes, it will be possible to link
user-provided records (pertaining to tissues and/or vouchered
specimens) to phylogeny from intraspecific ESUs and CSs to
recognised species and entire endemic clades. When research
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results are robust and ready to be shared publically, there could
be a link under the relevant species page(s) highlighting the
existence, distribution and samples used to identify both
additional candidate species, and also divergent lineages. Once
the candidate species are formally recognised, the original links
and data can be amended accordingly, but the phylogenetic
representation would remain.

Phenotypic analyses for taxonomic work (and often also
evolutionary research) are usually centred upon measurement of
a fairly standard set of morphological characters (some that are
common across many groups (lengths, head proportions), and
others that are more group-specific). These data are gathered to
characterise taxa and provide a framework to allow fieldworkers
and others to readily identify specimens, many of which lack
matching genetic samples. However, despite the large amount
of time involved in gathering this data, the majority of
morphological information gathered in taxonomic revisions
remains difficult to access. For instance, over several decades
of work on the Western Australian reptile fauna, Glenn Storr

(Australia’s most prolific Australian reptile taxonomist) would
have measured many thousands of specimens, yet these
specimen-level data (housed in notebooks in the Western
Australian Museum) are inaccessible to most researchers.

However these phenotypic data are extremely valuable. In
the first instance they provide the framework for further testing
and refining previous taxonomic work. More broadly, biologists
are also increasingly linking morphological data with genetic
and climatic datasets in order to understand patterns of micro-
and macro-evolutionary change. Some good recent examples
include using voucher material to detect temporal and
altitudinal patterns of body size variation in several groups
(Gardner et al. 2009; Leaché et al. 2010).

Individual specimen records in the Atlas of Living Australia
provide an opportunity to improve the efficiency and value of
phenotypic data capture. While some morphological data
collected for revisionary work are difficult if not impossible to
synthesise across different studies (different authors often use
slightly different techniques), there remains a subset of

Fig. 3. Provisional taxonomy for a species complex of Australian lizards. The Oedura marmorata complex in northern Australia includes numerous
divergent, but often poorly sampled, mitochondrial lineages (Oliver et al. 2014b). Deep mitochondrial divergences, numerous fixed allozyme differences and
strong morphological differentiation support the recognition of two candidate species in this clade ‘Gulf’ and ‘North’. Both candidate lineages contain further
divergent mitochondrial clades that also show evidence of concordant allozyme differentiation, and sometimes ecological and morphological divergence.
Lineages that are comparatively well sampled and/or show evidence of divergence at multiple sources of information are provisionally recognised as ESUs,
while poorly sampled lineages that show evidence of less divergence are not recognised at this stage. Further sampling and additional data will lead to the
refinement of this arrangement. Photographs by Stewart Macdonald and Steve Richards.
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characters including snout–vent length, and aspects of body
length, tail length and some head proportions that are probably
already close to standardised across studies or many groups.

Having these data publicly available may also serve to
increase the care and rigour with which they are collected and
vetted.

As with methods for generating the data, there are diverse methods for employing multilocus evidence to test boundaries among candidate
species (Fujita et al. 2012). Moving beyond simplistic criteria like reciprocal monophyly, which could be overly conservative across nuclear
genes (Hudson and Coyne 2002), these new approaches apply explicit model-based tests for evolutionary independence that incorporate the
among-gene variance in coalescence times. These approaches, which typically contrast alternative hypotheses of one versus two lineages at
proposed bifurcations, promise to provide an objective statistical approach to species delineation. Logically, the process is to (1) propose
candidate lineages and membership of these from some mix of mtDNA phylogeography, distinct phenotypes etc., (2) propose relationships
among these (i.e. one or more assumed tree topologies), and (3) using independent evidence (nDNA genes), evaluate evidence for evolutionary
distinctiveness (i.e. time >0, m ~0; see Fig. IV) by sequentially collapsing nodes and comparing likelihood-AIC or Bayes Factors against a split
model.

There are, however, some issues. First, incorrect allocation of individuals to candidate species at the outset can compromise these (and any
other) tests (Olave et al. 2014). Given sufficient loci, this can be overcome by clustering individuals a priori via ordination or a population
genetic approach (e.g. STRUCTURE). Second, under some conditions the outcome might be sensitive to assumed tree topology, although at
least one method appears robust to error expected under realistic conditions (Zhang et al. 2014). Third, the models typically assume that each
candidate species is randomly mating. Where, as is more usual, there is isolation-by-distance, sampling gaps could result in incorrect inference
of multiple species, though underlying models could be robust to isolation by distance, or low migration (Nm << 1) (Zhang et al. 2011).

It is important to stress that the goal here is not to identify the smallest genotypic cluster (i.e. a semi-isolated component of a
metapopulation) but, rather, truly independently evolving lineages. In practice, different inference methods available now can infer varying
numbers of lineages, especially in low-gene-flow taxa with fractal genealogical structure (Camargo et al. 2012; Carstens et al. 2013). Whether
these different outcomes are a result of differences in model structure and assumptions or inadequacy of sampling (genes, individuals: Rittmeyer
and Austin 2012) remains to be determined. On the latter, while it is true that relatively small numbers (10s–100s) of genes are sufficient under
most conditions (Zhang et al. 2011), using a large number (e.g. 1000s) could improve initial clustering and otherwise provide more robust tests
(Leaché et al. 2014).

Countering the ideal for objective, coalescent-based procedures for inferring species from genomic data are the observations that (1)
lineages that have split very recently could well merge again in the absence of strong prezygotic isolation (Rosenblum et al. 2012), and,
conversely, (2) there is increasing evidence that, given strong divergent selection, species can form despite modest levels of gene flow. The
former case would correspond to oversplitting and the latter to incorrect lumping. Thus, we and others (Padial et al. 2010; Fujita et al. 2012)
continue to advocate for a pluralist approach, in which congruence across multiple lines of evidence is desirable, yet no one dimension
(genomic, phenotypic etc.) is necessary.

Box 3. Inferring species boundaries from genomic data

The structured coalescent model that
underpins inference of species status from
multilocus data. Divergence history of three
species (A–C) in relation to time (T) and
population size (N), with a mismatched gene
tree shown in red. Delimitation methods
assume no gene flow between species (m),
but are robust to low levels.
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Fig. IV.  Theoretical and hierarchical frameworks underpinning the assessments of evolutionary 
divergence and species boundaries from integrated taxonomic datasets
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Ultimately it may be possible to work towards a systemwhere
researchers working on a particular group (with appropriate
accreditation) are able to directly enter measurement data into
the matching specimen record on the Atlas of Living Australia
with repatriation to individual museum databases. These data
could also be routinely collected for newly vouchered specimens,
and the associated data uploaded as a matter of course. If and
where appropriate this information could be embargoed (similar
to the current system on GenBank). While there are certainly
issues to work through, increasing utilisation of systems such
as this would almost certainly provide a valuable framework for
future taxonomic and evolutionary research.

Entering the Genomic Age

Molecular systematics has been through a series of revolutions –
from the introduction of allozyme electrophoresis and
cytogenetics in the 1960s–1970s, RFLP analyses in the 1980s,
PCRgene amplification and Sanger sequencing (ormicrosatellite
loci) in the 1990s, andmost recently, next-generation sequencing
of 100s to 1000s of loci (Hillis et al. 1996; Lemmon and
Lemmon 2013). Interestingly, this journey has taken us from
multilocus analysis and a view of the entire genome, albeit at
low resolution, to fixation on a few readily amplifiable gene
fragments, and just now, back to a genome perspective.
Herpetologists, including those studying Australian species,
have always been early adopters of these new approaches (e.g.
King 1979; Brown and Wright 1979; Gartside 1982; Lemmon
and Lemmon 2012).

With the recent coupling of various genome-reduction
methods (Box 2) and massively parallel sequencing platforms,
it is now feasible to readily obtain 100s to 1000s of loci from
species and clades that previously lacked genome resources.
Thus, we havemoved frombeing reliant on a few, often relatively
conservative, loci to having more data than most model-based
analytical methods can handle (Box 3). In essence, we are now
more limited by computation and inference methods than by
numbers of loci. In both theory andmost applications, only a few
10s of sufficiently informative loci are required to resolve species
boundaries and estimate relationships (Zhang et al. 2011;
Lemmon and Lemmon 2013; Brandley et al., unpubl. data). Yet
analysis of 1000s of independent loci then enable more precise
estimation of demographic and divergence histories. The latter
includes testing for the extent of gene flow across borders of
candidate lineages where they now meet (Singhal and Moritz
2014).

We expect that over the next few years, these ‘next-gen’
approaches will become increasingly accessible to the
systematics community and will undoubtedly yield new
insights into processes of speciation, including genetic
exchange across porous species boundaries. It is also true that
moving beyond a small number (often <5) of relatively
conserved nuclear loci is important to provide more robust
delineation of species through genetic methods (e.g. Leaché
et al. 2014), and is crucial when this is the primary source of
evidence (e.g. phenotypically cryptic species), or where
relatively few samples can be obtained because of intrinsic
rarity or access issues (e.g. Oliver et al. 2012). That said, there
remains much value in applying current methods (e.g.

integration across mtDNA, phenotypes and a few nDNA loci)
to identify obviously divergent species, leaving the more
intensive genome-scale analyses to more difficult cases or
detailed studies where the goal is to infer divergence processes.
In the former case, it should also be recalled that allozyme
electrophoresis remains a very effective tool for species
delineation (e.g. Horner and Adams 2007; Oliver et al. 2007,
2010).

The bottom line is that a deluge of increasingly extensive
genome-scale data are coming and, as a community, systematists
need to identify howbest to exploit this to improve our knowledge
of diversity of species, their relationships, and the evolutionary
processes bywhich they form.Despitemuchpromise (Fujita et al.
2012), much remains to be done to test and improve on current
analytical methods for delineating species from multilocus data
(Camargo et al. 2012; Carstens et al. 2013; Miralles and Vences
2013) (Box 3). But this will come, and with suitably conservative
and rigorous application, will enrich our understanding of
diversity.

Conclusions

Systematists aim to provide frameworks that effectively capture
evolutionary biodiversity. However the more we learn about
speciation and diversification processes, the more we realise that
species delineation will never be a simple, rule-driven matter.
Along with many others, we maintain that there is great value in
maintaining and, in fact, strengthening the nexus between
genomic andphenotypic analyses of diversity. Indeed, to giveone
of these primacy over the other is not only intellectually flawed,
but also misses great opportunities for understanding
evolutionary processes across different scales (e.g. Hoskin et al.
2011; Rabosky et al. 2014b).With this realisation comes the need
to improve access to, and visualisation of, taxon characteristics
(DNA sequences, traits, distributions) in the context of the tree of
life, from the very tips (ESUs and CSs) through recognised
species to whole clades. Reasonably well known and highly
endemic groups such as Australian reptiles provide a unique
opportunity to develop approaches for dealing with these
challenges, and provide a road map for understanding the
diversity of developing countries and more poorly known
taxonomic groups.
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