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Abstract. The history of ecology and evolutionary biology is rife with attempts to define and delimit species. However, there
has been confusion between concepts and criteria, which has led to discussion, debate, and conflict, eventually leading to lack of
consistency in delimitation. Here, we provide a broad review of species concepts, a clarification of category versus concept, an account
of the general lineage concept (GLC), and finally a way forward for species discovery and delimitation. Historically, species were
considered as varieties bound together by reproduction. After over 200 years of uncertainty, Mayr attempted to bring coherence
to the definition of species through the biological species concept (BSC). This has, however, received much criticism, and the last
half century has spawned at least 20 other concepts. A central philosophical problem is that concepts treat species as ‘individuals’
while the criteria for categorization treats them as ‘classes’. While not getting away from this problem entirely, the GLC attempts to
provide a framework where lineage divergence is influenced by a number of different factors (and correlated to different traits) which
relate to the different species concepts. We also introduce an ‘inclusive’ probabilistic approach for understanding and delimiting
species. Finally, we provide aWallacean (geography related) approach to the Linnaean problem of identifying and delimiting species,
particularly for cases of allopatric divergence, and map this to the GLC. Going one step further, we take a morphometric terrain
approach to visualizing and understanding differences between lineages. In summary, we argue that while generalized frameworks
may work well for concepts of what species are, plurality and ‘inclusive’ probabilistic approaches may work best for delimitation.
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A brief history of species

The earliest documented effort at a systematic classifica-
tion of natural objects in ‘Western science’ is Aristotle’s
principle of logical division, where every object (living
or nonliving) was classified through a series of binary
steps. At every step, each object was defined on the basis
of five predicables: species (eidos), genus (genos), differ-
entia (diaphora), property, and accident. For example,
a human (species) is an animal (genus) with the ability
to reason (differentia). The genus and species referred
to general and specific categories the object belonged
to rather than the particular taxonomic sense in which
we use them today. Many objects reached their final
classification in just a few steps, while others needed
several steps of subdivision. In his ‘Historia animal-
ium’ (History of Animals), Aristotle provided the natural

history of more than 500 species of animals (Young
2007).

Following his extraordinary contributions to natural
history, a millennium and a half passed before naturalist–
philosophers turned their attention to the problem of
classification. In the 17th century,most plants and animals
were classified on the basis of their relationship to humans.
John Ray (sometimes Wray) and Francis Willughby made
what might be considered the first ‘scientific’ attempt at
classification, the former working on plants and latter on
birds. Ray and Willughby documented hundreds of new
species or varieties and classified them for the first time
on the basis of the form (and function) of parts. Ray and
Willughby’s ‘The ornithology’ followed the principle of log-
ical subdivision based on form and structure (beak, foot
and overall size). They divided birds into land and water
birds; land birds were divided into birds with straight and
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curved beaks; and those with curved beaks into prey and
fruit eaters, etc. Some final groupings were achieved after
three subdivisions (flightless birds) while others needed
up to eight subdivisions. Many of their final groupings
have good correspondence with some groups today, such
as crows, woodpeckers, geese, etc. (see Young 2007 for a
detailed history of the discovery of evolution).
Crucially, Ray also recognized that species or types were

bound together by reproduction. He wrote: ‘no surer cri-
terion for determining species has occurred to me than
the distinguishing features that perpetuate themselves in
propagation from seed’ (Ray 1686). Inherent in this is the
idea of gene flow that has remained central to notions
of species for three and a half centuries. While ‘evolu-
tion’ had not been discovered, it was then widely believed
that species or kinds were mutable and could arise spon-
taneously, which explained ‘sports’ or ‘monsters’. Hence,
Ray’s contributions strengthened the idea that specieswere
largely constant in time with relatively small variations
(Young 2007).
Linnaeus strengthened the notion of fixity of species by

assigning ‘species’ a binomial nomenclature. In addition,
he was also interested in the ecological relationships of
species. That species were adapted to tropical and tem-
perate climates led him to telescope the Biblical flood and
creation, and hypothesise that all species originated on a
mountain which would contain the range of environments
necessary for different kinds of plants and animals (Young
2007). The idea of ‘ecological species’ has its roots here.

The third and final class of ‘evolutionary’ species con-
cepts, based on ancestry and descent derives from thework
of Charles Darwin. Though Darwin wrote that he ‘was
much struck how entirely vague and arbitrary is the dis-
tinction between species and varieties’ (1859), his work
on the origin of species by natural selection provides a
framework for understanding species as lineages. In a let-
ter toHooker, Darwinwrote (datedAugust 1857) (Darwin
1887):

‘I am got [sic] extremely interested in tabu-
lating, according to mere size of genera, the
species having any varieties marked by Greek
letters or otherwise: the result (as far as I
have yet gone) seems to me one of the most
important arguments I have yet met with, that
varieties areonly small species—or species only
strongly marked varieties. … It is good to have
hair-splitters and lumpers’

Mayr and Dobzhansky grappled with this species ques-
tion (i.e. what they were rather than how they originated),
leading to Mayr’s formulation of the biological species
concept (BSC) (1942, 1963). Dobzhansky (1950) viewed
species as a ‘reproductive community of sexual and cross-
fertilizing individuals which share a common gene pool’.
He however remained skeptical and wrote: ‘Of late, the
futility of attempts to find a universally valid criterion

for distinguishing species has come to be fairly generally,
if reluctantly, recognized’ (Dobzhansky 1937). Mayr first
defined species as ‘a groupof actually andpotentially inter-
breeding populations that do not breed with any other …’
in 1942, but removed the ‘potentially’ in subsequent defini-
tions. Mayr (1963) defined biological species as ‘groups of
interbreeding natural populations that are reproductively
isolated from other such groups’.
Mayr and Ashlock (1991) recognized that the multi-

tude of ways in which speciation occurs makes the process
of species delimitation difficult. They suggested that one
could use the degree of difference in ‘good species’ (those
that were clearly morphologically separated from their
sibling species) to make inferences about the status of
cryptic or sibling species (those that exhibited conserved
morphological traits despite deeper divergences). They
advocated that the morphology of sympatric species could
be used as a guide for delineating allopatric taxa.While the
BSC maintained pre-eminence as the central definition of
species, phenetic ormorphological methods were still used
in practice.
The latter half of the 20th century received several

centuries of accumulated thought and wisdom, but little
clarity about what a species was. Philosophical arguments
about species ranged from realism (species are real objects
that exist independent of our existence or knowledge or
description of them) to nominalism (species are human
constructs), andwhether they are a single ormultiple kinds
of entities.Wepropose that biologists andphilosophers fall
into three main schools of thought: (i) a ‘Darwinian’ view
that species are no different from varieties, and we should
not expend effort in trying to define them, ratherwe should
try to understand the evolutionary processes that under-
lie variation (ii) a ‘Dobzhanskian’ view that species are a
special class of discontinuities, but it is futile to find a sin-
gle universal concept and one should adopt a pluralistic
approach, and (iii) a ‘Mayresque’ doctrine in which there
is a universal species concept (it’s not just physics envy)
that we should endeavour to derive from the principles of
ecology and evolutionary biology (monism).
There have already been numerous reviews of species

concepts (see Wilkins 2009; Zachos 2016). However, what
may be lacking is a clear enunciation of why the gap
exists between philosophical theorizing about species, and
practical attempts to delimit them. In this paper, we
first provide a historical narrative, and broadly classify
and review species concepts. We then elaborate on the
general lineage concept (GLC) and introduce an ‘inclu-
sive’ probabilistic approach to understanding species. We
clarify the distinction between category and concept by
examining the ontology of species as individuals versus
classes, or alternately as fuzzy sets. Finally, using the GLC
and inclusive approaches as a backdrop, we provide a
way forward for species discovery and delimitation using
a ‘Wallacean’ framework and a ‘morphometric terrain’
approach.
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A historical account of species concepts

Both Darwin andWallace had considered the importance
of sterility and fertility in defining species. Darwin (1859)
realized that neither offered ‘any clear distinction between
species and varieties’. There were many cases where ‘good
species’ had few sterility barriers, and others where steril-
ity was not associated with speciation. Wallace (1865) had
posited a species definition based on interbreeding (similar
to BSC), but immediately dismissed it due to the practi-
cal difficulty of making all the necessary crosses to test
compatibility. He also believed that there was circularity
in such a definition; when speciation involved a reduction
in the ability to interbreed, this could not then be used as a
criterion to define species (c.f. Mallet 1995) as it confused
process (cause) and pattern (effect).
Following its formal postulation byMayr (1942, 1963),

the BSC has remained at the centre of discussions around
what species are for three quarters of a century, includ-
ing in recent decades. However, one of the most scathing
critiques was itself written nearly 50 years ago; Sokal and
Crovello (1970) reviewed theBSCand examinedwhether it
goes beyond phenetic approaches in practice. In the BSC,
species are defined by the ability of individuals to breed
with each other, and hence reproductive isolation plays a
central role. However, reproductive isolation between pop-
ulations need not be binary, but can vary by degree; in
the last two decades, molecular methods have allowed the
estimation of the level of migration between populations.
Hence, some populations could be completely isolated
while others are isolated to greater or lesser extents. Given
this, could it be (asDarwin suggested) that variation above
and below the ‘species’ level is a continuum? Or, as Sokal
and Crovello (1970) ask: ‘Is there a special class of dis-
continuities that delimits units (biological species) whose
definition and description should be attempted because
they play a significant role in evolution or in understand-
ing it?’
They point out that, in the BSC, species are (i) defined

by distinctiveness (reproductive gaps) rather than by mor-
phological (phenetic) difference, (ii) made up of popula-
tions rather than unconnected individuals, and (iii) more
unequivocally defined by their relation to non conspecific
populations (isolation). Hence, to establish species under
the BSC, one has to find (i) some individuals which lack
distinctiveness from each other—these are grouped into
populations, (ii) a group of populations which interbreeds,
and (iii) a group that does not interbreed with other such
groups. This begs the key questions of what interbreeding
is, and how it can be detected.
Sokal and Crovello (1970) also pointed out that prac-

tical taxonomy rarely (if ever) resorted to the criterion of
isolation and used mainly phenetic difference (and now in
addition, genetic). To answer their question about whether
the concept was useful in understanding evolution, they

pointed out that homologies were used to infer evolu-
tionary relationships, that biological populations were the
units of such enquiry, and that population genetics was
the heuristic tool that was used to determine relationships
between these units. In their opinion, the BSC served nei-
ther a practical role in describing species, nor a conceptual
role in understanding evolution.
Despite this, the idea that reproductive isolation is

essential to defining species remained embedded in the
numerous other species concepts that were proposed.
In his review, Ridley (1993) discussed seven concepts
(phenetic, biological, recognition, ecological, cladistic,
pluralistic, and evolutionary) and advised using a com-
bination of four concepts (biological, cladistic, ecological,
and recognition).King (1993) reviewed eight (morphologi-
cal, biological, recognition, ecological, cladistic, cohesion,
evolutionary, and phylogenetic) and concluded that the
BSC was ideal.
We will define some of the key concepts here, though

more than 20 have been proposed (Mayden 1997; Wilkins
2006a, b; Zachos 2016). In general, these can be cate-
gorized as being based on (i) some form of gene flow
and reproductive isolation (biological, recognition, eco-
logical), (ii) lineage divergence (evolutionary, cladistic,
phylogenetic) and (iii) morphological or phenotypic diver-
gence. Finally, there are sets of what might be considered
attempts to unify the different approaches to defining
species.

Reproduction based species concepts

Biological (isolation): These are groups of interbreeding
natural populations that are reproductively isolated from
other such groups (Mayr 1963).
Recognition: In contrast to isolation which formed the core
of the BSC, Paterson (1985) proposed a concept based on
mate recognition (critical for both gene flow and isola-
tion) that a species is ‘that most inclusive population of
individual, biparental organisms which share a common
fertilization system’.
Ecological: Van Valen (1976) proposed the idea of adap-
tive zones or niches (the sum of environmental factors
that conspecifics interact with) as defining the boundaries
of species. This is an attractive proposition, as it brings
phenotype—environment interactions into what consti-
tutes a species.

Lineage based species concepts

Evolutionary: First defined by Simpson (1961) and further
modified byWiley (1978), the evolutionary species concept
(ESC) defines species as lineages (an ancestral-descendent
sequence of populations) that are evolving separately from
others and with their own unitary evolutionary role and
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tendencies. Within the ESC, all organisms belong to some
evolutionary species, reproductive isolation is complete,
morphological distinction is not necessary and they are
monophyletic.
Phylogenetic: The phylogenetic species concept (PSC) takes
different forms, among which is the Hennig (1966) con-
cept, grouping together the set of organisms between two
speciation events or between a speciation and extinction
event; an ancestor becomes extinct when the lineage splits.
Some authors use diagnosability as a key criterion (Nelson
and Platnick 1981; Eldredge and Cracraft 1980; Cracraft
1983; Nixon and Wheeler 1990), while others focus on
monophyly (Rosen 1979; Donoghue 1985; Mishler 1985),
i.e. species are monophyletic groups of organisms recog-
nized as lineages on the basis of shared derived characters
and ranked as species because of causal factors. Cracraft
(1983) defined species as ‘the smallest diagnosable cluster
of individual organisms within which there is a parental
pattern of ancestry and descent’.Unlike theBSCandESC,
the PSC does not depend on reproductive isolation, exam-
ines shared derived characters and looks at the result of
evolution rather than the process.

Phenotype based concepts

Morphological: Traditionally the most widely used concept,
this is merely a diagnostic account which differentiates
species on the basis of morphological characters.
Phenetic: This refers to a cluster of characters (Sokal and
Sneath 1963; Michener 1970; Sokal and Crovello 1970)
andmay be considered as the phenotypic analogue ofMal-
let’s genotype cluster concept.
Geopolitical: Partially in jest, Karl and Bowen (1999) pro-
posed a geopolitical species concept, where populations
could be designated as species for geographical/political
reasons. While the latter part of their argument is inten-
tionally facetious and intended as a barb against over-
zealous conservationists, the former (geography) draws
attention to an often underestimated criterion in species
delimitation, namely geographical separation (though not
along political boundaries).

Unifying concepts

Cohesive: Templeton (1989) proposed a concept to unify
biological and evolutionary approaches.He suggested that
species can be viewed as ‘evolutionary lineages bounded
by cohesion mechanisms that cause reproductive com-
munities, particularly genetic exchange, and ecological
interchangeability’. Here, a species is the largest delimited
population that functions as an internalmechanism ensur-
ing mutual phenotype cohesion of its members.
Genotypic cluster:Mallet (1995) proposed that species could
be considered as genotypic clusters (i.e. with an absence of
intervening heterozygotes). He considered this a ‘modern

synthesis’ where he defined species in a Darwinian way as
‘groups of individuals that have few or no intermediates
when in contact’; he included polytypic species in the defi-
nition and recommended use of knowledge from genetics.
Most importantly, within this concept, species are affected
by gene flow, not defined by it.
Inclusive: Following on the idea of inclusive fitness (Hamil-
ton 1964), we propose the idea that species could be
considered as ‘that inclusive group of individuals that have
finite probabilities of contributing to a common gene pool’
(first presentedbyShanker 2001).This is similar toMallet’s
(1995) genotype cluster concept, but adds the probability
that in certain cases, individuals have a finite probability of
contributing to more than one cluster (figure 1). In some
instances (hybrid zones), these probabilities could be high
even in ecological time, whereas in many cases, the prob-
abilities are likely to be nonzero in evolutionary time but
have a low chance of detection by current methods.
Most importantly, the factors affecting gene flow (both

prezygotic and postzygotic mechanisms) can be explicitly
studied and modelled, from proximate individuals to pop-
ulations to species level lineages. The role of biogeography,
i.e. the combination of topography, medium of disper-
sal, historical and current climate, ecology and organism
traits (dispersal ability) can be explicitly examined tomake
inferences about the probability of gene flow. This is more
closely considered in ‘Understanding species boundaries: a
Wallacean solution to a Linnaean problem’ section, where
we offer a biogeographic approach to the discovery and
delimitation of species.
GLC: De Queiroz (1998) proposed a generalized
approach to understanding lineages, integrating biolog-
ical, evolutionary and other processes as stages in the
divergence between lineages. This differs from the cohe-
sive and genotype cluster approaches in that it explicitly
identifies different processes as occurring independently
at different stages of lineage evolution and divergence.
Given the general acceptance of GLC as the most uni-
fying/universal of current theories of species, we provide a
more elaborate treatment in the following section.

The general lineage concept

De Queiroz (1998) first provided a generalized scheme
for understanding species/lineages, treating them as ‘inde-
pendently evolving metapopulation lineages’. The term
‘independently evolving lineages’ emphasizes the ideas of
ancestor-descendent lineages from phylogenetic concepts
and independent history from the evolutionary concept.
The use of ‘metapopulations’ drives home the idea of vary-
ing degrees of isolation and gene flowbetween populations
over time. de Queiroz further attempts to generalize his
theory by suggesting that the criteria adopted by various
other concepts appear at different points of time during
lineage separation, and not necessarily in the same order.



Review of and novel approaches to species delimitation 417

Figure 1. A schematic representation of inclusive species in genetic and/or trait space. Each circle represents a genotype cluster
(sensu Mallet 1995). We extend this by suggesting that such clusters have finite but varying probabilities of gene flow with other such
clusters. A1 to A5 represent clusters of different sizes (with clear morphological or geographical separation) that have varying degree
of gene flow between them (A2 to A4 with A1). B and C are genotype clusters that have gene flow with each other or A. Areas of
overlap represent probabilities; this can either be interpreted as the probability of contributing genes to a particular cluster (species
as individual), or the probability of assignment of an individual to a particular cluster (species as class).

In this definition, a lineage is an ancestral-descendant
sequence of populations. Populations are different from
lineages only along a temporal axis. Simpson (1951) points
out that a lineage is a population extended through time
and, conversely, a population is a lineage at a particular
moment in time (i.e., a temporal cross section of a lineage).
Here, species are not entire lineages, but a small segment of
a lineage (a branch in the line of descent); they can viewed
as lineage segments between branching events (internodes
of phylogenetic trees) though there may be disagreement
about what constitutes a branching event or node.
De Queiroz (2011) argues that Darwin conceptualized

species as branches in the lines of descent (segments of
lineages). He also highlights the fact that, contrary to the
views held by Mayr (1963) and other like Coyne and Orr
(2004), Darwin touched upon the role of geographical iso-
lation in species formation.DeQueiroz argues thatDarwin
perceived species as real, despite his comments on the arbi-
trary distinction between species and varieties. In his view,
‘Darwin’s treatment of the species as a rank and his adop-
tion of amount of difference as a ranking criterion led him
to adopt the implicit position that all species are separately
evolving lineages but not all separately evolving lineages
are species. Only those separately evolving lineages that
had evolved a certain amount of difference from other
such lineages were to be ranked as species; those that had

not evolved the requisite amount of difference were to be
ranked as subspecies, varieties, or nothing at all.’
Many biologists have treated ‘species category as a rank

to be conferred on a lineage’ after it has reached a cer-
tain level of divergence (de Queiroz 1998). Lineages that
had not reached a stage were grouped under varieties by
Darwin and as subspecies by others. Considered from the
evolutionary species perspective, each ranking criterion
represents a ‘threshold crossed by separately evolving lin-
eages as they diverge from one another’ (de Queiroz 1998).
One can debate whether there is any real possibility for rec-
onciliation across concepts, as these thresholds are highly
sensitive to the questions that biologists are interested in.
De Queiroz (1998) defines the ‘species problem’ as our

failure to distinguish between the concept ofwhat a species
is and the criteria that we use to identify them. He defines
species as a segment of independently evolving metapop-
ulation lineages (better visualized as a section between an
internode on a phylogenetic tree) (de Queiroz 1998, 2007)
and the 20 plus species concepts that are extant in the lit-
erature as just different secondary criteria that reflect the
diversity of changes or ‘events’ that occur during specia-
tion (de Queiroz 1998, 2011). The conflict arises because
of temporal differences in rate of change of different sec-
ondary species criteria (e.g., reproductive isolation, niche
differentiation, monophyly) during speciation (de Queiroz
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2007). The different properties recognized in species delim-
itation are emergent characters as a consequence of the
evolution of species criteria (de Queiroz 2007).
De Queiroz’s concept is appealing particularly because

it incorporates evolution into systematics and emphasises
underlying processes, and shifts the focus from static views
that treat species as taxonomic ranks. In this evolutionary
sense, which is apparently an extension of Darwin’s initial
conceptualization, all identifiable independently evolving
lineage segments are species irrespective of whether the
lineages have acquired a certain property (de Queiroz
2011). This proposal attempts to unify (hence the name
unified species concept, sensu de Queiroz 2007) the under-
lying common thread in conflicting concepts of what
species are and paves the way for researchers to focus on
species delimitation—determining species boundaries—
which hinges on testing for one or more of the criteria
that lend support for lineage separation (deQueiroz 2007).
According to this proposal, any single criterion canbeused
in recognizing species, as long as it lends strong evidence
for the independently evolving nature of a lineage. In the
past, conflict has likely arisen from the different methods
involved, and can be easily avoided by focussing on mul-
tiple lines of evidence to support species separation (de
Queiroz 2007).
De Queiroz (2011) says: ‘In sum, there is evidence from

the history of biology that what I have called “the unified
species concept” has been developing ever since Darwin’s
revolutionary proposal to equate species with branches in
the lines of descent. Indeed, the emerging unified concept
appears to be a natural outgrowth, if not a logical conse-
quence, of accepting an evolutionary underpinning for the
concept of species.’

Are species classes or individuals?

DeQueiroz’s distinction between concepts and criteria can
be viewed in the light of the ontology of species as ‘individ-
uals’ and ‘classes’. Ghiselin (1974) and Hull (1978) made
a critical philosophical distinction that paves the way for
understanding some of the crisis in reconciling concepts
and criteria. Ghiselin (1974) argues that species should
be treated as ‘individuals’ and not ‘classes’. As individ-
uals, species would have proper names, would not have
defining properties and their constituent organisms would
be parts, not members. He defines species as the ‘most
extensive units in the natural economy such that reproduc-
tive competition occurs among their parts’ and compares
them to firms in economy. Treating species as ‘individ-
uals’ implies that a species is a defined body of objects
through its history, i.e. a very specific collection of organ-
isms that either are or are not part of its history, bound by
an ancestor-descendant relationship. Therefore, regardless
of morphological or any other trait, an individual is either
part of that historically bound chain of organisms, or is

not! Being bound by reproduction and gene flow, organ-
isms within a ‘species’ may be similar in morphology, and
more likely to breed with each other, etc. but none of this
is essential conceptually.
Most biological and evolutionary species concepts treat

species as individuals. They are bound together by repro-
duction and as ancestor-descendent lineages, but reference
different slices of time. TheGLC also treats species as indi-
viduals in the same manner, except that it generalizes the
temporal component. As de Queiroz points out, morpho-
logical and other trait changes can occur at different points
in lineage history in different clades, and different species
concepts focus on different slices of time. Thus, e.g., repro-
ductive isolationmay precedemorphological or ecological
divergence inone cladewhile itmay follow them inanother.
Species concepts focussing on any single aspect are there-
fore capturing only a different stage of divergence.
Treating species as ‘classes’ on the other hand requires a

definition of the traits of that class and not the objects that
belong to it. Once the traits or properties of that class or set
are defined, objectsmayormaynot belong to that class.An
object can belong to more than one class, with or without
an associated probability, as long as it satisfies the prop-
erties of that class. Many species concepts (morphological
based ones) and all criteria treat species as classes. Let
us take the example of a morphological mutant. Assum-
ing that this is still capable of reproduction, but wildly
divergent from all members of its species, this would still
belong to the same species if we were to treat species as
‘individuals’. However, if we were to treat it as a class, it
is likely that this organism would not be classified along
with the other members of its species, especially if infor-
mation on ancestry were not available (as it most often is
not).
As long aswe treat species as classes, an individual could

potentially belong to more than one species, but this con-
trasts wildly with our notion of what species are. This
can be put down to the paradoxical situation where our
‘notion’ relies on ‘concept’ (=species as individuals) but
delimitation derives from categorization of species into
classes, which is true even for genetic/phylogenetic con-
cepts, where actual assignment is based on genetic traits.
Kitcher (1984) provides an ontologically neutral stance

by treating species as sets of organisms. Thus, some
organisms can be spatio-temporally restricted sets (= indi-
viduals), while others are spatio-temporally unrestricted
sets. Kitcher suggests that proximate causes (similar-
ity in genetics or morphology) correspond to species
defined as the spatio-temporally unrestricted sets, while
ultimate/evolutionary causes correspond to species as
individuals.
Another view is that species are natural kinds (indi-

viduals) as homeostatic property clusters (HPC) (Boyd
1999; Millikan 1999; Wilson 1999), i.e. groups of entities
which share stable similarities. While HPC does bet-
ter at treating species as natural kinds than traditional



Review of and novel approaches to species delimitation 419

essentialism (which posits that species have unique prop-
erties), it nevertheless suffers from weaknesses in dealing
with geographical variation and polymorphism, and more
importantly does not treat species as genealogical lineages
(Ereshefsky 2007).
A practical solution to this thorny problem may lie in a

probabilistic approach (as proposed in the inclusive con-
cept) (figure 1). Individual organisms can be assigned a
probability (rather than a binary 1–0) of belonging to a
species, either when treated as individuals or classes, i.e. as
fuzzy sets. When species are treated as individuals, prob-
abilities can mean that (i) given our lack of knowledge,
we can only guess (probability) at which lineage (=indi-
vidual ancestor-descendant line) the organism belongs to;
(ii) organisms are contributing to multiple lines to varying
degrees which could be relevant in plants (ploidy), hybrid
zones, etc. On the other hand, when species are treated as
classes, probabilities can mean that an organism has traits
that lie between two trait distribution clusters.
Since all delimitation methods (criteria) must treat

species as classes, a fuzzy set approachmay suit the species
problem best, that some are restricted while others are
unrestricted sets. The unrestricted sets will have varying
degrees of fuzziness, i.e. biologically, varying probabilities
of gene flow with their nearest neighbours, and practi-
cally, varying probabilities with which individuals can be
assigned to one or another set.

Understanding species boundaries: a Wallacean
solution to a Linnaean problem

Many of the world’s described and undescribed species are
concentrated in the global biodiversity hot spots (Myers
et al. 2000; Joppa et al. 2011). In these regions, the ‘Lin-
nean shortfall’, or the problem of undescribed lineages
co-occurs with the ‘Wallacean shortfall’, the lack of dis-
tribution data (Whittaker et al. 2005) and both form a
major impediment to our understanding of biogeographic
and evolutionary history. One of the main challenges with
reference to the ‘Linnaean shortfall’ is that of species
delimitation. Though delimitation of lineages has been
facilitated by molecular systematics (Vences et al. 2005),
recent discoveries also highlight uncertainties in the esti-
mation of new species. The underlying cause for the
uncertainty in these estimates remains unclear but could,
at least in part, be attributed to the larger problemof recog-
nizing and delimiting lineages (Wiens and Penkrot 2002).
This is usually compounded by an incomplete understand-
ing of divergence in space and time, which is the result of
incomplete sampling or the ‘Wallacean shortfall’.

Significance of sisters

Sister species are the closest relatives—independently
evolving lineages—that share a recent common ancestor.

The identification of sisters is critical to understanding
species boundaries. Since sister species are a product
of speciation, they are good models for understanding
the processes driving speciation which can provide novel
insights into species boundaries and species delimitation.
Sister lineages that are deeply divergent can be diagnosed
as independently evolving with considerable certainty. In
these cases, as suggested in the GLC, any single criterion
can be used in recognizing species, as long as it provides
strong evidence that the lineages are evolving indepen-
dently.However,mostproblems in species boundaries arise
at the shallow phylogenetic scale of recently diverged sister
lineages. Recognizing species with sympatric distributions
is generally less problematic than delimiting species which
are isolated in space. Conventional species concepts such
as the BSC cannot be used in such cases, and other criteria
are required to test the separationof such lineagesover evo-
lutionary time. Recent conceptual contributions (GLC)
provide an avenue to address the species delimitation prob-
lem inallopatric lineages.Addressing this problemrequires
multiple lines of evidence to support species separation (de
Queiroz 2007).
Conventionally, most species have been delimited based

on morphology. In other cases, characteristics like mating
calls have been used successfully in recognizing species,
including those that are otherwise morphologically cryp-
tic (Funk et al. 2008). The advent of molecular tools has
enabled the use of phylogenetic frameworks and genetic
(temporal) axes to delineate species (Avise and Johns
1999). While genetic distance has been strongly advocated
as a defining variable (Fouquet et al. 2007), it has been
suggested that lineage delimitations based purely on arbi-
trary cut-offs in a phylogenetic tree and those based on
genetic divergence can be misleading (Linkem et al. 2010).
Where allopatry is shown to be the dominant mode of
speciation, geographic range can be used as an impor-
tant criterion in recognizing isolated lineages (Mayr and
Ashlock 1991). The presence of unsuitable areas between
geographically disjunct sister lineages indicates a lower
probability of dispersal and supports isolation (Wiens and
Graham 2005). Hence, lineages can be explored along
multiple axes including genetic relatedness, geographi-
cal distribution and phenotypic (morphology/behaviour)
traits (figure 2). Here, we use a case study on bush frogs in
theWestern Ghats of Peninsular India to explore a hierar-
chical,multicriteria approach for delimiting lineages based
on a mtDNA haplotype phylogeny.

Significance of geography in understanding species boundaries:
the case of bush frogs

We addressed the problem of species delimitation using
bush frogs (Family: Rhacophoridae) in one of the global
biodiversity hot spots, the Western Ghats mountains of
Peninsular India. Bush frogs refer to three large clades
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Figure 2. A conceptual representation of differences between
species in genetic, geographical and morphological space. Theo-
retically, the degree to which species differ from each other along
different axes can vary from pair to pair.

of frogs: Raorchestes, Pseudophilautus and Philautus. The
combined range of the three clades extends from parts of
South Asia (Peninsular India, Sri Lanka and northeastern
Indian regions) to South-East Asia (Burma to Borneo).
We focus on Raorchestes, a recently discovered, large ver-
tebrate radiation in Peninsular India, with its centre of
diversification in the Western Ghats (Vijayakumar et al.
2014, 2016). The basic approach is as follows:

(1) The Western Ghats is a highly heterogenous moun-
tain range with a complex topography and associated
climatic gradients that have createdmultiple opportu-
nities for lineage separation and speciation.We used a
samplingdesign toaccount for theheterogeneity at the
regional scale and hence uncover as many bush frog
lineages as possible along the major hill complexes
across both elevational and latitudinal gradients. This
geographically explicit approach, which incorporated
both historical and current barriers, as well as eco-
logical gradients, was critical for the identification of
sister lineages, which in turn is critical for understand-
ing lineage divergence.

(2) The phylogenetic tree (using 16S, ND4, Cytb genes)
was used to identify exclusive haplotypes (Wiens and
Penkrot 2002) basedon individual clusterswith strong
bootstrap values (>70).

(3) Genetic distance for three genes was obtained for all
haplotype clusterswith their sister lineages or the clos-
est branch on the tree obtained from step 2.

(4) We then adopted two strategies, both yielding similar
results:

(a) Following Mayr and Ashlock’s (1991) suggestion
of using the degree of difference between ‘good’

species to make inferences about allopatric taxa
within a genus, we selected a sympatric sister—
lineage pair (from step 1) that exhibited the lowest
genetic divergence andyet showed strongmorpho-
logical divergence and could be distinguished by
their advertisement calls in the field.

(b) Considering that such sympatric sister lineages
may not always occur, and the problems associ-
ated with genetic cut-offs, one can potentially skip
steps 4 and 5 and jump to step 6.

(5) The genetic distance of the sympatric lineage pair was
used as a cut-off to filter haplotype clusters identified
in step 2. Lineages that met the cut-off distances in
at least two genes (step 3) were retained.

(6) Potential lineages were further classified into low (1%
to <2%), moderate (2% to <4%), high (4% to <6%)
and very high (>6%) levels of divergence based on 16s
rRNAdistance values. Amajority of the lineages with
moderate to very high divergence levels could be easily
distinguished in field. This classification into discrete
bins is arbitrary and a continuous distribution can be
used.

(7) We then tested the low divergent sister lineages for
overlap in geographical (step 7a) and morphological
space (step 7b).

(a) Based on geographical range overlap, low diver-
gence lineages were identified as allopatric (with
zero overlap), parapatric (with partial overlap on
range margins or abutting ranges) and sympatric
(overlapping ranges) and uncertain (the data to
assign them to a category was inadequate).

(b) Shallow divergent sister lineages were also exam-
ined for separation in multivariate morphological
space using principal component analysis.

(8) Using species distribution modelling, we tested for
isolation of allopatric sister-lineages in geographical
space.

The above approach uses a combination of molecular
haplotype phylogeny, genetic distance, geographic distri-
bution, morphological and acoustic variables to delimit
potential candidate lineages in the Western Ghats bush
frog clade. Considering that species are a result of evo-
lutionary and biogeographic processes, the hierarchical
approach used here allowed us to objectively determine
lineage boundaries and accommodate the resulting uncer-
tainties in understanding the drivers of diversification of
these fundamental units of evolution.
Our results showed a significant increase in the num-

ber of potential lineages of bush frogs in this region
(Vijayakumar et al. 2014). Both described and newly
delimited lineages fell under a range of divergence lev-
els (16s) from low to very high, suggesting that previous
explorations were not systematic. The results suggest that
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the approach was effective in uncovering lineages vary-
ing in their levels of divergence and particularly shallow
divergent lineages; up to 45% of the potential new lineages
belonged to the shallow divergence category. Geographic
isolates are the fundamental units of speciation (Mayr
1963) and understanding the nature of range limits among
putative lineages provides important insights into species
delimitation (Mayr and Ashlock 1991). The incorpora-
tion of geography as a variable along with phylogenetic
relationship played a significant role in uncovering a large
number of missing lineages. Overlaying shallow divergent
sister lineages on geography indicated a predominance of
allopatric lineages. Notably, all recent allopatric sister lin-
eages exhibited a divergence of around 1% on the 16S
gene. The pattern can be tested across other clades in the
Western Ghats and for other taxa and regions across the
world.
Fouquet et al. (2007) advocate 3% divergence on the

16s rRNA gene for Neotropical amphibians. This cut-off
is higher than the moderate divergent lineages recognized
here in bush frog lineages. Our results suggest that onemay
riskmissingmany genetically shallowbutmorphologically
divergent lineages if one were to apply a uniform criterion
like genetic distance. Isolation by distance could also have
a bearing on the genetic structure of widespread species
(Fouquet et al. 2007), emphasizing the need for additional
data from intervening populations to rule out the effect of
distance in these lineages.
The two sympatric lineages that we discovered from a

montane region exhibited distinctmorphology despite low
levels of genetic divergence (∼1% for 16s rRNA). If the
genetic divergence of sympatric lineages recovered in this
study is used as a yardstick, all the geographical isolates
could be considered as independently evolving lineages. To
reduce the uncertainty in characterizing these lineages as
evolving independently, we further examined the shallow
divergent lineages inmorphological space. Some allopatric
lineages showed separation along multivariate morpho-
logical axes while others did not. These results suggest a
general disconnect between genetic divergence and mor-
phological divergence among bush frog lineages (figures 3
& 4).

Using multiple criteria, we found that many lineages
exhibit divergence across multiple axes; not all lineages
are equally divergent across all axes examined (i.e., they
occupy the entire conceptual space; figure 2). The simpli-
fied visual model presented here shows the expected trend
along geographical and morphological axes across three
levels of genetic divergence (figure 4). Based on prelim-
inary analysis, we anticipate that most of the allopatric
isolates—with varying levels of genetic divergence—show
low to moderate variation in morphological space. In
contrast, sympatric/parapatric sister pairs—despite low
to moderate levels of genetic divergence—exhibit strong
separation along morphological and other axes (e.g.
acoustics).

Our stepwise approach suggests that a majority of
these lineages showed separation along three axes: phy-
logeny and genetic distance, geography and morphology.
Allopatric isolates generally are known to be conserved in
morphological space, but our results suggest these lineages
may be under different selection regimes. A few of these
shallow divergent lineages showed strong signals of selec-
tion as exhibited in the high divergence in morphology.
Further, our distribution modelling supports our lati-

tude based range overlap estimates that most species are
allopatric. The underlying driver is allopatric speciation
due to geographical isolation (Vijayakumar et al. 2016).
This inference is based on lack of evidence for range
expansion and connectivity across the current geographi-
cal isolates during the last glacial maximum (Vijayakumar
et al. 2016). Explicit incorporation of geography in under-
standing species boundaries brings species delimitation
closer to the underlying biogeographic and evolutionary
processes that drive lineage diversification.
Wemapped the divergence along different axes onto the

lineages on the phylogenetic tree (figure 3). This can be
viewed as varying degrees of separation along different
axes as proposed by deQueiroz (1998). Two points are crit-
ical. First, the use of any single criterionwould not provide
a nuanced understanding of diversification or an adequate
delimitation of lineages in the clade. Second, even within
this clade, differentiation along the axes (genetics, geogra-
phy and morphology) does not take place in a consistent
temporal sequence (figure 3), and they are uncorrelated
with each other.

The ‘morphometric terrain’ approach to species
delimitation

While the above approach can provide a method to
discover and delimit species incorporating genetics, geog-
raphy and morphology at a lineage level, it still does not
necessarily help in assigning individuals to clusters, espe-
cially when there are fuzzy boundaries for any of these
axes. Here, we propose a ‘morphometric terrain’ approach
to visualize trait distributions in related populations and
to demarcate species boundaries. This approach provides
a way forward to combine morpho-based taxonomy with
evolutionary processes and gene flow.
The principle of classical taxonomy, which uses mostly

morphological features, assumes that the individuals of
a species exhibit high resemblance among themselves
and differ from those of other species. Following Dar-
win, it has become clearer that natural classification and
organization is a result of reproductive isolation among
species and of genetic coherence among the individu-
als within species. Consequently, when the evolutionary
based concepts of species were proposed, the basic edifice
of classical taxonomy—themorpho-based classification—
was not seriously affected as it reflected two important
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(a)

(b)

(d)(c)

Figure 3. Haplotype phylogenetic tree, based on three mitochondrial genes, of (a) a subclade (north clade) within (b) the genus
Raorchestes (fromVijayakumar et al. 2016). Values at the nodes represent maximum likelihood based bootstrap estimates. Separation
of lineages along the different axis: haplotype clusters, genetic divergence, geography, and morphology have been indicated as black
bars. In the case of geography and morphology, separation has been represented for low/shallow divergence levels (1–2% - 16S gene).
(c & d) Abstract representations (based on de Queiroz 1998) of the sequence of occurrence of different processes, (c) geographical
separation, followed by the genetic divergence and the evolution of haplotype clusters and morphological variation, and (d) genetic
divergence and haplotype clusters followed bymorphological variationwith orwithout geographical separation. Processes can change
in sequence or be absent depending on the underlying processes driving lineage splits.
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Figure 4. Separation of sister lineages with different levels of genetic divergence in geographical and morphological space. Each
point refers to a sister-pair and symbols represent three different levels of genetic divergence. The position of the points in the plot
are approximations and trends expected based on preliminary analysis. Representative images of such sister pairs are shown. The
numbers 1 and 2 with the symbols refer to the corresponding images of sister-pairs.

pillars: while the individuals of a species resemble each
other owing to their genetic ancestry, they differ morpho-
logically from others owing to reproductive isolation.
Thus, though practicing taxonomy overlapped with the

expectations from the theory of evolution, the variation
deriving from evolutionary processes has not been incor-
porated into taxonomic classification. Here, we show that
(i) a ‘morphometric terrain’ that reflects the density dis-
tribution of phenotypic variants can be developed for a
given species based on intraspecific variations, and (ii)
the visualization of such a terrain can offer insights for
both practicing taxonomy and understanding species con-
cepts. Further, such a morphological terrain can also be
used to demarcate boundaries of species, identify species
complexes and help resolve conflicts among taxonomists
in such situations. We also show that such density ter-
rains of morphological variants (or other traits) can
provide an opportunity to define the probability with
which an individual can be assigned to a particular
species.

The principle

All individuals of a species are not exactly alike owing to
intraspecific variations in genetic composition and their
interaction with the environment. Thus, though individu-
als of a species are expected to be similar, they do exhibit
morphological, physiological and biochemical variations.
In accordance with these variations, the survival ability,
reproductive capacity and hence the fitness of individuals
also varies within species. The resultant fitness variations
are more often continuous than discrete. In a Darwinian
world, individuals with the most adaptive features, i.e.
those with the highest fitness advantage, reproduce better
and hence are likely to be represented in greater num-
bers in the population. While morphological traits may
not directly influence or reflect this fitness variance, one
can examine the continually varying morpho-types within
each species as a representation of the consequence of eco-
logical and evolutionary processes. If the morpho-types of
a species can be located in two dimensional space, then
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their population densities can be represented in the third
dimension, as an undulating mat or terrain of varying
heights. Generally speaking, in such a terrain, the most
common morpho-types would appear as the peak or hill
in the centre of distribution of different types. In a com-
bined morphometric terrain of several species, the raised
peaks of the landscape represent the mode of the species,
variations within species appear as the shape of the ter-
rain around the peak, and their limiting boundaries by the
spread at base of the hill. The height of the hill and the
depth of the valley surrounding it may, to some degree,
reflect the extent of stabilizing selection on the most com-
monmorpho-types.Wepropose that such amorphometric
terrain can be used as a basis for recognizing (i) the bound-
aries and variance of morpho-types of populations within
species, (ii) the peak or the hill centre as the holotype of
the species and, (iii) the species complexes existing in the
group.

Developing the morphometric landscape: a case study using dung
beetles

The process of developing a morphometric landscape or
terrain for taxonomic purposes was attempted by Chan-
drasekhara et al. (1998). Fifteen species of dung beetles
belonging to four genera were studied (table 1) to estimate
interspecific and intraspecific variation. A minimum of 30

Table 1. List of characters studied in dung
beetles.

List of characters studied

1 Maximum width of head
2 Anterior width of thorax
3 Interocular distance
4 Length of prothorax
5 Maximum width of thorax
6 Length of elytra
7 Width of elytra
8 Median length of elytra
9 Height of thorax
10 Number of teeth on tibia
11 Length of basitarsus (foreleg)
12 Length of foretibia
13 Width of foretibia
14 Inter-coxal distance of foreleg
15 Inter-coxal distance of midleg
16 Inter-coxal distance of hindleg
17 Length of basitarsus (midleg)
18 Length of midtibia
19 Length of basitarsus (hindleg)
20 Length of hindtibia
21 Width of hindtibia
22 Median length of last abdominal sternite
23 Length of pygidium
24 Width of pygidium
25 Number of horns on head
26 Number of horns on thorax

Figure 5. Separation of individuals of 15 species of dung beetles
on two PCAxes. The axes explained about 65% of the variability.
The colours indicate different taxonomic species. Individuals of
each species are coloured and or given a different shape index.

individuals from each species were randomly sampled, and
morphometric data on 26 traits of these species were col-
lected (table 1). The data was then subjected to a Principal
Component Analysis (PCA) to obtain the spread of all
the individuals on two PC axes, both of which together
extracted about 65% of the total variability. This two-
dimensional map (figure 5) was then divided into a grid
of 50 rows and 60 columns. Based on the number of indi-
viduals in each grid, a three dimensional density map of
individuals was plotted on this grid space (figure 6a). This
density map shows the morphometric terrain of the popu-
lations studied and their segregation into different groups
or ‘species’ as peaks or hills.
These peaks were then compared with known taxo-

nomic species. Two major patterns emerged:

1. Figure 6b shows that fourof thefive species of the genus
Cacobius are distinctly isolated on the morphomet-
ric terrain; they show discrete peaks and deep valleys
between them suggesting that they are completely
reproductively isolated and that stabilizing selection
has shaped their distinctness represented by the peaks.
Clearly, such species do not offer any problems in
morpho-based classification.

2. Species 4 and 5 (at the front of figure 6a) show a
bridge between them as aminor ‘mound’ between their
peaks. Obviously individuals comprising this mound
are not a part of the two major peaks, nor do they
constitute the shoulders of the two peaks. Rather, the
mound (and hence the individuals in it) appears to be
isolated from the two species in the valley suggesting
that these individuals are a result of intraspecific poly-
morphism, or interbreeding or both. In other words,
they are perhaps evolving, and may even emerge as a
new taxonomic group; or they may disappear (local
extinction); or merge into one of the neighbouring
peaks.
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Figure 6. (a)Morphometric terrain developed based on the den-
sity of individuals of the 15 species of dung beetles. (b) Expanded
view of the left cluster of peaks of themorphometric terrainmap.
The three peaks (species) on the right and middle are clearly sep-
arated by valleys. The rare individuals that constitute the mound
in the valley between the left most peak and that in the mid-front
may be a consequence of infrequent or chance interbreeding
between the species represented by the two peaks. Taxonomists
are likely to attribute these individuals to either of the peaks or
set up a new peak (species). Either way, these individuals are sure
to lead to taxonomic conflicts.

Figure 6a also shows species complexes in the middle
and to the right of themorpho-space.While peaks do show
up, there are no clear boundaries among the species.Often,
there are also shoulders adjoining the peaks that extend
to the terrain of other groups or diffuse into the valley.
Clearly it is these shoulders that represent the varieties or
ecotypes or even subspecies compared to the main peak;
perhaps they are shapedby adifferent habitat or other such
factors. These mounds, shoulders and valleys are likely the
individuals/populations that pose serious taxonomic prob-
lems to practitioners. Themorphometric terrainmaps thus
developed demonstrate that there may always be a cer-
tain proportion of individuals that cannot be grouped into
recognized taxonomic species (e.g. species 4 and 5 in fig-
ure 6b). However, the intrinsic tendency of taxonomists to

leave nothing unclassified usually prompts them to group
such individuals into neighbouring species or classify them
as new species, both of whichmay be questionable, leading
to taxonomic conflicts.

Probability based classification

In this approach, a species may be viewed as a hill or
a peak—a conical or bell shaped peak with shoulders
(varieties) and extensions (sub species). Note that all the
individuals under the bell belong to the species though the
central morph represented by the peak with the highest
density located within the area of mode ± 1 SD of popu-
lation, may be considered to constitute the representative
morpho-types of the species. Perhaps this population, the
core population, is expected to correspond to the type
specimendefinedby classicalLinnaean taxonomists.How-
ever, all other types may also constitute members of the
species butwith varying levels of certainty depending upon
their position within this density domain. It should be
noted, however that some species/populations may show
polymorphism in traits which could result in bimodal or
multimodal distributions for individual species.
In general, though, one may consider that the further

away an individual is from the central core, the less is its
probability of representing the species. If an individual is
found beyond the encompassing boundary of the species
(say beyond the mode ± 4 SD), then its affinity with the
species becomes uncertain. Such rare types may not even
survive in due course. It is not unlikely that some very rare
species described by the taxonomists (and not recovered
easily by others) could in fact belong to such fluctuating
populations. Thus it may be essential to define such rare
individuals by the probability with which they represent
known species rather than to set up exclusively new species
for them. It is possible to develop protocols for defining the
probabilities with which rare individuals can be assigned
to known species.

From philosophy to practice: a way forward

The holy grail or physics envy: a unified species concept

Ecologists and evolutionary biologists of all hues have
grappled with species concepts over the last century. The
battle between the search for a unified concept (monism)
versus pluralism continues to date.Mishler andDonoghue
(1982) made an early case for pluralism, arguing that given
themany different ‘species situations’, various species con-
cepts would be more applicable and relevant. Pluralism
itself has taken many forms. For example, Ereshefsky
(1998) suggests that anorganismcanbelong to twoentities,
for example, an interbreeding species and a phylogenetic
species, even though these may not fully overlap with each
other.



426 Kartik Shanker et al.

Many others advocate a less radical form of pluralism
that is purely definitional in nature (Michler and Don-
aghue 1982).Wilson (1992), while still holding out support
for the BSC, believes that multiple concepts will con-
tinue to be applied in different contexts. Reydon (2005)
has criticized this, suggesting that multiple operational
definitions for different contexts/clades does not consti-
tute true pluralism. He suggests that species concepts
address four independent ontological concepts, two entity
and two class concepts. The two entity concepts include
units that are evolving sets of populations (evolverons)
or segments of a phylogenetic tree (phylons), roughly a
separation of ecological/spatial (former) versus evolution-
ary/temporal (latter) processes. Correspondingly, the class
concepts include organism kinds and evolveron kinds.
Reydon (2005) assigns all species concepts to these four
categories.
While the GLC (de Queiroz 1998, 2007) may indeed lay

fair claim to being the ‘holy grail’ of species concepts—and
it does come closer than any other at this time—there is
some sleight of hand in this framing. By absorbing the var-
ious other concepts as elements/stages in this framework,
the GLC in a sense, embraces rather than shuts out plural-
ity. In that sense, the GLC is not strictly a universal species
concept, but a framework for understanding multiple evo-
lutionary (and ecological) processes in lineage divergence.
In our case study, we demonstrate a practical approach to
using GLC in delimitation, mapping the framework onto
a phylogenetic tree (figure 3). In addition, we demonstrate
that the processes are not correlated (figure 4) and can
occur in different sequences and temporal scales (figure 3),
even within a small clade.
Given current knowledge of the processes of evolution,

particularly speciation, there is no doubt that gene flow
(or lack thereof) must remain a key element. However,
to avoid the circularity of cause and effect pointed out
by Wallace (see Mallet 1995), gene flow must only be
considered as process. The advantage here is that prob-
abilities of gene flow can be explicitly tested for each pair
or set of closely related populations/lineages (as demon-
strated in our case study). In fact,Mallet’s (1995) definition
focusses on what might be considered as the central tenet
of the GLC, the creation of genotype clusters by various
biological processes. While the definition differs from phy-
logenetic concepts only in that it uses population genetics
as a heuristic rather than a phylogenetic tree, this explicitly
allows gene flowwhere a phylogenetic framework assumes
to some degree that gene flow does not occur. Dover
(1995) points out that this concept still views species as
far too static. We therefore recommend a more ‘inclusive’
approach, where genotypic clusters exist, but individual
organisms have a finite probability of contributing tomore
than one such cluster (figure 1), which can be estimated
using recent molecular genetic, particularly genomic,
tools.

Rings, complexes and hybrids

The ‘inclusive’ approach provides both an understanding
as well as a clear visualization (figure 1) of traditionally
difficult species problems such as ring species (Irwin et al.
2001) and species complexes. Further, it provides the clear-
est framework for acknowledging the role of hybridization
in the history of lineages.
Hybridization was once considered an anomaly to the

extent that hybrids were not considered worthy of conser-
vation, as in the case ofNorthAmericanwolves (Jenks and
Wayne 1992; Gittleman and Pimm 1991; but see Wilson
et al. 2009; Nowak 1995). Hybridization is now known
to be much more widespread in vertebrates than earlier
believed and has gained importance in evolutionary biol-
ogy (Mallet 2005). Recent work has suggested a strong
role for hybridization and gene introgression across ver-
tebrate taxa including in the adaptive radiation of fishes
(cichlids, Meier et al. 2017) and birds (Darwin’s finches,
Grant and Grant 2015). Hybrids between species belong-
ing to different genera (that may have diverged over 30
mya) have been recorded from sea turtles (Karl et al.
1995). Other than wolves, hybridization has been shown
to have influenced the evolutionary history of mammals
including the Europen bison (Soubrier et al. 2016). In
bears, there is gene flow not just between closely related
species like brown and polar bears, but also with the more
distant Asiatic black bear (Kumar et al. 2017). Acker-
mann et al. (2016) suggest that hybridization has been
an ‘essential creative force’ in the evolution of modern
humans.
We suggest that our ‘inclusive’ framework allows the

explicit incorporationof probabilities of geneflowbetween
‘clusters’ that may be either ‘populations’ or ‘species’, a
distinction that rests on other axes.

The ontological problem

For nearly 2000 years, species were considered as natural
kinds with essences (Ereshefsky 2016). This essentialism
has been abandoned as it is not possible to conceive of
any trait (essence) that all members of a species possess
and is unique to it i.e., no other species possesses it (Hull
1965). Ghiselin (1974) suggested that species should be
treated as individuals rather than classes. There has been
considerable debate over this, with further suggestions to
treat species as homeostatic property clusters and as fuzzy
sets.
Irrespective of the merits of these propositions, what

seems to be true is that difference between concepts and
criteria (sensu de Queiroz) may have arisen due to the con-
fusion between treating species as individuals/entities and
classes.All true concepts, includingdeQueiroz’sGLC treat
species as individuals, though the GLC does so the least
when applied to the fuzzy boundaries of lineage divergence
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(particularly after), when some individualsmay contribute
to multiple evolving lineages. Criteria must treat species as
a class, where membership is conferred based on the pos-
session of certain traits and characters.
We recommend a probabilistic framework for under-

standing species when treated as individuals, and for
delimiting species when treated as classes, thereby bridg-
ing (if not unifying) philosophy and practice. These do
not replace the GLC, but provide an approach to further
understanding and delimitingwithin theGLC. In concept,
an individual organism has a finite probability of belong-
ing to two species (as defined by a clustering approach).
In categorization (typically using traits), the probability
refers to the uncertainty of assignment to a particular clus-
ter which can be estimated using themorphometric terrain
approach (figure 6) among others.

A practical approach to discovery and delimitation

While arguments about concepts have raged on, there have
also been both conceptual andmethodological discussions
about species delimitation (de Queiroz 2007). The idea of
‘good’ species has become embedded in the discourse over
the last few decades, with lineages that are clearly sepa-
rated along morphological and genetic axes (with clear
evidence of reproductive isolation) representing the ideal
end of the spectrum. FollowingMayr and Ashlock (1991),
‘good’ sympatric species (i.e., those with morphological
separation and reproductive isolation) have been used as
a yardstick for setting a genetic cut-off for other closely
related species (see Baker et al. 1995 on kiwis, and Dutton
et al. 1996 on sea turtles, for early examples). When the
degree of difference between ‘good’ species has been used
to delimit other species within that clade, as in the above
examples, the approach has been relatively useful. How-
ever, the idea of cut-offs has also led to more simplistic
propositions such as ‘barcoding’ where a standard genetic
distance on a particular gene has been recommended for
the designation of species.
Indeed, the proposal by de Queiroz (1998) that different

processes occur at different stages of lineage divergence
provides a evolutionary scaffolding for understanding
species, while at the same time incorporating other axes
such as morphology, behaviour and geography. This offers
a more nuanced understanding of both the process of spe-
ciation and species as units. Cryptic species and intraspe-
cific polymorphismprovide sufficient evidence that genetic
and morphological divergence are not correlated. In fact,
the rate of change along all axes of variation are not cor-
related either between or even within clades, and equally
importantly do not necessarily occur in the same sequence
(see figure 3). In practice, the challenge lies in using this
understanding to discover and delimit species in lesser
known clades, especially in the context of biodiversity
inventory and conservation.

Here, we provide a geography based approach (borrow-
ing Wallacean ideas) for resolving the species problem of
discovery and delimitation (the Linnaean problem). We
highlight the need to test for geographical range over-
lap in sister species pairs, which can either be allopatric,
sympatric or parapatric. The degree of separation of pop-
ulations/species can be quantified along a continuum by
modelling geographic separation combined with species
traits. This contributes process related insights into species
delimitation and allows one to expand on this further to
test for divergence given gene flow and other processes.
Most critically, this calls for incorporating both geogra-
phy and traits in the sampling design. Most studies that
result in species delimitation (either by design or accident)
do not explicitly incorporate one or the other, especially
geography.
Among vertebrates, an allopatric mode of speciation is

dominant among birds (Phillimore et al. 2008) but equiv-
ocal in other taxa including mammals (Coyne and Orr
2004; Fitzpatrick and Turelli 2006). In the case of inverte-
brates, different patterns have been found; for example, in
the butterfly genus Ithomiola, parapatry takes precedence
(Hall 2005). In contrast, a high percentage of allopatry is
seen in the gastropod genusNerita (Frey 2010). The impor-
tance of allopatry can vary within a clade over time, with
an increase of other modes of speciation at deeper nodes
(Vijayakumar et al. 2016).

In the case of bush frogs, allopatry was found to be the
dominantmode among the shallowdivergent lineages. The
sporadic cases of sympatric sister lineages, in contrast to
shallow allopatric sisters, showed high levels of divergence
in morphology and other axes rendering their recognition
less problematic. Clades that contain sympatric sister-
lineages that are cryptic can be hard to recognize and
delimit presenting some of the most difficult challenges
in the discovery and delimitation of species. Among such
cases, examining divergence along multiple axes is critical.
Our morphometric terrain approach offers a trait based
approach to visualizing and understanding these relation-
ships, especially at shallow levels of divergence.

Conclusion

Discovery and delimiting species in a clear and consis-
tent manner is important, not just for studies of ecol-
ogy, evolution and biogeography, but for conservation as
well. The importance of correctly classifying species in
a conservation context has been emphasized for a vari-
ety of reasons. For example, endangered species may be
denied legal protection and resources may be wasted on
abundant species. In management, incorrectly diagnosed
species may be hybridized with other species and popu-
lations that could be used to improve fitness of inbred
populations may be overlooked. As a consequence, unrec-
ognized endangered species may become extinct (which
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is likely already occurring in lesser known taxa). Hence,
the contentious philosophical issue of what species are has
practical consequences for the future of biodiversity con-
servation.
In summary, we believe that our approaches offer a

practical and process oriented way forward for species
delimitation, and propose that a probabilistic approach
helps bridge philosophy and practice.We suggest that con-
cepts which consider species as ‘individuals’, especially
a general framework like GLC, provide the best current
understanding of what species are. On the other hand,
treating species as classes with ‘inclusive’ probabilistic
approaches for criteria and categorization offer the best
heuristic tools for delimitation.
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