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Contemporary species concepts are diverse. Nonetheless, all share the fundamental
idea that species are segments of lineages at the population level of biological organ-
ization. They differ in the secondary properties (e.g., intrinsic reproductive isolation,
monophyly, diagnosability) that are treated as necessary for considering lineages to
be species. A unified species concept can be achieved by interpreting the common
fundamental idea of being a separately evolving lineage segment as the only neces-
sary property of species and viewing the various secondary properties either as lines
of evidence relevant to assessing lineage separation or as properties that define dif-
ferent subcategories of the species category (e.g., reproductively isolated species,
monophyletic species, diagnosable species). This unified species concept has a num-
ber of consequences for taxonomy, including the need to acknowledge that undiffer-
entiated and undiagnosable lineages are species, that species can fuse, that species
can be nested within other species, that the species category is not a taxonomic rank,
and that new taxonomic practices and conventions are needed to accommodate these
conclusions. Although acceptance of a unified species concept has some radical con-
sequences for taxonomy, it also reflects a change in the general conceptualization of
the species category that has been underway for more than a half-century — a shift
from viewing the species category as one member of the hierarchy of taxonomic
ranks to viewing it as a natural kind whose members are the units at one of the lev-
els of biological organization. This change is related to a more general shift in the pri-
mary concern of the discipline of systematics (including taxonomy), from the utili-
tarian activity of classifying organisms to the scientific activity of testing hypotheses
about lineage boundaries and phylogenetic relationships. The unified species concept
is a natural outcome of this conceptual shift and represents the more complete
acceptance of the idea that species are one of the fundamental units of biology. As
such, the unified species concept is central to the future of taxonomy.

It is widely held that species are one of the fundamental units of biology (e.g., Mayr 1982;
Ereshefsky 1992; Claridge et al. 1997). Any time biologists compare different organisms, they con-
sider it critical whether those organisms come from the same or from different species. In fact, they
often consider their studies to be comparative only if those studies involve multiple species.
Moreover, species are used as units of comparison in virtually all fields of biology — from anato-
my, to behavior, development, ecology, evolution, genetics, molecular biology, paleontology, phys-
iology, and systematics (including taxonomy). Species are considered so important that biologists
have developed a formal system of rules for naming them, which they use in an attempt to give
each and every species its own unique name (e.g., ICZN 1999; IBC 2000).
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According to some authors, the concept of species is not only one of the central concepts of
biology but also one of that discipline’s oldest and most vexing problems (e.g., Dobzhansky 1976).
The problem is that biologists have been unable to reach a general agreement about the nature of
species and thus about the definition of the species category. Many papers have been written about
this topic, and many definitions (i.e., descriptions of species concepts) have been proposed, but
despite all the attention that species concepts have received, no single definition (or its correspon-
ding concept) has proved optimal for all of the different uses to which biologists put the term. As
a consequence, although one definition or concept has often come to predominate for a certain peri-
od of time, or among a certain subgroup of biologists, no single definition or concept has become
universal within biology as a whole. This lack of agreement about the concept of species has come
to be known as “the species problem” (e.g., Mayr 1957; Dobzhansky 1976).

In this paper, I will review a proposed solution to the species problem that unifies diverse con-
temporary views on the nature of species (de Queiroz 1998, 1999). The solution is based on iden-
tifying a common element in the diverse contemporary views about the nature of species, which
not only clarifies the nature of the species problem but also suggests a straightforward solution, the
result of which is a unified concept of species. After describing this unified species concept, I will
consider some of its consequences, arguing that several have been foreshadowed by recent devel-
opments in the study of species. Finally, I will discuss how the unified concept of species repre-
sents the more complete acceptance of a historical shift in the conceptualization of the species cat-
egory that is already widely held among biologists.

Because of the theoretical importance of species and the unresolved nature of the species prob-
lem, a unified concept of species is critical to the future of taxonomy. I hope that my proposal will
contribute to ending the long-standing debate about the nature of species (see also O’Hara 1993,
1994; Pigliucci 2003) so that biologists in general, and systematists in particular, can focus their
attention on methods for determining the boundaries of species (e.g., Sites and Marshall 2003), the
processes responsible for the diversification of species (e.g., TRENDS in Ecology and Evolution,
July 2001), and the enormous task of inventorying the species of the world (as discussed in the
papers from the Biodiversity symposium included in this volume).

THE DI1VERSITY OF CONTEMPORARY SPECIES CONCEPTS

Most systematic and evolutionary biologists are familiar with the existence of alternative
species concepts. Many readers may be surprised, however, by the number of different concepts
that have been proposed. Mayden (1997, 1999), for example, listed 24 named species concepts. As
a point of departure, I will adopt a taxonomy that recognizes 13 major categories of species con-
cepts and their corresponding definitions (some of which are subsets of others), based on proper-
ties that distinguish the different concepts from one another (Table 1). Space prohibits me from
describing these alternative species concepts in detail, so I refer readers to Mayden (1997) and de
Queiroz (1998) for reviews. I hope that readers are familiar with at least a couple of the different
concepts, though such familiarity is not necessary to follow my arguments. What is important is to
know two general things.

First, the different species concepts and their corresponding definitions are based, in part, on
different biological properties. For example, the biological species concept is based (in part) on
reproductive isolation, the ecological species concept is based on the occupation of a distinct niche
or adaptive zone, one version of the phylogenetic species concept is based on diagnosability, and
another version is based on monophyly. The second important thing to realize is that many of the
different species concepts are incompatible with one another in that they lead to the recognition of
different species taxa — that is, to different species boundaries and, thus, to different numbers of
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TABLE 1. Alternative species concepts and the properties that distinguish them (after de Queiroz 1998).
Indented concepts are subsets (not necessarily mutually exclusive) of the non-indented concept immediately
preceding them.

Species Concept Distinctive Properties Advocates Proposing Explicit
(Traditional Name) (Species Criteria) Species Definitions
Biological Potential interbreeding/Intrinsic Wright (1940); Mayr (1942, 1963);
reproductive isolation Dobzhansky (1950)
Isolation Isolating mechanisms Mayr (1942, 1963); Dobzhansky
(1970)
Recognition Compatible mate recognition and Paterson (1978, 1985)
fertilization systems
Evolutionary Unitary evolutionary role, Simpson (1951, 1961); Wiley (1978,
tendencies, and fate 1981)
Ecological Distinct adaptive zone (niche) Van Valen (1976)
Cohesion Intrinsic cohesion mechanisms Templeton (1989)
Phylogenetic Association with Phylogenetic See below
Systematics (Cladistics)
Hennigian Species bounded at both ends by clado- Hennig (1966); Ridley (1989)
genetic (lineage splitting) !
Monophyletic Monophyly (as evidenced by apo- Rosen (1979); Mishler (1985)
(Apomorphic) morphies = derived character states)
Diagnosable Diagnosability (possession of fixed Cracraft (1983); Nixon and Wheeler
character state differences) (1990)
Genealogical? Exclusive coalescence of alleles Baum and Shaw (1995)
for multiple loci
Phenetic Phenetic cluster (group of similar Michener (1970); Sneath and Sokal
organisms separated by gaps from (1973)

other such groups)

Genotypic Cluster Deficit of genotypic intermediates Mallet (1995)
(heterozygotes) at multiple loci

I Species can also be bounded at one end by extinction.

2 The genealogical species concept could be considered an example of the monophyletic species concept (rather than
a mutually exclusive concept) in that exclusive coalescence is equivalent to one interpretation of monophyly (see de
Queiroz and Donoghue 1990). On the other hand, the monophyletic version of the phylogenetic species concept is usually
concerned with monophyly as it relates to component populations or organisms rather than alleles.

recognized species. For example, it is commonly the case that adopting the diagnosable version of
the phylogenetic species concept leads to the recognition of many more species taxa than would be
recognized under the biological species concept (e.g., Cracraft 1983; Zink 1996). This situation
creates a problem given that species are used as basic units of comparison in diverse types of stud-
ies. On the one hand, if a researcher were to use the species taxa recognized by several different
authors specializing on different taxonomic groups, those species taxa likely would not be equiva-
lent to one another. On the other hand, if a researcher were to use species taxa based on a single
species concept, that person might obtain a very different result than if he or she were to use species
taxa based on a different species concept.



DE QUEIROZ: A UNIFIED CONCEPT OF SPECIES 199

The existence of alternative and incompatible species concepts reflects a basic disagreement
about the nature of species (though, as I will argue below, there is also considerable agreement).
This situation may not be particularly troubling to an individual researcher who is convinced that
one of the concepts is superior to the others. The problem is that other researchers exhibit equal
conviction in their commitments to different species concepts. In addition, the situation is getting
worse rather than better, which is to say that the number of alternative species concepts is increas-
ing, rather than decreasing. Of the 24 concepts listed by Mayden (1997), a full one-third were pro-
posed in the preceding ten years. Moreover the biological species concept, which was once the
dominant concept and is still perhaps the most widely adopted, seems to be less popular now than
it was 30 years ago.

The existence of diverse species concepts makes a certain amount of sense, because the differ-
ent concepts are based on properties that are of greatest interest to different subgroups of biologists.
For example, biologists who study hybrid zones tend to emphasize reproductive barriers, system-
atists tend to emphasize diagnosability and monophyly, and ecologists tend to emphasize niche dif-
ferences. Paleontologists and museum taxonomists tend to emphasize morphological differences,
and population geneticists and molecular systematists tend to emphasize genetic ones. In addition,
the biological properties that are most important in determining the limits of species likely differ
among taxonomic groups (e.g., birds versus cyanobacteria), and this situation likely influences the
properties emphasized by biologists who specialize on different groups. Nevertheless, for those
researchers who are able to step back from their own personal investments and research interests,
all of the concepts seem to have some merits in that they are all based on important biological prop-
erties (Table 1).

RECONCILIATION

The reconciliation of these diverse views has two basic components (de Queiroz 1998, 1999).
The first is identifying a common fundamental element shared by all modern species concepts. The
second is re-evaluating the differences among alternative species concepts in the context of this
common element. Before I describe this solution to the species problem, I want to say that regard-
less of whether one accepts my proposal, a solution is unlikely to come from the general approach
that people have been taking for the last 50 years. I refer to the approach of identifying a particu-
lar biological property — whether reproductive isolation, ecological distinctiveness, monophyly,
diagnosablity, or anything else — as the basis of a species concept, and then advocating that con-
cept because of its supposed theoretical and/or operational superiority over rival concepts. That
approach is unlikely to succeed, and it certainly has not been successful so far. Rather than solving
the species problem, it has caused (and later aggravated) the problem. Rather than leading to agree-
ment on a single species concept, it has lead to a proliferation of alternative concepts and more dis-
agreement than ever. For this reason, I have taken a completely different approach. Instead of pro-
posing yet another species concept based on yet another biological property, I have proposed a way
to unify the existing species concepts.

The Common Element

Previous attempts to solve the species problem have tended to obscure the solution by empha-
sizing the differences, rather than the similarities, among alternative species concepts. As it turns
out, all contemporary species concepts share a common element, and more importantly, that shared
element is fundamental to the way in which species are conceptualized. Virtually all contemporary
species concepts equate species with populations or population lineages — or more accurately,
with segments of population level lineages.
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FIGURE 1. Representation of a species (population) level
lineage and its component species within a larger branching

tree (modified from de Queiroz 1999). The lineage of inter-
est, represented by the darker lines, is made up of a series of
ancestral and descendant species, labeled with the letters a
through d. Note that the lineage is not monophyletic in that
some of its later members (e.g., species ‘d’) share more

LINEAGES: Because the concept of a lineage is central to my proposal, I need to clarify some
things about lineages. When I use the term lineage, I am not talking about a clade or a monophylet-
ic group (see de Queiroz 1998, 1999), and thus, I am not advocating a version of the phylogenetic
species concept. A lineage, in the sense that I am using the term (see also Simpson 1951; Hull
1980), is a line of direct ancestry and descent
(Fig. 1). Such lineages commonly are not I_‘J
monophyletic in that their later members or
parts share more recent common ancestors with L
recently diverged side branches (which are
parts of different lineages) than they do with d
earlier members of the same lineage. Lineages
are formed by biological entities at several dif-
ferent levels of organization. For example,
every person can trace his or her ancestry back
along an organism lineage that passes through a
series of ancestral organisms — a parent, a
grandparent, a great grandparent, and so forth.
Similarly, each species can trace its ancestry
back along a population level lineage that pass-
es through a series of ancestral species.

I also want to point out that lineages, not
only population level lineages but also those at
other levels of biological organization, are the a
entities that actually evolve (Hull 1980). In
fact, I have argued (de Queiroz 1999:82) that
the common claim that populations, rather than
organisms, are the entities that evolve (e.g.,
Futuyma 1986:7), which is reflected in the
common definition of evolution as changes in
gene frequencies in populations (see Mayr
1982:400), is attributable to the temporal
extendedness, rather than the organizational
level, of populations. Even if organisms them- X : X

. . recent common ancestors with recently diverged side branch-

selves do not evolve, organism hneages do es (gray lines) than with earlier members of the lineage (e.g.,
evolve, and this conclusion suggests that evo-  gpecies “a’).
Iution can be defined generally as heritable
changes in lineages. (This definition is conceptually similar to Darwin’s descent with modification
but incorporates the requirement that the modifications must be heritable. It includes gene frequen-
cy changes in populations as a special case.) Thus, the concept of a lineage is fundamental to the
concept of evolution itself, and it also turns out to be common to all species concepts formulated
in the context of an evolutionary worldview.

Because lineages at the species/population level are made up of several species, species them-
selves are segments of such lineages. The diagrams in Figure 2 illustrate this point in the context
of three general models of speciation (Foote 1996). In these diagrams, the vertical lines represent
species, and the horizontal ones represent speciation events. In the bifurcation model, where ances-
tral species become extinct at speciation events, species correspond more or less precisely with the
lineage segments between those events. In the budding model, where ancestral species persist
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through speciation events, the A Bifurcation B Budding C Phylelic
lineage segments that correspond Transormation
with species originate, but don’t
necessarily terminate, in those 5
events. Finally, in the phyletic IS_ s "
transformation model, where
speciation occurs within an
unbranched lineage, species once
again correspond more or less 4
precisely with the lineage seg-
ments between speciation events, !
though what counts as a specia- 4
tion event differs from the other
two models. In the bifurcation FIGURE 2. Three general models of speciation (modified from Foote 1996).
and budding models, speciation A. Bifurcation model, in which speciation corresponds with lineage splitting
corresponds with lineage split- and zfncestral spc.acies .terminatfz upon giving rise Fo t\.)vo descen‘dgnts. B.
. . o Budding model, in which speciation corresponds with lineage splitting and
ting (cladogenesis), while in the ancestral species persist after giving rise to one or more descendants. C.
phyletic transformation model, Phyletic transformation model, in which speciation corresponds with change
speciation corresponds with in an unbranched lineage and ancestral species terminate after transforming
change within an unbranched lin- into descer.ldants. The. budd}ng and. bi‘furcation models can ‘be classifi.ec? as
. . cladogenetic models, in which speciation corresponds with lineage splitting;
eage (anagenesis). With the the phyletic transformation model can be classified as an anagenetic model, in
exception of speciation via  which speciation corresponds with change in an unbranched lincage. Vertical
hybridization (which might be lines represent species; horizontal lines represent speciation events. That
considered a variant of the bud- which constitutes a speciation event is deliberately left undefined to accommo-
. . . date diverse species concepts.
ding or bifurcation models,
depending on how it occurs),
these three general models cover the range of possibilities, and all contemporary species concepts
are consistent with (and sometimes imply) one or more of them. Notice that in all three models,
species correspond not with entire lineages but instead with lineage segments.

As I pointed out earlier, biological entities at various organizational levels form lineages —
from genes, to organelles, cells, organisms, and species. The lineages at each level are made up of
lower level lineages. Thus, each population level lineage is made up of several organism lineages.
In the case of sexual or biparental reproduction, the process of reproduction itself unites organism
lineages to form a higher (population) level lineage, because the organism lineages come together
at each reproductive event to form an anastomosing nexus. In the case of asexual or uniparental
reproduction, the organism level lineages are not bound together in this manner. Therefore, if uni-
fication of asexual organism lineages occurs, it must result from other processes than reproduction.
Whether asexual organisms do in fact form such higher level lineages is controversial, but the
answer is not important to my argument. What is important is that species definitions that are
intended to apply to asexual organisms assume that they do.

With these clarifications in mind, let me reiterate that all contemporary species concepts are
variations on the general theme that species are segments of population-level lineages. Here, I am
using the term population in a very general sense that refers to a level of organization above that
of the organism, and which applies — at least potentially — to both sexual and asexual beings. I
have previously referred to this common theme as the general lineage concept of species to empha-
size that the concept of the population level lineage is general in the sense of being common to all
contemporary species concepts (de Queiroz 1998, 1999). It is important to understand that this gen-
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eral lineage concept is not an alternative to the various contemporary species concepts; instead, it
is a more general concept that subsumes all of them. An early example of a species concept con-
forming to the general lineage concept can be found in Darwin’s (1859) Origin of Species, where
species are described and illustrated as “lines of descent.” More importantly, the general lineage
concept underlies virtually every species concept described during the last half century.

The Conformity of Diverse Species Definitions to the General Lineage Concept

I have previously presented evidence that diverse modern views on the nature of species all
conform to the general concept of species as segments of population-level lineages (de Queiroz
1998, 1999). The following list summarizes this evidence for a diversity of papers proposing
explicit species definitions (those used as the source of quoted species definitions in de Queiroz
1998). It is organized in terms of the nature of the evidence, which can be divided into five cate-
gories:

1) Papers that explicitly equate species with lineages in their proposed species definitions.
Examples are the evolutionary definitions of Simpson (1951, 1961) and Wiley (1978, 1981) and the
ecological definition of Van Valen (1976), all of which begin with some variant of the phrase “a
species is a lineage.”

2) Papers that explicitly equate species with lineages in their extended discussions, as opposed to
their concise definitions. Examples are Mishler’s (1985) and Nixon and Wheeler’s (1990) papers
describing different versions (monophyletic and diagnosable) of the phylogenetic species concept,
Ridley’s (1989, 1990) on the cladistic (Hennigian) species concept, Templeton’s (1989, 1998) on the
cohesion species concept, and Baum and Shaw’s (1995) on the genealogical species concept.

3) Papers that represent species as lineages using diagrams. In these diagrams, species are repre-
sented either as single lines (e.g., Darwin 1859, figure 1) or trunks (e.g., Hennig 1966, figures 14,
15), and their component organisms (if they are also illustrated) are represented by dots, which may
be connected by lines representing relationships of descent and thus illustrating organism-level lin-
eages (e.g., Hennig 1966, figures 3, 4, 6). Examples of such diagrams can be found in numerous
papers, including (among those presenting explicit species definitions) those by Simpson (1951,
1961), Hennig (1966), Wiley (1981), Ridley (1989), Nixon and Wheeler (1990), and Baum and
Shaw (1995).

4) Papers that implicitly equate species with lineages by equating them with populations in their
proposed species definitions. As Simpson (1951) pointed out, a lineage is a population extended
through time, and conversely, a population is a segment, in some cases an instantaneous cross sec-
tion, of a lineage (see Simpson 1951, figure 3). Thus, definitions that equate species with popula-
tions and those that equate species with lineages simply represent time-limited and time-extended
versions of the same general species concept. Examples include Wright’s (1940), Mayr’s (1942,
1963, 1982), and Dobzhansky’s (1950, 1970) definitions of the biological species concept, Rosen’s
(1979) apomorphic version of the phylogenetic species concept, and Paterson’s (1985) recognition
species concept.

5) Papers that implicitly equate species with lineages by equating them with populations in their
extended discussions. Examples include Cracraft’s paper on the diagnosable version of the phylo-
genetic species concept (1983), Michener’s (1970) and Sneath and Sokal’s (1973) writings on the
phenetic species concept, and Mallet’s (1995) paper proposing the genotypic cluster species defini-
tion.

Even those modern species definitions that seem to diverge most drastically from the rest are
at least consistent with — if not actually based on — the general lineage concept of species. For
example, phenetic species definitions describe species as phenetic clusters (e.g., Michener 1970;
Sneath and Sokal 1973) rather than populations or lineages. These definitions do not, however,
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contradict the equation of species with populations or lineages; instead, they simply emphasize the
evidence and procedures that are used to recognize species in practice (e.g., Rogers and Appan
1969; Michener 1970; Sokal and Crovello 1970; Sneath and Sokal 1973; Doyen and Slobodchikoff
1974).

Similarly, species definitions that emphasize the property of monophyly (e.g., Rosen 1979;
Donoghue 1985; Mishler 1985) seem to deny that species differ in any important respect from
higher taxa or clades. The views underlying these definitions are also consistent with the equation
of species with lineages. Advocates of the definitions in question stress the importance of mono-
phyly; however, contrary to the way their views are sometimes portrayed, they do not require all
species taxa to be monophyletic. They acknowledge that the members of a single species may not
always be mutually most closely related in terms of their common ancestry relationships. The
authors in question still refer to these lineages using species names; however, to call attention to
their non-monophyletic status, they designate such species paraspecies (Ackery and Vane-Wright
1984), if the evidence suggests that they are paraphyletic, or metaspecies (Donoghue 1985; see also
Graybeal 1995) if the evidence is equivocal.

DIFFERENCES AMONG ALTERNATIVE SPECIES CONCEPTS

Once we realize that all contemporary species concepts share the common view that species
are segments of population-level lineages, the next problem is to explain how it is that so much dis-
agreement about species concepts can exist in spite of this general agreement. The answer to this
question becomes apparent when we consider the differences among alternative species concepts
in the context of the common element. The answer is as follows: if we consider the common ele-
ment — existence as a separate lineage — as the primary defining property of species (primary
species criterion), then the diversity of species concepts can be accounted for by recognizing that
each alternative species concept adopts a different property of lineages as a secondary defining
property of species (secondary species criterion). In other words, under all species concepts, a
species is a population lineage, but under the biological species concept, for example, the lineage
also has to be reproductively isolated from other lineages. Under the ecological species concept,
the lineage also has to occupy a different niche or adaptive zone. Under the phenetic species con-
cept, it also has to form a phenetic cluster. Under the diagnosable version of the phylogenetic
species concept, it also has to have a unique combination of character states. Other concepts adopt
still other secondary properties.

SECONDARY PROPERTIES AND LINEAGE DIVERGENCE. The reason that these different secondary
properties — these secondary species criteria — lead to incompatible species concepts is that they
commonly arise at different times during the process of lineage divergence. Lineage divergence can
be conceptualized in terms of a few general evolutionary processes — processes such as mutation,
migration (or the reduction thereof), natural selection, and genetic drift. In contrast, the characters
affected by those processes are highly diverse. They can be genetic or phenotypic; qualitative or
quantitative; selectively advantageous, disadvantageous, or neutral. Moreover, they involve many
different aspects of organismal biology — including genetics, development, morphology, physiol-
ogy, and behavior.

With regard to the species problem, the important point is that changes in these characters lead
to the acquisition of a number of different properties by diverging lineages. Thus, as two lineages
diverge, they become phenetically (quantitatively) distinguishable. They become diagnosable in
terms of fixed character states. Their genitalia, gametes, and developmental systems become
incompatible. Their mate recognition systems diverge to the point where their component organ-



PROCEEDINGS OF THE CALIFORNIA ACADEMY OF SCIENCES
Volume 56, Supplement I, No. 18

204

isms no longer recognize one another as potential mates. They evolve distinctive ecologies. And
they pass through polyphyletic, paraphyletic, and monophyletic stages in terms of their component
genes and organisms (Neigel and Avise 1986). These different properties are not all expected to
evolve at the same time, nor are they necessarily expected to evolve in a regular order (de Queiroz
1998). The problem is that each different species concept adopts a different one of these properties
as a defining (necessary) property of species. This situation is what causes the different species
concepts — despite their general conceptual unity — to result in conflicting conclusions concern-
ing which lineages deserve to be recognized as species. In short, although all contemporary species
concepts equate species with segments of population lineages, different concepts treat different
events in the process of lineage divergence as marking the beginnings of those segments.

Figure 3 is a highly simplified diagram representing the process of lineage divergence. The
shades of gray represent the daughter lineages becoming more and more different from one anoth-
er through time, and the numbered lines (1-8) represent the times at which they acquire different
properties relative to each other — for exam-
ple, when they become phenetically distin-
guishable, diagnosable, reciprocally mono-
phyletic, reproductively incompatible, ecologi- =~ [
cally distinct, and so forth. This set of proper-
ties forms a broad gray zone within which alter-
native species concepts come into conflict. On
either side of the gray zone, there will be unan-
imous agreement about the number of species.
Before the acquisition of the first property,
everyone will agree that there is one species,
and after the acquisition of the last property,
everyone will agree that there are two. But in
between, there will be disagreement. Some
people will draw the cutoff where loss or fixa-
tion of a character in one of the lineages makes
them diagnosable. Others will draw the cutoff
where the lineages develop an intrinsic repro-
ductive barrier. Still others will draw the cutoff
where both lineages form exclusive groups in
terms of multiple gene trees. Moreover, dis- -
agreements will be exacerbated if further split- FIGURE 3. Lineage divergence and alternative species cri-
ting and divergence (acquisition of earlier teria (modified from. de Que.iroz 1998). The diagram repre-

. sents the process of lineage divergence through a cladogenet-
properties) occurs before some of the later

2 Speaes

—SCg
——SC7
— SCs
—— SCs
——8C4
: sC3
SC2
SCH

7 Spenes

1 Speoces

. . o ic (lineage splitting) event. Progressive darkening and light-
properties are acquired. This is cause of the ening of the daughter lineages represents their progressive

divergence through time. The numbered horizontal lines (1-
8) represent the times at which the daughter lineages acquire
different properties relative to each other (e.g., when they
become phenetically distinguishable, diagnosable, recipro-
cally monophyletic, reproductively incompatible, ecological-
ly distinct, and so forth). The species problem results from
disagreements about which of these properties are necessary
(defining) properties of the species category (species crite-
ria). The entire set of properties defines a zone in which there
will be disagreement about the number of species among
authors adopting different properties as their species criteria.

species problem. This is the reason that there
are so many incompatible definitions of the
species category despite widespread agreement
about the general nature of species.

A UNIFIED SPECIES CONCEPT

On the other hand, the situation I have just
described suggests a very simple solution to the
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species problem. This solution involves a minor yet fundamental shift in the way we conceptual-
ize species. It retains the element that is common to all contemporary species concepts, and it elim-
inates the conflicts between rival concepts without denying the importance of the properties that
underlie their obvious differences. In short, it represents a unified species concept.

The solution has two components. First, we retain the common element — the general concept
of species as separately evolving segments of population level lineages. In other words, we retain
the primary species criterion. Second, we interpret this property as the only necessary property of
species. In other words, we reinterpret all the other properties that have previously been treated as
necessary properties of species — the properties that created the incompatibilities among alterna-
tive species concepts — as no longer being defining properties of the species category. They can
be thought of instead as contingent properties: properties that species may or may not acquire dur-
ing the course of their existence. In the context of this proposal, there are no secondary species cri-
teria. Lineages do not have to be phenetically distinguishable, or diagnosable, or monophyletic, or
reproductively isolated, or ecologically divergent, or anything else, to be species. They only have
to be evolving separately from other lineages.

This unified species concept is related, but not identical, to the general lineage species con-
cept. As noted above, the general lineage concept is the element that is common to all contempo-
rary species concepts, which represent variations on this general theme. In addition, the general lin-
eage concept is agnostic with regard to the differences among its variants, the alternative species
concepts — that is, with regard to interpreting one or another secondary property of lineages as a
necessary property of species. This agnosticism is necessary for the concept to be general — for it
to subsume, rather than being an alternative to, the other contemporary species concepts. The uni-
fied species concept is based on the common element represented by the general lineage concept;
however, in contrast with the general lineage concept and its variants, the unified concept treats the
common element as the only necessary property of species. In other words, the unified species con-
cept is not agnostic with respect to interpreting one or another secondary property of lineages as a
necessary property of species; it rejects those interpretations. Nonetheless, the unified concept truly
represents a unification in that it does not reject the diverse secondary properties themselves, rec-
ognizing that all of those properties continue to play important roles in the study of species.

Roles of Secondary Properties

I stated above that this proposed solution to the species problem eliminates the conflicts among
rival species concepts without denying the importance of the properties that underlie their differ-
ences. Under a unified concept of species, the secondary properties — the former secondary
species criteria — remain important in two ways. First, they continue to serve as important lines of
evidence relevant to assessing the separation of lineages. These properties — properties such as
phenetic distinguishability, reciprocal monophyly, pre- and post-zygotic reproductive barriers, eco-
logical differences, and so forth — are, after all, some of the best available lines of evidence
regarding lineage separation. However, in contrast with the focus on one or a few of these proper-
ties under one or another of the alternative species concepts, under the unified species concept, all
of the properties are important. That is, the more lines of evidence that can be brought to bear on
the question of lineage separation, the better.

Second, the secondary properties can be used to define subcategories of the species category
— that is, to recognize different classes of species based on the properties that they possess. To use
an organism level analogy, biologists commonly recognize different subcategories of the general
category organism based on properties possessed by organisms. For example, they recognize sex-



206 PROCEEDINGS OF THE CALIFORNIA ACADEMY OF SCIENCES
Volume 56, Supplement I, No. 18

ually mature organisms, fully grown organisms, socially dominant organisms, and so forth.
Similarly, under a unified species concept, biologists would recognize different subcategories of
the general category species based on properties possessed by species. For example, they might
recognize reproductively isolated species, ecologically distinct species, monophyletic species, and
so forth. (Incidentally, names based on the relevant properties, as in the preceding examples,
describe these categories more clearly than do overly general terms such as biological species, eco-
logical species, phylogenetic species, etc.) Thus, a unified species concept would not deny the
importance of any of the properties that have been considered important by previous authors. It just
would not treat those properties as necessary properties of species.

CONSEQUENCES OF A UNIFIED SPECIES CONCEPT

The solution to the species problem just outlined is very simple — so simple that one wonders
if the reason it has been elusive has to do with an assumption that people have not thought to ques-
tion. I will suggest that that assumption is related to the historical treatment of the species catego-
ry as part of the hierarchy of taxonomic ranks, which has hindered biologists from fully accepting
an important shift in the way they conceptualize the species category. I will return to this idea in
the next section of this paper (A Shift in the Conceptualization of Species). In this section, I would
like to address some consequences of a unified species concept.

I anticipate that some people are going to have difficulty accepting some of the consequences
that I will describe, at least initially. The reason is that certain consequences of a unified species
concept go against long-standing traditions — traditions that are related to the taxonomic assump-
tion that I just mentioned. I would argue, however, that it is counterproductive to reject theoretical
proposals simply because they conflict with taxonomic conventions. Given that the purpose of tax-
onomies is to convey (theoretically significant) information, it is more important for taxonomic
conventions to be consistent with systematic theory rather than for systematic theory to be consis-
tent with taxonomic conventions. Therefore, I ask readers to bear with me while I describe some
consequences of a unified species concept. After I have finished describing those consequences, 1
will try to explain why biologists should accept them. Nevertheless, I will also describe how sev-
eral of the consequences in question have been anticipated by recent trends in the way that biolo-
gists treat species.

All Lineages are Species

One consequence of adopting a unified species concept is that all separately evolving popula-
tion level lineages are species. This conclusion follows directly from adopting the unified concept,
which treats only existence as a separately evolving lineage, and not any of the contingent proper-
ties of lineages, as a necessary property of species. Thus, not only reproductively isolated lineages
are species, nor only ecologically differentiated ones, nor only diagnosable ones, nor only phenet-
ically distinguishable ones. Even undifferentiated and undiagnosable lineages are species. As long
as a lineage exists, which is to say as long as it is (or was, in the case of an extinct lineage) evolv-
ing separately from other lineages, it is a species. And lineages can be separated by many different
factors, including extrinsic (e.g., geographic) barriers. A corollary of this consequence is that there
are many more species on Earth than biologists have been prepared to accept under traditional
views. In addition to those species for which no organisms have yet been discovered, many of the
species taxa that have been recognized under traditional species concepts are likely made up of
multiple species.

This consequence of the unified species concept has been foreshadowed by a couple of recent
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trends. One of these trends is related to the development of several of the alternative species con-
cepts, according to which allopatric, diagnosable taxa formerly ranked as subspecies are regarded
as species (e.g., Cracraft 1983; Frost and Hillis 1990). Given that the taxa in question are allopatric
and diagnosable relative to other populations formerly considered conspecific with them, they pre-
sumably represent separately evolving lineages. If so, then their recognition as species is in agree-
ment with the unified concept. This proposition should not, however, be misinterpreted as justifi-
cation for treating all diagnosable units as species. For example, many recent studies based on
mitochondrial DNA recognize groups of individuals or populations that are geographically con-
tiguous and monophyletic (as well as diagnosable and phenetically distinguishable) in terms of
their mtDNA haplotypes as species (reviewed by Avise 2000). Although several such groups with-
in a previously recognized species may indeed correspond with separately evolving lineages,
because mtDNA is maternally inherited, it is important to examine paternally or autosomally inher-
ited genes to rule out the alternative hypothesis that the phylogeographic pattern results from
female philopatry within a single lineage (Avise 2000).

Another recent trend foreshadowing the unified species concept is the recognition of “evolu-
tionarily significant units” or “ESUs” within traditional species. Originally proposed in the context
of conservation biology (Ryder 1986), an ESU is a population or set of populations that is morpho-
logically and genetically, or evolutionarily, distinct from other populations. Several of the criteria
proposed for ESU recognition, such as reciprocal monophyly for mtDNA alleles and significant
divergence of allele frequencies at nuclear loci (e.g., Moritz 1994), correspond with secondary
species criteria associated with the some of the alternative species concepts (e.g., Baum and Shaw
1995; Highton 2000). Indeed, Vogler and DeSalle (1994) have explicitly proposed using the species
criteria associated with the one of the versions of the phylogenetic species concept (diagnosability
criterion) for identifying ESUs. Given that these same criteria are lines of evidence used to infer
the separation of lineages, many ESUs would likely be considered species under the unified species
concept. This situation should be beneficial to conservation, given that many of the relevant regu-
lations (such as the U.S. Endangered Species Act) emphasize species.

Species Fusion

Another consequence of a unified species concept is that species can fuse. Traditionally, it has
been common to think of species as permanently or irreversibly separated lineages (e.g., Mayr
1982:296; Bush 1995). However, if all separately evolving lineages are species, then the separation
of many species from other species may be temporary or reversible. This situation seems obvious
for species that are separated only by extrinsic (i.e., geographic) barriers — at least ephemeral
ones. However, it would also seem to hold for at least some cases in which separation is intrinsic
(see below). As a consequence, collections of organisms or populations that form two species at a
given time may fuse to form a single species at a later time.

This consequence is not unique to the unified species concept. It also holds under several of
the alternative species concepts — in particular, those based on secondary criteria thought not to
be indicative of permanent separation, such as distinguishability, diagnosability, and monophyly.
Differences related to these properties commonly evolve between populations (lineages) separated
by extrinsic barriers, leading to their recognition as separate species under the alternative species
concepts in question. However, if those differences do not involve traits influencing reproductive
compatibility (crossability of Mayr 1942), and if the extrinsic barriers subsequently disappear, then
there is nothing to prevent the lineages from fusing.

Species fusion can also occur under secondary species criteria that are commonly thought to
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be indicative of permanent separation — namely, intrinsic reproductive isolation (e.g., Mayr 1982).
In the case of certain kinds of premating barriers, potential breakdown or reversal seems uncontro-
versial. For example, premating barriers based on ecological differences can break down if habi-
tats change, which would seem likely to be a relatively common occurrence in the face of current
large-scale, human-induced habitat changes. Moreover, in the case of postmating reproductive
incompatibilities, it is at least theoretically possible for natural selection to eliminate the elements
responsible for such an incompatibility, or for factors that reduce the deleterious effects of previ-
ously incompatible elements to evolve (e.g., Ritchie and Hewitt 1995). The realization that lineag-
es exhibiting intrinsic reproductive isolation can fuse has been acknowledged by at least some
advocates of a species criterion based on this property. Thus, Turner (2002), an advocate of the bio-
logical species concept (potential interbreeding criterion), explicitly acknowledged the possibility
of species fusion, which he termed despeciation.

Species within Species

Another consequence of a unified species concept is that species can be nested within other
species. Taxonomic tradition treats the species category as one rank or level in the hierarchy of tax-
onomic categories. In this context, taxa assigned to the same category (rank) are considered mutu-
ally exclusive (i.e., to have no members in common). As a consequence, taxa composed of more
than one species must be assigned to higher ranks (such as subgenus or genus), and taxa within a
species must be assigned to lower ranks (such as subspecies or variety). In other words, a species
cannot be nested within another species.

This convention, however, is inadequate for dealing with many real biological situations
involving species. In particular, it has problems with situations involving incomplete or partial lin-
eage separation, as exemplified by cases of introgressive hybridization. These situations cause end-
less taxonomic problems under the traditional assumption that all taxa ranked as species are mutu-
ally exclusive and therefore cannot contain, or be contained within, other species. In such cases,
taxonomies commonly vacillate between treating the partially separated lineages as the same
species and treating them as different species. Some classic examples are found among North
American birds, such as Bullock’s (Icterus bullockii) and Baltimore Orioles (Icterus galbula) —
Northern Orioles (Icterus galbula) when considered a single species — and Red-shafted (Colaptes
cafer) and Yellow-shafted Flickers (Colaptes auratus) — Common Flickers (Colaptes auratus)
when considered a single species (AOU 1998).

This problem can be remedied by allowing species taxa to be nested, a taxonomic innovation
that is implied by the unified species concept. Contrary to traditional practice, the question of
whether particular organisms belong to the same species cannot always be answered with a simple
“yes” or “no.” Sometimes lineages are only partially separated, which implies that their component
organisms are simultaneously parts of both the same and different species. In other words, some
species are nested within larger species. Moreover, such incompletely separated species do not
have to be sister species to be parts of a single more inclusive species (see Omland, et al. 1999, for
an example involving orioles).

The Species Category is Not a Rank

Another consequence of the unified species concept, which is related to several of the previ-
ous ones, is that the species category is not a taxonomic rank. Traditionally (i.e., under any of the
alternative species concepts), only those separately evolving lineages that have evolved a particu-
lar secondary property (e.g., reproductive isolation, a distinct ecological niche, a unique combina-
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tion of character states) are considered to merit taxonomic recognition as species. Other separate-
ly evolving lineages either are not granted formal taxonomic recognition at all, or they are assigned
to a taxonomic category of lower rank, such as subspecies. This practice effectively treats both the
species and subspecies categories as taxonomic ranks, which is in keeping with the taxonomic tra-
dition in which the species category is a rank in the hierarchy of taxonomic categories (the rank
below subgenus and above subspecies). It also has the undesirable consequence of ignoring or
downplaying the significance of many separately evolving lineages.

Under a unified species concept, the species category is not a rank in the hierarchy of taxo-
nomic categories but a class or kind made up of the entities or units at one of the fundamental lev-
els of biological organization. Species are the entities that from lineages at the population level of
biological organization just as organisms are the entities that form lineages at the organism level of
biological organization (de Queiroz 1999). And just as all such entities at the organism level of
organization are organisms (i.e., not only those that are postnatal, sexually mature, fully grown,
etc.), similarly, all such entities at the population level of organization are species (i.e., not only
those that are diagnosable, reproductively isolated, ecologically distinct, etc.). Because all sepa-
rately evolving population level lineages are species, any taxa traditionally assigned to lower tax-
onomic ranks, such as subspecies and varieties, either are species, or they represent entirely differ-
ent phenomena, such as morphs or artificial divisions in continuous patterns of geographic varia-
tion.

This consequence of the unified species concept has been foreshadowed by recent proposals,
justified in the context of the evolutionary species concept (e.g., Simpson 1951, 1961; Wiley 1978,
1981), either to recognize former subspecies taxa as species (commonly subject to a secondary cri-
terion of diagnosability) or to treat them as artificially defined parts of species (commonly as class-
es of organisms sharing one or more necessary and sufficient character states). For example,
Grismer (2002), dealing with species of amphibians and reptiles inhabiting Baja California, recog-
nized no subspecies whatsoever; instead, he treated all previously recognized subspecies either as
species or as artificial “pattern classes” (see also Cracraft 1983; Frost 1995). Another manifesta-
tion of treating the species category as something other than a taxonomic rank is the view, to which
I will return shortly, that the species category is fundamentally different from the other traditional
taxonomic categories (e.g., Simpson 1961; Mayr 1969; see also de Queiroz 1997).

Current Taxonomic Conventions are Inadequate

All of the above conclusions suggest that traditional taxonomic practices are inadequate to
accommodate a unified concept of species. Under such a concept, taxonomists will need to recog-
nize many more species than are recognized in traditional taxonomies. They will need to recognize
as species lineages that are separated now but may not be separated in the future. They will need
to allow some species to be nested within other species (even if the former are not sister species).
And they will need to stop treating the species category as a taxonomic rank. In short, taxonomists
need new taxonomic conventions for representing the relationships among species, and they will
also need new nomenclatural rules for governing the names of species.

Equally importantly, biologists need to be able to distinguish clearly and consistently between
species that possess different properties — including both those that have previously been adopted
as secondary species criteria (such as quantitative and qualitative differences, exclusivity, mono-
phyly, ecology, and various kinds of reproductive barriers, from ecological and behavioral differ-
ences to incompatible genitalia and developmental systems) and those that have not (such as pop-
ulation size, type of population structure, amount or nature of genetic and phenotypic variation, and
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others). Biologists need to come to terms with the fact that no single property of species is suffi-
cient to address all of the diverse questions that species are used to answer. This means that biolo-
gists need to be able to identify — for any given study — those species possessing the property or
properties that are relevant to answering the particular questions addressed in that study. Just as cer-
tain questions about organisms (e.g., those related to mating behavior) can only be answered using
particular kinds of organisms (e.g., sexually mature ones), similarly, certain questions about species
(e.g., those related to the phenomenon of reinforcement) can only be answered using particular
kinds of species (e.g., those exhibiting postmating reproductive barriers). A species taxonomy —
or even a traditional species database that includes information on geographic distribution and
organismal traits — simply is inadequate for identifying the relevant species to use in a particular
study. What is required is a species database that includes information on the diverse properties of
species.

A SHIFT IN THE CONCEPTUALIZATION OF SPECIES

Some people are likely to have difficulty accepting at least some of the consequences of a uni-
fied species concept. Rather than trying to anticipate specific objections and presenting counter-
arguments, I will instead present a general perspective explaining how the unified species concept
that I have described in this paper represents the more complete acceptance of an idea that is
already widely accepted. The idea in question is a manifestation of a shift in the way that biologists
conceptualize the species category that was well underway at least a half-century ago and has con-
tinued to gain ground, as indicated by the trends described in the previous section. Thus, even
though some of the consequences of the unified species concept are at odds with taxonomic tradi-
tions, the concept itself is not particularly radical. It simply represents the next stage in an ongoing
historical process. In this section, I will describe this shift in the conceptualization of the species
category and how it relates to my proposed solution to the species problem.

Traditionally, the species category was one of the ranks in the hierarchy of taxonomic cate-
gories — the familiar kingdom, phylum/division, class, order, family, genus, and species — devel-
oped by Linnaeus (e.g., 1753, 1758) and other early naturalists. These categories were ranks that
conveyed the relative inclusiveness of taxonomic groups (taxa): species were included within gen-
era, genera within families, families within orders, and so forth. The taxa themselves, regardless of
their rank, were all considered to be more or less the same kind of entities — groups of organisms
sharing particular characters — some were just more or less inclusive than others. In other words,
taxa assigned to the species category were not considered to differ fundamentally from those
assigned to higher taxonomic categories; they were just smaller groups separated by smaller
degrees of difference.

Darwin (1859) held the view of the species category that I have just described, though he pro-
vided an explanation both for the existence of the groups and for the differences among them. For
Darwin, the species category was just another categorical rank — one that applied to groups of
organisms differing more than varieties but less than genera. The following quotations from the
Origin of Species illustrate Darwin’s (1859) views on the species category and its relationships to
the other taxonomic categories.

I look at the term species, as one arbitrarily given for the sake of convenience to a set of individ-
uals closely resembling each other, . . . it does not essentially differ from the term variety, which is
given to less distinct and more fluctuating forms (p. 52).

the natural system . . . is genealogical in its attempted arrangement, with the grades of acquired
difference marked by the terms varieties, species, genera, families, orders, and classes (p. 456).
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Some time after Darwin, a fundamental change occurred in how biologists viewed the species
category. This change came to the forefront during the period of the Modern or Evolutionary
Synthesis (e.g., Huxley 1942; Mayr and Provine 1980) in the middle of the 20t Century and
formed the basis of what was then called the New Systematics (e.g., Huxley 1940). During this
time, a new general concept of species emerged that resulted in a decoupling of the species cate-
gory from the rest of the taxonomic hierarchy (de Queiroz 1997). Under this new view, species
were conceptualized as inclusive populations (e.g., Wright 1940; Mayr 1942; Dobzhansky 1950),
or as ancestor-descendant lineages of such populations (e.g., Simpson 1951, 1961). As a conse-
quence, the species category came to be viewed as differing fundamentally from the higher taxo-
nomic categories. The species category was no longer viewed simply as a taxonomic rank applied
to entities of the same basic kind as genera and families; instead, the species category came to des-
ignate a particular kind of biological entity — the inclusive population or population lineage. In
contrast, the higher taxonomic categories continued to be treated as ranks, which were now applied
to more and less inclusive groups of species. The following quotations, from two of the great sys-
tematic biologists of the Synthesis Era, give evidence of this new view of species:

there are units in nature that have a special evolutionary status not fully shared with taxa either
above or below them in the hierarchy . .. Many of them . .. recognized before Darwin had been
called species, and it was inevitable that the term should be transferred to the evolutionary units
(Simpson 1961).

The unique position of species in the hierarchy of taxonomic categories has been pointed out by
many authors . . . It is the only taxonomic category for which the boundaries between taxa at that
level are defined objectively (Mayr 1969).

This new view of species is perhaps epitomized in the statement by Mayr (1982:297) that “the
species is as important a unit of biology as is the cell at a lower level of integration.”

The unified species concept described in this paper represents the more complete acceptance
of the general conceptual shift just described — the shift from viewing the species category as a
rank in the hierarchy of taxonomic categories to viewing the species category as a natural kind rep-
resenting the units at one of the fundamental levels of biological organization. Conversely, this
newer view of species reinforces the solution to the species problem represented by the unified
species concept. My point is that if biologists are going to accept Mayr’s proposition about species
— if they are going to claim that the species is a fundamental category of biological organization,
comparable to the categories cell and organism — then, to be consistent, they must adopt the uni-
fied concept of species. More specifically, they must discontinue the practice of treating certain
secondary properties of lineages as necessary properties of species. Requiring population lineages
to be diagnosable, or monophyletic, or reproductively isolated before those lineages are considered
species is, to use an organism level analogy, like requiring living beings to be born, or sexually
mature, or fully grown before they are considered organisms. Such a view not only prevents biol-
ogists from achieving a generally accepted definition of the species category, thus perpetuating the
species problem, it also denies the species category the status of a fundamental category of biolog-
ical organization and thus also of a truly central concept in biology.

CONCLUSION

The unified concept of species and the shift in the conceptualization of the species category
that it represents bear on the history and the future of taxonomy. In one sense, taxonomy is among
the oldest scientific disciplines. That is, taxonomy was among the earliest branches of human
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knowledge to adopt explicit methods — to be approached systematically. In another sense, howev-
er, taxonomy has only recently become a science. Although the discipline of taxonomy has exist-
ed for a very long time, it has only recently experienced a shift from being primarily concerned
with the utilitarian exercise of classifying to being primarily concerned with the scientific endeav-
or of testing hypotheses. Historically, taxonomists have been concerned with classifying organisms
into groups based on shared traits, and then further classifying those groups into the categories of
the taxonomic hierarchy, from kingdom to species. In contrast, modern systematic biologists,
despite the fact that they still use data taking the same basic form of similarities and differences
among organisms, are increasingly devoting their efforts to testing hypotheses about lineage
boundaries and phylogenetic relationships. An important manifestation of this shift is the increas-
ing realization that the categories of greatest importance to taxonomists are not kingdom,
phylum/division, class, order, family, genus, and species (the last term being used here in the older
sense of a taxonomic rank) — the important categories are clade and species (the second term now
used in the newer sense of a category of biological organization). To the extent that the unified
species concept represents the more complete acceptance of this newer view of species, it repre-
sents a central component in the future of taxonomy.
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