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Abstract - The species problem is the persistent
biological and philosophical debate on the
meaning of the word "species’ and the methods
of speciesidentification. With ameaning of
"species’ that follows from a simple model of
DNA replication, species are shown to be red
and non-arbitrary groups of organisms, under
some circumstances. However, it also follows
that many organisms do not belong to species.
The criteria by which agroup of organisms can
be considered a species is whether they sharein
aprocess of genetic drift. Thissimplification is
a negative resolution to the problem cases of
speciesidentification; it permits aconcise listing
of the causes of diversity and of the reasons why
species can be very difficult to identify, but it
does not simplify the process of species
identification. For population biologists, a
reduced species concept reveals aresearch plan
for the study of organismic diversity that
focuses on the determinants of structurein
patterns of genetic drift. Thefinding that
species exist, but that some organisms do not
occur in species, reveals the central difficulty of
systematic theories that assume the existence of
Species.

The diversity of life seemsto have a pattern
whereby organismsfall into alimited number of types.
Although the existence of these types, or species, has
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long been recognized (Mayr, 1982) , the definition of
the word "species’ and the identification of species
remain problematic. One advance is the understanding
that the word "species’, as often used by biologists,
signifies adistinct kind of biological individuality
(akin to "organism" or "cell"), and does not simply
denote agroup of similar organisms (Ghiselin, 1966,
1974; Hull, 1976, 1978). However, some biologists
reject species asa distinct kind of individual (Nelson,
1989) , and among those who do not, there persists a
lack of consensus on the defining properties of this
kind of individual (Endler, 1989). Two questions
remain much discussed: isit useful to consider species
asindividuals?; and if so, what is the defining attribute
of thisindividuality - the meaning of the word
“species’ - that appliesto the different species of the
world?

The approach taken in this paper does not begin
with an assumption that species either are or are not
individuals. Rather the approach has been to assume
the existence of some simple natural phenomena
concerning the nature of DNA replication, and then to
consider whether these things will cause species. Itis
shown that these relatively modest phenomena will
create akind of individual that has a close
correspondence with other concepts of the meaning of
Species.

The concept that is developed (the genetic
species) is similar to some elements of the cohesion
species concept (Templeton, 1989, 1994). In
particular, both species concepts rely extensively on
the idea of shared genetic drift. However, the two
concepts differ in their motivation and their purpose.
Templeton begins his discussion with the question
“What is a species?' and the implicit assumption that
species asindividuals exist in nature. The genetic
species concept arises from the basic question of
whether organisms actually occur in groups that are
individuals (i.e. species).

A SIMPLE SYSTEM

Consider the reproduction of asingle-celled
asexual organism. To simplify, focus solely on the
replication of the DNA genome, and view the
remainder of the organism as the machinery of DNA
replication. Thissimplification follows from the
genotype/phenotype relationship: the genotype is the
information for the organism and is replicated; while
the phenotype is the organism and is recreated each
generation as afunction of the genotype. Thefocusis
on the transmission of information, and much of this
discussion should apply in principle to any
informational replicating system (Orgel, 1992).

Hereafter, "a DNA" will be used to refer
explicitly to the molecule that contains the genotype
information and that is replicated in this simple system.

This choice of term is motivated by the same



reasoning that lead Dawkins to employ “replicator”,
which he defined as an “entity that interacts with its
world, including other replicators, in such away that
copies of itself are made” (Dawkins, 1978). The
word “gene’ is avoided

here, and by Dawkins (1978), because of its
conventional meaning as a single unit of functionin
the expression of the phenotype. In this paper, aDNA
is a contiguous double stranded molecule that is a
replicator. A DNA may be physically connected to a
longer contiguous stretch of DNA or it may correspond
to a single chromosome, depending on the context. A
DNA sequenceisaparticular order of the component
nucleotides within aDNA and is not synonymous with
aDNA. Theterminology also includes"DNAS" to
refer to multiple pieces of homologous DNA. In this
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Figure 1 The genetree history of a sample of
DNAs. Thetreeisahypothetical depiction of a
true history, not to be taken as an example of atree
estimated from data. Key features include: the
directionality of time, from the past to the present;
branches; branch tips; and nodes, the junctions of
branches. Branch tipsrefer to different pieces of
DNA that exist at the present moment. The
remainder of the diagram below thetipsisa
description of history. Thetip of the branch at the
base of the tree is undefined because the true
history is not known beyond this point. Branches
refer precisely to the persistence of a DNA
sequence through time. This persistence means at
times the physical persistence, but also includes
numerous cases of replication when it isthe
information in the sequence that persists. The
nodes of the tree refer precisely to those cases of
DNA replication when both daughter sequences
that were produced are ancestors of sequences that
are represented as tips of branches.
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context, "homologous" means that the different DNAs
arerelated by common ancestry and thus share a gene
tree history (Fig. 1). A sample of DNAs may include

one or multiple sequences.

Consider aDNA that undergoes replication to
form two daughter DNAS, and suppose that the
replication depends upon both the DNA sequence and
the local environmental resources. After replication,
the fates of the daughter DNAs may be linked because
they coexist under common circumstances and
compete for the same pool of resources. If resources
are limiting and competition occurs so that not al
DNAs undergo replication, and if both daughter DNASs
and all of their descendants are subject to the same
circumstances (i.e. no mutational differences or
geographical separations), then the long term
persistence of both groups of descendants is mutually
exclusive. After sometime, perhaps after many rounds
of replication, one group of descendants will have
replaced the other, or both will have been replaced by
the descendants of yet another DNA that also shares
those circumstances.

Now consider that DNAs reside within
organisms, and that the continuous random
replacement of DNASs by the descendants of othersis
caused by arandom birth and death process that
happens within a group of organisms that share afinite
set of resources. With an alele-based model of
genetic variation, the effects of the random birth and
death process within a population of organisms include
random changesin allele frequencies that lead to the
random loss and fixation of mutations. This processis
called genetic drift. From a gene tree standpoint,
genetic drift is manifested as a randomly shifting
pattern of coancestry among a set of DNAs (Fig. 2).
Consider the persistence through time of a group of
organisms that experience arandom process of birth
and death, and then consider the gene tree, one DNA
per organism, with the tips constantly moving forward
with time. The random death of some organisms
means that some gene tree tips do not persist, and the
branches that |ead to these tips disappear from the gene
tree history that remains for those DNASs that do persist
and replicate (Fig. 2). Thisshift forward in time of the
pattern of ancestry proceeds continuously, and at
intervals will include forward jumps for the most basal
node representing the ancestor for an entire group of
DNAs (Watterson, 1982).

Two kinds of events can cause the descendants
of two daughter DNASs to not be mutually exclusive.
First, the daughters may differ because of mutation,
and this may cause differences in the circumstances of
replication. Individuals carrying the mutation may
utilize resources in a different way so that they do not
compete directly with individuals not carrying the
mutation. Second, one daughter DNA and respective



descendants may occur in a geographically distinct
location from other DNAS. Under both mutation and
geographic separation, the genetic drift experienced by
the descendants of one DNA occurs partially
independently of that experienced by the descendants
of the other. To describe thisin another way, the
individual DNAs within a group compete more directly
with one another, and are more likely to be replaced by
the descendants of other DNASs within the same group
than by the descendants of DNAs from the other
group. In thisway both mutation and geographic
separation can lead to multiple groups of DNAS that
are not mutualy exclusive.

The model of replication that leads to multiple
groups of DNAs that are not mutually exclusive has
three components. a DNA with a sequence that causes
replication; the possibility of mutations; and some kind
of environmental structure such that the pool of
resources used by one group of DNAS need not
completely overlap those of another group of DNAS.
This simple system probably existed early in the origin
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Figure 2 A genetree at successive times under
genetic drift. Asterisks at branch tips at times A
and B indicate sequences that did not persist to the
next time period. Solid linesat timesB and C
indicate branches that were present at the previous
time and still remain (and are now longer) in the
tree because of the persistence of DNAs at the
branch tips. Dotted lines at times B and C indicate
new branches leading to DNAs that arose by
replication since the previoustime period. All
solid lines at times B and C correspond to aline
(solid or dotted) at the previoustime, and all lines
at times A and B (solid or dotted) that do not lead
to an asterisk, correspond to asolid line at the next
time.
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of life, though the actual nucleic acid may have been
single stranded RNA (Gilbert, 1986). The model is
also an approximation, for the multicellular case, of the
transition from the reproductive cells of an organism in
one generation to the reproductive cellsin a
descendant organism in the next generation. For a
group of multicellular organisms, the appropriate gene
tree history to consider is onein which asingle DNA
has been taken from each organism. In this case many
but not all of the instances of DNA replication
represented by branches on a gene tree will have
occurred during germ line development and somatic
growth (to the degree that somatic growth occurs prior
to germ line development). The remaining replication
events along gene tree branches, and all those
replications represented by gene tree nodes, must have
occurred within reproductive cells that gave rise to
gametes or offspring.

GENETIC SPECIES

The basic criteria by which something, a group
of organisms for example, is considered to be an
individual is whether or not the location of
components are constrained in space and time
(Ghiselin, 1966, 1974; Hull, 1976, 1978). In contrast
the members of a class have no spatiotempora
congtraints. If aspeciesisaclass, then the constituent
organisms are members that simply happen to share the
particular features by which the classis defined. If a
speciesisan individua then the constituents are
components that collectively form a distinct entity
(Ghiselin, 1987), and thus has areal existence
independent of an observer.

It is proposed that organisms whose DNAS share
inaprocess of genetic drift constitute a kind of
biological individual. A process of shared genetic drift
among DNAs will occur within agroup of organisms
that share abirth and death process. A shared “birth
and death process' means that at any point in time
individual organisms can be physically replaced, and
their function in the environment can be replaced, by
the descendants of other organisms that are within the
group. It aso means that organisms compete, so that
the survival and reproductive success of one organism
has an affect on the survival and reproductive success
of other organisms. Thistype of competition and
potentia for replacement has aso been described as
demographic exchangeability (Templeton, 1989) and
occurs when organisms share the same niche, in an
ecological sense (Hutchinson, 1958). Theideathat
organisms within a species shareanicheisalso a
component of several other species concepts, including
the evolutionary species concept (Simpson, 1961), as
well as arecent formulation of the biological species
concept (Mayr, 1982 p. 273), and it is contained
within the ecological species concept (Van Vaen,
1976). A similar view, emphasizing the competition



that occurs when organisms closely share resources,
has been described by (Ghiselin, 1974) inan
exposition on species asindividuals (as opposed to
classes). Ghiselin proposed that "species’ be defined
as "the most extensive unitsin the natural economy
such that reproductive competition occurs among their
parts'.

"Genetic species” will be used to refer to a
group of organismsthat share genetic drift. Thisterm
has been chosen because "genetic" is often used in
reference to the material of inheritance and because
genetic species arise from the process of replication,
which is the essential function of DNA. "Genetic" has
also been used in the context of species conceptsin
reference to the process of gene exchange (Simpson,
1961; Masters and Spencer, 1989). The present
meaning of "genetic species’ may be appropriate,
despite the limited prior use of "genetic", because
replication is a more fundamental function of DNA
than is recombination.

Genetic drift has long been recognized as aforce
that contributes both to uniformity within populations
and to variation among separate populations (Gulick,
1872, 1888; Wright, 1931; Templeton, 1989). Genetic
drift is proposed not as a mechanism that causes
species, but as a description of the process of species
existence. Genetic drift is the name of the
instantaneous process (like a mathematical derivative
taken with respect to time) of agenetic species. Inthis
view, the ultimate cause of speciesis the reproduction
and death of organisms that compete for shared
resources. One could also say that the organismsin a
genetic species share in acommon birth and death
process. However, organisms reproduce because of
instructions in the genotype, and genetic species
existed prior to the existence of complex cellular
phenotypes (i.e. organisms).

THE ROLE OF SEX

In agenetree view of the history of a sample of
DNAS, sex is synonymous with recombination, and
can be defined as any process that causes different
portions along the sequence of a set of DNAsto have
different gene tree histories. In the absence of sex, the
gene tree history of a sample of DNAs s the same for
al parts of the sequence. With sex, it is possible that
the speed of genetic drift for one portion of aDNA is
different from another portion. If thereisahigh
recombination rate, then alarge sample of DNAswill
have a history of many different gene trees, perhaps as
many as there are base pairs in the sequence.

For sexual organisms, a genetic speciesisthe
same as a Mendelian population, as defined by
Dobzhansky:

A Mendelian population is a reproductive

community of sexual and cross-fertilizing

individuals which share in a common gene pool.
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.. .The smallest Mendelian populations are
panmictic units (Wright, 1943), which are
groups of individuals any two of which have
equal probability of mating and producing
offspring. (Dobzhansky, 1950)

Thus by definition, organisms within a
Mendelian population share in a probabilistic process
of reproduction, and all pairs of organisms are equally
subject to reproductive failure and equally likely to
reproduce. Within a Mendelian population, each
generation occurs with some distribution of
reproductive success among the component organisms.
The shape of this distribution may vary across
generations, but at any point in time the particular
pattern of reproduction isamajor determinant of the
genetree for al portions of the genome. A sample of
DNAsfor ashort region of the genome will have a
particular history, while a different genomic region
will have a different history; yet all of these histories
must run through the same historical procession of
organisms, with a different group of reproductives each
generation. ThusaMendelian population carries
genomes with numerous gene trees that were all
shaped by a common birth and death process.

GENETIC DRIFT AND NATURAL SELECTION

From a genetic perspective, natural selection can
be defined as variation in reproductive success caused
by genotypic variation (Lewontin, 1970), and it is
often cast as a directed force of evolutionary changein
contrast to the random force of genetic drift. However
at the level of DNA where there islinkage, natural
selection on functional DNA sequence variation
contributes to the genetic drift that occurs among
linked sequences. 1n agenetic species of asexud
organisms, a mutation that changes a DNA sequence
and causes natural selection, also causes a new pattern
of genetic drift among organismsthat carry that
mutation. In effect, anew genetic speciesis created by
the mutation; although one of the species will probably
be replaced by the other. For the DNAS of organisms
with recombination, the acceleration of genetic drift by
natural selection depends on the degree of linkage, the
number of sites of functional variation, and the
strength of natural selection on the functional variation
(Hill and Robertson, 1966; Felsenstein, 1974).

Natural selection on functional genotypic
variation may play amajor role in the formation of
new genetic species. However, shared genetic drift,
and not natural selection, isthe appropriate description
of the essence of genetic species. Genetic species will
share in the process of natural selection on functional
DNA sequence variation, and thus will share
adaptations. However this process proceeds both
concomitantly with, and as a contributor to, genetic
drift. Furthermore, from a genealogical perspective



(Fig. 2), genetic drift proceeds even in the absence of
DNA sequence variation and in the absence of natural
selection caused by DNA sequence variation.

THE CAUSES OF MULTIPLE SPECIES

There are two kinds of events that can cause a
single genetic species to become two genetic species.
First is physical distance or the emergence of a
physical barrier between organisms so that they do not
draw from the same pool of resources. This
geographic barrier to drift may be reversed if
organisms are mobile or if geography changes.
Second, is the appearance of a mutation that changes
the sequence of a DNA so that an organism and its
descendants undergo genetic drift separately from
other organisms not carrying the mutation. Thiskind
of speciation can be reversed only if al of the
descendants of the organism fail to reproduce so that
al copies of the new sequence ceased to exist. Back
mutation could not reverse the speciation event unless
al descendant copies of the mutant DNA underwent
back mutation.

The effects of geographic barriers and
environmental heterogeneity on genetic drift do not
change as afunction of sex. If geography constrains
the replacement of some individuals by the
descendants of others, then it also constrains the
process of recombination between some pairs of
individuals. This constraint on genetic drift will occur
for al portions of the genome regardless of sex.

The kinds of mutations that can create genetic
species are different for sexual and asexual organisms.
In the absence of sex, a new advantageous mutation
causes an organism and its descendants to undergo a
different pattern of genetic drift from those organisms
not carrying the advantageous mutation. Within a
genetic species of sexua organisms, favorable
mutations do not contribute directly to the
multiplication of species. Regions of the genome
under tight linkage to the site of the mutation will
experience accelerated genetic drift and have a
shortened genetree history (Kaplan et a., 1989) while
the gene trees of unlinked portions of the genome will
not be affected. In short, sex prevents favorable
mutations from causing one genetic species to split
into two - organisms that lack the beneficial mutation
are not excluded from the birth and death process that
occurs among organisms that carry the mutation.
However, there is a class of mutation that, in obligately
sexual organisms, can contribute to the formation of
new genetic species. These are mutations that cause
recombination either not to occur between some
individuals or cause the results of recombination to fail
to reproduce. Included within this class of events are
genomic changes that shift the mode of reproduction or
the ploidy level of the genome. For example,
interspecific hybrids of sexual organisms may be
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polyploid or parthenogenetic. In either case, the
progeny of the hybrids can no longer exchange genes
with the original species and do not share in acommon
process of genetic drift with either origina species.

The description of the causes of multiple species
isintended as asimplification. By posing the
discussion in terms of gene tree histories and genetic
drift, mutations and barriers to the movement of DNAs
appear to be the only possible causes of species
diversity. Similarly the irreversible aspect of mutation,
asacause of diversity, contrasts with the reversible
effect of barriers, and this distinction follows directly
from the genetic drift perspective. However, these
mechanisms are not novel ideas, but rather asimple
version of the causes of speciation that have been
discussed in other contexts. In particular, geographic
isolation and the evolution of barriers to sex form the
central model of speciation under the biological
species concept (Mayr, 1942; Dobzhansky, 1951).
Also, asimilar depiction of the impact of different
kinds of mutations, and their shifting effect asa
function of sex, is contained within the cohesion
species concept (Templeton, 1989).

GENETIC DRIFT AND POPULATION
STRUCTURE

For a group of organismsto be agenetic
species, genetic drift must be creating a kind of
individual, meaning an entity with boundariesin space
and time (Hull, 1976). Perhaps the clearest example of
a genetic species would be a group of organisms that
are completely panmictic (i.e. random mating) amongst
themselves without the occurrence of any mating with
organisms outside the group. For asexual organisms,
the criteria of completely random mating is replaced by
one of complete demographic exchangeability
(Templeton, 1989). In an asexual group of organisms
with complete demographic exchangeability, any one
organism’s physical place and environmental role
could be taken by any other organism. However,
complete panmixia or demographic exchangeability
need not be present in order for there to be a sharp
boundary to the pattern of genetic drift. In general,
any time that a group of organisms occurs with gene
flow or demographic exchangeability among the
organisms, and where the level of gene flow or
demographic exchangeability is high relative to the
level with organisms outside of the group, a boundary
will exist (Templeton, 1989).

It isalso possible for there to be variation in the
degree to which organisms share genetic drift, and this
variation may not occur with sharp boundaries.
Consider the case of isolation by distance (Wright,
1943) in which the times of possible coancestry for a
given pair of DNAs are proportional to the physical
distance between the members of that pair. Under this
scenario the pattern of genetic drift, aswell asthe



pattern of genetic variation, among organisms may not
be structured but may follow a continuous pattern over
some environmental landscape. A sample of DNAS
will still have a gene tree history, but the spacing of the
nodes may vary widely and is expected to have a
variance larger than expected under asimple
demographic model of shared genetic drift (Slatkin,
1987; Hey, 1991).

Another kind of population structure may lead
to nested levels of demographic exchangeability or
gene flow, with multiple nested boundaries to the
pattern of genetic drift. An exampleisthe population
structure of Escherichia coli. Genetic drift may occur
over ashort time scale among the cellsin asingle
colony on a petri dish, and over alonger time scale
among the population of cells within the intestine of a
single mammal. On alarger scale, exchange of E. coli
cells occurs between different individual intestinal
populations, and this leads to turnover of individua
intestinal populations

(Hartl and Dykhuizen, 1984). Thus the structure of
E. coli populations seems to include a hierarchy of
levels of genetic drift. Individuality, by the criterion of
aboundary in the pattern of genetic drift, occurs at
multiple nested levels.

Another pattern not clearly consistent with
shared genetic drift can arise when two sexual
populations share genetic drift for just a portion of the
genome. They may share drift over the entire genome
with the exception of asingle region that is under
natural selection, with different functional forms of the
region maintained in different populations. Similarly,
genetic drift may be shared for organelle genomes but
not nuclear genomes. At the other extreme are two
populations that share drift over very little of the
genome because of natural selection. It is possible that
these populations may still generate hybrids with some
reproductive success and share drift at parts of the
genome that are not linked to those that are under
differential natural selection.

These scenarios of population structure and
hybridization illuminate an area of uncertainty for the
biological species concept (Mayr, 1963) (ch. 2). This
can be seen by considering the very close parallel
between Dobzhansky’ s (1950) concept of a Mendelian
population, and the genetic species concept.
Dobzhansky defined the smallest Mendelian
population as a panmictic unit, and envisioned larger
Mendelian populations to be groups of panmictic units
that engaged in gene flow. Finaly, the largest
Mendelian populations are biological species.
Dobzhansky envisioned the existence of a boundary, a
partition in the magnitude of gene flow such that there
was a point when species could be defined. However,
the concept of a Mendelian population does not by
itself imply the existence of such aboundary.
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Dobzhansky’ s portrayal of nested levels of gene flow,
beginning with high gene flow and panmixia at the
lower limit, does not necessarily imply the existence of
a sharp boundary at the upper limit where gene flow
approaches zero. Under the biological species concept,
the existence of a sharp boundary to gene flow is
attributed to the presence of isolating mechanisms that
prevent gene flow. The genetic species concept
differs from the biological species concept in not
having a necessary role for any process other than
genetic drift.

A focus on genetic drift as the essence of
species provides aform of negative answer to some
aspects of the "species problem”. All three of the
situations described (complex population structure,
isolation by distance, and sexual populations with
some genomic partitioning of gene flow) are "problem
cases' for which biologists are often at aloss for clear
ways to delineate species. A positive resolution of
these uncertainties would be, for example, some
description of the meaning of “species’ that permitted
objective resolution of many problem cases.

However, when these problem cases are considered
with the reduced concept of genetic species, the
uncertainty of these situations does not go away. In
short, it appears that species are not a necessary
consequence of those processes that do often give rise
to species. A similar negative resolution was also
proposed by Leven (1979) for many of the problem
cases that occur among plants, especially those that
rarely outcross or have limited gamete dispersal and
experience isolation by distance. In these cases, and
others where organisms do not occur in groups that
share genetic drift, organisms do not occur as parts of
SpEcies.

Inthelong term, it is expected that all
organisms have histories that include periods when
ancestors were part of agenetic species. Thisis
because the causes of genetic species, both mutational
and environmental, will sometimes create groups of
organisms with periods of uniform genetic driftin
which the probability of recent coancestry for any pair
of DNAs haslittle variation. A low variance among
pairs of DNAs for possible coancestry timesis more
likely for agroup of DNAs among which genetic drift
is proceeding rapidly. Rapid genetic drift may result
either from ecological circumstances that sharply
curtail reproduction or from the appearance of a
strongly favored mutation. Also, with sex, rapid
genetic drift can occur for atightly linked portion of
the genome as aresult of advantageous mutations or an
abundance of deleterious mutations (Maynard Smith
and Haigh, 1974; Kaplan et al., 1989; Charlesworth et
al., 1993). Thusenvironmenta changes or mutations
may create genetic species from groups of organisms
that are not in genetic species.



CONTEMPORANEOUS SPECIES AND HISTORY

One of the mgjor dichotomies that arisesin the
discourse on species concepts is between
contemporaneous, or “snapshot” viewpoints and
historical viewpoints (Endler, 1989). A
contemporaneous view is most likely to be useful to a
population geneticist or ecologist focusing on ongoing
population processes. The biological species concept,
and the genetic species concept are contemporaneous
concepts. However, systematists take a historical view
and generally refer to species within the context of
ancestor-descendant relationships. For example,
(Simpson, 1961) defined a species as an “ancestral-
descendant sequence of populations’. Cracraft defines
a phylogenetic species as “an irreducible (basal) cluster
of organisms, diagnosably distinct from other such
clusters, and within which there is a parental pattern of
ancestry and descent” (Cracraft, 1989). One kind of
resolution of these two different viewpoints of species
(contemporaneous and historical) has been to argue
that both are real but distinct kinds of entities
(Donoghue, 1985; de Queiroz and Donoghue, 1988).
In particular, de Queiroz and Donoghue (1988) argue
that there are two processes, interbreeding and
common descent, that are both valid species criteria
However, the two criteria differ fundamentally in their
incorporation of time. Interbreeding is a process that
can be viewed in ashort timeinterval (e.g. a
generation). Common descent is an explicitly historical
criterion - whether or not a group of organisms have
descent in common depends on what ancestors they
had. The processes of interbreeding and common
descent are distinct merely because one (i.e. common
descent) includes the passage of time. If there existsa
kind of speciesthat can be defined by historical
relationships, then these historical relationships must
have arisen because of processes that occurred over
time. For example, Simpson’s definition of an
evolutionary species explicitly refersto the existence
of apopulation that exists at a particular point in time.
Cracraft’ s definition of a phylogenetic species refers
explicitly to a“parental pattern of ancestry and
descent”. Though not defined precisely, this definition
clearly implies some contemporaneous process by
which groups of parents leave offspring. In both of
these cases, Simpson’ s and Cracraft’s, the definition of
ahistorical species concept supposes the existence of
some kind of cohesive group of organisms that exists
for each dlice of time in the history of the historical
Species.

The gap between historical and “ snapshot”
concepts can be bridged by considering the process
that creates a contemporaneous species, and then
extending that process through time to generate a
picture of a historical species. Indeed much of the
literature that forms the debate on the phylogenetic
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species concepts includes this very exercise for the
case of contemporaneous populations of interbreeding
organisms (Hennig, 1979 p.73; de Queiroz and
Donoghue, 1988; Nixon and Wheeler, 1990; Davis and
Nixon, 1992; Baum and Shaw, 1995). This can aso
be done for the genetic species concept. The historical
extensions of contemporaneous situations, with and
without sex, can be considered.
1) For organisms that do not have sex, the
common ancestors of a genetic species become
fewer, the further one goes back into the past,
and thisreaches alimit of asingleindividual.
For two genetic species that have recently
diverged, there may be many shared ancestral
organisms, and these may or may not have
existed as asingle genetic species. Thus
whether or not a historical viewpoint includes
ancestral and descendant species depends on
how much timeis being considered and the
history of genetic drift. For an ancestor and
descendant that are far apart in time, the
ancestor isliterally a single organism and could
not be a species. Furthermore, thisistrue
whether or not the descendant organisms are a
contemporaneous genetic species.
2) For agroup of sexual organisms, different
portions of the genome will have different gene
tree histories. The nodes of these genetrees are
ancestral portions of the genome, and the spatial
and temporal distribution of the organisms that
carried these ancestral DNAS can be considered
as afunction of the historical pattern of genetic
drift. From models of the variance of the
coalescent processin the presence of population
structure, it is clear that the variance of the time
and the geographic location of gene tree nodes
can become large, arbitrarily large, depending
on the degree to which populations of ancestral
organisms depart from panmixia (Slatkin, 1987;
Hey, 1991). Itispossible for agroup of
organisms to exist as a contemporaneous genetic
species, and yet have a history of ancestors that
did not occur in genetic species. Thistype of
history would cause different gene tree
estimates, for different portions of the genome,
to have avery large variance for the pattern of
node spacing (see EMPIRICAL
CONSIDERATIONS). Itisalsopossiblefor a
group of organisms that do not exist asa
contemporaneous genetic species to have a
history of ancestors that did occur as genetic
Species.

In summary, when the genetic species concept is
extended to a historical context, the exercise does not
reveal the emergence of a distinct historical entity.



There is no epiphenomenon that could be called a
historical species when the history has not included the
persistence of contemporaneous genetic species. In
the literature on phylogenetic systematics, one
graphical tool isto depict historical species as atube,
with time as an axis that runs the length of the tube. In
these diagrams, a view of a species or a population at a
point in time can be represented as a cross section of a
tube (e.g. (Hennig, 1979 p. 59). The point made here
isthat the histories of organisms need not have a shape
that can be represented in thisway. In the absence of
sex, the more recent ancestors of a group of organisms
may not have shared genetic drift. For timeslonger in
the past, the ancestor of a group of asexual organisms,
regardless of whether they occurred as part of agenetic
species, isa singleindividual. In the presence of sex,
the ancestors of a contemporaneous genetic species
may not have been a genetic species. The ancestors
may have been spread across a wide expanse of
geography, in an isolation by distance relationship, or
with a complex structure of multiple populations.
EMPIRICAL CONSIDERATIONS
Biologists often face the question of whether a
sample of organisms comes from one or more than one
species. Under the genetic species concept it is also
possible that some or all of the organisms are not part
of any species. In practice, assessments of genetic drift
are expected to fall into two different categories,
instantaneous and recent. An instantaneous
determination is an assessment based on ongoing
patterns of reproduction in contemporaneous
organisms. For obligately sexual organisms, an
assessment of genetic species status would be the same
as an assessment of Mendelian population status
(Dobzhansky, 1950). Those organismsthat are
exchanging genes are necessarily also sharingin a
process of genetic drift. Inthis case, an assessment of
genetic species status is reduced to determining if the
pattern of genetic drift has sharp partitions such that
there are distinct groups having gene flow within and
little gene flow between. For organismsthat are not
exchanging genes, an instantaneous assessment of drift
could be made on ecological and demographic grounds
by an assessment of demographic exchangeability.
However, thisis tantamount to measuring the
fundamental niche for each of the organismsin the
sample (Templeton, 1989) which is generally
impractical. An aternative to instantaneous measures
are assessments of recent patterns of genetic drift based
on patterns of genetic variation. With electrophoretic
data on protein variation or with comparative DNA
sequence data, the patterns of variation can be
interpreted in terms of the genetic drift that has
occurred in the time since the variation arose.
However, the genetic species concept isa
contemporaneous one, and so an assessment of genetic
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drift based on patterns of genetic variation must admit
two kinds of uncertainty. First, it is possible that a
group of organisms that seem to have arecent history
of genetic drift, may not currently share genetic drift.
Secondly, agroup of organisms may currently share
genetic drift, but this may be due to a recent mixture of
historically separated organisms that did not occur in a
single species. The current situation may be one
genetic species, but the recent history whichis
reflected in the pattern of genetic variation, may
include zero or multiple genetic species.

It is not the purpose of this report to develop
practical criteriafor the identification and delineation
of genetic species. Rather the purpose is to show that
an assessment of genetic drift isrequired if species are
to beidentified and distinguished. Inthisview, the
task of identifying species and understanding the
details of the causes of speciation falls squarely within
the domain of population genetics. Since the time of
(Wright, 1931) much of the field of population
genetics has consisted of research on ways to assess
genetic drift, and on the effects of genetic drift. The
point that a population genetic approach must be used
to identify species and understand the causes of species
has been repeatedly emphasized by Templeton (1981,
1989, 1994).

It isuseful to provide a qualitative description of
some criteriathat can be used for the case of a set of
DNAs, one from each member in a sample of
organisms. Itis possible to describe the kinds of gene
tree histories that can occur for a set of DNAS under
different evolutionary models (Hudson, 1990) and it is
possible to estimate the true tree for asample of DNAS
if thereis some variation in their sequences. Although
DNA sequences and gene tree estimates are not the
only way to study genetic drift, they are increasingly
referred to in the context of the population genetic
causes of speciation (Hey, 1994; Templeton, 1994;
Baum and Shaw, 1995).

Consider a sample of two sets of homologous
DNAs, one from each of several organisms from each
of two candidate species and consider the null model
that the sample comes from a single species
(Templeton, 1994). The genetree history of the entire
sample will, in the absence of recombination, be
representable as a bifurcating diagram (Fig. 1). If the
ancestral DNAs collectively underwent genetic drift,
then the times between successive nodes of the tree are
aso afunction of agenetic drift process. For several
quite simple demographic and linkage/selection
models the distribution of times between nodes has
been solved (Tavaré, 1984; Hudson and Kaplan, 1988;
Takahata, 1988). These theoretical compositions are
called "coalescent” models (Kingman, 1982),
reflecting the pattern of a collapsing sample as one
proceeds from the present into the past. The general



prediction is that the most recent nodes of atree will be
more closely spaced in time than the more distant
nodes, and that the expected time between successive
nodes is proportional to the population size (Hudson,
1990). However the details of this prediction vary
considerably depending on the demographic model
(Tajima, 1989).

If asample includes DNAs from two groups of
organisms with a collective history of asingle genetic
drift process followed by a shift (speciation) to two
drift processes, then the structure of the gene tree will
differ in two general ways from the tree for a sample
from asingle genetic species. First, the distribution of
times between successive nodes after the speciation
will be the result of two independent systems of
genetic drift. Inthe terms of a coalescent model, the
waiting time between successive nodes will be a
function of two random variablesinstead of asingle
one. Second, the tree will be partitioned into sections
that are exclusive of DNAs from one of the sasmpled
groups (Baum and Shaw, 1995). Figure 3 showsthree
examples of multiple DNAs from each of two
independently drifting populations, one with a faster
rate of drift (i.e. short time intervals between nodes)
and one with aslower rate of drift. InFig. 3A, thetwo
samples form separate subtrees; whilein Fig. 3B, one
sample forms a gene tree that is nested within the gene
tree for the other sample. GroupsY and Z of Fig. 3A
and group Z in Fig. 3B are monophyletic, meaning
that the group includes al of the descendants of a

YYYYZZ2ZZ YYYYZ2ZZ YYZZ2Z2ZYY

Figure 3 Three hypothetical genetrees. In each
case, four DNAs have been randomly sampled from
each of two genetic species, Y and Z. SpeciesY is
larger with a slower rate of drift and larger intervals
between nodes than species Z. See text for further
explanation.
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particular common ancestor (Hennig, 1979 p. 73).
Figure 3C shows relatively little partitioning of the
gene tree with respect to sample. This pattern could
occur if the ancestors of one group recently became
geographically separated from others of the same
genetic species, so that relatively little drift has
occurred within each group.

If genetic drift proceeds among the descendants
of groupsY and Z, then the gene trees depicted for
group Y in Fig. 3B and groups Y and Z in Fig. 3C will
eventually be replaced by monophyletic gene trees (see
e.g. (Avise and Ball, 1990)). The emergence of
monophyletic gene treesis caused by the forward shift
of the pattern of ancestry that occurs within a group of
DNAs that share genetic drift (Fig. 2).

The condition of having previously identified
candidate species (asin Fig. 3) is useful for articulating
various patterns of genetic drift. However, in practice,
researchers must consider cases where multiple species
may exist, but where the DNAS have not been labeled
beforehand as belonging to candidate species. This
uncertainty adds considerably to the difficulty of
identifying species simply because a posteriori
hypotheses have much stricter criteria of statistical
acceptance than a priori hypotheses. For sexua
species, this burden can be reduced by generating
hypotheses regarding genetic species using data from
onelocus. A second, unlinked, locus can then be
studied to test these hypotheses, which are now a
priori (Hey and Kliman, 1993; Hey, 1994).

For sexual organismsin agenetic species,
different parts of the genome will have different gene
tree histories, though nearly all portions are expected
to share genetic drift. The actual rate of drift will vary
among genomic regions by chance and because natural
selection and variation in recombination rates will
cause the rates of genetic drift to vary acrossthe
genome. Onekind of natural selection that can
frustrate a gene tree assessment of species status for
sexual organisms, and thus require the study of
multiple portions of the genome, is balancing
selection. Thistype of natural selection occurs when
there exists a stable pattern of multiple sequences, or
aleles, for some region of the genome. The
persistence of multiple functional forms will create
genetreeslike thosein Fig. 3A, in this case with
designations Y and Z referring to different alleles.
Genetic drift will occur within each allele class, but
natural selection prevents the replacement of one allele
class by descendants of the other.

PROPOSALS FOR POPULATION BIOLOGISTS

Biologists often apply "species’ without a clear
meaning of the word or, if a specific meaning is
articulated, with uncertainty over whether a group of
organisms actually fit the meaning. For cases when
"species’ is used to convey some degree of



individuality on the part of a group of organisms,
meaning some degree of spatio/temporal integrity, a
two step convention is proposed. First, the specific
meaning that should be used is that of genetic species.
However, for most groups of organisms, including
many that might be called species under other
concepts, the population structure will not resemble
panmixia. Thus the second component of species
identification is the inclusion of a description of the
pattern of genetic drift.

Having a meaning of "species’ makesit possible
for population biologists to avoid the word and
associated uncertainties. 1f genetic drift underlies
mechanistic species concepts, it follows that an
assessment of the history of genetic drift for some
group of organismswill obviate the need for species
identification of those organisms. One or more species
names may be applied, but will convey no additiona
information.

GENETIC SPECIES AND SYSTEMATICS

It has been proposed that some organisms do
exist in groups that are real, and that the
spatiotemporal distinctness of these groups arises when
organisms share in a process of genetic drift. The
genetic speciesis aso adistinct kind of individual,
different from the individual status that might be
considered for larger groups of organisms. For
example, it has been argued that species are not
different from genera or other taxa, and that a taxon at
any level can be thought of as an evolutionary unit
(Nelson, 1989). However, the criteria of genetic
speciesis shared genetic drift anong organisms. Itis
possible that some organisms occur in a pattern of
population structure with nested levels of genetic drift
among organisms (see GENETIC SPECIES AND
POPULATION STRUCTURE) so that genetic species
may occur within larger genetic species. However this
pattern isstill caused by genetic drift among
organisms, which isin turn caused by gene flow and
demographic exchangeability. These causes of
individuality at the species level need not be the same
as processes that occur among species. While it may
be argued that there are processes of species turnover
that are analogous to genetic drift, these processes will
not be identical to gene flow and demographic
exchangeability. In short, the genetic speciesisa
distinct kind of individual that includes multiple
organisms.

The finding that an organism may not be part of
a species, either in a contemporaneous sense or a
historical sense, hasimplicationsfor the study of the
historical relationships among organisms and for
classifying organisms. These implications may be
roughly categorized as theoretical and practical. The
primary theoretical implication is that a systematic
theory that assumes that all organisms occur in nature
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as parts of species, may beincorrect. For example,
investigatorsin the field of phylogenetic systematics
strive to use historical relationships among organisms
asaguide for the classification of organisms (Hennig,
1979 p.73). Itisimplicit, and sometimes explicit,
within this perspective that organismstruly do occur in
phyla (e.g. species or higher taxa). For instance
Hennig stated that species and higher taxa “ are all
segments of the temporal stream of successive
‘interbreeding populations'” (1979 p. 81). If
interbreeding populations are not, in fact, anecessary
occurrence for organisms, then the theory of
phylogenetic systematics has an error. However, as
severe as the theoretical implications may be, the
practical implications are largely unknown. It is not
known how many organisms do not occur in genetic
species, and it is not known to what degree the
ancestors of present day organisms occurred in genetic
species. Also, the estimation of gene trees asaway to
estimate phylogenetic relationships will appear to be
insensitive to whether or not ancestral organisms were
in species. For instance, in the absence of sex there
will still exist abifurcating gene tree history for extant
DNAs, regardless of the species status of ancestors (see
CONTEMPORANEOUS SPECIES AND HISTORY).
Such atree may be misidentified as a phylogeny, when
it actually does not represent phyla.

If the theoretical implications of the genetic
species concept were to be included in atheory of
systematics, then at least two possible courses can be
considered. First, atheory of systematics could focus
solely on the historical relationships of individual
organisms (Vrana and Wheeler, 1992). This method
would have the advantage that the identification of
individual organism isvastly easier than for individua
species. However, such a system would also face the
difficulty that for any point in time, a sexual organism
will likely have many ancestral organisms. This means
that a bifurcating hierarchical tree will often not be a
good historical model. An aternative proposal is that
a systematic investigation could begin with a process
of identifying candidate species and estimates of
historical relationships among candidate species. For
example, candidate species could be identified by
relatively practical criteria (e.g. morphological
similarity). This general approach is commonly used
with other species concepts. In addition systematics
would include a process of examining the genetic
species status of candidate species. Thiskind of
systematic protocol, with atheoretical component that
includes the genetic species concept, would also need
to address the issue of the classification of organisms
that are not in species.

Both of these proposals, using organisms as the
individuals of systematics and including the genetic
species concept within systematic theory, address the



theoretical basis of systematics. A third aternative
would be to forego biological theory, and develop a
taxonomic system based on criteriaidentified by
observers. For instance, organisms could be clustered
on the basis of similarity (Sneath and Sokal, 1973) or
on the basis of shared characters (Nelson, 1989)
without assumptions of underlying biological
processes. A taxonomic speciesidentified in this way
would be a class of organisms, and would have no
necessary relationship to genetic species that occur as
individuals in nature.
CONCLUSIONS
The genetic species concept within the context of
species concept debates

In this paper, the species problem has been
identified with two ongoing scientific debates: first,
over the meaning of the word "species’; and second,
over methods of speciesidentification. In practice,
many disputes take specific forms that do not fall into
just one of these categories of debate. Endler (1989)
has outlined four dichotomies, each a broad category
of species concept debate, and it may be informative to
discuss the genetic species concept within the context
of each of these.

Taxonomic versus evolutionary - Endler (1989)
used “taxonomic” to refer to those species concepts
motivated purely by the need for classification. The
merit of ataxonomic concept of speciesis determined
by how well it works for identification and grouping,
without regard to the evolutionary relatedness of
organisms, or the processes that gave rise to species.
Endler’ s category of “evolutionary” appliesto
concepts that are defined in terms of, or make
assumptions about, evolutionary processes. The
genetic species concept is motivated solely by process,
and thus would fall squarely in the “evolutionary”
category.

Theoretical vs operational - A theoretical
concept of speciesis concerned with the meaning of
the word “species’ in terms of the basic processes that
giveriseto species. Theoretical concepts, like the
biological and the genetic species concepts, may not be
very practical for purposes of species identification.
Operational species concepts may include taxonomic
concepts (see 1, above), because of the focus on
applicability, but they also include species concepts
that have a dual focus on evolutionary processes and
practicality. Perhaps the best examples of these are the
various attempts to devel op a phylogenetic species
concept (Rosen, 1979; Donoghue, 1985; Cracraft,
1989; Baum, 1992; Davis and Nixon, 1992).

Contemporaneous vs clade - Many
evolutionary biologists, including population
biologists, focus on extant organisms, and rely on
meanings of “ species’ that hinge on ongoing
biological processes. The biological and the ecologica
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species concepts are examples. In contrast,
systematists are more likely to view species within the
context of clades (i.e. monophyletic groups of species)
and ancestor-descendant relationships. In this
historical perspective, a species can be an explicitly
historical entity (e.g. Simpson’s evolutionary species),
or a contemporaneous entity that is defined by
historical relationshipsto others (e.g. (Cracraft, 1989)
version of a phylogenetic species). Under the genetic
species concept, a speciesisagroup of organisms that
share genetic drift. Thisisacontemporaneous
definition.

Reproductive vs Cohesive - Endler (1989)
classifies as “reproductive”, those concepts that focus
on the reproductive processes that maintain either
isolation between species or recognition within
species. He contrasts these with concepts that focus on
species as units with genetic and phenotypic cohesion.
The distinction between these, and thus the failure of
some species concepts, must be recognized because
of numerous examples of groups of organisms that
appear to be one reproductive species because of the
exchange of genes, but yet persist as multiple distinct
cohesive units.  The genetic species concept does not
simply fit into either of Endler’s categories. Ina
narrow sense, the genetic species concept isnot a
‘reproductive’ concept because it does not apply only
to sexual organisms. However, the reproductive
successes of different organisms are linked within a
genetic species, and this occurs regardless of sex. The
genetic species concept doesfit the ‘ cohesive’ category
in some respects. Genetic drift has long been
recognized as a force that causes homogeneity among
groups of organisms that share drift, and genetic drift
isasignificant component of Templeton’'s cohesion
species concept (Templeton, 1989). However, under
the genetic species concept, it is possible that a genetic
species can form by the admixture of organisms that
are not from genetic species or are from multiple
genetic species. Such an admixture may exist asa
group of organisms that share genetic drift, but at the
time of initial mixing the group may be less cohesive
than any of the groups from which the mixture was
formed.

The meaning of “ reduction”

The genetic species concept seemsto be a
reduction of those other species concepts that focus on
biological processes. The terms of the genetic species
concept (e.g. “DNA replication” and “ genetic drift”)
refer to things that are components and properties of
the things in other species concepts. The genetic
species concept is not at odds with other concepts that
are described in terms of biological processes. Other
concepts are extensions of the genetic species concept
in different contexts (e.g. ecological species, biologica
species, and evolutionary species). Components of



these concepts are also included within the cohesion
species concept (Templeton, 1989). A cohesion
speciesis "an evolutionary lineage that serves as the
arena of action of basic microevolutionary forces, such
as gene flow (when applicable), genetic drift and
natural selection” (Templeton, 1994). Thusthe
cohesion concept resembl es the evolutionary species
concept with a population genetic emphasis on the
causes of phenotypic similarity within species.
However all of the basic microevolutionary forces can
only occur when organisms share, to some degree, in a
birth and death process and thus in the process of
genetic drift.

The reduction of “species’ has many paralels
with the reduction of “gene”’. Beginning with
Johannsen’ s strictly operational definition and
extending to the time of the elucidation of the function
of DNA sequences, the nature of genes and the
meaning of “gene” were at the heart of great debate
and energetic research (Dunn, 1965). Today it isclear
that the function of DNA sequences takes many forms.
For example, an incomplete list includes protein
coding sequences, ribosomal RNA coding sequences,
transfer RNA coding sequences, introns, promoters,
enhancers, and telomeric sequences. Furthermore, the
boundaries for some of these functional sequences, in
terms of their location in aDNA chain, may not be
distinct; and there are many cases where DNA
sequences associated with one function are part of a
larger sequence that is associated with a different
function (e.g. enhancers lying within protein coding
regions). Johannsen’s single word is still useful asan
approximation in many cases, but it does not begin to
represent the breadth of functional diversity manifest
in DNA sequences. In the day to day practice of
molecular genetic research, the word “gene” has
largely been replaced by aricher lexicon that has come
with the growth of understanding of DNA function.

Like ‘gene’, the word ‘ species’ may not be
necessary or always useful in aresearch context,
particularly when situations occur that do not fit a
definition. However, understanding the meaning of
“gpecies’ does simplify aplan for inquiry on the
causes of species diversity. Speciation research should
be the science of genetic history and of the biotic and
abiotic phenomena that determine whether or not
organisms share genetic drift and that shape the gene
tree histories of closely related organisms. It isnot
necessary that the species status of organisms be
established prior to research. If an assessment of the
history of genetic drift for a sample of organisms
reveals arelatively simple picture of one or more
groups that share genetic drift, then species status may
be delineated. However application of species status
and species distinctions will not add information or
meaning.
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The process of species identification is not
simplified by having a meaning of "species’. Instead
the task is shown to be as difficult as measuring
genetic drift and then deciding if the data contain
evidence of partitionsin the structure of genetic drift.
It may not be possible to identify speciesin many
cases, but it is clearer why species can be so difficult to
identify.

Explaining the existence of species

In practice, an investigation into the nature of
species often begins with an implicit or explicit
viewpoint that species exist. The approach taken in
this paper has been to assume the existence of some
relatively simple natural phenomena, and then to
consider whether these things will cause something
that corresponds to other ideas on species. In
particular, the starting point includes the existence of
replicating DNAS, an assumption that mutations can
occur, and that the real world has limited resources and
imposes geographic constraints on the location of
DNAs. With this small set of observationsit has been
possibleto predict several things about the diversity of
DNAs that seem to correspond to common
observations about the diversity of organisms and that
are often attributed to species.

1) Mutations and geography will have the effect

of partitioning DNAs into different groups,

within each of which there is a shared process of
genetic drift caused by the random replacement
of some DNAs by the descendants of others.

2) Mutation will in the long run have a greater

effect than geography on the formation of

groups. Mutation is, for the most part, not
reversible (see, THE CAUSES OF GENETIC

SPECIES) while geography can change and can

be overcome by the movement of DNAS.

3) There will often occur situations where the

pattern of genetic drift does not occur with

distinct boundaries among groups of DNAS, but

rather occurs at varying rates across a

geographic range. In these situations, the group

status of DNAs will appear ambiguous.

4) DNAs that share a process of genetic drift

will have a gene tree history shaped by that

process. If they and their descendants persist in
sharing genetic drift, then this gene tree will
become monophyletic.

5) Groups of DNASs that share genetic drift can

occur whether or not the DNASs exchange

portions of their sequence (i.e. engage in sex).

In short, avery small set of basic observations
lead to predictions that correspond very well to many
of our most basic observations about groups of
organisms, and that are often attributed to species. In
this sense, the existence of species has been at least
partly explained. Also, since the basic observations



(i.e. replicating DNA, mutations, geography and
limiting resources) are not in doubt and are relatively
simplistic (i.e. being chemical and physical, but not
very biological), these observations seem to be
necessary for any complete explanation of species. It
isthen appropriate to ask whether these observations
are a sufficient explanation of species. Thereremain
two distinct contexts in which the genetic species
concept may be judged incorrect by reason of
insufficiency. First, the genetic species concept may
imply some unforeseen consequence that is not atrue
phenomenon. As described, genetic driftisan
epiphenomenon of the basic components of replicating
DNA, mutations, geography and limiting resources. If
it were shown that the simple model that has been
constructed also leads to predictions that do not occur
in nature, then the model isincomplete and something
must be added. Second, something may have been
overlooked in the true nature of species. It may be that
all real species share a property that cannot be
predicted by the simple model developed here.
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