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While neither universally applicable nor practical operationally, the
biological species concept continues to offer a compelling framework

for studying species and speciation

Few topics in evolutionary biology have received as much
scrutiny and debate as the nature of species and species con-
cepts. This is partly because species are central to many fields of
biology (but especially evolution, ecology, systematics, and con-
servation biology), and there does not appear to be a single con-
cept that can satisfy the needs of these different disciplines [1].
A related issue is that the nature of species varies widely across
the domains of life due to differences in mode of reproduction
(sexual versus asexual), life cycle, generation time, mating sys-
tem, vagility, genome architecture, geographic range size, and
a host of other features [2]. Species concepts that can accom-
modate this natural diversity [ 3,4] offer little guidance regarding
how to delimit species, study their origins and evolution, or pre-
dict their evolutionary fate. As a consequence, users of species
concepts typically choose the concept that suits their specific re-
quirements, often with the recognition that their favored con-
cept has known flaws, lacks universality or both.

The biological species concept (BSC) is a good example of
this [5]. Its flaws are well known [2,6-8]; it flunks the universal-
ity testand is impractical operationally. However, the BSC offers
a compelling framework for studying speciation, so evolutionary
geneticists continue to use it. But should we? This is the issue
Wang et al. [9] address in their critique. They summarize what is
known about the geography and genetics of speciation and come
to the surprising conclusion that we lack sufficient knowledge to
reject the BSC.

We come to a different conclusion. In our view, there is am-
ple information about the nature of species to reject a strict ver-
sion of the BSC. Moreover, the BSC’s liabilities when studying
groups that are primarily asexual or that have a selfing mating
system are well known [2]. Despite these limitations, we argue
that the BSC continues to be a useful concept for studies of spe-
ciation in sexual and predominately outcrossing lineages. Below
we highlight several points of agreement with Wang et al. [9], as
well as several areas of disagreement. We conclude by describing
our rationale for continuing to use the BSC, despite its flaws.

POINTS OF AGREEMENT

We are in agreement with many of the points the authors have
made about speciation in previous papers and that are sum-

marized in their critique. We agree that species’ genomes are
less tightly co-adapted than suggested by Mayr [S], and as a
consequence, can be porous to gene flow when in sympatry or
parapatry. We note that numerous hybrid zone studies over the
past several decades have offered robust support for both con-
clusions [ 10-12]. Likewise, commonly reported patterns of het-
erogeneous genomic divergence are consistent with both differ-
ential introgression following secondary contact and divergence
with gene flow [9,13]. Though it is important to keep in mind
that recent selective sweeps in the absence of gene flow between
populations can produce similar patterns [14].

The authors also offer useful insights here and elsewhere
about the geography of speciation. They argue that gene flow
during the early stages of speciation is compatible with Mayr’s
classic allopatric model of speciation. Using a case study of man-
groves from the Indo-Malayan coast they further observe that al-
lopatry is often intermittent, in this example due to the repeated
openings and closures of the Strait of Malacca [15]. Lastly,
they make the point that diversification rates in mangroves and
many other taxa are poorly correlated with geographic features
that can cause isolation, implying that geographical isolation
is unlikely to be necessary for speciation in these groups. We
agree with these assertions and note that the role of intermittent
allopatry in speciation has been explored previously in the
context of Quaternary ice ages, in which genomes persisting in
refugia are thought to have undergone repeated cycles of allopa-
try and secondary contact, protected in part by hybrid zones
[16]. More generally, the importance of geographic isolation
appears to correlate both with vagility and with the strength
of habitat associations. For example, sister species of plants,
but not birds, are frequent on isolated oceanic islands [17,18].
The most straightforward explanation for this difference is that
geographical isolation is necessary for speciation in birds, but
not for many lineages of plants (see also ref. [19]).

POINTS OF DISAGREEMENT

While this critique is a stimulating read, we disagree with the use
of the BSC to define both a process and a concept of species.
This confounds the products of speciation (i.e. species) with
the mechanisms of speciation, and potentially constrains our
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views about how speciation can occur. Also, bear in mind that
biological barriers to gene flow (reproductive barriers) typically
are the result of speciation, not its cause [20]. This is most obvi-
ously true for species that have diverged exclusively in allopatry.
Thus, reproductive barriers are best interpreted as indicators of
progress towards speciation [1]. The BSC is (or at least should
be) agnostic about the geographic context of speciation or the
evolutionary forces responsible for the evolution of reproduc-
tive barriers. That is, implementation of the BSC does not (and
should not) depend on whether a given species diverged in sym-
patry or allopatry, or whether reproductive barriers arose mainly
as a consequence of genetic drift, divergent natural selection, or
by whole genome duplication.

The authors argue that evidence of gene flow between good
species with strong reproductive isolation (RI) would be suffi-
cient to reject the BSC, but that such evidence does not yet exist.
We were surprised by the latter claim, especially given that an in-
creasing number of studies in plants and animals have not only
measured the strength of RI in nature, but also have quantified
levels of interspecific gene flow, in some cases across extremely
strong reproductive barriers [21-24]. An example comes from
a pair of widespread sunflower species, Helianthus annuus and
H. petiolaris, which have overlapping geographic distributions
across much of Central and Western North America. The two
species diverged circa 1.8 mya and are strongly isolated repro-
ductively [23]; total isolation—calculated by compounding the
contributions of eight individual barriers—was >0.99999 in
both directions. Thus, these are very good species! The inter-
specific migration rate (m) estimated from population genetic
datais very small (<1077), as expected given the strength of RI.
However, because these species have very large effective popu-
lation sizes (Ne > 10°), the predicted number of migrants per
generation is high enough (N,m = 0.34-0.76) to produce mo-
saic genomes.

A final point of disagreement concerns the sensitivity of cur-
rent genomic methods for detecting small introgressions. While
we agree that the power for identifying individual introgressions
isreduced when they are small, if there are many small introgres-
sions across the genome, then the signature of interspecific gene
flow is easily and robustly detected by various whole genome
tests such as Patterson’s D statistic [25] or from programs for
identifying population structure such as Structure [26] or Ad-
mixture [27].

CONCLUSION

If the BSC is faulty, then why do evolutionary geneticists con-
tinue to use it? Likewise, how can a focus on the evolution of re-
productive barriers be justified? As we noted in the introduction,
the main reason that evolutionary geneticists continue to use the
BSC is that it offers a powerful framework for studying specia-
tion. We previously documented a strong, albeit imperfect, cor-
relation between the strength of RI and species delimitation by
taxonomists [28], which offers empirical support for such a re-
search program. On the other hand, we recognize that multiple
evolutionary forces contribute to species identity and cohesion,

including gene flow/RI, common descent, stabilizing and par-
allel selection, and genetic constraints [2]. Some of these likely
correlate as strongly with taxonomic species as does RI, perhaps
suggesting that students of speciation should expand the focus of
their research beyond RI. However, as we have argued elsewhere
[29], gene flowand Rl are population and species-level phenom-
ena, the levels of divergence relevant to speciation studies. In
contrast, selection acts most strongly on genes or individuals,
whereas common descent and genetic constraints contribute to
cohesion across all taxonomic levels. In our view, this justifies a
focus on gene flow/RI, while recognizing that studies which seek
to comprehensively identify and order the evolutionary forces
contributing to species cohesion would add significantly to our
understanding of both species and speciation.
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Is it time to abandon the biological species concept? No

The Oxford English Dictionary defines a concept as, ‘an idea of a
class of objects, a general notion’. It follows from this definition
that a concept cannot be rejected in the way that a hypothesis
might be rejected if its predictions are inconsistent with obser-
vations. Instead, a concept must be judged by its heuristic value:
does it help in making sense of the natural world?

The biological species concept (BSC) was designed to aid
understanding of biological diversity, particularly the ubiquitous
observation that sexually reproducing organisms exist in more or
less distinct phenotypic and genetic clusters rather thanin a con-
tinuum of forms. It does so by focusing attention on the contrast
between successful interbreeding within groups and reproduc-
tive isolation between them. Distinct groups can form in other
ways, and can occur in organisms that lack regular sexual re-
production. This has led to alternative conceptualizations of the
units of diversity [1,2]. However, the fact that the BSC is high-
lighted in every biology textbook and lecture course, more than
80 years after it was introduced and formalized [3,4], is testa-
ment to its continued utility. Perhaps most importantly, the BSC
identifies a research programme for understanding the origin of
biological diversity by equating the process of speciation with
the evolution of reproductive isolation. This has been the foun-
dation of a huge body of research in evolutionary biology since
the neo-Darwinian synthesis, which has led to a much deeper
understanding of species and speciation, although the job is cer-
tainly not yet completed.

Understanding the process by which species form can cer-
tainly aid in understanding the nature of species. Indeed, con-
cepts in general aim to be ‘fundamental links bridging observ-
able patterns and inferred processes’ [1] and this is certainly
true of the BSC. However, Wang et al. [5] seek to go a step fur-
ther: rather than linking the existence of discontinuities among
species with the processes of gene flow, natural selection and
the evolution of reproductive isolation, which is a standard in-
terpretation of the BSC, they make the BSC dependent upon
a particular mode of speciation, namely ‘allopatric speciation’.
Mayr [6] did not make this connection. Indeed, he discussed
species concepts (Chapter 2) and speciation processes (Chap-
ters 15-17) in separate parts of his book. Nor has the connec-
tion been made in more recent monographs [7,8]. The link made

by Wang et al. [ 5] is problematic in principle. Suppose it can be
shown that two populations are now reproductively isolated and
have acquired that isolation without any period of spatial sepa-
ration, would Wang and co-workers conclude that the popula-
tions belong to the same species? This is, actually, not just a the-
oretical problem: the origin of polyploid species provides mul-
tiple concrete examples (e.g. [9]). Linking the BSC to a partic-
ular ‘mode of speciation’ is also problematic because of the dif-
ficulty of defining and distinguishing these modes [10]. In re-
ality, speciation is complex, extended over time and space and
involving multiple processes, leading to a wide range of possi-
ble routes towards complete reproductive isolation [11,12]. The
accumulated evidence [7,8,12,13] suggests that many of these
paths have actually been followed.

Wang et al. [S] suggest that an alternative to the BSC is a
‘genic view’ of species where ‘species are defined by a set of
loci that govern the morphological, reproductive, behavioral and
ecological characters’. As it stands, this definition is incomplete
because it does not specify what sets the significant characters
apart from the rest of the phenotype or what features of the set
of loci distinguish species. However, it is clear from their fur-
ther discussion that the characters in question are those that
contribute to reproductive isolation (‘fitness-reducing upon in-
trogression’) and that these loci should define distinct genetic
clusters despite potential for gene flow. If the BSC allows for in-
complete reproductive isolation, as is commonly accepted (e.g.
[1,7,14]), then there is actually no difference between this genic
view and the BSC, unless the BSC is tied to allopatric accumu-
lation of reproductive isolation and the genic view is not. To an-
swer the question posed by Wang et al. [S]: No, it is not time to
abandon the BSC.

Nearly 20 years ago, Wu [15] proposed a ‘genic view of
the process of speciation’. This proposal struck a chord and fig. 1
from Wu’s paper has been very widely reproduced. It describes
snapshots in the evolution of reproductive isolation from the
appearance of the first barriers to gene flow to the complete ab-
sence of successful interbreeding (described as ‘Stages’, perhaps
with the unhelpful implication of discontinuities in a continuous
process). The underlying idea of an initially semi-permeable
barrier that can evolve to exclude a larger and larger proportion



