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The Origin of Species

Speciation: from Darwin
to Mayr and back again
Diethard Tautz, Director at the Max Planck Institute for Evolutionary Biology in Plön (Germany),
writes about the current status of scientific knowledge on how exisisting species split into new ones.

“T

HE ORIGIN OF SPECIES” was
printed in large bold letters on
the title page of the 1859 edition of Darwin´s book On the Origin of Species by Means of Natural Selection. I suspect
that even then it was the publishers who
chose the layout of title pages and not the
author. It would be interesting to know
whether Darwin had indeed approved this
accentuation, since his book is a magnificent introduction to the mechanism of natural selection, but contains relatively little
about the origin of species. At the time, Darwin did not even have a workable definition
of ‘species’, so how could he have written on
speciation? Darwin´s (and Wallace´s) great
achievement was realising that the blind
force of natural selection can produce the
adaptations that are the hallmarks of different species. But how existing species split
into new ones was not directly addressed
by them.
This may sound like nit-picking, but it
touches upon a serious problem. How can
one discuss the general mechanisms under-

lying a process (speciation) when one does
not have a definition for its outcome (species)? There has of course been no lack of attempts to find such a definition. Many eminent biologists have tried it. In fact, almost
every student of biology will have tried it,
or will do so sooner or later. And everyone
will fail – like his or her predecessors – but
will have learned a lot about biology in the
process. It is simply impossible to combine
all aspects of species into a single concept –
especially when dealing with organisms as
diverse as palaeontological species, asexually reproducing species or bacteria. Thus,
when discussing mechanisms of speciation,
one tends to reduce this to the “normal” sexually reproducing taxa and to the so-called
biological species concept. In 1895 Wallace
gave the following version of this concept,
“A species is a group of living organisms,
separated from all other such groups by a
set of distinctive characters, having relations to the environment not identical with
those of any other group of organisms, and
having the power of continuously reproduc-

ing its like”. In 1942, a shorter version, with
important omissions including the ecological references, was popularized by the late
Ernst Mayr, “Species are groups of actually
or potentially interbreeding natural populations, which are reproductively isolated
from other such groups”.
This shifted focus to reproductive isolation, rather than environmental adaptation, is for a good reason. The theory of
population genetics was developed in the
1930s, based on the principles of Mendelian genetics. One of the non-intuitive, and
in fact surprising, outcomes of this theory
is that only a small amount of gene flow is
sufficient to homogenize allele frequencies
within a gene pool. Mayr´s species concept
essentially defines a gene pool, and population genetics seemed to imply that only
very powerful forces could disrupt it. To the
biologists at the time, this strongly suggested that only geographic separation could
cause such disruption. This was the origin
of the allopatric paradigm of speciation. It
was most forcefully advocated by Theodo-
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sius Dobzhansky and Ernst Mayr, who intevoke quantifiable parameters such as mutais based on the principles of mate choice
grated this paradigm into their “synthetic
tion rates, selection coefficients, and migraand sexual selection – themes already distheory of evolution”. It is still the paradigm
tion rates; some are set within an explicit
cussed by Darwin. The idea is simple: when
most prominently presented in almost eveecological theory. Several of them abandon
mate choice is based on a specific external
ry textbook. Although it may be a little too
the prejudice that organisms mate when
character (such as colour, odour, behavearly to conclude a historical analysis of rethey meet and instead put mate choice at
iour etc.) it should be possible for the comcent decades, it may well be that, one day,
the centre of the model. Most importantbined evolution of the character and the
this period of uncompromising dogma will
ly, adaptations and natural selection play a
preference for this character quickly to split
be seen as the Dark Ages of speciation recentral role in these alternative speciation
a gene pool. For example, if there is a polysearch. The allopatric paradigm was based
models, coming full circle back to Darwin.
morphism for red and green spots in males,
on a few facts, a lot of faith, and on parait would seem possible that females evolve
Sympatric speciation models
digmatic despots ruling the field. And we
a differential preference for either red or
The biggest conceptual challenge of
haven’t yet reached the speciation Enlightgreen spots. As long as the offspring of such
past decades was to develop models of fulenment. Anyone who tries to publish alterassortative matings has a higher probabilly sympatric speciation that help us undernative speciation scenarios will, sooner or
ity of jointly inheriting the preference and
stand how the homogenizing force of even
later, be confronted by medieval referees.
the character (genetic linkage), a gradual
a small amount of gene flow may be overPersonally, I have a good collection of dissplit of the gene pool will ensue. The weak
come. Again, there is an interesting history
missive comments from such colleagues.
part of this model is that some form of geto such attempts. One of them was develSo what is the problem with the allonetic linkage is required and that it does
oped by John Maynard Smith in the 1960´s,
patric paradigm? In its textbook version
not explain differential adaptations to the
but this was rather special and half-heart(this one taken from Wikipedia), it would
environment.
ed and he self-confessedly did this, “...just
read like this, “Allopatric speciation is the
The second general class of models fall
to tease Ernst Mayr...”. A famous quip from
phenomenon whereby biological populaunder the heading “ecological speciation”.
these days was, “Sympatric speciation ideas
tions are physically isolated by an extrinThey assume that differential adaptations to
are like the measles – everyone gets it and
sic barrier and evolve intrinsic (genetic) rethe environment are the starting point and
we all get over it!”. Since we know today
productive isolation, such that if the barrithat this goes along with the development of
that it is actually not very difficult to develer breaks down, individuals of the populamate-choice characters and preferences. A
op more realistic models of sympatric spetions can no longer interbreed.” This is reparticularly interesting member of this modally nothing other than
saying that speciation
is a double accident of
nature. The first accident occurs when populations are split by extrinsic forces, and the
second occurs when the
accumulation of mutations leads to genetic incompatibility. Neither of
these accidents was formulated into a quantifiable scientific theory
by their fathers. So the
allopatric paradigm is
not a theory, but mereOne species or two?
ly the verbalization of
an ad hoc concept. And
Modern speciation research focuses on cases that are not yet clear-cut, since these offer the opportunity to
it does not, for example,
study the process of species splitting. The picture above shows two types of fire salamanders in West Gerexplain why beetles and
many. They differ in their colouration patterns, but this is unimportant since these patterns can change during an individual’s lifetime. It is therefore necessary to use refined genetic tests and comparisons of multiother insects are among
ple populations to identify a speciation process (figure on the right – modified from Steinfartz et al.,
the most speciose taxa,
Mol. Ecol. 16, 4550).
even though they can fly
across almost any “extrinsic barrier”.
ciation, one may conclude that their relael family is the “adaptive speciation” model.
Of course, there is no doubt that allotive lack earlier on resulted from the active
It adds another conceptual aspect, namely
patric speciation can occur in principle.
(and well-documented – see the writings of
that of intraspecific competition.
But modern evolutionary biology demands
Guy Bush) suppression of such ideas by the
Intraspecific competition can be comquantitative models. These have emerged
ruling despots.
pared to the gold-rush phenomenon.
in the past decade and are open to testing.
There are currently two complementary
When the first gold was found in CaliforThey cover the full spectrum from fully altypes of sympatric speciation models. One
nia in 1848, it made the first diggers rich.
lopatric to fully sympatric scenarios and in-
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But many others followed, and soon there
were so many that the last thing one wanted to be was a digger in the gold fields. Instead, it became more attractive to diversify and to run a grocery store or a saloon,
even though this did not promise the big
bonanzas that the diggers hoped for. This
initial diversification worked, until there
were plenty of grocery stores and saloons
as well. Thus, a continuous adaptation was
required for finding individual niches, until
a complex economy emerged. This is how
one can envisage the evolutionary process
as well. When a new resource opens up in
the environment, a population will quickly adapt to make best use of it. However,
those individuals that are adapted best will
flourish, and will therefore also be the most
abundant, competing most fiercely with
each other. Thus, individuals who focus on
less lucrative, but also less overcrowded,
resources can have an advantage. However, in contrast to the gold-rush situation,
such resource changes do not happen within the lifetime of an individual; they can
only come about via natural selection over
several generations. So to enable their offspring to make effective use of a new resource over time, individuals will have to
find mating partners with the same differ-
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work and that it can even lead to allopatric distributions of the respective populations.
Models of adaptive speciation are, conceptually, the exact opposite of the allopatric paradigm. Adaptive speciation can only
work under sufficiently sympatric conditions, since intraspecific competition requires ecological contact. Its driving force
is natural selection and not geological accident, and it predicts a tight association
of speciation with differential niche use.
Accordingly, models of adaptive speciation describe the speciation process as a direct and active consequence of natural selection. Darwin and Wallace would have
loved them.

Experimental approaches

Somebody who didn’t write about speciation.

ential adaptations. Thus, assortative mating
has to evolve alongside ecological adaptation. Explicit modelling of such a scenario by Michael Doebeli and Ulf Dieckmann
has shown that this mechanism can indeed
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adigm of allopatric speciation, carrying out
such an assessment objectively has been difficult. As long as it was claimed that a sympatric model should only be invoked after
all possible, and even abstruse, scenarios
of an allopatric history had been excluded,
it was tricky to make much progress. The
“allopatric ghost of the past” has overshadowed many such studies. How inadequate
this is becomes clear when one reverses the
points of view: an allopatric model should
be invoked only after all possible sympatric scenarios of the past have been ruled
out. Take this as a paradigm and you would
have difficulties finding convincing cases
of allopatric speciation! In fact, one of the
rare explicit tests of allopatric speciation
for Anolis lizards in the Antilles by Roger
Thorpe an colleagues has failed to provide
such evidence.
Luckily, there are some cases where
even Ernst Mayr conceded that sympatric
speciation has occurred. Among them are
radiations of cichlids in small crater lakes,
a field pioneered by Uli Schliewen. All three
of the lakes that have been studied in ecological detail suggest that the splitting of
their species was associated with niche diversification and assortative mating. In other words, they are in line with models of ecological speciation.
Most sympatric speciation models make
another important conjecture, namely that
the splitting process can be fast, within hundreds or thousands of generations. From an
experimentalist’s point of view, this means
that one can look at ecological situations
that have formed very recently and assess
whether such a splitting process is ongoing.
Sebastian Steinfartz has studied such a situation in a forested area near Bonn in Germany, where fire salamanders have started
to use small ponds for their larval growth
phase, rather than the small streams which
are their normal larval habitat (the adults
live on the forest floor). He showed that
this new behaviour has a genetic basis, that
there is assortative mating between different ecological types and that the split between the types has only recently occurred
in the forest (see Figure). Situations like
this are ideal for studying the genetic and
behavioural basis of a speciation process
right at its starting point.
A second interesting avenue for contemporary speciation research is the attempt to
identify “speciation genes”. Here one maps
and identifies genes that cause partial or
full hybrid sterility in interspecific crosses.
Of course this requires some genetic tricks,
since sterile individuals do not lend them-
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selves easily to breeding studies. Yet, this
approach was successfully applied to Drosophila, mouse, and Arabidopsis, yielding
highly interesting insights. For example,
one gene identified in Drosophila is a protein of the nuclear pore. This was initially
very surprising, since one would not have
expected such a basic cellular factor to play
a role in a decidedly organismic process like
speciation. But there is now a very good
theory. The nuclear pore complex is one of
the defence barriers against viruses that
need to replicate in the nucleus. Because
viruses evolve quickly, one would expect
defence barriers also to evolve quickly. And
since the nuclear pore complex is built out
of several interacting proteins, they have to
coevolve. As a consequence, they become
incompatible when combined from different gene pools. So strictly speaking, this is
an incompatibility locus that has built up
over time as a response to natural selection.
In principle, this is in line with the allopatric scenario with a selection component.
But such incompatibility loci would build
up equally well after populations have split
under sympatric conditions. Thus, these
genes are not necessarily directly involved
in the initial splitting of the species, and the
term “speciation genes” is a slight misnomer
for them. To find genes that are directly involved in the splitting process itself will require more work and new approaches.

CyScope® Plus:
LED Fluorescence
Microscope – exclusively
made in Germany

Features

Where to?
An enormous amount of evidence on
speciation patterns and processes has been
collected since Dawin´s time. This research
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