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eciation

Concerns about biodiversity have made us
aware of the enormous range of species in
the world. But how did these species evolve
in the first place, and how are new findings
changing the way we view the process?

Keywords

he biological world is undeniably diverse (see

Impact on pp. 38-41). Organisms display a rich

and fascinating range of form and function, an

almost endless variation on a handful of basic
body plans. Many biologists are looking for under-
standable patterns in that diversity. These patterns lead
to the fundamental question: ‘How is diversity gener-
ated?” We can arrange diversity into different levels of
organisation. For example, we group individual dogs
into breeds, breeds into the dog species, dogs with other
mammals, mammals with other vertebrates. The
‘species level” of organisation is, however, fundamen-
tally different from the rest, because up to the level of
species, individuals can interbreed, but individuals from
different species cannot. So we can ask a simpler ques-
tion: ‘What processes generate new species?” Our
understanding of these processes, referred to as speci-
ation, is currently going through a period of rapid and
exciting change. But before we can understand the
significance of these new developments, we need to
consider what speciation means.

What is a species?

The most widely held definition of a species makes use
of the biological species concept (BSC). This states
that members of the same species are able to breed
among themselves but cannot produce fertile offspring
with members of other species. For example, we do not
classify different breeds of dogs as separate species. An
enormous range exists, from the smallest Yorkshire
terrier to the greatest of Great Danes, but any breed of
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dog can reproduce successtully with any other breed of
dog. On the other hand, many organisms that look
similar are clearly separate species when we apply the
BSC. A horse and a donkey look similar and sometimes
mate to produce a mule. However, the mule is sterile, so
the horse and the donkey are not the same species. The
important point is that members of the same species
can breed successfully. The apparent mixing of the’
horse species and the donkey species can go no further
than one generation.

Reproductive isolation

Because members of different species cannot breed
successfully, they are ‘reproductively isolated’ from each
other. This means that their genes will remain apart
from each other. We can think of species as pools of
genes, kept separate and distinct by reproductive isola-
tion. Because many of the characteristics of organisms
are inherited, this means that species retain their distin-
guishing characteristics.

How can reproductive (and, therefore, genetic) isola-
tion be established between members of the same
species? The classical view of speciation gives a stun-
ningly simple and powerful answer: in nearly every case,
the ancestral population of organisms has been split up
by some form of geographical barrier (see Figure 1). The
separated parts of the ancestral population are then said
to be allopatric (literally ‘in another country’).

The problem of reproductive isolation is solved at a
stroke — if organisms never meet, they cannot repro-
duce together. The physical world is conveniently full of
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[image: image2.jpg]Figure 1 Allopatric speciation. (A) A species of snail is
widely distributed with no restrictions to gene flow. (B) A
volcanic eruption isolates part of the population. (C) The
isolated populations adapt to local conditions, and eventu-
ally become separate species. (D) Even if the original
geographical barrier disappears, the species remain distinct
because of the biological isolating mechanism.

such geographical barriers to the free movement of
organisms. Oceanic islands form far out to sea and the
few colonising organisms that reach them are isolated
from their continental relatives. Rainwater collects to
form freshwater lakes and, as with land islands, the
organisms that find a home there are isolated from those
in other lakes. Volcanoes produce lava flows, rivers cut
valleys, ice sheets advance and retreat over continents,
sea levels rise and break up large land masses into
groups of islands. All of these can form effective barriers
to the movement of some organisms.

How separated populations diverge

While it obviously sets up reproductive barriers,
geographical isolation on its own cannot be responsible
for speciation. The separated populations must change
during their period of isolation if they are to become
different species. The natural processes by which these
populations change over time are well-understood. The
first of these is natural selection, whereby individuals
that are better adapted to their environment are more
likely to survive and produce more offspring. If the
adaptive features are inherited, successive generations
become progressively better adapted to their local envi-
ronment (see Figure 2 on page 26).

The second process is sexual selection. Like natural
selection, sexual selection involves adaptive features
that are inherited, and that cause the individuals of a
population to vary from generation to generation.
However, where natural selection is concerned with
acquiring characteristics that increase an individual’s
chance of survival, sexual selection involyves acquiring
characteristics that improve an individual’s chance of
mating. The elaborate tail of the peacock is the classic
example of a trait that has evolved by sexual selection
(see BIOLOGICAL SCIENCES ReVIEw Vol. 11, No. 1, pp.
30-33).

Natural and sexual selection have many similarities
but the third mechanism of change is quite different.
This is genetic drift. It is a consequence of the numbers
game played when genes are passed from parents to
offspring. Imagine that a particular gene can be repre-
sented by either a black or a white marble. Imagine also
that each individual in a population carries two copies
of the marble gene, which may or may not be of the
same colour. The different colours represent the
different alleles of the gene. In a particular population,
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we count up all the black and white marbles carried by
all the individuals and find out that there is exactly 50%
of each colour. Making a new generation from this
population is a bit like picking marbles from inside a bag
without looking. If we pick only a small number from
those that are available, it is quite likely that we will not
end up with 50% black and 50% white. The more we
pick, the more likely we are to end up with 50% black
alleles and 50% white alleles in the next generation of
marble-carrying organisms. But if the population
remains small and produces small numbers of offspring
for several generations, the frequencies of black and
white marbles can change quite dramatically. This is
just how genetic drift works (see Figure 3 on page 26).
It is able to produce inherited change in populations
over time without any influence from the environment,
hence its alternative name of neutral drift.

There is a special case of genetic drift that may be
especially important in speciation. When a few individ-
uals leave a large population and start a new colony
(perhaps on an island or in a newly formed lake) they
usually carry a subset of the genes available in the popu-
lation as a whole. This is known as the founder effect
and it is thought to be a major driving force of allopatric
speciation, especially on islands (see Figure 4 on page
27). This is because the founding population is already
genetically different from its source population the
moment it arrives at its destination.

Isolating mechanisms

We have seen that populations can be split by
geographic features and that natural processes of biolog-
ical change can occur, some of which are more
pronounced in the small populations we might expect
to colonise places like isolated islands or lakes. The
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Figure 2 Isolated islands provide many examples of species that probably evolved
allopatrically. Darwin'’s finches on the Galapagos Islands are one such example. These
birds form a group of 14 closely related species that have evolved from a single
ancestral species thought to have colonised the islands from South America. Over
time, adaptation to slightly different environments on the different islands has
resulted in the 14 different species we recognise today.

crucial final part of the current model of speciation is
that these processes are unlikely to proceed in exactly
the same way in the different isolated populations. The
populations may, for example, be in slightly different
environments. This will mean that natural selection
will result in the emergence of different adaptations.
Eventually, the separate populations can become so
changed that even if the geographical boundary is
removed, they are unable to mate and produce fertile
offspring. They are then kept separate and distinct not
by geography but by a biological isolating mechanism
which is a direct consequence of their differences. They
may, for example, have evolved differently shaped
reproductive organs during their time apart and so, like
some species of dragonflies, be physically unable to mate
with each other. Such differences take time to evolve,
but geographical barriers are likely to remain long
enough for separate populations to follow their own
meandering, evolutionary courses and, almost inciden-
tally, evolve an isolating mechanism or two along the
way.

What about sympatric speciation?

What has been described so far forms the basis of the
allopatric model of speciation and most species probably
formed in this way. However, for many years some biol-
ogists have wondered if new species can be formed from
old ones without geographic isolation (so-called
sympatric speciation — literally ‘in the same country’).
The problem has always been to understand what
generates the initial reproductive isolation that allows
the separate populations to go their own ways through
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natural selection, sexual selection and genetic
drift. Geographical isolation is good at this
because it completely stops any exchange of
genes (gene flow) between the diverging popu-
lations. How can members of sympatric popula-
tions become reproductively isolated, so that
gene flow is prevented?

One answer may be situations where mating
is restricted to specific times and places. In spite
of its name, the apple maggot fly, Rhagoletis
pomonella, lives on hawthorn berries in North
America. The larvae develop in the berries and,
when adult, the females emerge and mate imme-
diately on the skin of the berry that nurtured
them. The mated females then seck out a new
hawthorn berry in which to lay their eggs. When
males emerge, they fly away from their nursery
fruit but are attracted to other hawthorn berries
where they find newly emerged females waiting
for their attentions. Mating only takes place on
hawthorn berries. When apple trees were intro-
duced to North America in the nineteenth
century, some apple maggot flies switched hosts
from hawthorn to apple. Female insects-that
grew as larvae in apples mated on apples and
preferred apples as nurseries for their own eggs.
Males that developed in apples were also
attracted to apples when searching for females.
Over time, distinct races of Rhagoletis pomonella
have evolved which differ in their preferred host

fruit. Exchange of genes between races is prevented
since mating only occurs on the host fruit. This process
has not been happening long enough for the host races
to have diverged enough to be called separate species,
but it may be just a matter of time.

Figure 3 An example of genetic drift — the northern
elephant seal. These animals have no different alleles in any
of 24 genes tested. This most unusual situation doubtless
arose when their numbers were reduced to around 20 by
hunters in the 1980s.
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birds. Mynahs are native to India, and 19% of their genes
have more than one allele. However, in the descendants of a
small group of mynahs released in South Africa in the late
nineteenth century, over half of the alleles are missing.

New ideas about speciation

Biologists have become increasingly dissatisfied with the
rigidity of the BSC. Molecular biological techniques have
shown that real species are not as genetically water-
tight as the BSC would have us believe. In many cases
there is gene flow occurring between species that
‘should’ be reproductively isolated. Plant biologists, in
particular, have long been aware that plants frequently
cross with closely related species to produce fertile
hybrids. The familiar cereals grown on farms all over the
world are almost entirely hybrids. So what would
happen if reproductive isolation were not total? The
answer is that sympatric speciation immediately
becomes much more likely. It no longer matters if there
is some gene flow between the diverging populations —
they will still become different enough to be called sepa-
rate species. The sticking point for this view of speciation
has been that, if gene flow occurs between two
diverging populations, they will lose all differences and
revert to a single, genetically averaged species. The solu-
tion to this problem is that the processes of natural and
sexual selection that cause the two populations to
diverge must exceed the process of gene flow causing
them to come together. To understand how this may
work, let’s consider a real example.

Lake Victoria in East Africa, at roughly the size of
Ireland, is one of the largest bodies of freshwater in the
world. The fauna of the lake includes around 300
species of cichlids — small, brightly coloured fish that
often feature in tropical fish tanks. All these species have
evolved from just two species which invaded the lake
within the last 12 500 years. The species differ from each
other in two ways — colour pattern and how they feed.
Some cichlids scrape algae from rocks, others catch
insects or snails, some eat other fish (see Figure 5).
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Figure 5 Mouthpart variation amoung Lake Victoria cichlids.
(A) The insect-eater’s fleshy lips allow it to seal off a crevice
and suck out its prey. (B) The snail-eating cichlid has a
shorter jaw than the fish-eater, giving it greater leverage to
crush the shell of its prey. (C) The fish-eating cichlid has a
wide mouth gape and many teeth for catching fast-moving
prey.

There are yet others that bite mouthfuls of scales from
larger fish without killing them. They can be so
specialised that one species will bite from just the left
side of other fish while another species restricts itself to
the right. Each species also has a distinct colour pattern
(see Figure 6). This is essential when the fish come to
mate because females of a given cichlid species recognise
males of the same species by the males’ colour pattern.

These two features — the different colour patterns
and the different methods of feeding — are thought to
have been important in the divergence of Lake Victoria’s

Figure 6
Haplochromis
argens — one of
the many cichlids
in Lake Victoria.
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A good place to start looking for information about cichlids is:

http://members.aol.com/darwinpage/cichlids.htm
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cichlids. The lake contains enormous numbers of fish, so
competition for food becomes intense. When competi-
tion is intense, specialisation for different types of food
starts to appear. Here is the first important point: if there
is a lot of competition, individuals that specialise on a
certain food type are often favoured by natural selection
over those that don't. Distinct splits start to appear in the
population, almost as if the different food specialists were
geographically separated and were adapting to different
food environments. Since they are sympatric, there is
nothing to stop two members of different food specialist
groups mating with each other. But imagine this from
the point of view of a fish anxious to mate. If it mates
with a member of its own food specialist type, its
offspring will be good competitors and will survive. If it
mates with an individual from a different food specialist
type, its offspring will be somewhere between the two
and not so good at competing for either food. This means
that mating outside of its own food specialist type is not
a successful thing to do. Here is the second important
point. It is the colour pattern that allows an individual
fish to recognise other fish that are specialised to feed on
the same food, thereby avoiding less effective matings.

These two processes together, natural selection
acting on food specialism and sexual selection acting on
the colour pattern, can divide the population so effec-
tively that the different food specialist types can even-
tually be recognised as separate species. All this can
happen sympatrically and with ever-present gene flow.
Complete reproductive isolation seems to be unneces-
sary as long as natural and sexual selection is strong
enough to drive diverging populations apart.

Is this the end for the biological species
concept?
The BSC is seductive because it offers a simple and
unambiguous way to define species. If we accept it, we
must also accept that classical allopatric speciation is
almost the only way that new species can be formed.
The problem with the BSC is that it is too rigid and too
perfect. Real species are still distinct pools of genes but
the reproductive isolation between them is seldom
perfect. However, although they ‘leak’, they do not
become genetically averaged out. They remain distinct
because natural and sexual selection continually act to
maintain the differences. The importance of these
processes can be seen in Lake Victoria. In recent years
the lake has become so polluted that the cichlids can no
longer see who they are mating with. The result has
been massive gene flow between the species, much
more than can be filtered out by natural selection, and
a genetic averaging really is taking place.

These observations do not mean the end of the BSC.
It is still a good approximation to what most real species
are like, and allopatric speciation really does seem to
have occurred in many cases. However, if we try to get
closer to what real species are actually like and relax the
strictness of the BSC, sympatric speciation becomes much
more likely. So, too, do a number of variations on the
allopatric theme. Rather than having a single explanation
of speciation, in which complete reproductive isolation is
essential and geographic isolation is the only way to
achieve it, evolutionary biologists are moving towards an
acceptance that new species may be formed in a variety
of ways. We are beginning to understand that the biolog-
ical world is highly diverse, not only in the organisms that
make it up but also in the processes that occur within it.

Dr Paul Craze is an Evolutionary Biologist based at the
University of Plymouth, where he uses land snails to
study speciation mechanisms. He is currently investi- .
gating the influence of genital variation and the direction
of shell coiling on snail speciation in Madeira and Borneo.
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