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THE CONCEIT OF HINDSIGHT

'History doesn't repeat itself, but it rhymes.’
MARK TWAIN

'History repeats itself; that's one of the things that's wrong with history.’
CLARENCE DARROW

History has been described as one damn thing after another. The remark can be
seen as a warning against a pair of temptations but, duly warned, I shall
cautiously flirt with both. First, the historian is tempted to scour the past for
patterns that repeat themselves; or at least, following Mark Twain, to seek
reason and rhyme for everything. This appetite for pattern affronts those who
insist that, as Mark Twain will also be found to have said, History is usually a
random, messy affair', going nowhere and following no rules. The second con-
nected temptation is the vanity of the present: of seeing the past as aimed at our
own time, as though the characters in history's play had nothing better to do
with their lives than foreshadow us.

Under names that need not trouble us, these are live issues in human history
and they arise with greater force, and no greater agreement, on the longer time-
scale of evolution. Evolutionary history can be represented as one damn species
after another. But many biologists will join me in finding this an impoverished
view. Look at evolution that way and you miss most of what matters. Evolution
rhymes, patterns recur. And this doesn't just happen to be so. It is so for well
understood reasons: Darwinian reasons mostly, for biology, unlike human hist-
ory or even physics, already has its grand unifying theory, accepted by all in-
formed practitioners, though in varying versions and interpretations. In writing
evolutionary history I do not shrink from seeking patterns and principles, but I
try to be careful about it.

What of the second temptation, the conceit of hindsight, the idea that the
past works to deliver our particular present? The late Stephen Jay Gould rightly
pointed out that a dominant icon of evolution in popular mythology, a carica-
ture almost as ubiquitous as lemmings jumping over cliffs (and that myth is
false t0o), is a shambling file of simian ancestors, rising progressively in the
wake of the erect, striding, majestic figure of Homo sapiens sapiens: man as
evolution's last word (and in this context it always is man rather than woman);
man as what the whole enterprise is pointing towards; man as a magnet, draw-
ing evolution from the past towards his eminence.

There is a physicist's version which is less obviously vainglorious and which I
should mention in passing. This is the 'anthropic' notion that the very laws of
physics themselves, or the fundamental constants of the universe, are a care-
fully tuned put-up job, calculated to bring humanity eventually into existence.
It is not necessarily founded on vanity. It doesn't have to mean that the universe
was deliberately made in order that we should exist. It need mean only that we
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are here, and we could not be in a universe that lacked the capability of pro-
ducing us. As physicists have pointed out, it is no accident that we see stars in
our sky, for stars are a necessary part of any universe capable of generating us.
Again, this does not imply that stars exist in order to make us. It is just that
without stars there would be no atoms heavier than lithium in the periodic
table, and a chemistry of only three elements is too impoverished to support
life. Seeing is the kind of activity that can go on only in the kind of universe
where what you see are stars.

But there is a little more that needs to be said. Granted the trivial fact that
our presence requires physical laws and constants capable of producing us, the
existence of such potent ground rules may still seem tantalisingly improbable.
Depending upon their assumptions, physicists may reckon that the set of
possible universes vastly outnumbers that subset whose laws and constants
allowed physics to mature, via stars into chemistry and via planets into biology.
To some, this means that the laws and constants must have been deliberately
premeditated from the start (although it baffles me why anybody regards this as
an explanation for anything, given that the problem so swiftly regresses to the
larger one of explaining the existence of the equally fine-tuned and improbable
Premeditator).

Other physicists are less confident that the laws and constants were free to
vary in the first place. When I was little it was not obvious to me why five times
eight had to give the same result as eight times five. I accepted it as one of those
facts that grownups assert. Only later did I understand, perhaps through
visualising rectangles, why such pairs of multiplications are not free to vary
independently of one another. We understand that the circumference and the
diameter of a circle are not independent, otherwise we might feel tempted to
postulate a plethora of possible universes, each with a different value of n.
Perhaps, argue some physicists such as the Nobel Prize-winning theorist Steven
Weinberg, the fundamental constants of the universe, which at present we
treat as independent of one another, will in some Grand Unified fullness of time
be understood to have fewer degrees of freedom than we now imagine. Maybe
there is only one way for a universe to be. That would undermine the
appearance of anthropic coincidence.

Other physicists, including Sir Martin Rees, the present Astronomer Royal,
accept that there is a real coincidence in need of explanation, and explain it by
postulating many actual universes existing in parallel, mutually incommuni-
cado, each with its own set of laws and constants.* Obviously we, who find
ourselves reflecting upon such things, must be in one of those universes,
however rare, whose laws and constants are capable of evolving us.

The theoretical physicist Lee Smolin added an ingenious Darwinian spin
which reduces the apparent statistical improbability of our existence. In
Smolin's model, universes give birth to daughter universes, which vary in their
laws and constants. Daughter universes are born in black holes produced by a
parent universe, and they inherit its laws and constants but with some
possibility of small random change — 'mutation'. Those daughter universes that
have what it takes to reproduce (last long enough to make black holes, for
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The laws of zoological
nomenclature follow
strict precedence, and I
fear there is no hope of
changing the name
Australopithecus to some-
thing less confusing to
the contemporary
majority who lack a
classical education. It
has nothing to do with
Australia. No member
of the genus has ever
been found outside
Aftica. Australo simply
means southern.
Australia is the great
southern continent, the
Aurora australis is the
southern equivalent of
the Aurora borealis
(boreal means northern),
and Australopithecus was
first found in south
Africa, in the person of
the Taung child.

instance) are, of course, the universes that pass on their laws and constants to
their daughters. Stars are precursors to black holes which, in the Smolin model,
are the birth events. So universes that have what it takes to make stars are
favoured in this cosmic Darwinism. The properties of a universe that furnish
this gift to the future are the self-same properties that incidentally lead to the
manufacture of large atoms, including vital carbon atoms. Not only do we live
in a universe that is capable of producing life. Successive generations of
universes progressively evolve to become increasingly the sort of universe that,
as a by-product, is capable of producing life.

The logic of the Smolin theory is bound to appeal to a Darwinian, indeed to
anyone of imagination, but as for the physics I am not qualified to judge. I
cannot find a physicist to condemn the theory as definitely wrong — the most
negative thing they will say is that it is superfluous. Some, as we saw, dream of
a final theory in whose light the alleged fine-tuning of the universe will turn out
to be a delusion anyway. Nothing we know rules out Smolin's theory, and he
claims for it the merit — which scientists rate more highly than many laymen
appreciate — of testability. His book is The Life of the Cosmos and I recommend it.

But that was a digression about the physicist's version of the conceit of hind-
sight. The biologist's version is easier to dismiss since Darwin, though harder
before him, and it is our concern here. Biological evolution has no privileged
line of descent and no designated end. Evolution has reached many millions of
interim ends (the number of surviving species at the time of observation), and
there is no reason other than vanity — human vanity as it happens, since we are
doing the talking — to designate any one as more privileged or climactic than
any other.

This doesn't mean, as I shall continue to argue, that there is a total dearth of
reasons or rhymes in evolutionary history. I believe there are recurring patterns.
I also believe, though this is more controversial today than it once was, that there
are senses in which evolution may be said to be directional, progressive and even
predictable. But progress is emphatically not the same thing as progress towards
humanity, and we must live with a weak and unflattering sense of the
predictable. The historian must beware of stringing together a narrative that
seems, even to the smallest degree, to be homing in on a human climax.

A book in my possession (in the main a good book, so I shall not name and
shame it) provides an example. It is comparing Homo habilis (a human species,
probably ancestral to us) with its predecessors the australopithecines." What
the book says is that Homo habilis was 'considerably more evolved than the
Australopithecines'. More evolved? What can this mean but that evolution is
moving in some pre-specified direction? The book leaves us in no doubt of what
the presumed direction is. "The first signs of a chin are apparent." 'First'
encourages us to expect second and third signs, towards a 'complete' human
chin. 'The teeth start to resemble ours ..." As if those teeth were the way they
were, not because it suited the habiline diet but because they were embarking
upon the road towards becoming our teeth. The passage ends with a telltale
remark about a later species of extinct human, Homo erectus:
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Although their faces are still different from ours, they have a much more human
look in their eyes. They are like sculptures in the making, 'unfinished' works.

In the making? Unfinished? Only with the unwisdom of hindsight. In excuse
of that book it is probably true that, were we to meet a Homo erectus face to face,
it might well look to our eyes like an unfinished sculpture in the making. But
that is only because we are looking with human hindsight. A living creature is
always in the business of surviving in its own environment. It is never unfinished
— or, in another sense, it is always unfinished. So, presumably, are we.

The conceit of hindsight tempts us at other stages in our history. From our
human point of view, the emergence of our remote fish ancestors from water to
land was a momentous step, an evolutionary rite of passage. It was undertaken
in the Devonian Period by lobe-finned fish a bit like modern lungfish. We look at
fossils of the period with a pardonable yearning to gaze upon our forebears, and
are seduced by a knowledge of what came later: drawn into seeing these
Devonian fish as 'halfway' towards becoming land animals; everything about
them earnestly transitional, bound into an epic quest to invade the land and
initiate the next big phase of evolution. That is not the way it was at the time.
Those Devonian fish had a living to earn. They were not on a mission to evolve,
not on a quest towards the distant future. An otherwise excellent book about
vertebrate evolution contains the following sentence about fish which

ventured out of the water on to the land at the end of the Devonian Period and
jumped the gap, so to speak, from one vertebrate class to another to become the
first amphibians...

The 'gap' comes from hindsight. There was nothing resembling a gap at the
time, and the 'classes' that we now recognise were no more separate, in those
days, than two species. As we shall see again, jumping gaps is not what evolu-
tion does.

It makes no more sense (and no less) to aim our historical narrative towards
Homo sapiens than towards any other modern species — Octopus vulgaris, say, or
Panthera leo or Sequoia sempervirens. A historically minded swift, understandably
proud of flight as self-evidently the premier accomplishment of life, will regard
swiftkind — those spectacular flying machines with their swept-back wings, who
stay aloft for a year at a time and even copulate in free flight — as the acme of
evolutionary progress. To build on a fancy of Steven Pinker, if elephants could
write history they might portray tapirs, elephant shrews, elephant seals and
proboscis monkeys as tentative beginners along the main trunk road of
evolution, taking the first fumbling steps but each — for some reason — never
quite making it: so near yet so far. Elephant astronomers might wonder whether,
on some other world, there exist alien life forms that have crossed the nasal
rubicon and taken the final leap to full proboscitude.

We are not swifts nor elephants, we are people. As we wander in imagination
through some long-dead epoch, it is humanly natural to reserve a special
warmth and curiosity for whichever otherwise ordinary species in that ancient
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landscape is our ancestor (it is an intriguingly unfamiliar thought that there is
always one such species). It is hard to deny our human temptation to see this
one species as 'on the main line' of evolution, the others as supporting cast,
walk-on parts, sidelined cameos. Without succumbing to that error, there is one
way to indulge a legitimate human-centrism while respecting historical pro-
priety. That way is to do our history backwards, and it is the way of this book.

Backward chronology in search of ancestors really can sensibly aim towards
a single distant target. The distant target is the grand ancestor of all life, and we
can't help converging upon it no matter where we start — elephant or eagle,
swift or salmonella, wellingtonia or woman. Backward chronology and forward
chronology are each good for different purposes. Go backwards and, no matter
where you start, you end up celebrating the unity of life. Go forwards and you
extol diversity. It works on small timescales as well as large. The forward chron-
ology of the mammals, within their large but still limited timescale, is a story of
branching diversification, uncovering the richness of that group of hairy
warmbloods. Backward chronology, taking any modern mammal as our start-
ing point, will always converge upon the same unique ur-mammal: shadowy,
insectivorous, nocturnal contemporary of the dinosaurs. This is a local con-
vergence. A yet more local one converges on the most recent ancestor of all
rodents, who lived somewhere around the time the dinosaurs went extinct.
More local still is the backward convergence of all apes (including humans) on
their shared ancestor, who lived about 18 million years ago. On a larger scale,
there is a comparable convergence to be found if we work backwards from any
vertebrate, an even larger convergence working backwards from any animal to
the ancestor of all animals. The largest convergence of all takes us from any
modern creature — animal, plant, fungus or bacterium — back to the universal
progenitor of all surviving organisms, probably resembling some kind of
bacterium.

[ used 'convergence* in the last paragraph, but I really want to reserve that
word for a completely different meaning in forward chronology. So for the
present purpose I shall substitute 'confluence' or, for reasons that will make
sense in a moment, 'rendezvous'. I could have used 'coalescence’, except that, as
we shall see, geneticists have already adopted it in a more precise sense, similar
to my 'confluence' but concentrating on genes rather than species. In a
backward chronology, the ancestors of any set of species must eventually meet
at a particular geological moment. Their point of rendezvous is the last
common ancestor that they all share, what I shall call their 'Concestor':* the
focal rodent or the focal mammal or the focal vertebrate, say. The oldest con-
cestor is the grand ancestor of all surviving life.

We can be very sure there really is a single concestor of all surviving life
forms on this planet. The evidence is that all that have ever been examined
share (exactly in most cases, almost exactly in the rest) the same genetic code;
and the genetic code is too detailed, in arbitrary aspects of its complexity, to
have been invented twice. Although not every species has been examined, we
already have enough coverage to be pretty certain that no surprises — alas —
await us. If we now were to discover a life form sufficiently alien to have a
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completely different genetic code, it would be the most exciting biological
discovery in my adult lifetime, whether it lives on this planet or another. As
things stand, it appears that all known life forms can be traced to a single
ancestor which lived more than 3 billion years ago. If there were other, inde-
pendent origins of life, they have left no descendants that we have discovered.
And if new ones arose now they would swiftly be eaten, probably by bacteria.

The grand confluence of all surviving life is not the same thing as the origin
of life itself. This is because all surviving species presumably share a concestor
who lived after the origin of life: anything else would be an unlikely coinci-
dence, for it would suggest that the original life form immediately branched and
more than one of its branches survive to this day. Current textbook orthodoxy
dates the oldest bacterial fossils at about 3.5 billion years ago, so the origin of
life must at least be earlier than that. If we accept a recent disputation® of these
apparently ancient fossils, our dating of the origin of life might be a bit more
recent. The grand confluence — the last common ancestor of all surviving
creatures — could pre-date the oldest fossils (it didn't fossilise) or it could have
lived a billion years later (all but one of the other lineages went extinct).

Given that all backward chronologies, no matter where they start, culminate
in the one grand confluence, we can legitimately indulge our human preoccu-
pation and concentrate upon the single line of our own ancestors. Instead of
treating evolution as aimed towards us, we choose modern Homo sapiens as our
arbitrary, but forgivably preferred, starting point for a reverse chronology. We
choose this route, out of all possible routes to the past, because we are curious
about our own great grancestors. At the same time, although we need not
follow them in detail, we shall not forget that there are other historians,
animals and plants belonging to other species, who are independently walking
backwards from their separate starting points, on separate pilgrimages to visit
their own ancestors, including eventually the ones they share with us. If we
retrace our own ancestral steps, we shall inevitably meet these other pilgrims
and join forces with them in a definite order, the order in which their lineages
rendezvous with ours, the order of ever more inclusive cousinship.

Pilgrimages? Join forces with pilgrims? Yes, why not? Pilgrimage is an apt
way to think about our journey to the past. This book will be cast in the form of
an epic pilgrimage from the present to the past. All roads lead to the origin of
life. But because we are human, the path we shall follow will be that of our own
ancestors. It will be a human pilgrimage to discover human ancestors. As we go,
we shall greet other pilgrims who will join us in strict order, as we reach the
common ancestors we share with them.

The first fellow pilgrims we shall greet, some 5 million years ago, deep in
Africa where Stanley memorably shook hands with Livingstone, are the chimp-
anzees. The chimpanzee and bonobo pilgrims will already have joined forces
with each other 'before' we greet them. And here we have a little linguistic
trickiness which I must face at the outset, before it dogs us any further. I placed
'before' in inverted commas because it could confuse. I used it to mean before in
the backwards sense — 'before, in the course of the pilgrimage to the past'. But
that of course means affer in the chronological sense, the exact opposite mean-
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ing! My guess is that no reader was confused in this particular case, but there
will be other instances where the reader's patience may be tested. While writing
this book I tried the experiment of coining a new preposition, tailored to the
peculiar needs of a backward historian. But it didn't fly. Instead, I shall adopt
the convention of 'before' in inverted commas. When you see 'before',
remember that it really means after! When you see before, it really means
before. And the same for 'after’ and after, mutatis mutandis.

The next pilgrims with whom we shall rendezvous as we push back along our
journey are gorillas, then orang utans (quite a lot deeper into the past, and
probably no longer in Africa). Next we shall greet gibbons, then Old World
monkeys, then New World monkeys, then various other groups of mammals...
and so on until eventually all the pilgrims of life are marching together in one
single backward quest for the origin of life itself. As we push on back, there will
come a time when it is no longer meaningful to name the continent in which a
rendezvous takes place: the map of the world was so different, because of the
remarkable phenomenon of plate tectonics. And further back still, all
rendezvous take place in the sea.

It is a rather surprising fact that we human pilgrims pass only about 40
rendezvous points in all, before we hit the origin of life itself. At each of the 40
steps we shall find one particular shared ancestor, the Concestor, which will
bear the same labelling number as the Rendezvous. For example, Concestor 2,
whom we meet at Rendezvous 2, is the most recent common ancestor of gorillas
on the one hand and {humans + {chimpanzees + bonobos}} on the other.
Concestor 3 is the most recent common ancestor of orang utans and { {humans
+ {chimpanzees + bonobos} } + gorillas}. Concestor 39 is the grand ancestor of
all surviving life forms. Concestor o is a special case, the most recent ancestor of
all surviving humans.

We shall be pilgrims, then, sharing fellowship ever more inclusively with
other pilgrim bands, which also have been swelling on their own way to their
rendezvous with us. After each meeting, we continue together on the high road
back to our shared Archaean goal, our 'Canterbury'. There are other literary
allusions, of course, and I almost made Bunyan my model and Pilgrim's Regress
my title. But it was to Chaucer's Canterbury Tales that I and my research assistant
Yan Wong kept returning in our discussions, and it seemed increasingly natural
to think of Chaucer throughout this book.

Unlike (most of) Chaucer's pilgrims, mine do not all set out together,
although they do set off at the same time, the present. These other pilgrims aim
towards their ancient Canterbury from different starting points, joining our
human pilgrimage at various rendezvous along the road. In this respect, my
pilgrims are unlike those who gathered in London's Tabard Inn. Mine are more
like the sinister canon and his understandably disloyal yeoman, who joined
Chaucer's pilgrims at Boughton-under-Blee, five miles short of Canterbury.
Following Chaucer's lead, my pilgrims, which are all the different species of
living creature, will have the opportunity to tell tales along the way to their
Canterbury which is the origin of life. It is these tales that form the main
substance of this book.
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Dead men tell no tales, and extinct creatures such as trilobites are deemed
not to be pilgrims capable of telling them, but I shall make exceptions of two
special classes. Animals such as the dodo, which survived into historical times
and whose DNA is still available to us, are treated as honorary members of the
modern fauna setting off on pilgrimage at the same time as us, and joining us
at some particular rendezvous. Since we are responsible for their so recent
extinction, it seems the least we can do. The other honorary pilgrims,
exceptions to the rule that dead men tell no tales, really are men (or women).
Since we human pilgrims are directly seeking our own ancestors, fossils that
might plausibly be considered candidates for being our ancestors are deemed
members of our human pilgrimage and we shall hear tales from some of these
'shadow pilgrims', for example the Handyman, Homo habilis.

I decided it would be twee to let my animal and plant tale-tellers speak in the
first person singular, and I shall not do so. Save for occasional asides and
prefatory remarks, Chaucer's pilgrims don't either. Many of Chaucer's Tales
have their own Prologue, and some have an Epilogue too, all written in
Chaucer's own voice as narrator of the pilgrimage. I shall occasionally follow his
example. As with Chaucer, an epilogue may serve as a bridge from one tale
to the next.

Before his Tales begin, Chaucer has a long General Prologue in which he sets
out his cast list: the professions and in some cases the names of the pilgrims
who are about to set off from the tavern. Instead, I shall introduce new pilgrims
as they join us. Chaucer's jovial host offers to guide the pilgrims, and
encourages them to tell their tales to while away the journey. In my role as host
I shall use the General Prologue for some preparatory remarks about methods
and problems of reconstructing evolutionary history, which must be faced and
solved whether we do our history backwards or forwards.

Then we shall embark on our backwards history itself. Although we shall
concentrate on our own ancestors, noting other creatures usually only when
they join us, we shall from time to time look up from our road and remind
ourselves that there are other pilgrims on their own more or less independent
routes to our ultimate destination. The numbered rendezvous milestones, plus
a few intermediate markers necessary to consolidate the chronology, will
provide the scaffolding for our journey. Each will mark a new chapter, where we
halt to take stock of our pilgrimage, and maybe listen to a tale or two. On rare
occasions, something important happens in the world around us, and then our
pilgrims may pause briefly to reflect on it. But, for the most part, we shall mark
our progress to the dawn of life by the measure of those 40 natural milestones,
the trysts that enrich our pilgrimage.
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THE GENERAL PROLOGUE

How shall we know the past, and how date it? What aids to our vision will help
us peer into theatres of ancient life and reconstruct the scenes and the players,
their exits and their entrances, of long ago? Conventional human history has
three main methods, and we shall find their counterparts on the larger time-
scale of evolution. First there is archaeology, the study of bones, arrowheads,
fragments of pots, oystershell middens, figurines and other relics that survive
as hard evidence from the past. In evolutionary history, the most obvious hard
relics are bones and teeth, and the fossils that they eventually become. Second,
there are renewed relics, records that are not themselves old but which contain or
embody a copy or representation of what is old. In human history these are
written or spoken accounts, handed down, repeated, reprinted or otherwise
duplicated from the past to the present. In evolution, I shall propose DNA as the
main renewed relic, equivalent to a written and recopied record. Third, there is
triangulation. This name comes from a method of judging distances by
measuring angles. Take a bearing on a target. Now walk a measured distance
sideways and take another. From the intercept of the two angles, calculate the
distance of the target. Some camera rangefinders use the principle, and map
surveyors traditionally relied upon it. Evolutionists can be said to 'triangulate’'
an ancestor by comparing two (or more) of its surviving descendants. I shall take
the three kinds of evidence in order, beginning with hard relics and, in
particular, fossils.

FOsSILS

Bodies or bones may survive for our attention, having somehow escaped that of
hyenas, burying beetles and bacteria. The 'Ice Man' of the Italian Tyrol was
preserved in his glacier for 5,000 years. Insects have become embalmed in
amber (petrified gum from trees) for 100 million years. Without benefit of ice or
amber, hard parts like teeth, bones and shells stand the best chance of being
preserved. Teeth last longest of all because, to do their job in life, they had to be
harder than anything their owner was likely to eat. Bones and shells need to be
hard for different reasons, and they too can last a long time. Such hard parts
and, under exceptionally lucky circumstances, soft parts too, occasionally
become petrified as stone fossils that last for hundreds of millions of years. In
spite of the fascination of fossils, it is surprising how much we would still

i6 | THE GENERAL PROLOGUE



know about our evolutionary past without them. If every fossil were magicked
away, the comparative study of modern organisms, of how their patterns of re-
semblances, especially of their genetic sequences, are distributed among species,
and of how species are distributed among continents and islands, would still
demonstrate, beyond all sane doubt, that our history is evolutionary, and that
all living creatures are cousins. Fossils are a bonus. A welcome bonus, to be sure,
but not an essential one. It is worth remembering this when creationists go on
(as they tediously do) about 'gaps' in the fossil record. The fossil record could be
one big gap, and the evidence for evolution would still be overwhelmingly
strong. At the same time, if we had only fossils and no other evidence, the fact of
evolution would again be overwhelmingly supported. As things stand, we are
blessed with both.

The word fossil is conventionally used to mean any relic dating back more
than 10,000 years: not a helpful convention, for there is nothing special about a
round number like 10,000. If we had fewer or more than ten fingers, we'd
recognise a different set of numbers as round.* When we speak of a fossil, we
normally mean that the original material has been substituted or infiltrated by
a mineral of a different chemical composition and therefore given, as one might
say, a new lease of death. An imprint of the original form may be preserved in
stone for a very long time indeed, perhaps mixed with some of the original
material. There are various ways in which this can happen. I leave the details —
what is technically called taphonomy — for the Ergast's Tale.

When fossils were first discovered and mapped, their ages were unknown.
The most we could hope for was a rank ordering of oldness. Age ranking
depends upon the assumption known as the Law of Superposition. For obvious
reasons, younger strata lie atop older ones, unless the circumstances are excep-
tional. Such exceptions, though they sometimes cause temporary puzzlement,
are usually pretty obvious. A lump of old rock, complete with fossils, may be
thrown on top of a younger stratum, say by a glacier. Or a series of strata may
be turned over wholesale, and its vertical ordering exactly reversed. These
anomalies can be taken care of by comparing equivalent rocks in other parts of
the world. Once this is done, the palacontologist can piece together the true
sequence of the whole fossil record, in a jigsaw of overlapping sequences from
different parts of the world. The logic is complicated in practice, though not in
principle, by the fact (see the Elephant Bird's Tale) that the map of the world
itself changes as the ages go by.

Why is the jigsaw necessary? Why can't we just dig down as far as we like,
and treat this as equivalent to digging steadily backwards through time? Well,
time itself may flow smoothly, but this doesn't mean that anywhere in the
world there is a single sequence of sediment deposited smoothly and continu-
ously from start to finish through geological time. Fossil beds are laid down in
fits and starts, when the conditions are right.

In any one location, at any one time, it is rather likely that no sedimentary
rocks, and no fossils, are being laid down. But it is quite likely that, in some part
of the world, fossils are being deposited at any given time. By hopping around
the world, from site to site where different strata happen to be accessibly near
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the surface, the palaeontologist can aspire to piece together something approach-
ing a continuous record. Of course individual palacontologists don't hop from
site to site. They hop from museum to museum looking at specimens in drawers,
or from journal to journal in university libraries looking at written descriptions
of fossils whose site of discovery has been carefully labelled, and they use these
descriptions to piece together the fragments of the puzzle from different parts
of the world.

The task is eased by the fact that particular strata, with recognisably charac-
teristic rock properties, and consistently housing the same kinds of fossils, keep
turning up in different regions. Devonian rock, so-called because it was first
recognised as the 'Old Red Sandstone' of the beautiful county of Devon, crops up
in various other parts of the British Isles, in Germany, Greenland, North America
and elsewhere. Devonian rocks are recognisable as Devonian wherever they
may be found, partly because of the quality of the rock but also because of the
internal evidence of the fossils that they contain. This sounds like a circular
argument but it really isn't: no more so than when a scholar recognises a
Dead Sea Scroll, from internal evidence, as a fragment of the First Book of
Samuel. Devonian rocks are reliably labelled by the presence of certain charac-
teristic fossils.

The same goes for rocks from other geological periods, right back to the time
of the earliest hard-bodied fossils. From the ancient Cambrian through to the
present Holocene, the geological periods listed in the chart opposite were
mostly separated on the basis of changes in the fossil record. And as a result, the
end of one period and the start of another is often delimited by extinctions that
conspicuously interrupt the continuity of the fossils. As Stephen Jay Gould has
put it, no palaeontologist has any trouble identifying whether a lump of rock
lies before or after the great end-Permian mass extinction. There is almost no
overlap in animal types. Indeed, fossils (especially microfossils) are so useful in
labelling and dating rocks that the oil and mining industries are among their
principal users.

Such 'relative dating', then, has long been possible by vertical piecing together
of the jigsaw of rocks. The geological periods were named for purposes of rela-
tive dating, before absolute dating became possible. And they are still useful. But
relative dating is more difficult for rocks with scarce fossils — and that includes
all rocks older than the Cambrian: the first eight-ninths of Earth's history.

Absolute dating had to wait for recent developments in physics, especially
the physics of radioactivity. This needs some explaining, and the details must
wait for the Redwood's Tale. For now, it is enough to know that we have a range
of reliable methods for putting an absolute age on fossils, or the rocks that
contain or surround them. Moreover, different methods in this range provide
sensitivity across the whole spectrum of ages from hundreds of years (tree
rings), through thousands of years (carbon 14), millions, hundreds of millions
(uranium-thorium-lead) to billions of years (potassium-argon).
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John Reader, in his Man
on Earth, notes that the
Incas, who had no writ-
ten language (unless, as
has been recently
suggested, their knotted
strings were used for
language as well as for
counting), made a
perhaps compensatory
effort to improve the
accuracy of their oral
tradition.Official histor-
ians were 'obliged to
memorise vast amounts
of information and
repeat it for the benefit
of administrators as re-
quired. Not surprisingly,
the role of historian
passed from father to
son.'

RENEWED RELICS

Fossils, like archaeological specimens, are more-or-less direct relics of the past.
We turn now to our second category of historical evidence, renewed relics,
copied successively down the generations. For historians of human affairs this
might mean eyewitness accounts, handed down by oral tradition or in written
documents. We cannot ask any living witnesses what it was like to live in
fourteenth-century England, but we know about it thanks to written
documents, including Chaucer's. They contain information that has been
copied, printed, stored in libraries, reprinted and distributed for us to read
today. Once a story gets into print or, nowadays, a computer medium of some
kind, copies of it have a fair chance of being perpetuated into the distant future.

Written records are more reliable than oral tradition, by a disconcerting
margin. You might think that each generation of children, knowing their par-
ents as well as most children do, would listen to their detailed reminiscences
and relay them to the next generation. Five generations on, a voluminous oral
tradition should, one might think, have survived. I remember my four
grandparents clearly, but of my eight great-grandparents I know a handful of
fragmentary anecdotes. One great-grandfather habitually sang a certain
nonsense rthyme (which I can sing), but only while lacing his boots. Another was
greedy for cream, and would knock the chess board over when losing. A third
was a country doctor. That is about my limit. How have eight entire lives been
so reduced? How, when the chain of informants connecting us back to the
eyewitness seems so short, and human conversation so rich, could all those
thousands of personal details that made up the lifetimes of eight human
individuals be so fast forgotten?

Frustratingly, oral tradition peters out almost immediately, unless hallowed
in bardic recitations like those that were eventually written down by Homer,
and even then the history is far from accurate. It decays into nonsense and
falsehood after amazingly few generations. Historical facts about real heroes,
villains, animals and volcanoes rapidly degenerate (or blossom, depending upon
your taste) into myths about demigods, devils, centaurs and fire-breathing
dragons.* But oral traditions and their imperfections needn't detain us because,
in any case, they have no equivalent in evolutionary history.

Writing is a huge improvement. Paper, papyrus and even stone tablets may
wear out or decay, but written records have the potential to be copied
accurately for an indefinite number of generations, although in practice the
accuracy is not total. I should explain the special sense in which I mean accuracy
and, indeed, the special sense in which I mean generations. If you handwrite me
a message and I copy it and pass it on to a third person (the next copying
'generation’), it will not be an exact replica, for my handwriting is different
from yours. But if you write with care, and if I painstakingly match each of your
squiggles with exactly one from our shared alphabet, your message has a good
chance of being copied by me with total accuracy. In theory this accuracy could
be preserved through an indefinite number of'generations' of scribes. Given
that there is a discrete alphabet agreed by writer and reader, copying lets a
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message survive the destruction of the original. This property of writing can be
called 'self-normalising'. It works because letters of a true alphabet are discon-
tinuous. The point, reminiscent of the distinction between analogue and digital
codes, needs a little more explanation.

There exists a consonant sound which is intermediate between the English
hard c and g (it is the French hard c in comme). But nobody would think of trying
to represent this sound by writing a character which looked intermediate
between ¢ and g. We all understand that a written character in English must be
one, and only one, member of our 26-letter alphabet. We understand that
French uses the same 26 letters for sounds that are not exactly the same as
ours and which may be intermediate between ours. Each language, indeed each
local accent or dialect, separately uses the alphabet for self-normalising on
different sounds.

Self-normalisation fights against the 'Chinese Whispers'* degrading of mes-
sages over generations. The same protection is not available to a drawing,
copied and recopied along a line of imitative artists, unless the drawing style
incorporates ritual conventions as its own version of 'self-normalisation'. An
eyewitness record of some event, which is written down, as opposed to drawn as
a picture, has a good chance of still being accurately reproduced in history
books centuries later. We have what is probably an accurate account of the
destruction of Pompeii in 79 AD because a witness, Pliny the Younger, wrote
down what he saw, in two epistles to the historian Tacitus, and some of Tacitus's
writings survived, by successive copying and eventually printing, for us to read
them today. Even in pre-Gutenberg days when documents were duplicated by
scribes, writing represented a great advance in accuracy compared with mem-
ory and oral tradition.

It is only a theoretical ideal that repetitive copying retains perfect accuracy.
In practice scribes are fallible, and not above massaging their copy to make it
say things that they think (no doubt sincerely) the original document ought to
have said. The most famous example of this, painstakingly documented by nine-
teenth century German theologians, is the doctoring of New Testament history
to make it conform to Old Testament prophecies.'

Quite apart from positive massaging, all repeated copying is subject to
straightforward errors like skipping a line, or a word in a list. But in any case
writing cannot take us back beyond its invention, which was only about 5,000
years ago. Identification symbols, counting-marks and pictures go back a bit
further, perhaps some tens of thousands of years, but all such periods are
chickenfeed compared with evolutionary time.

Fortunately, when we turn to evolution there is another kind of duplicated
information which goes back an almost unimaginably large number of copying
generations and which, with a little poetic licence, we can regard as the equiv-
alent of a written text: a historical record that renews itself with astounding
accuracy for hundreds of millions of generations precisely because, like our
writing system, it has a self-normalising alphabet. The DNA information in all
living creatures has been handed down from remote ancestors with prodigious
fidelity. The individual atoms in DNA are turning over continually, but the
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'Redundant' is some-
times mistakenly used
instead of degenerate,
but it means something
different. The genetic
code is, as it happens,
redundant too. in that
either strand of the
double helix could be
decoded to yield the
same information. Only
one of them is actually
decoded, but the other
is used for correcting
errors. Engineers, too,
use redundancy — rep-
etitiousness —to correct
errors. The degeneracy
of the genetic code is
something different,
and it is what we are
talking about here. A
degenerate code con-
tains synonyms and
could therefore accom-
modate a larger range
of meanings than it
actually does.

information that they encode in the pattern of their arrangement is copied for
millions, sometimes hundreds of millions, of years. We can read this record
directly, using the arts of modem molecular biology to spell out the actual DNA
letter sequences or, slightly more indirectly, the amino acid sequences of pro-
tein into which they are translated. Or, much more indirectly as through a glass
darkly, we can read it by studying the embryological products of the DNA: the
shapes of bodies and their organs and chemistries. We don't need fossils to peer
back into history. Because DNA changes very slowly through the generations,
history is woven into the fabric of modern animals and plants, and inscribed in
its coded characters.

DNA messages are written in a true alphabet. Like the Roman, Greek and
Cyrillic writing systems, the DNA alphabet is a strictly limited repertoire of
symbols with no self-evident meaning. Arbitrary symbols are chosen and
combined to make meaningful messages of unlimited complexity and size.
Where the English alphabet has 26 letters and the Greek one 24, the DNA
alphabet is a four-letter alphabet. Most useful DNA spells out three-letter words
from a dictionary limited to 64 words, each word called a 'codon'. Some of the
codons in the dictionary are synonymous with others, which is to say that the
genetic code is technically 'degenerate’. *

The dictionary maps 64 code words onto 21 meanings — the 20 biological
amino acids, plus one all-purpose punctuation mark. Human languages are
numerous and changing, and their dictionaries contain tens of thousands of
distinct words, but the 64-word DNA dictionary is universal and unchanging
(with very minor variations in a few rare cases). The 20 amino acids are strung
into sequences of typically a few hundred, each sequence a particular protein
molecule. Whereas the number of letters is limited to four and the number of
codons to 64, there is no theoretical limit to the number of proteins that can be
spelled out by different sequences of codons. It is beyond all counting. A
'sentence' of codons specifying one protein molecule is an identifiable unit
often called a gene. The genes are not separated from their neighbours (whether
other genes or repetitive nonsense) by any delimiters apart from what can be
read from their sequence. In this respect they resemble TELEGRAMS THAT LACK
PUNCTUATION MARKS COMMA AND HAVE TO SPELL THEM OUT AS WORDS COMMA
ALTHOUGH EVEN TELEGRAMS HAVE THE ADVANTAGE OF SPACES BETWEEN WORDS
COMMA WHICH DNA LACKS STOP

DNA differs from written language in that islands of sense are separated by a
sea of nonsense, never transcribed. "Whole' genes are assembled, during
transcription, from meaningful 'exons' separated by meaningless 'introns'
whose texts are simply skipped by the reading apparatus. And even meaningful
stretches of DNA are in many cases never read — presumably they are
superseded copies of once useful genes that hang around like early drafts of a
chapter on a cluttered hard disk. Indeed, the image of the genome as an old hard
disk, badly in need of a spring clean, is one that will serve us from time to time
during the book.

It bears repeating that the DNA molecules of long dead animals are not
themselves preserved. The information in DNA can be preserved for ever, but
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only by dint of frequent re-copying. The plot of Jurassic Park, though not silly,
falls foul of practical facts. Conceivably, for a short while after becoming
embalmed in amber, a bloodsucking insect could have contained the
instructions needed to reconstruct a dinosaur. But unfortunately, after an
organism is dead, the DNA in its body, and in blood that it has sucked, doesn't
survive intact longer than a few years — only days in the case of some soft
tissues. Fossilisation doesn't preserve DNA either.

Even deep freezing doesn't preserve it for very long. As I write this, scientists
are excavating a frozen mammoth from the Siberian permafrost in the hope of
extracting enough DNA to grow a new mammoth, cloned in the womb of a
modern elephant. I fear this is a vain hope, though the mammoth is only a few
thousand years dead. Among the oldest corpses from which readable DNA has
been extracted is a Neanderthal man. Imagine the kerfuffle if somebody man-
aged to clone him. But alas, only disjointed fragments of his 30,000-year-old DNA
can be recovered. For plants in permafrost, the record is about 400,000 years.

The important point about DNA is that, as long as the chain of reproducing
life is not broken, its coded information is copied to a new molecule before the
old molecule is destroyed. In this form, DNA information far outlives its
molecules. It is renewable — copied — and since the copies are literally perfect
for most of its letters on any one occasion, it can potentially last an indefinitely
long time. Large quantities of our ancestors' DNA information survives
completely unchanged, some even from hundreds of millions of years ago,
preserved in successive generations of living bodies.

Understood in this way, the DNA record is an almost unbelievably rich gift to
the historian. What historian could have dared hope for a world in which every
single individual of every species carries, within its body, a long and detailed
text: a written document handed down through time? Moreover, it has minor
random changes, which occur seldom enough not to mess up the record yet
often enough to furnish distinct labels. It is even better than that. The text is not
just arbitrary. In Unweaving the Rainbow, 1 made a Darwinian case for regarding
an animal's DNA as a 'Genetic Book of the Dead": a descriptive record of ances-
tral worlds. It follows from the fact of Darwinian evolution that everything
about an animal or plant, including its bodily form, its inherited behaviour and
the chemistry of its cells, is a coded message about the worlds in which its
ancestors survived: the food they sought; the predators they escaped; the
climates they endured; the mates they beguiled. The message is ultimately
scripted in the DNA that fell through the succession of sieves that is natural
selection. When we learn to read it properly, the DNA of a dolphin may one
day confirm what we already know from the telltale giveaways in its anatomy
and physiology: that its ancestors once lived on dry land. Three hundred
million years earlier, the ancestors of all land-dwelling vertebrates, including
the land-dwelling ancestors of dolphins, came out of the sea where they had
lived since the origin of life. Doubtless our DNA records this fact if we could
read it. Everything about a modern animal, especially its DNA, but its limbs and
its heart, its brain and its breeding cycle too, can be regarded as an archive, a
chronicle of its past, even if that chronicle is a palimpsest, many times overwritten.
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The DNA chronicle may be a gift to the historian, but it is a hard one to read,
demanding deeply informed interpretation. It is made more powerful if
combined with our third method of historical reconstruction, triangulation. It
is to this that we now turn, and again we start with the analogous case of
human history, specifically the history of languages.

TRIANGULATION

Linguists often wish to trace languages back through history. Where written
records survive it is rather easy. The historical linguist can use the second of our
two methods of reconstruction, tracing back renewed relics, in this case words.
Modern English goes back via Middle English to Anglo-Saxon using the con-
tinuous literary tradition, through Shakespeare, Chaucer and Beowulf. But speech
obviously goes back long before the invention of writing, and many languages
have no written form anyway. For the earlier history of dead languages, linguists
resort to a version of what I am calling triangulation. They compare modern
languages and group them hierarchically into families within families.
Romance, Germanic, Slavic, Celtic and other European language families are in
turn grouped with some Indian language families into Indo-European. Linguists
believe that 'Proto-Indo-European’ was an actual language, spoken by a
particular tribe around 6,000 years ago. They even aspire to reconstruct many of
its details by extrapolating back from the shared features of its descendants.
Other language families in other parts of the world, of equivalent rank to
Indo-European, have been traced back in the same way, for instance Altaic,
Dravidian and Uralic-Yukaghir. Some optimistic (and controversial) linguists
believe they can go back even further, uniting such major families in an even
more all-embracing family of families. In this way they have persuaded
themselves that they can reconstruct elements of a hypothetical ur-language
which they call Nostratic, and which they believe was spoken between 12,000
and 15,000 years ago.

Many linguists, while happy about Proto-Indo-European and other ancestral
languages of equivalent rank, doubt the possibility of reconstructing a language
as ancient as Nostratic. Theirprofessional scepticism reinforces my own amateur
incredulity. But there is no doubt at all that equivalent triangulation methods —
various techniques for comparing modern organisms — work for evolutionary
history, and can be used for penetrating back hundreds of millions of years.
Even if we had no fossils, a sophisticated comparison of modern animals would
permit a fair and plausible reconstruction of their ancestors. Just as a linguist
penetrates the past to Proto-Indo-European, triangulating from modern
languages and from already reconstructed dead languages, we can do the same
with modern organisms, comparing either their external characteristics or
their protein or DNA sequences. As the libraries of the world accumulate long
and exact DNA listings from more and more modern species, the reliability of
our triangulations will increase, particularly because DNA texts have such a
large range of overlaps.
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Let me explain what I mean by 'range of overlaps'. Even when taken from
extremely distant relations, for example humans and bacteria, large sections of
DNA still unequivocally resemble each other. And very close relations, such as
humans and chimpanzees, have much more DNA in common. If you choose
your molecules judiciously, there is a complete spectrum of steadily increasing
proportions of shared DNA, all the way in between. Molecules can be chosen
which, between them, span the gamut of comparison, from remote cousins like
humans and bacteria, to close cousins like two species of frogs. Resemblances
between languages are harder to discern, all except close pairs of languages like
German and Dutch. The chain of reasoning that leads some hopeful linguists to
Nostratic is tenuous enough to make the links the subject of scepticism on the
part of other linguists. Would the DNA equivalent of triangulating to Nostratic
be triangulation between, say, humans and bacteria? But humans and bacteria
have some genes that have hardly changed at all since the common ancestor,
their equivalent of Nostratic. And the genetic code itself is virtually identical in
all species and must have been the same in the shared ancestors. One could say
that the resemblance between German and Dutch is comparable to that between
any pair of mammals. Human and chimpanzee DNA are so similar, they are like
English spoken in two slightly different accents. The resemblance between
English and Japanese, or between Spanish and Basque, is so slight that no pair
of living organisms can be chosen for analogy, not even humans and bacteria.
Humans and bacteria have DNA sequences which are so similar that whole
paragraphs are word-for-word identical.

I have been talking about using DNA sequences for triangulation. In prin-
ciple it works for gross morphological characters as well but, in the absence of
molecular information, distant ancestors are about as elusive as Nostratic. With
morphological characters, as with DNA, we assume that features shared by
many descendants of an ancestor are likely (or at least slightly more likely than
not) to have been inherited from that ancestor. All vertebrates have a backbone
and we assume that they inherited it (strictly inherited the genes for growing it)
from a remote ancestor which lived, the fossils suggest, more than half a billion
years ago and also had a backbone. It is this sort of morphological triangulation
that has been used to help imagine the bodily forms of concestors in this book.
I would have preferred to rely more heavily upon triangulation using DNA
directly, but our ability to predict how a change in a gene will change the mor-
phology of an organism is inadequate to the task.

Triangulation is even more effective if we include many species. But for this
we need sophisticated methods which rely on having an accurately constructed
family tree. These methods will be explained in the Gibbon's Tale. Triangulation
also lends itself to a technique for calculating the date of any evolutionary
branch point you like. This is the 'Molecular Clock'. Briefly, the method is to
count discrepancies in molecular sequences between surviving species. Close
cousins with recent common ancestors have fewer discrepancies than distant
cousins, the age of the common ancestor being — or so it is hoped — propor-
tional to the number of molecular discrepancies between their two descendants.
Then we calibrate the arbitrary timescale of the molecular clock, translating it
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into real years, by using fossils of known date for a few key branch-points where
fossils happen to be available. In practice it isn't as simple as that, and the
complications, difficulties and associated controversies will occupy the Epi-
logue to the Velvet Worm's Tale.

Chaucer's General Prologue introduced the complete cast of his pilgrimage,
one by one. My cast list is much too large for that. In any case, the narrative
itself is a long sequence of introductions — at the 40 rendezvous points. But one
preliminary introduction is necessary, in a way that it wasn't for Chaucer. His
cast list was a set of individuals. Mine is a set of groupings. The way we group
animals and plants needs introducing. At Rendezvous 10, our pilgrimage is
joined by some 2,000 species of rodents, plus 87 species of rabbits, hares and
pikas, collectively called Glires. Species are grouped in hierarchically inclusive
ways, and each grouping has a name of its own (the family of mouse-like rodents
is called Muridae, and of squirrel-like rodents Sciuridae). And each category of
grouping has a name. Muridae is a family, so is Sciuridae. Rodentia is the name
of the order to which both belong. Glires is the superorder that unites rodents
with rabbits and their kind. There is a hierarchy of such category names, family
and order being somewhere in the middle of the hierarchy. Species lies near the
bottom of the hierarchy. We work up through genus (plural genera), family,
order, class, and phylum (plural phyla), with prefixes like sub- and super-
ofFering scope for interpolation.

Species has a particular status, as we shall learn in the course of various tales.
Every species has a unique scientific binomial, consisting of its genus name
with an initial capital letter, followed by its species name with no initial capital,
both printed in italics. The leopard ('panther’), lion and tiger are all members of
the genus Panthera: respectively Panthera pardus, Panthera leo and Panthera tigris,
within the cat family, Felidae, which in turn is a member of the order Carnivora,
the class Mammalia, the subphylum Vertebrata and the phylum Chordata. I
shan't expatiate on the principles of taxonomy any further here, but will
mention them, as necessary, during the book.
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THE PILGRIMAGE BEGINS

It is time to set off on our pilgrimage to the past, which we can think of as a
journey in a time machine in quest of our ancestors. Or more accurately, for
reasons to be explained in the Neanderthal's Tale, in quest of our ancestral
genes. For the first few tens of thousands of years of our backwards quest, our
ancestral genes reside in individuals who look the same as us. Well, that is
obviously not literally true, because we don't look exactly the same as each
other. Let me rephrase it. For the first tens of thousands of years of our pilgrim-
age, the people we meet as we step outside our time machine will be no more
different from us than we today are different from each other. Bear in mind that
'we today' includes Germans and Zulus, Pygmies and Chinese, Berbers and
Melanesians. Our genetic ancestors of 50,000 years ago would have fallen
within the same envelope of variability as we see around the world today.

If not biological evolution, then, what changes shall we see, as we go back
through tens of millennia, as opposed to hundreds or thousands of millennia?
There is an evolution-like process, orders of magnitude faster than biological
evolution, which, in the early stages of our time machine's journey, will domin-
ate the view from the porthole. This is variously called cultural evolution, exo-
somatic evolution or technological evolution. We notice it in the 'evolution' of
the motor car, or of the necktie or of the English language. We mustn't over-
estimate its resemblance to biological evolution, and it will in any case not
detain us long. We have a 4-billion-year road to run, and we shall soon have to
set the time-machine into a gear too high to allow us more than a fleeting
glimpse of events on the scale of human history.

But first, while our time machine is still in bottom gear, travelling on the
timescale of human history rather than evolutionary history, a pair of tales
about two major cultural advances. The Farmer's Tale is the story of the Agri-
cultural Revolution, arguably the human innovation that has had the greatest
repercussions for the rest of the world's organisms. And the Cro-Magnon's Tale
is about the 'Great Leap Forward', that flowering of the human mind which, in
a special sense, provided a new medium for the evolutionary process itself.
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Throughout this book I
use 'primitive' in the
technical sense, to mean
'more like the ancestral
state'. No implication of
inferiority is intended.

The Farmer's Tale

The Agricultural Revolution began at the wane of the last Ice Age, about 10,000
years ago, in the so-called Fertile Crescent between the Tigris and the Euphrates.
This is the cradle of human civilisation whose irreplaceable relics in the Bagh-
dad Museum were vandalised in 2003, under the indifferent eyes of American
invaders whose priorities led them to protect the Ministry of Oil instead. Agri-
culture also arose, probably independently, in China and along the banks of the
Nile, and completely independently in the New World. An interesting case can
be made for yet another independent cradle of agricultural civilisation in the
astonishingly isolated highland interior of New Guinea. The Agricultural Revo-
lution dates the start of the new stone age, the Neolithic.

The transition from wandering hunter-gatherers to a settled agricultural life-
style may represent the first time people had a concept of a home. Contempor-
aries of the first farmers, in other parts of the world, were unreconstructed
hunter-gatherers who wandered more or less continuously. Indeed, the hunter-
gather lifestyle (‘hunter' can include fisher) has not died out. It is still practised
in pockets around the world: by Australian Aborigines, by San and related tribes
in Southern Africa (wrongly called 'bushmen'), by various Native American
tribes (called 'Indians' after a navigational error), and by the Inuit of the Arctic
(who prefer not to be called Esldmos). Hunter-gatherers typically do not culti-
vate plants and do not keep livestock. In practice all intermediates between
pure hunter-gatherers and pure agriculturalists or pastoralists are found. But,
earlier than about 10,000 years ago, all human populations were hunter-
gatherers. Soon, probably none will be. Those not extinct will be 'civilised' — or
corrupted, depending on your point of view.

Colin Tudge, in his little book Neanderthals, Bandits and Farmers: How Agricul-
ture Really Began, agrees with Jared Diamond (The Third Chimpanzee) that the
switch to agriculture from hunting and gathering was by no means the improve-
ment we, in our complacent hindsight, might think. The Agricultural Revolu-
tion did not, in their view, increase human happiness. Agriculture supported
larger populations than the hunter-gather lifestyle that it superseded, but not in
obviously improved health or happiness. In fact, larger populations generally
harbour more vicious diseases, for sound evolutionary reasons (a parasite is less
concerned to prolong the life of its present host if it can easily find new victims
to infect).

Nevertheless, our situation as hunter-gatherers cannot have been a Utopia
either. It has lately become fashionable to regard hunter-gatherers and prim-
itive* agricultural societies as more 'in balance' with nature than us. This is
probably a mistake. They may well have had greater knowledge of the wild,
simply because they lived and survived in it. But, like us, they seem to have used
their knowledge to exploit (and often overexploit) the environment to the best
of their abilities at the time. Jared Diamond emphasises overexploitation by
early agriculturalists leading to ecological collapse, and the demise of their
society. Far from being in balance with nature, pre-agricultural hunter-
gatherers were probably responsible for widespread extinctions of many large
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animals around the globe. Just prior to the Agricultural Revolution, the
colonisation of remote areas by hunter-gatherer peoples is suspiciously often
followed in the archaeological record by the wiping out of many large (and
presumably palatable) birds and mammals.

We tend to regard 'urban' as the antithesis of'agricultural' but, in the longer
perspective that this book must adopt, city dwellers should be lumped in with
farmers as opposed to hunter-gatherers. Almost all the food of a town comes
from owned and cultivated land — in ancient times from fields round about the
town, in modern times from anywhere in the world, transported and sold on
through middlemen before being consumed. The Agricultural Revolution soon
led to specialisation. Potters, weavers and smiths traded their skills for food
which others grew. Before the Agricultural Revolution, food was not cultivated
on owned land but captured or gathered on unowned commons. Pastoralism,
the herding of animals on common land, may have been an intermediate stage.

Whether it was a change for better or worse, the Agricultural Revolution was
presumably not a sudden event. Husbandry was not the overnight brainwave of
a genius, the neolithic equivalent of Turnip Townsend. To begin with, hunters
of wild animals in open and unowned country might have guarded hunting
territories against rival hunters, or guarded the herds themselves while follow-
ing them about. From there it was a natural progression to herding them; then
feeding them, and finally corralling and housing them. I dare say none of these
changes would have seemed revolutionary when they happened.

Meanwhile the animals themselves were evolving—becoming 'domesticated’
by rudimentary forms of artificial selection. The Darwinian consequences on
the animals would have been gradual. Without any deliberate intention to breed
'for' domestic tractability, our ancestors inadvertently changed the selection
pressures on the animals. Within the gene pools of the herds, there would no
longer be a premium on fleetness or other survival skills of the wild. Successive
generations of domestic animals became tamer, less able to fend for them-
selves, more apt to flourish and grow fat under feather-bedded domestic con-
ditions. There are alluring parallels in the domestication, by social ants and
termites, of aphid 'cattle’ and fungus 'crops'. We shall hear about these in the
Leaf Cutter's Tale, when the ant pilgrims join us at Rendezvous 26.

Unlike modern plant and animal breeders, our forebears of the Agricultural
Revolution would not knowingly have practised artificial selection for desirable
characteristics. I doubt if they realised that, in order to increase milk yield, you
have to mate high-yielding cows with bulls born to other high-yielding cows,
and discard the calves of low-yielders. Some idea of the accidental genetic
consequences of domestication is given by some interesting Russian work on
silver foxes.

D. K. Belyaev and his colleagues took captive silver foxes, Vulpes vulpes, and
set out systematically to breed for tameness. They succeeded, dramatically. By
mating together the tamest individuals of each generation, Belyaev had, within
20 years, produced foxes that behaved like border collies, actively seeking
human company and wagging their tails when approached. That is not very
surprising, although the speed with which it happened may be. Less expected
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The Canadian archae-
ologist Susan Crockford
has attributed such
changes to changing
levels of two thyroid
hormones.

were the by-products of selection for tameness. These genetically tamed foxes
not only behaved like collies, they looked like collies. They grew black-and-white
coats, with white face patches and muzzles. Instead of the characteristic pricked
ears of a wild fox, they developed 'lovable' floppy ears. Their reproductive hor-
mone balance changed, and they assumed the habit of breeding all the year
round instead of in a breeding season. Probably associated with their lowered
aggression, they were found to contain higher levels of the neurally active
chemical serotonin. It took only 20 years to turn foxes into 'dogs' by artificial
selection.®

I put 'dogs' in inverted commas, because our domestic dogs are not descended
from foxes, they are descended from wolves. Incidentally, Konrad Lorenz's well-
known speculation that only some breeds of dog (his favourites such as chow
chows) are derived from wolves, the rest from jackals is now known to be wrong.
He supported his theory with insightful anecdotes on temperament and behav-
iour. But molecular taxonomy trumps human insight, and molecular evidence
clearly shows that all modern breeds of dog are descended from the grey wolf,
Canis lupus. The next closest relatives to dogs (and wolves) are coyotes, and
Simien 'jackals' (which it now seems should be called Simien wolves). True jack-
als (golden, side-striped and black-backed jackals) are more distantly related,
although they are still placed in the genus Canis.

No doubt the original story of the evolution of dogs from wolves was similar
to the new one simulated by Belyaev with foxes, with the difference that Belyaev
was breeding for tameness deliberately. Our ancestors did it inadvertently, and
it probably happened several times, independently in different parts of the
world. Perhaps initially, wolves took to scavenging around human encamp-
ments. Humans may have found such scavengers a convenient means of refuse
disposal, and they may also have valued them as watchdogs, and even as warm
sleep comforters. If this amicable scenario sounds surprising, reflect that the
medieval legend of wolves as mythic symbols of terror coming out of the forest
was born of ignorance. Our wild ancestors, living in more open country, would
have known better. Indeed, they evidently did know better, because they ended
up domesticating the wolf, thereby making the loyal, trusted dog.

From the wolfs point of view human camps provided rich pickings for a
scavenger, and the individuals most likely to benefit were those whose serotonin
levels and other brain characteristics (‘propensity to tameness') happened to
make them feel at home with humans. Several writers have speculated, plaus-
ibly enough, about orphaned cubs being adopted as pets by children. Experi-
ments have shown that domestic dogs are better than wolves at 'reading* the
expressions on human faces. This is presumably an inadvertent consequence of
our mutualistic evolution over many generations. At the same time we read
their faces, and dog facial expressions have become more human-like than those
of wolves, because of inadvertent selection by humans. This is presumably why
we think wolves look sinister while dogs look loving, guilty, soppy and so on.

A distant parallel is the case of the Japanese 'samurai crabs'. These wild crabs
have a pattern on their back which resembles the face of a Samurai warrior. The
Darwinian theory to account for this is that superstitious fishermen tossed back
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into the sea individual crabs that slightly resembled a Samurai warror. Over the
generations, as genes for resembling a human face were more likely to survive
in the bodies of'their' crabs, the frequency of such genes increased in the popu-
lation until today it is the norm. Whether that story of wild crabs is true or not,
something like it surely went on in the evolution of truly domesticated animals.

Back to the Russian fox experiment, which demonstrates the speed with
which domestication can happen, and the likelihood that a train of incidental
effects would follow in the wake of selection for tameness. It is entirely probable
that cattle, pigs, horses, sheep, goats, chickens, geese, ducks and camels fol-
lowed a course which was just as fast, and just as rich in unexpected side-effects.
It also seems plausible that we ourselves evolved down a parallel road of dom-
estication after the Agricultural Revolution, towards our own version of tame-
ness and associated by-product traits.

In some cases, the story of our own domestication is clearly written in our
genes. The classic example, meticulously documented by William Durham in
his book Coevolution, is lactose tolerance. Milk is baby food, not 'intended' for
adults and, originally, not good for them. Lactose, the sugar in milk, requires a
particular enzyme, lactase, to digest it. (This terminological convention is worth
remembering, by the way. An enzyme's name will often be constructed by add-
ing '-ase' to the first part of the name of the substance on which it works.) Young
mammals switch off the gene that produces lactase after they pass the age of
normal weaning. It isn't that they lack the gene, of course. Genes needed only in
childhood are not removed from the genome, not even in butterflies, which
must carry large numbers of genes needed only for making caterpillars. But
lactase production is switched off in human infants at the age of about
four, under the influence of other, controlling genes. Fresh milk makes adults
feel ill, with symptoms ranging from flatulence and intestinal cramps to diar-
rhoea and vomiting.

All adults? No, of course not. There are exceptions. I am one of them, and
there is a good chance that you are too. My generalisation concerned the human
species as a whole and, by implication, the wild Homo sapiens from which we are
all descended. It is as if I had said "Wolves are big, fierce carnivores that hunt in
packs and bay at the moon', knowing full well that Pekineses and Yorkshire
terriers belie it. The difference is that we have a separate word, dog, for dom-
estic wolf, but not for domestic human. The genes of domestic animals have
changed as a result of generations of contact with humanity, inadvertently
following the same sort of course as the genes of the silver fox. The genes of
(some) humans have changed as a result of generations of contact with dom-
estic animals. Lactose tolerance seems to have evolved in a minority of tribes
including the Tutsi of Rwanda (and, to a lesser extent, their traditional enemies
the Hutu), the pastoral Fulani of West Africa (though, interestingly, not the
sedentary branch of the Fulani), the Sindhi of North India, the Tuareg of West
Africa, the Beja of Eastern North Africa, and some European tribes from which
I, and possibly you, are descended. Significantly, what these tribes have in com-
mon is a history of pastoralism.

At the other end of the spectrum, peoples who have retained the normal
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human intolerance of lactose as adults include Chinese, Japanese, Inuit, most
Native Americans, Javanese, Fijians, Australian Aborigines, Iranians, Lebanese,
Turks, Tamils, Singhalese, Tunisians, and many African tribes including the
San, and the Tswanas, Zulus, Xhosas and Swazis of southern Africa, the Dinkas
and Nuers of North Africa, and the Yorubas and Igbos of West Africa. In general,
these lactose-intolerant peoples do not have a history of pastoralism. There are
instructive exceptions. The traditional diet of the Masai of East Africa consists of
little else besides milk and blood, and you might think they'd be particularly
tolerant of lactose. This is not the case, however, probably because they curdle
their milk before consuming it. As with cheese, the lactose is largely removed by
bacteria. That's one way of getting rid of its bad effects — get rid of the stuff
itself. The other way is to change your genes. This happened in the other
pastoral tribes listed above.

Of course nobody deliberately changes their genes. Science is only now
beginning to work out how to do that. As usual, the job was done for us by
natural selection, and it happened millennia ago. I don't know exactly by what
route natural selection produced adult lactose tolerance. Perhaps adults resorted
to baby food in times of desperation, and the individuals that were most tolerant
of it survived better. Perhaps some cultures postponed weaning, and selection
for survival of children under these conditions spilled over gradually into adult
tolerance. Whatever the details, the change, though genetic, was culture-driven.
The evolution of tameness and increasing milk yields in cattle, sheep and goats
paralleled that of lactose tolerance in the tribes that herded them. Both were true
evolutionary trends in that they were changes in gene frequencies in popu-
lations. But both were driven by non-genetic cultural changes.

Is lactose-tolerance just the tip of the iceberg? Are our genomes riddled with
evidences of domestication, affecting not just our biochemistry but our minds?
Like Belyaev's domesticated foxes, and like the domesticated wolves that we call
dogs, have we become tamer, more lovable, with the human equivalents of
floppy ears, soppy faces and wagging tails? I leave you with the thought, and
move hastily on.

While hunting was sliding into herding, gathering presumably followed a
similar slide into cultivation of plants. Again, it was probably mostly inadver-
tent. No doubt there were moments of creative discovery, as when people first
noticed that if you put seeds in the ground they make plants like those from
which they came. Or when somebody first observed that it helps to water them,
weed them and manure them. It was probably more difficult to work out that it
might be a good idea to keep back the best seed for planting, rather than follow
the obvious course of eating the best and planting the dross (my father, as a
young man fresh out of college, taught agriculture to peasant farmers in central
Africa in the 1940s, and he tells me that this was one of the hardest lessons to
get across). But mostly the transition from gatherer to cultivator passed un-
noticed by those concerned, like the transition from hunter to herder.

Many of our staple food crops, including wheat, oats, barley, rye and maize,
are members of the grass family which have become greatly modified since the
dawn of agriculture by inadvertent and later deliberate human selection. It is
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possible that we too have become genetically modified over the millennia to
increase our tolerance of cereals, in a way parallel to our evolution of tolerance
to milk. Starchy cereals such as wheat and oats cannot have featured prom-
inently in our diets before the Agricultural Revolution. Unlike oranges and
strawberries, cereal seeds do not 'want' to be eaten. Passing through an ani-
mal's digestive tract is no part of their dispersal strategy, as it is of plum and
tomato seeds. On our side of the relationship, the human digestive tract is not
able, unaided, to absorb much nutriment from seeds of the grass family, with
their meagre starch reserves and hard, unsympathetic husks. Some aid comes
from milling and cooking, but it also seems conceivable that, in parallel with
the evolution of tolerance to milk, we might have evolved an increased physio-
logical tolerance to wheat, compared to our wild ancestors. Wheat intolerance
is a known problem for a substantial number of unfortunate individuals who
discover, by painful experience, that they are happier if they avoid it. A com-
parison of the incidence of wheat intolerance in hunter-gatherers such as the
San, and other peoples whose agricultural ancestors have long eaten wheat,
might be revealing. If there has been a large comparative study of wheat toler-
ance, like the one that has been made of lactose tolerance across different tribes,
I am unaware of it. A systematic comparative study of alcohol intolerance, too,
would be interesting. It is known that certain genetic alleles make our livers less
capable of breaking down alcohol than we might wish.

In any case, co-evolution between animals and their food plants was nothing
new. Grazing animals had been exerting a kind of benevolent Darwinian selec-
tion on grasses, guiding their evolution towards mutualistic co-operation, for
millions of years before we started domesticating wheat, barley, oats, rye and
maize. Grasses flourish in the presence of grazers, and they probably have been
doing so for most of the 20 million years since their pollens first announce them
in the fossil record. It is not, of course, that individual plants actually benefit by
being eaten, but that grasses can withstand being cropped better than rival
plants can. My enemy's enemy is my friend, and grasses, even when grazed,
thrive when herbivores eat (along with the grasses themselves) other plants that
would compete for soil, sun and water. Grasses became ever more able to thrive
in the presence of wild cattle, antelopes, horses and other grazers (and eventu-
ally lawnmowers), as the millions of years went by. And the herbivores became
better equipped, for example with specialised teeth, and complicated digestive
tracts including fermentation vats with cultures of micro-organisms, to flourish
on a diet of grass.

This isn't what we ordinarily mean by domestication, but in effect it is not far
from it. When, starting about 10,000 years ago, wild grasses of the genus Triticum
were domesticated by our ancestors into what we now call wheat, it was, in a
way, a continuation of what herbivores of many kinds had been doing to the
ancestors of Triticum for 20 million years. Our ancestors accelerated the process,
especially when we later switched from inadvertent, accidental domestication
to deliberate, planned selective breeding (and very recently scientific hybrid-
isation and genetically engineered mutations).

That is all I want to say about the origins of agriculture. Now, as our time
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machine leaves the 10,000-year mark and heads for Rendezvous o, we briefly
pause, one more time, around 40,000 years ago. Here human society, entirely
consisting of hunter-gatherers, underwent what may have been an even larger
revolution than the agricultural one, the 'cultural Great Leap Forward'. The tale
of the Great Leap Forward will be told by Cro-Magnon Man, named after the cave
in the Dordogne where fossils of this race of Homo sapiens were first discovered.

The Cro-Magnon's Tale

Archaeology suggests that something very special began to happen to our
species around 40,000 years ago. Anatomically, our ancestors who lived before
this watershed date were the same as those who came later. Humans sampled
earlier than the watershed would be no more different from us than they were
from their own contemporaries in other parts of the world, or indeed than
we are from our contemporaries. That's if you look at their anatomy. If you
look at their culture, there is a huge difference. Of course there are also huge
differences between the cultures of different peoples across the world today,
and probably then too. But this wasn't true if we go back much more than
40,000 years. Something happened then — many archaeologists regard it as
sudden enough to be called an 'event'. I like Jared Diamond's name for it, the
Great Leap Forward.

Earlier than the Great Leap Forward, man-made artefacts had hardly changed
for a million years. The ones that survive for us are almost entirely stone tools
and weapons, quite crudely shaped. Doubtless wood (or, in Asia, bamboo) was a
more frequently worked material, but wooden relics don't easily survive. As far
as we can tell, there were no paintings, no carvings, no figurines, no grave
goods, no ornamentation. After the Leap, all these things suddenly appear in the
archacological record, together with musical instruments such as bone flutes,
and it wasn't long before stunning creations like the Lascaux Cave murals were
created by Cro-Magnon people. A disinterested observer taking the long view
from another planet might see our modern culture, with its computers, super-
sonic planes and space exploration, as an afterthought to the Great Leap For-
ward. On the very long geological timescale, all our modern achievements, from
the Sistine Chapel to Special Relativity, from the Goldberg Variations to the Gold-
bach Conjecture, could be seen as almost contemporancous with the Venus of
Willendorf and the Lascaux Caves, all part of the same cultural revolution, all
part of the blooming cultural upsurge that succeeded the long Lower Palaeo-
lithic stagnation. Actually I'm not sure that our extraplanetary observer's
uniformitarian view would stand up to much searching analysis, but it could be
at least briefly defended.

David Lewis-Williams's The Mind in the Cave considers the whole question of
Upper Paleolithic cave art, and what it can tell us about the flowering of
consciousness in Homo sapiens.

Some authorities are so impressed by the Great Leap Forward that they think
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it coincided with the origin of language. What else, they ask, could account for
such a sudden change? It is not as silly as it sounds to suggest that language
arose suddenly. Nobody thinks writing goes back more than a few thousand
years, and everyone agrees that brain anatomy didn't change to coincide with
anything so recent as the invention of writing. In theory, speech could be
another example of the same thing. Nevertheless, my hunch, supported by the
authority of linguists such as Steven Pinker, is that language is older than the
Leap. We'll come back to the point a million years further into the past, when
our pilgrimage reaches Homo ergaster (erectus).

If not language itself, perhaps the Great Leap Forward coincided with the
sudden discovery of what we might call a new software technique: maybe a new
trick of grammar, such as the conditional clause, which, at a stroke, would have
enabled "what if imagination to flower. Or maybe early language, before the
leap, could be used to talk only about things that were there, on the scene. Per-
haps some forgotten genius realised the possibility of using words referentially
as tokens of things that were not immediately present. It is the difference
between "That waterhole which we can both see' and 'Suppose there was a water-
hole the other side of the hill'. Or perhaps representational art, which is all but
unknown in the archaeological record before the Leap, was the bridge to
referential language. Perhaps people learned to draw bison, before they learned
to talk about bison that were not immediately visible.

Much as I would like to linger around the heady time of the Great Leap For-
ward, we have a long pilgrimage to accomplish and we must press on backwards.
We are approaching the point where we can start looking for Concestor o, the
most recent ancestor of all surviving humans.
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was Dr Venter's own
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RENDEzVOUS 0 ALL HUMANKIND

The Human Genome Project has reached completion, hailed by a justly proud
humanity. We might pardonably wonder whose genome has been sequenced.
Has an illustrious dignitary been singled out for the honour, or is it a random
nobody pulled off the street, or even an anonymous clone of cells from a tissue
culture lab? It makes a difference because we vary. I have brown eyes while you,
perhaps, have blue. I can't curl my tongue into a tube, whereas it's 50/50 that
you can. Which version of the tongue-curling gene makes it into the published
human genome? What is the canonical eye colour?

I raise the question only to draw a parallel. This book traces 'our' ancestors
back through time, but whose ancestors are we talking about: yours or mine, a
Bambuti Pygmy's or a Torres Strait Islander's? 1 shall come to the question
presently. But first, having raised the analogous question about the Human
Genome Project, I can't just leave it dangling. Whose genome is chosen for
analysis? In the case of the 'official Human Genome Project the answer is that,
for the low percentage of DNA letters that vary, the canonical genome is the
majority 'vote' among a couple of hundred people chosen to give a good spread
of racial diversity. In the case of the rival project initiated by Dr Craig Venter, the
genome analysed was mostly that of... Dr Craig Venter. This was announced by
the man himself,* to the mild consternation of the ethics committee which had
recommended, for all sorts of warm and worthy reasons, that the donors should
be anonymous and drawn from a spread of different races. There are other
projects for the study of human genetic diversity itself, which, bizarrely, come
under recurrent political attack as though it were somehow improper to admit
that humans vary. Thank goodness we do, if not very much.

But now, to our backwards pilgrimage. Whose ancestors are we going to
trace? If we go sufficiently far back, everybody's ancestors are shared. All your
ancestors are mine, whoever you are, and all mine are yours. Not just approx-
imately but literally. This is one of those truths that turns out, on reflection, to
need no new evidence. We prove it by pure reason, using the mathematician's
trick of reductio ad absurdum. Take our imaginary time machine absurdly far
back, say 100 million years, to an age when our ancestors resembled shrews or
opossums. Somewhere in the world at that ancient date, at least one of my per-
sonal ancestors must have been living, or I wouldn't be here. Let us call this
particular little mammal Henry (it happens to be a family name). We seek to
prove that if Henry is my ancestor he must be yours too. Imagine, for a moment,
the contrary: I am descended from Henry and you are not. For this to be so, your
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lineage and mine would have to have marched, side by side yet never touching,
through 100 million years of evolution to the present, never interbreeding yet
ending up at the same evolutionary destination — so alike that your relatives are
still capable of interbreeding with mine. This reductio is clearly absurd. If Henry
is my ancestor he has to be yours too. If not mine, he cannot be yours.

Without specifying how ancient is 'sufficiently', we have just proved that a
sufficiently ancient individual with any human descendants at all must be an
ancestor of the entire human race. Long-distance ancestry, of a particular group
of descendants such as the human species, is an all-or-nothing affair. Moreover,
it is perfectly possible that Henry is my ancestor (and necessarily yours, given
that you are human enough to be reading this book) while his brother Eric is the
ancestor of, say, all the surviving aardvarks. Not only is it possible. It is a remark-
able fact that there must be a moment in history when there were two animals
in the same species, one of whom became the ancestor of all humans and no
aardvarks, while the other became the ancestor of all aardvarks and no humans.
They may well have met, and may even have been brothers. You can cross out
aardvark and substitute any other modern species you like, and the statement
must still be true. Think it through, and you will find that it follows from the
fact that all species are cousins of one another. Bear in mind when you do so
that the 'ancestor of all aardvarks' will also be the ancestor of lots of very differ-
ent things besides aardvarks (in this case, the entire major group called
Afrotheria which we shall meet at Rendezvous 13, and which includes elephants
and dugongs, hyraxes and Madagascan tenrecs).

My reasoning was constructed as a reductio ad absurdum. It assumed that
'Henry' lived long enough ago for it to be obvious that he begat either all living
humans, or none. How long is long enough? That's a harder question. A hun-
dred million years is more than enough to assure the conclusion we seek. If we
go back only a hundred years, no individual can claim the entire human race as
direct descendants. Between the obvious cases of 100 years and 100 million,
what can we say about unobvious intermediates such as 10,000, 100,000 or
1 million years? The precise calculations were beyond me when I explained this
reductio in River Out of Eden but, happily, a Yale University statistician called
Joseph T. Chang has now made a start on them. His conclusions and their impli-
cations form the Tasmanian's Tale, a tale of particular relevance to this
rendezvous because Concestor o is the most recent common ancestor of till
living humans. It is more elaborate versions of calculations like Chang's that
we need to do in order to date Rendezvous 0.

Rendezvous o is the time when, on our backwards pilgrimage, we first meet a
common human ancestor. But according to our reductio there is a point further
in the past when every individual that we encounter with our time machine is
either a common ancestor or no ancestor at all. And although no one ancestor
can be singled out for attention at this more distant milestone, it is worth a nod
as we go by, because it marks the point where we can stop worrying about
whether it is your ancestors we trace or mine: from that milestone on, all my
readers march, shoulder to shoulder, in a phalanx of pilgrims towards the past.
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The Tasmanian's Tale (written with Yan

Tracing ancestors is a beguiling pastime. As with history itself, there are
two methods. You can go backwards, listing your two parents, four grand-
parents, eight great-grandparents, and so on. Or you can pick a distant ancestor
and go forwards, listing his children, grandchildren, great-grandchildren, until
you end up with yourself. Amateur genealogists do both, going back and forth
between generations until they have filled in the tree as far as parish registers
and family Bibles allow. This tale, like the book as a whole, uses the backwards
method.

Pick any two people and go backwards and, sooner or later, we hit a most
recent common ancestor — MRCA. You and me, the plumber and the queen, any
set of us must converge on a single concestor (or couple). But unless we pick
close relatives, finding the concestor requires a vast family tree, and most of it
will be unknown. This applies a fortiori to the concestor of all humans alive
today. Dating Concestor o, the most recent common ancestor of all living
humans, is not a task that can be undertaken by a practising genealogist. It is a
task in estimation: a task for a mathematician.

An applied mathematician tries to understand the real world by setting up a
simplified version of it — a 'model'. The model eases thought, while not losing
all power to illuminate reality. Sometimes a model gives us a baseline, depar-
tures from which elucidate the real world.

In framing a mathematical model to date the common ancestors of all surviv-
ing humans, a good simplifying assumption — a sort of toy world — is a breeding
population of fixed and constant size, living on an island with no immigration
or emigration. Let it be an idealised population of Tasmanian aboriginals,
in happier times before they were exterminated as agricultural vermin by
nineteenth-century settlers. The last pure-bred Tasmanian, Truganinni, died in
1876, soon after her friend 'King Billy' whose scrotum was made into a tobacco
pouch (shades of Nazi lamps). The Tasmanian aboriginals were isolated some
13,000 years ago when land bridges to Australia were flooded by rising sea
levels, and they then saw no outsiders until they saw them with a vengeance in
their nineteenth-century holocaust. For our modelling purposes, we consider
Tasmania to be perfectly isolated from the rest of the world for 13,000 years
until 1800. Our notional 'present’, for modelling purposes, will be defined as
1800 AD.

The next step is to model the mating pattern. In the real world people fall in
love, or into arranged marriages, but here we are modellers, ruthlessly replac-
ing human detail by tractable mathematics. There's more than one mating
model we could imagine. The random diffusion model has men and women
behaving as particles diffusing outwards from their birthplace, more likely to
bump into near than distant neighbours. An even simpler and less realistic
model is the random mating model. Here, we forget about distance altogether
and simply assume that, strictly within the island, mating between any male
and any female is equally likely.

Of course neither model is remotely plausible. Random diffusion assumes
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that people walk in any direction from their starting point. In reality there are
paths or roads which guide their feet: narrow gene conduits through the
island's forests and grasslands. The random mating model is even more
unrealistic. Never mind. We set up models to see what happens under ideally
simplified conditions. It can be surprising. Then we have to consider whether
the real world is more surprising or less, and in which directions.

Joseph Chang, following a long tradition of mathematical geneticists, opted
for random mating. His model ignored population size by assuming it constant.
He did not deal with Tasmania in particular but we shall assume, again as a
calculated oversimplification, that our toy population remained constant at
5,000, which is one estimate for Tasmania's aboriginal population in 1800
before the massacres began. I must repeat that such simplifications are of the
essence in mathematical modelling: not a weakness of the method but, for
certain purposes, a strength. Chang of course doesn't believe people mate at
random, any more than Euclid believed lines have no breadth. We follow ab-
stract assumptions to see where they lead, and then decide whether the detailed
differences from the real world matter.

So, how many generations would you have to go back, in order to be reason-
ably sure of finding an individual who was ancestor to everybody alive in the
present? The calculated answer from the abstract model is the logarithm (base
2) of the population size. The base 2 logarithm of a number is the number of
times you have to multiply 2 by itself to get that number. To get 5,000, you need
to multiply 2 by itself about 12.3 times so, for our Tasmanian example, theory
tells us to go back 12.3 generations to find the concestor. Assuming four gener-
ations per century, this is less than four centuries. It's even less if people repro-
duce younger than 25.

I give the name 'Chang One' to the date of the most recent common ancestor
of some specified population. Continuing backwards from Chang One, it
doesn't take long before we hit the point — I shall call it 'Chang Two' — at which
everybody is either a common ancestor or has no surviving descendants. Only
during the brief interregnum between Chang One and Chang Two does there
exist an intermediate category of people who have some surviving descendants
but are not common ancestors of everybody. A surprising deduction is that at
Chang Two a large number of people are universal ancestors: about 80 per cent
of individuals in any generation will in theory be ancestors of everybody alive in
the distant future.

As for the timing, well, the mathematics yield the result that Chang Two is
approximately 1.77 times older than Chang One. 1.77 times 12.3 gives just
under 22 generations, between five and six centuries. As we ride our time
machine backwards in Tasmania, therefore, around the time of Geoffrey
Chaucer in England we enter 'all or nothing' territory. From there on back-
wards, to the time when Tasmania was joined to Australia and all bets are off,
everyone our time machine encounters will have either the entire population as
descendants or no descendants at all.

I don't know about you, but I find these calculated dates astonishingly recent.
What's more, the conclusions don't change much if you assume a larger
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population. Taking a model population the size of Britain's today, 60 million,
we still need to go back only 23 generations to reach Chang One and our
youngest universal ancestor. If the model applied to Britain, Chang Two, when
everybody is either the ancestor of all modern British people or of none, is only
about 40 generations ago, or about 1000 AD. If the assumptions of the model are
true (of course they aren't) King Alfred the Great is the ancestor of either all
today's British or none.

I must repeat the cautions with which I began. There are all sorts of
differences between 'model' and 'real' populations, in Britain or Tasmania or
anywhere else. Britain's population has climbed steeply in historical time to
reach its present size, and that completely changes the calculations. In any real
population, people don't mate at random. They favour their own tribe, language
group or local area, and of course they all have individual preferences. Britain's
history adds the complication that, although a geographical island, its popula-
tion is far from isolated. Waves of external immigrants have swept in from
Europe over the centuries: Romans, Saxons, Danes, and Normans among them.

If Tasmania and Britain are islands, the world is a larger 'island' since it has
no immigration or emigration (give or take alien abductions in flying saucers).
But it is imperfectly subdivided into continents and smaller islands, with not
just seas but mountain ranges, rivers and deserts impeding the movement of
people to varying degrees. Complicated departures from random mating
confound our calculations, not just slightly but grossly. The present population
of the world is 6 billion, but it would be absurd to look up the logarithm of 6
billion, multiply it by 1.77 and swallow the resulting 500 AD as the date of
Rendezvous o! The real date is older, if only because pockets of humanity have
been separated far longer than the orders of magnitude we are now calculating.
If an island has been isolated for 13,000 years, as Tasmania was, it is impossible
for the human race as a whole to have a universal ancestor younger than 13,000
years. Even partial isolation of sub-populations plays havoc with our all-too-tidy
calculations, as does any kind of non-random mating.

The date when the most isolated island population in the world became
isolated sets a lower bound on the date of Rendezvous 0. But to take this lower
bound seriously, isolation must be absolute. This follows from the calculated
figure of 80 per cent that we met earlier. A single migrant to Tasmania, once he
has been sufficiently accepted into society to reproduce normally, has an 80 per
cent chance of eventually becoming a common ancestor to all Tasmanians. So
even tiny amounts of migration are enough to graft the family tree of an
otherwise isolated population to that of the mainland. The timing of
Rendezvous 0 is likely to depend on the date at which the most isolated pocket
of humanity became completely isolated from its neighbour, plus the date at
which its neighbour then became completely isolated from its neighbour, and
so on. A few island hops may be needed before we can join all the family trees
together, but it is then an insignificant number of centuries back until we
tumble upon Concestor o. That would put Rendezvous 0 some tens of thousands
of years ago, conceivably somewhere in the low hundreds of thousands, no more.

As to where Rendezvous 0 took place, this is almost as surprising. You might
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be inclined to think of Africa, as was my initial reaction. Africa houses the deep-
est genetic divides within humankind, so it seems a logical place to look for a
common ancestor of all living humans. It has been well said that if you wiped
out sub-Saharan Africa you would lose the great majority of human genetic
diversity, whereas you could wipe out everywhere except Africa and nothing
much would change. Nevertheless Concestor o may well have lived outside
Africa. Concestor o is the most recent common ancestor that unites the most
geographically isolated population — Tasmania for the sake of argument — with
the rest of the world. If we assume that populations throughout the rest of the
world, including Africa, indulged in at least some interbreeding during a long
period when Tasmania was totally isolated, the logic of Chang's calculations
could lead us to suspect that Concestor o lived outside Africa, near the take-off
point for the migrants whose offspring became Tasmanian immigrants. Yet
African groups still retain most of humanity's genetic diversity. This seeming
paradox is resolved in the next tale, when we explore family trees of genes
rather than of people.

Our surprising conclusion is that Concestor o probably lived tens of
thousands of years ago, and very possibly not even in Africa. Other species too
may generally have quite recent common ancestors. But this is not the only part
of the Tasmanian's Tale that forces us to examine biological ideas in a new light.
To professional Darwinian specialists, it seems a paradox that 80 per cent of a
population will become universal ancestors. Let me explain. We are used to
thinking of individual organisms as striving to maximise a quantity called
fitness'. Exactly what fitness means is disputed. One favoured approximation is
'total number of children'. Another is 'total number of grandchildren', but there
is no obvious reason to stop at grandchildren, and many authorities prefer to
say something like 'total number of descendants alive at some distant date in
the future'. But we seem to have a problem if, in our theoretically idealised
population in the absence of natural selection, 80 per cent of the population can
expect to have the maximum possible 'fitness': that is, they can expect to claim
the entire population as their descendants! This matters for Darwinians because
they widely presume that 'fitness' is what all animals constantly struggle to
maximise.

I have long argued that the only reason an organism behaves as a quasi-
purposeful entity at all — an entity capable of maximising anything — is that it
is built by genes that have survived through past generations. There is a tempt-
ation to personify and impute intention: to turn 'gene survival in the past' into
something like 'intention to reproduce in the future'. Or 'individual intention
to have lots of descendants in the future'. Such personification can also apply to
genes: we are tempted to see genes as influencing individual bodies to behave in
such a way as to increase the number of future copies of those same genes.

Scientists who use such language, whether at the level of the individual or
the gene, know very well that it is only a figure of speech. Genes are just DNA
molecules. You'd have to be barking mad to think that 'selfish’ genes really have
deliberate intentions to survive! We can always translate back into respectable
language: the world becomes full of those genes that have survived in the past.

42 1 THE TASMANIAN'S TALE



Because the world has a certain stability and doesn't change capriciously, the
genes that have survived in the past tend to be the ones that are going to be
good at surviving in the future. That means good at programming bodies to sur-
vive and make children, grandchildren and long-distance descendants. So, we
have arrived back at our individual-based definition of fitness looking into the
future. But we now recognise that individuals matter only as vehicles of gene
survival. Individuals having grandchildren and distant descendants is only a
means to the end of gene survival. And this brings us again to our paradox. 80
per cent of reproducing individuals seem to be crammed up against the ceiling
— saturated out at maximum fitness!

To resolve the paradox, we return to the theoretical bedrock: the genes. We
neutralise one paradox by erecting another, almost as if two wrongs could
make a right. Think on this: an individual organism can be a universal ancestor
of the entire population at some distant time in the future, and yet not a single
one of his genes survives into that future! How can this be?

Every time an individual has a child, exactly half his genes go into that child.
Every time he has a grandchild, a quarter of his genes on average go into that
child. Unlike the first generation offspring where the percentage contribution is
exact, the figure for each grandchild is statistical. It could be more than a quar-
ter, it could be less. Half your genes come from your father, half from your
mother. When you make a child, you put half of your genes into her. But which
half of your genes do you give to the child? On average they will be drawn
equally from the ones you originally got from the child's grandfather and the
ones you originally got from the child's grandmother. But, by chance, you could
happen to give all your mother's genes to your child, and none of your father's.
In this case, your father would have given no genes to his grandchild. Of course
such a scenario is highly unlikely, but as we go down to more distant descend-
ants, total non-contribution of genes becomes more possible. On average you
can expect one-eighth of your genes to end up in each great grandchild, one-
sixteenth in each great-great-grandchild, but it could be more or it could be less.
And so on until the likelihood of a literally zero contribution to a given descend-
ant becomes significant.

In our hypothetical Tasmanian population, the Chang Two date is 22 gener-
ations back. So when we say that 80 per cent of the population can expect to be
ancestors of all surviving individuals, we are talking about their 22-greats-
grandchildren. The fraction of an ancestor's genome which, on average, we can
expect to find in a particular one of his 22-greats-grandchildren is one four-
millionth part. Since the human genome has only tens of thousands of genes, it
would appear that one four-millionth part is going to be fairly thinly spread! It
won't be quite like that, of course, because the population of our hypothetical
Tasmania is only 5,000. Any individual may be descended from a particular
ancestor through many different routes. But still, it could easily happen by
chance that some universal ancestors happen to end up contributing none of
their genes to distant posterity.

Perhaps I am biased, but I see this as yet another reason to return to the gene
as the focus of natural selection: to think backwards about the genes that have
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survived up to the present, rather than forwards about individuals, or indeed
genes, trying to survive into the future. The 'forward intentional' style of thought
can be helpful if used carefully and not misunderstood, but it is not really necess-
ary. 'Backwards gene' language is just as vivid when you get used to it, is closer
to the truth, and is less likely to yield the wrong answer.

In the Tasmanian's Tale we have talked about genealogical ancestors: histori-
cal individuals who are ancestors of modern ones in the conventional geneal-
ogist's sense: 'people ancestors'. But what you can do for people you can do for
genes. Genes too have parent genes, grandparent genes, grandchild genes.
Genes too have pedigrees, family trees, Most Recent Common Ancestors'
(MRCA). Genes too have their own Rendezvous o and here we really can say that,
for the majority of genes, their own Rendezvous o was in Africa. This apparent
contradiction will take some explaining, and this is the purpose of Eve's Tale.

Before proceeding, I must clear up a possible confusion over the meaning of
the word gene. It can mean lots of things to different people, but the particular
confusion that threatens here is the following. Some biologists, especially mol-
ecular geneticists, strictly reserve the word gene for a location on a
chromosome ('locus'), and they use the word 'allele’ for each of the alternative
versions of the gene that might sit at that locus. To take an oversimplified
example, the gene for eye colour comes in different versions or alleles, including
a blue allele and a brown allele. Other biologists, especially the kind to which I
belong, who are sometimes called sociobiologists, behavioural ecologists or
ethologists, tend to use the word gene to mean the same as allele. When we
want a word for the slot in the chromosome which could be filled by any of a set
of alleles, we tend to say 'locus'. People like me are apt to say 'Imagine a gene for
blue eyes, and a rival gene for brown eyes'. Not all molecular geneticists like
that, but it is a well-established habit with my kind of biologist and I shall
occasionally follow them.

Tale [written with Yan Wong)

There's a telling difference between 'gene trees' and ‘people trees'. Unlike a per-
son who is descended from two parents, a gene has one parent only. Each one of
your genes must have come from either your mother or your father, from one
and only one of your four grandparents, from one and only one of your eight
great-grandparents, and so on. But when whole people trace their ancestors in
the conventional way, they descend equally from two parents, four grand-
parents, eight great-grandparents and so on. This means that a 'people genealogy'
is much more mixed up than a 'gene genealogy'. In a sense, a gene takes a single
path chosen from the maze of criss-crossing routes mapped by the (people)
family tree. Surnames behave like genes, not like people. Your surname picks
out a thin line through your full family tree. It highlights your male to male to
male ancestry. DNA, with two notable exceptions which I shall come to later, is
not so sexist as a surname: genes trace their ancestry through males and
females with equal likelihood.
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Some of the best-recorded human pedigrees are of European royal families.
In the following family tree of the house of Saxe-Coburg, look particularly at the
princes Alexis, Waldemar, Heinrich, and Rupert. The 'gene tree' of one of their
genes is particularly easy to trace because, unfortunately for them but fortun-
ately for us, the gene concerned was defective. It gave the four princes, and many
others of their ill-favoured family, the easily recognised blood disease haemo-
philia: their blood wouldn't clot properly. Haemophilia is inherited in a special
manner: it is carried on the X chromosome. Males have only one X chromosome
which they inherit from their mother. Females have two X chromosomes, one
inherited from each parent. They suffer from the disease only if they have in-
herited the defective version of the gene from both their mother and their father
(i.e. haemophilia is 'recessive'). Males suffer from the disease if their single
‘unguarded' X chromosome bears the defective gene. Extremely few females
suffer from haemophilia, therefore, but lots of females are 'carriers'. They have
one copy of the faulty gene, and a 50 per cent chance of passing it on to each
child. Carrier females who are pregnant always hope for a daughter, but they
still have a substantial risk of haemophiliac grandsons. If a haemophiliac male
lives long enough to have children, he cannot pass the gene on to a son (males
never receive their X chromosome from their father), but he must pass it on to
a daughter (females always receive their father's only X chromosome). Knowing
these rules, and knowing which royal males had haemophilia, we can trace the
faulty gene. Here is the backwards family tree, with the path the haemophilia
gene must have taken highlighted.

It seems that Queen Victoria herself was the mutant. It wasn't Albert, because
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his son, Prince Leopold, was haemophiliac, and sons don't get their X chromo-
some from their father. None of Victoria's collateral relatives suffered from
haemophilia. She was the first royal individual to carry the gene. The mis-
copying must have occurred either in an egg of her mother, Victoria of Saxe-
Coburg, or, which is more likely for reasons explained by my colleague Steve
Jones in The Language of the Genes, 'in the august testicles of her father, Edward
Duke of Kent'.

Although neither of Victoria's parents carried or suffered from haemophilia,
one of them did have a gene (strictly an allele) which was the pre-mutated
'parent' of the royal haemophilia gene. We can think about (though we cannot
detect) the ancestry of Victoria's haemophilia gene, back before it mutated to
become a haemophilia gene. For our purposes it is irrelevant, except as a matter
of diagnostic convenience, that Victoria's copy of the gene was diseased while
its predecessors were not. As we trace back the family tree of the gene we ignore
its effects, except insofar as they render it visible. The gene's lineage must go
back before Victoria, but the visible trail goes cold when it wasn't a haemophilia
gene. The lesson is that every gene has one parent gene even if, through muta-
tion, it is not identical to that parent gene. Similarly it has only one grandparent
gene, only one great-grandparent gene, and so on. This may seem an odd way to
think, but remember that we are on an ancestor-hunting pilgrimage. The
present exercise is to see what an ancestor-hunting pilgrimage would look like
from a gene's point of view, instead of an individual's.

In the Tasmanian's Tale we encountered the acronym MRCA (Most Recent
Common Ancestor) as an alternative to 'concestor'. I want to reserve 'concestor'
for the most recent common ancestor in an entire (people or organism) genea-
logy. So when talking about genes I shall use '"MRCA'. Two or more alleles in
different individuals (or even, as we shall see, in the same individual) certainly
do have an MRCA. It is the ancestral gene of which they are each a (possibly
mutated) copy. The MRCA of the haemophilia genes of Princes Waldemar and
Heinrich of Prussia sat on one of the two X chromosomes of their mother, Irene
von Hesse und bei Rhein. When she was still a foetus, two copies of the one
haemophilia gene she carried were peeled off and passed successively into two
of her egg cells, the progenitors of her luckless sons. These genes in turn share
an MRCA with the haemophilia gene of Tsarévitch Alexis of Russia (1904-1918),
in the form of a gene carried by their grandmother, Princess Alice of Hesse.
Finally, the MRCA of the haemophilia gene in all four of our chosen princes is
the very one that flagged itself up for attention in the first place, the mutant
gene of Victoria herself.

Geneticists have a word for this sort of backwards tracing of a gene: it is
called the coalescent. Looking backwards in time, two gene lineages can be said
to coalesce into one at the point where, looking forwards again, a parent runs
off two copies of the gene for two successive children. The point of coalescence
is the MRCA. Any gene tree has many coalescence points. The haemophilia
genes of Waldemar and Heinrich coalesce into the MRCA gene carried by their
mother, Irene. That then coalesces with the lineage heading backwards from
Tsarévitch Alexis. And, as we've seen, the grand coalescence of all the royal
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haemophilia genes occurs in Queen Victoria. Her genome holds the MRCA
haemophilia gene for the whole dynasty.

In my example, the coalescence of the haemophilia genes of all four princes
occurs in the very individual (Victoria) who happens also to be their most recent
common genealogical ('people'} ancestor, their concestor. But that is just coinci-
dence. If we were to choose another gene (say for eye colour), then the path it
took through the family tree would be quite different, and the genes would
coalesce in a more distant ancestor than Victoria. If we picked a gene for brown
eyes in Prince Rupert and one for blue eyes in Prince Heinrich, then the co-
alescence must be at least as far off as the separation of an ancestral eye-colour
gene into two forms, brown and blue, an event buried in prehistory. Each piece
of DNA has a genealogy which may be traced in a way that is separate but
parallel to the sort of genealogy where we follow surnames through records of
Births, Marriages and Deaths.

We can even do this for two identical genes in the same person. Prince Charles
has blue eyes, which means, since blue is recessive, that he has two blue-eyed
alleles. Those two alleles must coalesce somewhere in the past, but we can't tell
when or where. It could be centuries or millennia ago, but in the special case of
Prince Charles it is possible that the two blue-eyed alleles coalesce in as recent
an individual as Queen Victoria. This is because, as it happens, Prince Charles is
descended from Victoria twice: once via King Edward VII and once via Princess
Alice of Hesse. On this hypothesis, a single blue-eyed gene of Victoria made two
copies of itself at different times. These two copies of the same gene came down
to the present Queen (Edward VII's great-granddaughter) and to her husband,
Prince Philip (Princess Alice's great-grandson) respectively. Two copies of one
Victorian gene could therefore have met again, on two different chromosomes,
in Prince Charles. In fact, that almost certainly has happened for some of his
genes, whether for blue eyes or not. And regardless of whether his two blue-
eyed genes coalesce in Queen Victoria or in somebody farther back, those two
genes must have had an MRCA at some specific point in the past. It doesn't
matter whether we are talking about two genes in one person (Charles) or in
two people (Rupert and Heinrich): the logic is the same. Any two alleles, in
different people or in the same person, are fair game for the question: When,
and in whom, do these genes coalesce as we look back? And, by extension, we
can ask the same question of any three genes, or any number of genes in the
population, at the same genetic location ('locus').

Looking much further back still, we can ask the same question for pairs of
genes at different loci, because genes give rise to genes at different loci by the
process of 'gene duplication'. We shall meet this phenomenon again in the
Howler Monkey's Tale, and in the Lamprey's Tale.

Individual people who are closely related share a large number of gene trees.
We share the majority of our gene trees with our close kin. But some gene trees
deliver a 'minority vote', placing us closer to our otherwise more distant rela-
tives. We can think of closeness of kinship among people as a kind of majority
vote among genes. Some of your genes vote for, say, the Queen, as a close
cousin. Others argue that you are closer to seemingly much more distant indi-
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viduals (as we shall see, even members of other species). When quizzed, each
piece of DNA has a different view of what history is all about, because each has
blazed a different path through the generations. We can hope to gain a com-
prehensive view only by questioning a large number of genes. But at this point
we must be suspicious of genes situated close to each other on a chromosome.
To see why this is, we need to know something about the phenomenon of
recombination, which happens every time a sperm or an egg is made.

In recombination, randomly chosen sections of matching DNA are swapped
between chromosomes. On average, only one or two swaps are seen per human
chromosome (fewer when making sperm, more when making eggs: it is not
known why). But over numerous generations, many different parts of the chrom-
osome will eventually be swapped around. So, generally speaking, the nearer two
pieces of DNA are on a chromosome, the lower is the chance of a swap occurring
between them, and the more likely they are to be inherited together.

When taking 'votes' from genes, therefore, we have to remember that the
nearer a pair of genes are to each other on a chromosome, the more likely they
are to experience the same history. And this motivates genes which are close
colleagues to back up each other's vote. At the extreme are sections of DNA so
tightly bound together that the entire chunk has travelled through history as a
single unit. Such fellow-travelling chunks are known as 'haplotypes' a word that
we shall meet again. Among such caucuses within the genetic parliament, two
stand out, not because their view of history is more valid, but because they have
been extensively used to settle biological debates. Both hold sexist views,
because one has come down entirely through female bodies, and the other has
never been outside a male body. These are the two major exceptions to unbiased
gene inheritance that I previously mentioned.

Like a surname, the (non-recombining portion of the) Y chromosome always
passes through the male line only. Together with a few other genes, the Y
chromosome contains the genetic material that actually switches an embryo
into the male pattern of development rather than the female one. Mitochon-
drial DNA, on the other hand, passes exclusively down the female line (although
in this case it is not responsible for making the embryo develop as a female:
males have mitochondria, it is just that they don't pass them on). As we shall see
in the Great Historic Rendezvous, mitochondria are tiny bodies inside cells,
relicts of once-free bacteria who, probably about 2 billion years ago, took
up exclusive residence inside cells where they have been reproducing, non-
sexually by simple division, ever since. They have lost many of their bacterial
qualities and most of their DNA, but they retain enough to be useful to geneti-
cists. Mitochondria constitute an independent line of genetic reproduction
inside our bodies, unconnected with the main nuclear line which we think of as
our 'own' genes.

Because of their mutation rate, Y chromosomes are most useful for studies of
recent populations. One neat study took samples of Y-chromosome DNA in a
straight line across modern Britain. The results showed that Anglo-Saxon Y
chromosomes moved west across England from Europe, stopping rather abruptly
at the Welsh border. It is not hard to imagine reasons why this male-carried
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DNA is unrepresentative of the rest of the genome. To take a more obvious
example, Viking ships carried cargoes of Y chromosomes (and other genes) and
spread them among widely scattered populations. The distribution of Viking Y-
chromosome genes today presumably shows them to be slightly more 'trav-
elled' than other Viking genes, which were statistically more likely to favour
home-acre over Widow-maker:

What is a woman that you forsake her,
And the hearth-fire and the home-acre,
To go with the old grey Widow-maker?

RUDYARD KIPLING: Harp Song of the Dane Women

Mitochondrial DNA too can be revealing, particularly for very ancient
patterns. If we compare your mitochondrial DNA with mine, we can tell how
long ago they shared an ancestral mitochondrion. And, since we all get our
mitochondria from our mothers, and hence maternal grandmothers, maternal
great-grandmothers, etc., mitochondrial comparison can tell us when our most
recent female-line ancestor lived. The same can be done for Y chromosomes, to
tell us when our most recent male-line ancestor lived but, for technical reasons,
it is not so easy. The beauty of Y-chromosomal and mitochondrial DNA is that
neither of them is contaminated by sexual mixing. This makes tracing these
particular classes of ancestor easy.

The mitochondrial MRCA of all humanity, which pinpoints the 'people' com-
mon ancestor in the all-female line, is sometimes called Mitochondrial Eve —
she whose tale this is. And of course the equivalent in the all-male line might as
well be called Y-chromosome Adam. All human males have Adam's Y chromo-
some (creationists please refrain from deliberate misquotation). If surnames
had always been strictly inherited by modern rules we'd all have Adam's sur-
name too, which would rather lose the point of having a surname.

Eve is a great temptress to error and it is good to be forearmed. The errors are
quite instructive. First, it is important to understand that Adam and Eve are
only two out of a multitude of MRCAs that we could reach if we traced our way
back through different lines. They are the special-case common ancestors that
we reach if we travel up the family tree from mother to mother to mother, or
father to father to father respectively. But there are many, many other ways of
going up the family tree: mother to father to father to mother, mother to
mother to father to father, and so forth. Each of these possible pathways will
have a different MRCA.

Second, Eve and Adam were not a couple. It would be a major coincidence if
they ever met, and they could well have been separated by tens of thousands of
years. As a subsidiary point, there are independent reasons to believe that Eve
preceded Adam. Males are more variable in reproductive success than females:
where some females have five times as many children as other females, the
most successful males could have hundreds of times as many children as un-
successful males. A male with a large harem finds it easy to become a universal
ancestor. A female, since she is less likely to have a large family, needs a larger
number of generations to achieve the same feat. And indeed, today's best
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'molecular clock' estimates for their respective dates are about 140,000 years
ago for Eve and only about 60,000 for Adam.

Third, Adam and Eve are shifting honorific titles, not names of particular
individuals. If, tomorrow, the last member of some outlying tribe were to die,
the baton of Adam, or of Eve, could abruptly be thrown forward several thou-
sand years. The same is true of all the other MRCAs defined by different gene
trees. To see why this is so, suppose Eve had two daughters, one of whom
eventually gave rise to the Tasmanian aborigines and the other of whom
spawned the rest of humanity. And suppose, entirely plausibly, that the female-
line MRCA uniting 'the rest of humanity' lived 10,000 years later, all other
collateral lines descending from Eve having gone extinct apart from the
Tasmanians. When Truganinni, the last Tasmanian, died, the title of Eve would
instantly have jumped forward 10,000 years.

Fourth, there was nothing to single out either Adam or Eve for particular
notice in their own times. Despite their legendary namesakes, Mitochondrial
Eve and Y-chromosome Adam were not particularly lonely. Both would have had
plenty of companions, and each may well have had many sexual partners, with
whom they may also have surviving descendants. The only thing that singles
them out is that Adam eventually turned out to be hugely endowed with de-
scendants down the male line, and Eve with descendants down the female line.
Others among their contemporaries may have left as many descendants all told.

While I was writing this, somebody sent me a videotape of a BBC television
documentary called Motherland, hyped as 'an incredibly poignant film', and as
'truly beautiful, a really memorable piece'. The heroes of the film were three
'black'" people whose families had immigrated to Britain from Jamaica. Their
DNA was matched up against worldwide databases, in an attempt to trace the
part of Africa from which their ancestors were taken as slaves. The production
company then staged lachrymose 'reunions' between our heroes and their long-
lost African families. They used Y-chromosomal and mitochondrial DNA because,
for the reasons we have seen, they are more traceable than genes in general. But
unfortunately, the producers never really came clean about the limitations this
imposed. In particular, no doubt for sound televisual reasons, they came close
to actively deceiving these individuals, and also their long-lost African 'rela-
tives', into becoming far more emotional about the reunions than they had any
right to be.

Let me explain. When Mark, later given the tribal name Kaigama, visited the
Kanuri tribe in Niger, he believed he was 'returning' to the land of'his people’'.
Beaula was welcomed as a long-lost daughter by eight women of the Bubi tribe on
an island off the coast of Guinea, whose mitochondria matched hers. Beaula said,

It was like blood touching blood... It was like family... I was just crying, my eyes
were just filled with tears, my heart was pounding. All I just kept thinking was:
'T'm going to my motherland.'

Sentimental rubbish, and she should never have been deceived into thinking
this. All that she, or Mark, were really visiting — at least as far as there was any
evidence to suppose — were individuals who shared their mitochondria. As a
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matter of fact, Mark had already been told that his Y-chromosome came from
Europe (which upset him and he was later palpably relieved to discover respect-
able African roots for his mitochondria!). Beaula, of course, has no Y-chromo-
some, and apparently they didn't bother to look at her father's although that
would have been interesting, for she was quite light-skinned. But it was
explained to neither Beaula nor Mark, nor the television audience, that genes
outside their mitochondria almost certainly came from a huge variety of'home-
lands', nowhere near those identified for purposes of the documentary. If their
other genes had been traced, they could have had equally emotional 'reunions'
in hundreds of different sites, all over Africa, Europe and very probably Asia too.
That would have spoiled the dramatic impact, of course.

As I have been continually reiterating, reliance on a single gene can be
misleading. But the combined evidence from many genes gives us a powerful
tool for reaching back into history. The gene trees of a population, and the
coalescence points which define them, reflect the events of the past. Not only
can we identify these coalescence points, we can also guess at their dates because
of the molecular clock. And herein lies the key, because the pattern of branch-
ings through time tells a story. Random mating, the assumption made in the
Tasmanian's Tale, generates a very different pattern of coalescence from vari-
ous kinds of non-random mating — each of which, in turn, imprints its own
shape on the coalescence tree. Fluctuations in population size, too, leave their
own characteristic signature. So we can work backwards from today's patterns
of gene distribution and make inferences about population sizes, and about the
timings of migrations. For example, when a population is small, coalescence
events will occur more frequently. An expanding population is signified by trees
with long end branches, so coalescence points will be concentrated near the
base of the tree, back when the population was small. With the aid of the
molecular clock, this effect can be used to work out when the population
expanded, and when it contracted in 'bottlenecks'. (Although unfortunately, by
wiping out genetic lineages, severe bottlenecks tend to erase the traces of what
happened before them.)

Coalescent gene trees have helped resolve a long-standing debate over
human origins. The 'Out of Africa' theory holds that all surviving peoples out-
side Africa are descended from a single exodus around a hundred thousand
years ago, more or less. At the other extreme are the 'Separate Origins' theorists
or 'Multiregionalists', who believe that the races still living in, say, Asia,
Australia and Europe are anciently divided, separately descended from regional
populations of the earlier species, Homo erectus. Both names are misleading.
'Out of Affrica’ is unfortunate because everybody agrees that our ancestors are
from Africa if you go back far enough. 'Separate Origins' is also not an ideal
name because, again if you go back far enough, the separation must disappear
on any theory. The disagreement concerns the date when we came out of Africa.
It might be better to call the two theories "Young Out of Africa’' (YOOA) and 'Old
Out of Africa' (OOOA). This has the added advantage of emphasising the
continuum between them.

If today's non-Africans all stem from a single recent emigration from that
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continent, we would expect modern gene distributions to demonstrate a recent,
Africa-centred, small-population 'bottleneck'. Coalescence points would be con-
centrated around the time of the exodus. If we are separately descended from
regional H. erectus, however, then genes should instead show evidence of
anciently separated genetic lineages in each region. At the time when YOOA
supporters claim an exodus, we would instead see a dearth of coalescence
points. Which is it?

By expecting a single answer to this question we have fallen into the same
trap as the Motherland television documentary. Different genes tell different
stories. It is perfectly possible for some of our genes to have recently come out
of Africa, while others have been passed to us from separate H. erectus popu-
lations. Or to put it another way, we can be both descendants of a recent African
exodus, and simultaneously descendants of regional H. erectus, because at any
given time in the past we have a huge number of genealogical ancestors. Some
could have recently left Africa. Some could have been resident in, say, Java for
thousands of years. And we could have inherited African genes from some and
Javan genes from others. A single chunk of DNA, such as from a mitochondrion
or Y-chromosome, gives as impoverished a view of the past as a single sentence
from a history book. Yet the YOOA position is often supported on the basis of the
placement of Mitochondrial Eve. What happens if we quiz the other members of
the parliament of genes?

This is, in effect, what the evolutionary biologist Alan Templeton did, and he
came up with his engagingly titled theory 'Out of Africa Again and Again'.
Templeton used a type of coalescence theory, similar to that in our haemophilia
discussion, but he did it for lots of separate genes instead of just one. This en-
abled him to reconstruct the history and geography of genes over the whole
world and over hundreds of thousands of years. At the moment, I favour
Templeton's 'Out of Africa Again and Again' theory, because he seems to me to
use all the available information in a way that maximises its power to generate
inferences; and because he bent over backwards, at every step of his work, to
guard against overreaching the evidence.

Here is what Templeton did. He looked through the genetic literature, using
strict criteria to skim the cream: he wanted only large studies of human gen-
etics, where samples had been taken from different parts of the world, including
Europe, Asia and Africa. The genes examined belonged to long-lived 'haplotypes'.
A haplotype, as we have seen, is a chunk of genome which is either impervious
to being broken up by sexual recombination (as with Y-chromosome and
mitochondrial DNA), or (as with certain smaller parts of the genome) can be
recognised intact through enough generations to cover the timescale of
interest. A haplotype is a long-lived, recognisable chunk of genome. You don't
go too far wrong if you think of it as a large 'gene'.

Templeton zeroed in on 13 haplotypes. For each of them, he calculated their
'gene tree', and dated the various coalescence points using the molecular clock
which is ultimately calibrated with fossils. From these dates, and from the
geographical distribution of the samples, he was able to pull out inferences
about the genetic history of our species over the past couple of million years.
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He summarised his conclusions in a helpful diagram, reproduced here.
Templeton's main conclusion is that there were not two major migrations
out of Africa but three. In addition to the OOOA (Homo erectus) exodus around 1.7
million years ago (which everyone accepts and for which the evidence is mostly
from fossils) and the recent migration as promoted by the YOOA theory, there
was another Great Trek from Africa to Asia between 840,000 and 420,000 years
ago. This middle emigration — shall we call it MOOA? — is supported by extant
'signals' from three of the thirteen haplotypes. The YOOA emigration is
supported by mitochondrial and Y-chromosomal evidence. Other genetic 'sig-
nals' betray a major back-migration from Asia to Africa about 50,000 years ago.
A little later, mitochondrial DNA and various smaller genes disclose other
migrations: from Southern to Northern Europe, from Southern Asia to North-
ern Asia, across the Pacific and to Australia. Finally, as shown by mitochondrial
DNA and archaeological evidence, North America was colonised across what
was then the Bering land bridge from north-east Asia, around 14,000 years ago.
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Colonisation of South America through the Isthmus of Panama rapidly fol-
lowed. The suggestion, by the way, that either Christopher Columbus or Leif
Erickson 'discovered' America is nothing short of racist. Equally distasteful, in
my view, is relativist 'respect' for Native American oral histories which ignor-
antly deny that their ancestors ever lived outside America.

Between Templeton's three major migrations out of Africa, other genetic
signals reveal continual eddies of gene flow back and forth between Africa,
southern Europe and southern Asia. His evidence suggests that major and
minor immigrations have usually been followed by some interbreeding with
indigenous populations, rather than — as might just as well have happened -
complete extermination of one side or the other. Clearly this has large implica-
tions for our evolutionary ancestry.

This tale, and Templeton's study, focused on humans and their genes. But of
course all species have family trees. All species inherit genetic material. All
species with two sexes have an Adam and an Eve. Genes and gene trees are a
ubiquitous feature of life on Earth. The techniques that we apply to recent
human history can also be applied to the rest of life. Cheetah DNA reveals a
12,000-year-old population bottleneck important to feline conservationists.
Maize DNA has stamped upon it the unmistakable signature of its 9,000 year
Mexican domestication. The coalescence patterns of HIV strains can be used by
epidemiologists and medical doctors to understand and contain the virus.
Genes and gene trees reveal the history of the flora and fauna of Europe: the vast
migrations driven by ice ages whose waxing pushed temperate species into
southern-European refuges, and whose waning stranded Arctic species on
isolated mountain ranges. All these events and more can be traced in the
distribution of DNA around the globe, a historical reference book which we are
only just learning to read.

We have seen how different genes have different stories to tell, which can be
pieced together to reveal something of our history, both modern and ancient.
How ancient? Amazingly, our oldest MRCA genes can even date back before we
were human at all. This is especially so when natural selection favours variety in
the population for its own sake. Here's how it works.

Suppose there are two blood types called A and B, which confer immunity to
different diseases. Each blood type is susceptible to the disease against which
the other type has immunity. Diseases flourish when the blood type that they
can attack is abundant, because an epidemic can get going. So if B people, say,
happen to be common in the population, the disease that hurts them will enjoy
an epidemic. Consequently, B people will die until they cease to be common,
and the A people increase — and vice versa. Whenever we have two types, the
rarer of which is favoured because it is rare, it is a recipe for polymorphism: the
positive maintenance of variety for variety's sake. The ABO blood group system
is a famous polymorphism which has probably been maintained for this kind of
reason.

Some polymorphisms can be quite stable — so stable that they span the
change from an ancestral to a descendant species. Astonishingly, our ABO
polymorphism is present in chimpanzees. It could be that we and chimps have
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independently 'invented' the polymorphism, and for the same reason. But it is
more plausible that we have both inherited it from our shared ancestor, and
independently kept it going during our six million years of separate descent,
because the relevant diseases have been continuously at large throughout that
time. This is called trans-specific polymorphism, and it may apply to far more
distant cousins than chimpanzees are to us.

A stunning conclusion is that, for particular genes, you are more closely
related to some chimpanzees than to some humans. And I am closer to some
chimpanzees than to you (or to 'your' chimpanzees). Humans as a species, as
well as humans as individuals, are temporary vessels containing a mix of genes
from different sources. Individuals are temporary meeting points on the criss-
crossing routes that genes take through history. This is a tree-based way to
express the central message of The Selfish Gene, my first book. As I put it there,
'When we have served our purpose we are cast aside. But genes are denizens of
geological time: genes are forever.' At the concluding banquet to a conference in
America, I recited the same message in verse:

An itinerant selfish gene Said
'‘Bodies a-plenty I've seen. You think
you're so clever But IlI live for ever.
You're just a survival machine.’

And, as the body's immediate reply to the gene, I parodied the very same Harp
Song of the Dane Women quoted previously:

What is a body that first you take her,
Grow her up, and then forsake her, To
go with the old blind watchmaker?

We estimated the date of Rendezvous o as probably tens of thousands of years
ago, and at most hundreds of thousands. We have not travelled far on our
backward pilgrimage. The next rendezvous, our meeting with the chimpanzee
pilgrims at Rendezvous 1, is millions of years away, and most of our rendezvous
are hundreds of millions beyond that. To stand a chance of completing our
pilgrimage, we shall need to speed up, and begin the move into 'deep time'. We
must accelerate past the rest of the 30 or so ice ages that typify the last three
million years, past such drastic events as the drying and refilling of the
Mediterranean that occurred between 4.5 and 6 million years ago. To ease this
initial acceleration, I shall take the otherwise unusual liberty of stopping at a
few intermediate milestones en route, and allowing dead fossils to tell tales. The
fossilised 'shadow' pilgrims we shall meet, and the tales they tell, will help
satisfy our natural preoccupation with our direct ancestors.
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ARCHAIC HOMO SAPIENS

Our first milestone on the way back to Rendezvous 1 is in the depths of the ice
age before last, about 160,000 years ago. I have chosen this way station to look
at fossil finds from Herto in the Afar depression of Ethiopia.* The Herto humans
are intriguing because, in the words of their discoverers, Tim White and his
colleagues, they are from a 'population that is on the verge of anatomical
modernity but not yet fully modern'. The distinguished palacoanthropologist
Christopher Stringer regards 'the Herto material as the oldest definite record of
what we currently think of as modern H. sapiens’, a record previously held by
younger Middle Eastern fossils dating from about 100,000 years ago. Regardless
of hair-splitting distinctions between 'modern' and 'nearly modern', it is clear
that the Herto people are on the cusp between modern humans and those
predecessors that we know by the catch-all name of 'Archaic Homo sapiens’.
Certain authorities use this name back to about 900,000 years ago where it
grades into an earlier species, Homo erectus. As we shall see, others prefer to give
various Latin names to the bridging archaic forms. I shall sidestep the disputes
by using anglicisms in the style of my colleague Jonathan Kingdon: 'Moderns',
'Archaics', 'Erects', and others that I'll mention as we come to them. We should
not expect to draw a neat line between early Archaics and the Erects from whom
they evolved, or between Archaics and the earliest Moderns who evolved from
them. Don't be confused, incidentally, by the fact that the Erects were even
more archaic (with a small a) than the Archaics (with a large A), and that all
three types were erect with a small e!

Archaic forms persisted alongside Modern forms until at least 100,000 years
ago (longer still if we include the Neanderthals, of whom more in a moment).
Archaic fossils are found all around the world, dating from various times during
the last few hundred thousand years: examples are the German 'Heidelberg
man', 'Rhodesian man' from Zambia (which used to be called Northern Rhodesia),
and the Chinese 'Dali man'. Archaics had big brains like us, averaging 1,200 to
1,300 cubic centimetres. This is a little smaller than our average of 1,400 cubic
centimetres but the range comfortably overlaps with ours. Their bodies were
more robust than ours, their skulls were thicker, and they had more
pronounced brow ridges and less pronounced chins. They looked more like
Erects than we do, and hindsight justly sees them as intermediate. Some
taxonomists recognise them as a subspecies of Homo sapiens called Homo sapiens
heidelbergensis (where we would be Homo sapiens sapiens). Others do not
recognise the Archaics as Homo sapiens at all, but call them Homo heidelbergensis.
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Yet others divide the Archaics into more than one species, for instance Homo
heidelbergensis, Homo rhodesiensis, and Homo antecessor. If you think about it, we
should be worried if there was not disagreement over the divisions. On the
evolutionary view of life, a continuous range of intermediates is to be expected.

Modern Homo sapiens sapiens are not the only offshoot of the Archaics.
Another species of advanced humans, the so-called Neanderthals, were our con-
temporaries for much of our prehistory. They resembled the Archaics more
than we do in some respects, and they seem to have emerged from an Archaic
root between about one and two hundred thousand years ago — in this case not
in Africa but in Europe and the Middle East. Fossils from these regions show a
gradual transition from Archaics to Neanderthals with the first unequivocal
Neanderthal fossils found just before the beginning of the last Ice Age, about
130,000 years ago. They then persisted in Europe for most of this cold period,
vanishing about 28,000 years ago. In other words, for their entire existence
Neanderthals were contemporaries of European Modern émigrés from Africa.
Some people believe that Moderns were responsible for their extinction, either
by killing them directly or by competing with them.

Neanderthal* anatomy was sufficiently different from ours that some people
prefer to give them a separate species name, Homo neanderthalensis. They re-
tained some features of Archaics such as large brow ridges which Moderns did
not (which is why some authorities classify them as just another type of Archaic).
Adaptations to their cold environment include stockiness, short limbs and
enormous noses, and they surely must have been warmly clothed, presumably
in animal furs. Their brains were as big as ours or even bigger. Much is made of
slight indications that they ceremonially buried their dead. Nobody knows
whether they could speak, and opinions differ on this important question.
Archaeology hints that technological ideas may have passed both ways between
Neanderthals and Moderns, but this could have been by imitation rather than by
language.

The rules for the pilgrimage stated that only modern animals setting off from
the present were entitled to tell tales. We are making an exception for the dodo
and the elephant bird, because they lived in recent historical times. And the
fossils Homo erectus and Homo habilis qualify as 'shadow pilgrims' because a
plausible case could be made that they are our direct ancestors. Do the Neander-
thals, too, qualify under this rubric? Are we descended from them? Well, as it
happens, that very question is the topic of the tale that the Neanderthals want
to tell. Think of the Neanderthal's Tale as a plea to be allowed to tell it.

The Neanderthal's Tale (written with Yan

Are we descended from Neanderthals? If so, they would have to have interbred
with Homo sapiens sapiens. But did they? They overlapped for a long time in Eur-
ope, and there was surely contact between them. But did it go beyond contact?
Do modern Europeans inherit any Neanderthal genes? This is a hotly debated
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issue, recently reignited by a remarkable extraction of DNA from late Neander-
thal bones. So far, we have extracted only the maternally inherited mitochon-
drial DNA, but this is enough for a tentative verdict. Neanderthal mitochondria
are quite distinct from those of all surviving humans, suggesting that Neander-
thals are no closer to Europeans than to any other modern peoples. In other
words, the female-line common ancestor of Neanderthals and all surviving
humans long pre-dates Mitochondrial Eve: about 500,000 years as opposed to
140,000. This genetic evidence suggests that successful interbreeding between
Neanderthals and Moderns was rare. And so it is often said that they died out
without leaving any descendants.

But don't let's forget that '80 per cent' argument which so surprised us in the
Tasmanian's Tale. A single immigrant who managed to break into the Tasman-
ian breeding population had an 80 per cent chance of joining the set of universal
ancestors: the set of individuals who could call themselves ancestors of all sur-
viving Tasmanians in the distant future. By the same token, if only one Neander-
thal male, say, bred into a sapiens population, that gave him a reasonable chance
of being a common ancestor to all Europeans alive today. This can be true even if
Europeans contain no Neanderthal genes at all. A striking thought.

So although few, if any, of our genes come from Neanderthals, it is possible
that some people have many Neanderthal ancestors. This was the distinction we
met in Eve's Tale between gene trees and people trees. Evolution is governed by
the flow of genes, and the moral of the Neanderthal's Tale, if we allow him to
tell it, is that we cannot, should not, look at evolution in terms of pedigrees of
individuals. Of course individuals are important in all sorts of other ways, but if
we are talking pedigrees it is gene trees that count. The words 'evolutionary
descent' refer to gene ancestors, not genealogical ancestors.

Fossil changes too are a reflection of gene pedigrees, not (or only incidentally)
genealogical pedigrees. Fossils indicate that Modern anatomy passed to the rest
of the world via young out-of-Africa migrations. But Alan Templeton's work
(described in Eve's Tale) suggests that we are also partly 'descended from' non-
African Archaics, possibly even non-African Homo erectus. The description is both
simpler and more powerful if we switch from people talk to gene talk. The genes
that determine our Modern anatomy were carried out of Africa by the YOOA
migrants, leaving fossils in their wake. At the same time, Templeton's evidence
suggests that other genes we now possess were flowing around the world by
different routes, but left little anatomical evidence to show for it. Most of our
genes probably took the young out-of-Africa route, while just a few came to us
through other routes. What could be a more powerful way to express it?

So, have the Neanderthals established their right to tell a tale? Maybe a tale
of genealogy if not a tale of genes.
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ERGASTS

Moving deeper in time, we touch down again at one million years in search of
ancestors. The only likely candidates of this age are of the type usually called
Homo erertus, although some would call the African ones Homo ergaster and 1 shall
follow them. In seeking an anglicised form for these creatures, I shall call them
Ergasts rather than Erects, partly because I believe the majority of our genes
trace back to the African form, and partly because, as ['ve already remarked,
they were no more erect than their predecessors (Homo habilis) or their succes-
sors (us). Whatever name we prefer, the Ergast type persisted from about 1.8
million until about a quarter of a million years ago. They are widely accepted as
the immediate predecessors, and partial contemporaries, of the Archaics who
are in turn the predecessors of us Moderns.

The Ergasts were noticeably different from modern Homo sapiens, and, unlike
the Archaic sapiens people, they differed from us in some respects that show no
overlap. Fossil finds show they lived in the Middle East and Far East including
Java, and represent an ancient migration out of Africa. You may have heard them
referred to by their old names of Java Man and Peking Man. In Latin, before they
were admitted into the Homo fold, they had the generic names Pithecanthropus
and Sinanthropus. They walked on two legs like us, but had smaller brains (900 cc
in early specimens to 1,100 cc in late ones), housed in lower, less domed, more
'swept-back' skulls than ours, and they had receding chins. Their jutting brow
ridges made a pronounced horizontal ledge above the eyes, set in wide faces,
with a pinching in of the skull behind the eyes.

Hair doesn't fossilise, so there is no natural place in our history to discuss the
obvious fact that at some point in our evolution we lost most of our body hair,
with the luxuriant exception of the tops of our heads. Very likely the Ergasts
were hairier than us, but we can't rule out the possibility that Ergasts had
already lost their body hair by a million years ago. They could have been as
hairless as we are. Equally, nobody should complain of an imaginative recon-
struction as hairy as a chimpanzee, or any intermediate level of shagginess.
Modern people, males at least, remain quite variable in how hairy they are.
Hairiness is one of those characteristics that can increase or decrease in evolu-
tion again and again. Vestigial hairs, with their associated cellular support
structures, lurk in even the barest-seeming skin, ready to evolve into a full coat
of thick hair at short notice, or shrink again, should natural selection at any
time call them out of retirement. Look at the woolly mammoths and woolly
rhinoceroses that rapidly evolved in response to the recent ice ages in Eurasia.
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We shall return to the evolutionary loss of human hair in — strangely enough -
the Peacock's Tale.

Subtle evidence of repeatedly used hearths suggests that at least some groups
of Ergasts discovered the use of fire — with hindsight a momentous event in our
history. The evidence is less conclusive than we might hope. Blackening from
soot and charcoal does not survive immense timespans, but fires leave other
traces that last longer. Modern experimenters have systematically constructed
fires of various kinds and then examined them afterwards for their trace effects.
It emerges that deliberately built campfires magnetise the soil in a way that
distinguishes them from bushfires and from burnt-out tree stumps — I don't
know why. But such signs provide evidence that Ergasts, both in Africa and Asia,
had camp fires nearly one and a half million years ago. This doesn't have to
mean that they knew how to light fires. They could have begun by capturing and
tending naturally occurring fire, feeding it and keeping it alive as one might
look after a Tamagochi pet. Maybe, before they began to cook food, they used
fires to scare away dangerous animals and provide light, heat, and a social focus.

The Ergasts also shaped and used stone tools, and presumably wooden and
bone ones too. Nobody knows whether they could speak, and evidence is hard to
come by. You might think that 'hard to come by' is an understatement, but we
have now reached a point in our backward journey when fossil evidence starts
to tell. Just as campfires leave traces in the soil, so the needs of speech call forth
tiny changes in the skeleton: nothing so dramatic as the hollow bony box in the
throat with which the howler monkeys of the South American forests amplify
their stentorian voices, but still telltale signs such as one might hope to detect
in a few fossils. Unfortunately, the signs that have been unearthed are not tell-
tale enough to settle the matter, and it remains controversial.

There are two parts of the modern human brain which seem to go with
speech. When in our history did these parts — Broca's Area and Wernicke's Area
— enlarge? The nearest approach we have to fossil brains is endocasts, to be
described in the Ergast's Tale. Unfortunately the lines dividing different regions
of the brain do not fossilise very clearly, but some experts think they can say
that the speech areas of the brain were already enlarged before two million
years ago. Those who want to believe that Ergasts possessed the power of speech
are encouraged by this evidence.

They are discouraged, however, when they move down the skeleton. The
most complete Homo ergaster we know is the Turkana Boy, who died near Lake
Turkana, in Kenya, about 1.5 million years ago. His ribs, and the small size of the
portholes in the vertebrae through which the nerves pass, suggest that he
lacked the fine control over breathing that seems to be associated with speech.
Other scientists, studying the base of the skull, have concluded that even
Neanderthals, as recently as 60,000 years ago, were speechless. The evidence is
that their throat shape would not have allowed the full range of vowels that we
deploy. On the other hand, as the linguist and evolutionary psychologist Steven
Pinker has remarked, 'e lengeege weth e smell nember ef vewels cen remeen
quete expresseve'. If written Hebrew can be intelligible without vowels, I don't
see why spoken Neander or even Ergaster couldn't too. The veteran South African
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anthropologist Philip Tobias suspects that language may pre-date even Homo
ergaster, and he may just possibly be right. As we have seen, there are a few who
go to the opposite extreme and date the origin of language to the Great Leap
Forward, just a few tens of thousands of years ago.

This may be one of those disagreements that can never be resolved. All con-
siderations of the origin of language begin by citing the Linguistic Society of
Paris which, in t866, banned discussion of the question because it was deemed
unanswerable and futile. It may be difficult to answer, but it is not in principle
unanswerable like some philosophical questions. Where scientific ingenuity is
concerned, I am an optimist. Just as continental drift is now sewn up beyond all
doubt, with multiple threads of convincing evidence, and just as DNA finger-
printing can establish the exact source of a bloodstain with a confidence that
forensic experts could once only dream of, I guardedly expect that scientists will
one day discover some ingenious new method of establishing when our
ancestors started to speak.

Even I, however, have no hope that we shall ever know what they said to each
other, or the language in which they said it. Did it begin with pure words and no
grammar: the equivalent of an infant babbling nounspeak? Or did grammar
come early and — which is not impossible and not even silly — suddenly? Per-
haps the capacity for grammar was already deep in the brain, being used for
something else like mental planning. Is it even possible that grammar, as
applied to communication at least, was the sudden invention of a genius? I
doubt it, but in this field I wouldn't rule anything out with confidence.

As a small step towards finding out the date at which language arose, some
promising genetic evidence has appeared. A family code-named KE suffers from
a strange hereditary defect. Out of approximately 30 family members spread
over three generations, about half are normal, but fifteen show a curious
linguistic disorder, which seems to affect both speech and understanding. It has
been called verbal dyspraxia, and it first shows itself as an inability to articulate
clearly in childhood. Other authorities think the trouble stems from 'feature
blindness', meaning an inability to grasp certain grammatical features such as
gender, tense and number. What is clear is that the abnormality is genetic. Indi-
viduals either have it or they don't, and it is associated with a mutation of an
important gene called FOXP2, which the rest of us have in unmutated form. Like
most of our genes, a version of FOXP2 is present in mice and other species, and
it probably does various things in the brain and elsewhere.* The evidence of the
KE family suggests that in humans FOXP?2 is important for the development of
some part of the brain that is involved in language.

So, we naturally want to compare human FOXP2 with the same gene in ani-
mals that lack language. You can compare genes either by looking at the DNA
sequences themselves, or by looking at the amino acid sequences in the proteins
that they encode. There are times when it makes a difference, and this is one of
them. FOXP2 codes for a protein chain 715 amino acids long. The mouse and
chimpanzee versions of the gene differ in only one amino acid. The human
version differs from both these animals in an additional two amino acids. You
see what this might mean? Although humans and chimpanzees share the great
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And also, in a different
way, in a wholly
unrelated individual
with the same kind of
language defect.

majority of their evolution and their genes, the FOXP2 gene is one place where
humans seem to have evolved rapidly in the short time since we split from them.
And one of the most important respects in which we differ from chimpanzees is
that we have language and they don't. A gene that changed somewhere along
the line towards us, but after the separation from chimpanzees, is exactly the
sort of gene we should be looking for if we are trying to understand the
evolution of language. And it is the very same gene that has mutated in the
unfortunate KE family.* Perhaps it was changes in FOXP2 that made humans, as
opposed to chimpanzees, capable of language. Did the Ergasts have the mutated
FOXP?2 gene?

Wouldn't it be wonderful if we could use this genetic hypothesis to date the
origin of language in our ancestors? While we can't do it with certainty, we can
do something quite suggestive, along these lines. The obvious approach would
be to triangulate backwards from variants among modern humans, and try to
calculate the antiquity of the FOXP2 gene. But with the exception of rare un-
fortunates like the members of the KE family, there is no variation among
humans in any of the FOXP2 amino acids. So there isn't enough variation there
to triangulate from. Luckily, however, there are other parts of the gene which
are never translated into protein and which are therefore free to mutate with-
out natural selection 'noticing': they are 'silent' code letters, in those parts of
the gene that are never transcribed and are called introns (as opposed to 'exons'
which are 'expressed' and therefore 'seen' by natural selection). The silent
letters, unlike the expressed ones, are quite variable among individual humans,
and between humans and chimpanzees. We can get some understanding of the
evolution of the gene if we look at the patterns of variation in the silent areas.
Even though the silent letters are not subject to natural selection themselves,
they can be swept along by selection of neighbouring exons. Even better, the
mathematically analysed pattern of variation in the silent introns gives a good
indication of when the sweeps of natural selection occurred. And the answer for
FOXP2 is less than 200,000 years ago. A naturally selected change to the human
form of FOXP2 seems roughly to coincide with the change from archaic Homo
sapiens to anatomically modern Homo sapiens. Could this be when language was
born? The margin of error in this sort of calculation is wide, but this ingenious
genetic evidence counts as a vote against the theory that Homo ergaster could
talk. More importantly for me, the unexpected new method boosts my
optimism that one day science will find a way to confound the pessimists of the
Linguistic Society of Paris.

Homo ergaster is the first fossil ancestor we have met on our pilgrimage who
is unequivocally of a different species from ourselves. We are about to embark
on a portion of the pilgrimage in which fossils provide the most important evi-
dence, and they will continue to bulk large — though they will never overwhelm
molecular evidence — until we reach extremely ancient times and relevant
fossils start to peter out. It is a good moment to look in more detail at fossils,
and how they are formed. The Ergast will tell the tale.
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The Ergast's Tale

Richard Leakey movingly describes the discovery, by his colleague Kimoya Kim-
eu on 22 August 1984, of the Turkana Boy {Homo ergaster), at 1.5 million years
the oldest near-complete hominid skeleton ever found. Equally moving is Donald
Johanson's description of the older, and unsurprisingly less complete, australo-
pithecine familiarly known as Lucy. The discovery of'Little Foot', yet to be fully
described, is just as remarkable (see page 79). Whatever freak conditions blessed
Lucy, 'Little Foot', and the Turkana Boy with their version of immortality, would
we not wish it for ourselves when our time comes? What hurdles must we cross
to achieve this ambition? How does any fossil come to be formed? This is the
subject of the Ergast's Tale. To begin, we need a small digression into geology.

Rocks are built of crystals, though these are often too small for the
unaided eye to see. A crystal is a single giant molecule, its atoms arranged in an
orderly lattice with a regular spacing pattern repeated billions of times until,
eventually, the edge of the crystal is reached. Crystals grow when atoms come
out of the liquid state and build up on the expanding edge of an existing crystal.
The liquid is usually water. On other occasions, it is not a solvent at all but the
molten mineral itself. The shape of the crystal, and the angles at which its plane
facets meet, is a direct rendition, in the large, of the atomic lattice. The lattice
shape is sometimes projected very large indeed, as in a diamond or amethyst
whose facets betray to the naked eye the three-dimensional geometry of the
self-assembled atomic arrays. Usually, however, the crystalline units of which
rocks are made are too small for the eye to detect them, which is one reason why
most rocks are not transparent. Among important and common rock crystals
are quartz (silicon dioxide), feldspars (mostly silicon dioxide again, but some of
the silicon atoms are replaced by aluminium atoms), and calcite (calcium
carbonate). Granite is a densely packed mixture of quartz, feldspar and mica,
crystallised out of molten magma. Limestone is mostly calcite, sandstone mostly
quartz, in both cases ground small and then compacted from sediments of sand
or mud.

Igneous rocks begin as cooled lava (which in turn is molten rock). Often, as
with granite, they are crystalline. Sometimes their shape may be visibly that of
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a glass-like solidified liquid and, with great good fortune, molten lava may
sometimes be cast in a natural mould, such as a dinosaur's footprint or an
empty skull. But the main usefulness of igneous rock to historians of life is in
dating. As we shall see in the Redwood's Tale, the best dating methods are avail-
able for igneous rocks alone. Fossils usually cannot be precisely dated themselves,
but we can look for igneous rocks in the vicinity. We then either assume that
the fossil is contemporaneous, or we seek two datable igneous samples that
sandwich our fossil and fix upper and lower bounds to its date. This sandwich
dating is open to the slight risk that a corpse has been carried by floodwater, or
by hyenas or their dinosaur equivalents, to an anachronistic site. With luck this
will usually be obvious; otherwise we have to fall back on consistency with a
general statistical pattern.

Sedimentary rocks such as sandstone and limestone are formed from tiny
fragments, ground by wind or water from earlier rocks or other hard materials
such as shells. They are carried in suspension, as sand, silt or dust, and de-
posited somewhere else, where they settle and compact themselves over time
into new layers of rock. Most fossils lie in sedimentary beds.

It is in the nature of sedimentary rock that its materials are continually being
recycled. Old mountains such as the Scottish Highlands have been slowly ground
down by wind and water, yielding materials which later settle into sediments
and may ultimately push up again somewhere else as new mountains like the
Alps, and the cycle resumes. In a world of such recycling, we have to curb our
importunate demands for a continuous fossil record to bridge every gap in
evolution. It isn't just bad luck that fossils are often missing, but an inherent
consequence of the way sedimentary rocks are made. It would be positively
worrying if there were no gaps in the fossil record. Old rocks, with their fossils,
are actively being destroyed by the very process that goes to make new ones.

Often fossils are formed when mineral-charged water penetrates the fabric of
a buried creature. In life, bone is porous and spongy, for good engineering and
economic reasons. When water seeps through the interstices of a dead bone,
minerals are slowly deposited as the ages pass. I say slowly almost as a ritual,
but it isn't always slow. Think how fast a kettle furs up. On an Australian beach
I once found a bottletop embedded in stone. But the process usually is slow.
Whatever the speed, the stone of a fossil eventually takes on the shape of the
original bone, and that shape is revealed to us millions of years later, even if—
which doesn't always happen — every atom of the original bone has dis-
appeared. The petrified forest in the Painted Desert of Arizona consists of trees
whose tissues were slowly replaced by silica and other minerals leached out of
ground water. Two hundred million years dead, the trees are now stone through
and through, but many of their microscopic cellular details can still be clearly
seen in petrified form.

I've already mentioned that sometimes the original organism, or a part of it,
forms a natural mould or imprint from which it is subsequently removed, or
dissolved. I fondly recall two happy days in Texas in 1987 spent wading through
the Paluxy River examining, and even putting my feet in, the dinosaur footprints
preserved in its smooth limestone bed. A bizarre local legend grew up that some
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of these are giant manprints contemporary with undoubted dinosaur prints,
and in consequence the nearby town of Glen Rose became home to a thriving
cottage industry, artlessly faking giant manprints in blocks of cement (for sale
to gullible creationists who know, all too well, that 'There were giants in the
earth in those days': Genesis 6:4). The story of the real footprints has been
carefully worked out, and is fascinating. The obviously dinosaurian ones are
three-toed. The ones that look faintly like a human foot have no toes, and were
made by dinosaurs walking on the back of the foot rather than running on their
toes. Also, the viscous mud would have tended to ooze back in at the sides of
the footprint, obscuring the side toes of the dinosaurs. More poignant for us,
at Laetoli in Tanzania are the companionable footprints of three real
hominids, probably Australopithecus afarensis, walking together 3.6 million
years ago in what was then fresh volcanic ash. Who does not wonder what
these individuals were to each other, whether they held hands or even
talked, and what forgotten errand they shared in a Pliocene dawn?

Sometimes, as [ mentioned when discussing lava, the mould may become
filled with a different material, which subsequently hardens to form a cast of
the original animal or organ. I am writing this on a table in the garden
whose top is a six-inch thick, seven-foot square slab of Purbeck sedimentary
limestone, of Jurassic age, perhaps 150 million years old.* Along with lots of
fossil mollusc shells, there is an alleged (by the distinguished and eccentric
sculptor who procured it for me) dinosaur footprint on the underside of the
table, but it is a footprint in relief, standing out from the surface. The
original footprint (if indeed it is genuine, for it looks pretty nondescript to me)
must have served as a mould, into which the sediment later settled. The mould
then disappeared. Much of what we know about ancient brains comes to us in
the form of such casts: 'endocasts' of the insides of skulls, often imprinted with
surprisingly full details of the brain surface itself.

Less frequently than shells, bones or teeth, soft parts of animals sometimes
fossilise. The most famous sites are the Burgess Shale of the Canadian Rockies,
and the slightly older Chengjiang in South China which we shall meet again in
the Velvet Worm's Tale. At both these sites, fossils of worms and other soft,
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Did they hold hands?
The 3.6-million-year-old
hominid footprints at
Laetoli, Tanzania, were dis-
covered by Mary Leakey
in 1978. They were fossil-
ised in volcanic ash. The
trail extends for some 70
metres and was probably
made by Australopithecus
afarensis.
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boneless and toothless creatures (as well as the usual hard ones) wonderfully
record the Cambrian Period, more than half a billion years ago. We are out-
standingly lucky to have Chengjiang and the Burgess Shale. Indeed, as I have
already remarked, we are pretty lucky to have fossils at all, anywhere. It has
been estimated that 90 per cent of all species will never be known to us as
fossils. If that is the figure for whole species, just think how few individuals can
ever hope to achieve the ambition with which the tale began, and end up as
fossils. One estimate puts the odds at one in a million among vertebrates. That
sounds high to me, and the true figure must be far less among animals with no
hard parts.
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Why did the brain swell?
The habiline skull num-
bered KNM-ER1470 was
discovered by Richard
Leakey in East Turkana,
Kenya, in 1972. The face is
long and flat, and the
forehead rises higher
than that of australopith-
ecines, to accommodate
the larger braincase.

HABILINES

Back another million years from Homo ergaster, i million years ago there is no
longer any doubt in which continent our genetic roots lie. Everyone agrees,
'multiregionalists' included, that Africa is the place. The most compelling fossil
bones at this age are normally classified as Homo habilis. Some authorities recog-
nise a second, very similar contemporary type, which they call Homo rudolfensis.
Others equate it with Kenyapithecus, described by the Leakey team in 2001. Yet
others cautiously refrain from giving these fossils a species name at all, and just
call them all 'Early Homo'. As usual I shan't take a stand on names. What matters
is the real flesh and bone creatures themselves, and I shall use 'Habilines' as an
anglicism for all of them. Habiline fossils, being older, are understandably less
plentiful than Ergasts. The best-preserved skull bears the reference number
KNM-ER 1470 and is widely known as Fourteen Seventy. It lived about 1.9
million years ago.

The Habilines were about as different from Ergasts as Ergasts from us, and,
as we should expect, there were intermediates which are hard to classify.
Habiline skulls are less robust than Ergast skulls, and lack the pronounced brow
ridges. In this respect, Habilines were more like us. This should cause no
surprise. Robustness and brow ridges are peculiarities that, possibly like hair,
hominids seem able to acquire and lose again at the drop of an
evolutionary hat. Habilines mark the place in our history where the brain,
that most dramatic of human peculiarities, starts to expand. Or more
accurately, starts to expand beyond the normal size of the already large brains
of other apes. This distinction, indeed, is the rationale for placing the
Habilines in the genus Homo at all. For many palaeontologists, the large brain
is the distinguishing feature of our genus. Habilines, with their brains
pushing the 750 cc barrier, have crossed the rubicon and are human. As
readers may soon become tired of hearing, I am not a lover of rubicons,
barriers and gaps. In particular, there is no reason to expect an early Habiline to
be separated from its predecessor by a bigger gap than from its successor. It
might seem tempting because the predecessor has a different generic name

68 HABILINES



(Australopithecus) whereas the successor (Homo ergasterj is 'merely' another Homo.
It is true that when we look at living species, we expect members of different
genera to be less alike than members of different species within the same
genus. But it can't work like that for fossils, if we have a continuous historical
lineage in evolution. At the borderline between any fossil species and its
immediate predecessor, there must be some individuals about whom it is
absurd to argue, since the reductio of such an argument must be that parents of
one species gave birth to a child of the other. It is even more absurd to suggest
that a baby of the genus Homo was born to parents of a completely different
genus, Australopithecus. These are evolutionary regions into which our zoologi-
cal naming conventions were never designed to go.*

Setting names to one side frees us for a more constructive discussion about
why the brain suddenly started to enlarge. How would we measure the enlarge-
ment of the hominid brain and plot a graph of average brain size against geo-
logical time? There is no problem about the units in which we measure time:
millions of years. Brain size is harder. Fossil skulls and endocasts allow us to
estimate brain size in cubic centimetres, and it is easy enough to convert this to
grams. But absolute brain size is not necessarily the measure you want. An
elephant has a bigger brain than a person, and it isn't just vanity that makes us
think we are brainier than elephants. Tyrannosaurus's brain was not much
smaller than ours, but all dinosaurs are regarded as small-brained, slow-witted
creatures. What makes us cleverer is that we have bigger brains for our size than
dinosaurs. But what, more precisely, does 'for our size' mean?

There are mathematical methods of correcting for absolute size, and expres-
sing an animal's brain size as a function of how big it 'ought to be' given its body
size. This is a topic worthy of a tale in its own right, and Homo habilis, handyman,
from his uneasy vantage point straddling the brain-size 'rubicon', will tell it.

The Handyman's Tale

We want to know whether the brain of a particular creature such as Homo
habilis is larger or smaller than it 'ought' to be, given that animal's body size. We
accept (slightly unwillingly in my case but I'll let it pass) that large animals just
have to have large brains and small animals small brains. Making allowance for
this, we still want to know whether some species are 'brainier' than others. So,
how do we make allowance for body size? We need a reasonable basis for
calculating the expected brain size of an animal from its body size, so that we
can decide whether the actual brain of a particular animal is larger or smaller
than expected.

In our pilgrimage to the past, we happen to have met the problem in connec-
tion with brains, but similar questions can arise with respect to any part of the
body. Do some animals have larger (or smaller) hearts, or kidneys, or shoulder-
blades than they 'ought' to have for their size? If so, this might suggest that
their way of life makes special demands on the heart (kidney or shoulderblade).
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It is the line that mini-
mises the sum of the
squares of the distances
of the points from it.

Log-log plot of brain mass
against body mass for dif-
ferent species. Adapted
from Martin [185].

How do we know what size any bit of an animal 'ought' to be, given that we
know its total body size? Note that 'ought to be' doesn't mean 'needs to have for
functional reasons'. It means 'would be expected to have, knowing what com-
parable animals have'. Since this is the Handyman's Tale, and since the Handy-
man's most surprising feature is his brain, we'll go on using brains for the sake
of discussion. The lessons we learn will be more general.

We begin by making a scatter plot of brain mass against body mass for a large
number of species. Each symbol on the graph below (from my colleague the
distinguished anthropologist Robert Martin) represents one species of living
mammal — 309 of them, ranging from the smallest to the largest. In case you
are interested, Homo sapiens is the point with the arrow, and the one immedi-
ately next to us is a dolphin. The heavy black line drawn through the middle of
the points is the straight line that, according to statistical calculation, gives the
best fit to all the points."”

log brain mass (mg)

log body mass (g)

A slight complication, which will make sense in a moment, is that things
work better if we make the scales of both axes logarithmic, and that is how this
graph was made. We plot the logarithm of an animal's brain mass against the
logarithm of its body mass. Logarithmic means that equal steps along the
bottom of the graph (or equal steps up the side) represent multiplications by
some fixed number, say ten, rather than additions of a number, as in an
ordinary graph. The reason ten is convenient is that we can then think of a
logarithm as a count of the number of noughts. If you have to multiply a
mouse's mass by a million to get an elephant's, this means you have to add six
noughts to the mouse's mass: you have to add six to the logarithm of the one, to
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get the logarithm of the other. Halfway between them on the logarithmic scale
- three noughts — lies an animal that weighs a thousand times as much as a
mouse, or a thousandth of an elephant: a person, perhaps. Using round
numbers like a thousand and a million is just to make the explanation easy.
"Three and a half noughts' means somewhere between a thousand and ten
thousand. Note that 'halfway between' when we are counting noughts is a very
different matter from halfway between when we are counting grams. This is all
taken care of automatically by looking up the logarithms of the numbers.
Logarithmic scales call on a different kind of intuition from simple arithmetic
scales, which is useful for different purposes.

There are at least three good reasons for using a logarithmic scale. First, it
makes it possible to get a pygmy shrew, a horse and a blue whale on the same
graph without needing a hundred yards of paper. Second, it makes it easy to
read off multiplicative factors, which is sometimes what we want to do. We
don't just want to know that we have a bigger brain than we should have for our
body size. We want to know that our brain is, say, six times as big as it 'should'
be. Such multiplicative judgements can be read directly off a logarithmic graph:
that is what logarithmic means. The third reason for preferring logarithmic
scales takes a little longer to explain. One way of putting it is that it makes our
scatterpoints fall along straight lines instead of curves, but there is more to it
than that. Let me try to explain to my fellow dysnumerics.

Suppose you take an object like a sphere or a cube, or indeed a brain, and you
inflate it evenly so it is still the same shape but ten times the size. In the case of
the sphere, this means ten times the diameter. In the case of the cube, or the
brain, it means ten times the width (and height and depth). In all these cases of
proportionate scaling up, what will happen to the volume? It will not be ten
times as great — it will be a thousand times as great! You can prove it for cubes
if you imagine stacking sugar lumps. The same applies to uniformly inflating
any shape you like. Multiply length by ten and, provided the shape doesn't
change, you automatically multiply volume by a thousand. In the special case of
a tenfold inflation, this is equivalent to adding three noughts. More generally,
volume is proportional to the third power of length, and the logarithm is
multiplied by three.

We can do the same sort of calculation for area. But area increases in
proportion to the second power of length rather than the third power. Not for
nothing is raising to the second power called squaring while raising to the third
power is called cubing. The volume of a sugar lump determines how much sugar
there is, and what it costs. But how fast it dissolves will be determined by its
surface area (not a simple calculation because, as it dissolves, the remaining sur-
face area will shrink more slowly than the volume of sugar remaining). When
you uniformly inflate an object by doubling its length (width, etc.), you multiply
the surface area by 2 x 2 = 4. Multiply its length by ten, and you multiply the
surface area by 10 x 10 = 100 or add two noughts to the number. The logarithm
of area increases as double the logarithm of length, while the logarithm of
volume increases as treble the logarithm of length. A two-centimetre sugar
lump will contain eight times as much sugar as a one-centimetre lump, but it
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will release that sugar into the tea only four times as fast (at least initially),
because it is the surface of the lump that is exposed to the tea.

Now imagine that we make a scatter plot of sugar lumps of a wide range of
sizes, with mass of lump (proportional to volume) along the bottom axis, and
(initial) rate of dissolving up the side of the graph (assumed proportional to
area). In a non-logarithmic graph, the points will fall along a curved line, which
will be quite hard to interpret and not very helpful. But if we plot the logarithm
of mass against the logarithm of initial dissolving rate, we shall see something
much more informative. For every threefold increment of log mass, we shall see
a doubling of log surface. On the log-log scale, the points will not fall along a
curve, they will fall along a straight line. What is more, the slope of the straight
line will mean something very precise. It will be a slope of two-thirds: for every
two steps along the area axis, the line takes three steps along the volume axis.
For every doubling of the logarithm of area, the logarithm of volume is tripled.
Two-thirds is not the only informative slope of line we might see in a log-log
plot. Plots of this kind are informative because the slope of the line gives us an
intuitive feel for what is going on vis-a-vis such things as volumes and areas.
And volumes and areas and the complicated relationships between them are
extremely important in understanding living bodies and their parts.

I am not particularly mathematical — that's putting it mildly — but even I can
see the fascination of this. And it gets better, because the same principle works
for all shapes, not just tidy ones like cubes and spheres, but complicated shapes
like animals and bits of animals such as kidneys and brains. All that is required
is that size change should come about by simple inflation or deflation without a
change of shape. This gives us a sort of null-expectation, against which to com-
pare real measurements. If one species of animal is 10 times the length of
another, its mass will be 1,000 times as great, but only if the shapes are the same.
In fact, shape is very likely to have evolved to be systematically different as you
go from small animals to large, and we can now see why.

Big animals need to be a different shape from small animals, if only because
of the area/volume scaling rules we have just seen. Ifyou turned a shrew into an
elephant just by inflating it, retaining the same shape, it wouldn't survive.
Because it is now about a million times heavier, a whole lot of new problems
arise. Some of the problems an animal faces depend upon volume (mass). Others
depend on area. Still others depend on some complicated function of the two,
or on some different consideration altogether. Like a sugar lump's rate of dis-
solving, an animal's rate of losing heat, or of losing water through the skin, will
be proportional to the area that it presents to the outside world. But its rate of
generating heat is probably more related to the number of cells in the body,
which is a function of volume.

A shrew scaled up to elephant size would have spindly legs that would break
under the strain, and its slender muscles would be too weak to work. The
strength of a muscle is proportional not to its volume but to its cross-sectional
area. This is because muscular movement is the summed movement of millions
of molecular fibres, sliding past each other in parallel. The number of fibres you
can pack into a muscle depends upon the area of its cross-section (second power
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of linear size). But the task that the muscle has to perform — supporting an
elephant, say — is proportional to the mass of the elephant (third power of
linear size). So, the elephant needs proportionately more muscle fibres than a
shrew, in order to support its mass. Therefore the cross sectional area of
elephant muscles needs to be larger than you'd expect from simple scaling up,
and the volume of muscle in an elephant must be more than you'd expect from
simple scaling up. For different partic-
ular reasons, the conclusion is similar
for bones. This is why large animals
like elephants have massive tree-trunk
shaped legs. Galileo was one of the first
to realise this, although his diagram
exaggerates the true effect.

Suppose an elephant-sized animal is
100 times as long as a shrew-sized
animal. With no change of shape, the area of its outer skin would be 10,000
times as great as the shrew's and its volume and mass a million times as great.
If touch-sensitive cells are equally spaced through the skin, the elephant will
need 10,000 times as many of them, and the part of the brain that services them
will perhaps need to be scaled in proportion. The total number of cells in the
elephant's body will be a million times as great as in the shrew, and they'll all
have to be serviced by capillary blood vessels. What does this do to the number
of miles of blood vessel that we expect in a large animal, as distinct from a small
one? That's a complicated calculation, and one that we'll return to in a later
tale. For the moment, it is enough for us to understand that when we calculate
it we cannot ignore these scaling rules for volumes and areas. And the logarith-
mic plot is a good method for getting intuitive clues to such things. The main
conclusion is that, as animals get larger or smaller in evolution, we positively
expect their shape to change in predictable directions.

We got into this through thinking about brain size. We can't just compare
our brains with those of Homo habilis, Australopithecus or any other species
without making allowance for body size. We need some index of brain size
which makes allowance for body size. We can't divide brain size by body size,
though that would be better than just comparing absolute brain sizes. A better
way is to make use of the logarithmic plots we have just been discussing. Plot
the logarithm of brain mass against the logarithm of body mass for lots of
species of different sizes. The points will probably fall around a straight line, as
indeed they do in the graph on page 70. If the slope of the line is 1/1 (brain size
exactly proportional to body size) it will suggest that each brain cell is capable
of servicing some fixed number of body cells. A slope of 2/3 would suggest that
brains are like bones and muscles: a given volume of body (or number of body
cells) demands a certain surface area of brain. Some other slope would need yet a
different interpretation. So, what is the actual slope of the line?

It is neither 1/1 nor 2/3 but something in between. To be exact, it is a remark-
ably good fit to 3/4. Why 3/4? Well, that is a tale in itself, which will be told, as
you will no doubt have guessed, by the cauliflower (well, a brain does look a bit
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m We have to take account

t

of such things when
reconstructing extinct
animals. The great
Victorian anatomist
Richard Owen described
an extinct Australian
marsupial carnivore,
and named it Tkylacoko
because he thought it
was the size of a lion. It
was then found that its
brain was only the size
of a leopard's, so people
started reconstructing
the whole animal as
leopard-sized. But then
they realised that mar-
supials in general have
smaller brains for their
size than placental
mammals. So, if this
marsupial had a
leopard-sized brain it
probably had a lion-
sized body, and Owen
was right after all,
Much the same applies
to 1Q. It is «t) an abso-
lute measure of intelli-
gence. Rather, your IQ
reflects how much more
{or less) intelligent you
are than the average for
a particular population,
that average being
standardised at 100, My
1Q if standardised
against the background
population of Oxford
University would be
lower than if standard-
ised against the back-
ground population of
England. Hence the joke
about the politician
lamenting the fact that
half the population has
an IQless than 100.

like a cauliflower). Without pre-empting the Cauliflower's Tale, I will just say
that the 3/4 slope is not special to brains, but crops up all over the place in all
sorts of living creatures, including plants like cauliflowers. Applied to brain
size, and with the intuitive rationale that must wait for the Cauliflower's Tale,
this observed line, with its 3/4 slope, is the meaning we are going to attach to
the word 'expect' as it was used in the opening paragraphs of this tale.

Although the points cluster about the 'expected' straight line of slope 3/4, not
all the points fall exactly on the line. A 'brainy' species is one whose point on the
graph falls above the line. Its brain is larger than 'expected’ for its body size. A
species whose brain is smaller than 'expected' falls below the line. The distance
above, or below, the line, is our measure of how much bigger than 'expected', or
smaller, it is. A point that falls exactly on the line represents a species whose
brain is exactly the size expected for its body size.

Expected on what assumption? On the assumption that it is typical of the set
of species whose data contributed to calculating the line. So, if the line was
calculated from a representative range of land vertebrates, from geckos to
elephants, the fact that all mammals fall above the line (and all reptiles below)
means that mammals have bigger brains than you would 'expect' of a typical
vertebrate. If we calculate a separate line from a representative range of mam-
mals, it will be parallel to the vertebrate line, still with a slope of 3/4, but its
absolute height will be higher. A separate line calculated from a representative
range of primates (monkeys and apes) will be higher again, but still parallel
with a slope of 3/4. And Homo sapiens is higher than any of them.

The human brain is 'too' big, even by the standards of primates, and the
average primate brain is too big by the standards of mammals generally. For
that matter, the average mammal brain is too big by the standards of ver-
tebrates. Another way to say all this is that the scatter of points in the vertebrate
graph is wider than the scatter of points on the mammal graph, which is in turn
wider than the primate scatter which it includes. The xenarthran scatter of
points on the graph (xenarthrans are an order of South American mammals,
including sloths, anteaters and armadillos) sits below the average of mammals,
of which the xenarthran scatter forms a part.*

Harry Jerison, the father of fossil brain size studies, proposed an index, the
Encephalisation Quotient or EQ, as a measure of how much bigger, or smaller,
the brain of a particular species is than it 'should' be for its size, given that it is
a member of some larger grouping, such as the vertebrates or the mammals.
Notice that the EQ. requires us to specify the larger group which is being used as
the baseline for comparison. The EQ.of a species is its distance above, or below,
the average line for the specified larger grouping. Jerison thought the slope of
the line was 2/3, whereas modern studies agree that it is 3/4, so Jerison's own
estimates of EQhave to be amended accordingly, as was pointed out by Robert
Martin. When this is done, it turns out that the modern human brain is about
six times as big as it should be, for a mammal of equivalent size (the EQ. would
be larger, if calculated against the standard of the vertebrates as a whole, rather
than the mammals as a whole. And it would be smaller if calculated against the
standard of primates as a whole).” A modern chimpanzee's brain is about twice
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the size it should be for a typical mammal, and so are the brains of australo-
pithecines. Homo habilis and Homo erectus, the species that are probably inter-
mediate in evolution between Australopithecus and ourselves, are also
intermediate in brain size. Both have an EQ. of about 4, meaning that their
brains were about four times as big as they should have been for a mammal of
equivalent size.

The graph shows an estimate of EQ, the 'braininess index', for various fossil
primates and ape-men, as a function of the time at which they lived. With
considerable pinches of salt you could read it as a rough graph of decreasing
braininess as we go backwards in evolutionary time. At the top of the graph is
modern Homo sapiens with an EQ_of 6, meaning our brain is six times as heavy
as it 'should' be for a typical mammal of our size. At the bottom of the graph are
fossils who might possibly represent something like Concestor 5, our common
ancestor with the Old World monkeys. Their estimated EQwas about 1, mean-
ing they had a brain which would be 'about right' for a typical mammal of their
size today. Intermediate on the graph are various species of Australopithecus and
Homo who might be close to our ancestral line at the time they lived. The drawn
line is, once again, the straight line which best fits the points on the graph.

1 advised pinches of salt, and let me raise that to ladles of salt. The EQ

H. erectus

H, sapiens H. habilis

A. afarensis
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'braininess' index is calculated from two measured quantities, the brain mass
and the body mass. In the case of fossils, both these quantities have to be
estimated from the fragments that have come down to us, and there is a huge
margin of error, especially in the estimation of body mass. The point on the
graph for Homo habilis shows it as 'brainier' than Homo erectus. 1 don't believe
this. The absolute brain size of H. erectus is undeniably larger. The inflation of the
H. habilis EQ comes from the much lower estimated body mass. But to get an
idea of the margin of error, think of the enormous range of body mass in
modern humans. EQas a measure is extremely sensitive to error in measuring
body mass, which is raised, remember, to a power in the EQ formula. So, the
scatter of points about the line largely reflects erratic estimation of body mass.
On the other hand, the trend over time, as represented by the line, is probably
real. The methods explained in this tale, in particular the estimates of EQin the
graph at the end, bear out our subjective impression that one of the most im-
portant things that has happened during the last 3 million years of our evolu-
tion was the ballooning of our already large primate brain. The next obvious
question is why. What Darwinian selection pressure drove the enlargement of
the brain during the past three million years?

Because it happened after we rose up on our hind legs, some people have
suggested that brain inflation was driven by the freeing of the hands and the
opportunity this offered for precision-controlled manual dexterity. In a general
way I find this a plausible idea, though no more than several others that have
been offered. But the enlargement of the human brain looks, as evolutionary
trends go, explosive. I think inflationary evolution demands a special kind of
inflationary explanation. In Unweaving the Rainbow, in the chapter called 'The
Balloon of the Mind', I developed this inflationary theme in a general theory of
what I called 'software-hardware co-evolution'. The computer analogy is with
software innovations and hardware innovations triggering each other in an
escalating spiral. Software innovations demand an escalation in hardware,
which in turn provokes an escalation in software, and so the inflation gathers
pace. In the brain, my candidates for the kind of thing I meant by a software
innovation were language, spoor-tracking, throwing, and mémes. One theory of
brain inflation that I didn't do justice to in my earlier book was sexual selection,
and it is for this reason alone that I shall give it special prominence later in this
book.

Could the enlarged human brain, or rather its products such as body paint-
ing, epic poetry and ritual dances, have evolved as a kind of mental peacock's
tail? I have long had a soft spot for the idea, but nobody developed it into a
proper theory until Geoffrey Miller, a young American evolutionary psychol-
ogist worldng in England, wrote his book, The Mating Mind. We shall hear this
idea in the Peacock's Tale, after the bird pilgrims join us at Rendezvous 16.
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APE-MEN

The popular literature on human fossils is hyped up with alleged ambition to
discover the 'earliest' human ancestor. This is silly. You can ask a specific
question like "Which was the earliest human ancestor to walk habitually on two
legs?' Or 'Which was the first creature to be our ancestor and not the ancestor
of a chimpanzee?' Or 'Which was the earliest human ancestor to have a brain
volume larger than 600 cc?' Those questions at least mean something in prin-
ciple, although they are hard to answer in practice and some of them suffer from
the vice of erecting artificial gaps in a seamless continuum. But 'Who was the
earliest human ancestor?' means nothing at all.

More insidiously, the competition to find human ancestors means that new
fossil discoveries are touted as on the 'main' human line whenever remotely
possible. But as the ground yields up more and more fossils, it becomes increas-
ingly clear that, during most of hominid history, Africa housed several species
of hominid simultaneously. This has to mean that many fossil species now
thought of as ancestral will turn out to be our cousins.

At various times since Homo first appeared in Africa, it shared the continent
with more robust hominids, perhaps several different species of them. As usual
their affinities, and the exact number of species, are hotly disputed. Names that
have been attached to various of these creatures (we met them in the graph at
the end of the Handyman's Tale) are Australopithecus (or Paranthropus) robustus,
Australopithecus (or Paranthropus or Zinjanthropus) boisei, and Australopithecus (or
Paranthropus) aethiopicus. They seem to have evolved from more 'gracile' apes
(gracile being the opposite of robust). The gracile apes are also placed in the
genus Australopithecus, and we too almost certainly emerged from among gracile
australopithecine ranks. Indeed, it is often difficult to distinguish early Homo
from gracile australopithecines — which prompted my diatribe on the naming
conventions that place them in separate genera.

The immediate ancestors of Homo would be classified as some kind of gracile
australopithecine. Let's look at some of the gracile fossils. Mrs Pies is one for
whom I have had special affection ever since the Transvaal Museum in Pretoria
presented me with a beautiful cast of her skull, on the fiftieth anniversary of her
discovery at Sterkfontein nearby, when I gave the Robert Broom Memorial Lec-
ture in honour of her discoverer. She lived about 2.5 million years ago. Her nick-
name comes from the genus, Plesianthropus, to which she was originally assigned
before people decided to incorporate her into Australopithecus; and from the fact
that she was thought (perhaps erroneously as is now suspected) to be female.
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Lucy in the sky with
diamonds

The record was playing
in the camp when this
famous skeleton was
discovered by Donald
Johanson and his col-
leagues in 1974 at Hadar,
in the Afar desert region
of Ethiopia. Her pro-
portions suggest that
she probably walked
bipedally, though with
hip and knees bent.

Individual fossil hominids often pick up pet names like this. 'Mr Pies', naturally,
is a more recently discovered fossil from Sterkfontein who is in the same species
as Mrs Pies, Australopithecus africanus. Fossils with other nicknames include 'Dear
Boy', a robust australopithecine also known as 'Zinj' because he was originally
named Zinjanthropus boisei, 'Little Foot' (see below) and the famous Lucy, to
whom we now turn.

We meet Lucy as our time machine's odometer touches 3.2 million years.
Another gracile australopithecine, she is often mentioned because her species,
Australopithecus afarensis, is a hot contender for a human ancestor. Her
discoverers, Donald Johanson and his colleagues, also found fossils of 13
similar individuals in the same area, known as the 'First Family'. Other
'Lucys' have since been found between about 3 and 4 million years ago in other
parts of East Africa. The 3.6-million-year-old footprints discovered by Mary
Leakey at Laetoli (page 66) are attributed to A. afarensis. Whatever the Latin
name, evidently somebody was walking bipedally at that time. Lucy is not
greatly different from Mrs Pies, and some people think of Lucys as an
earlier version of Mrs Pies. They are anyway more like each other than
either is like the robust australopith-ecines. Early East African Lucys are said
to have a slightly smaller brain than later South African Mrs Pleses, but
there isn't much in it. Their brains were no more different from each other
than some modern human brains are from other modern human brains.

As we have come to expect, the more recent afarensis individuals such as
Lucy are slightly different from the earliest 3.9 million year old afarensis forms.
Differences collect over time and, as we emerge from our time machine 4
million years ago, we find more creatures who might well be ancestral to Lucy
and her kin, but who are sufficiently different, in the direction of being more
chimpanzee-like, to merit a different species name. Discovered by Meave
Leakey and her team, these Australopithecus anamensis consist of more than 80
fossils from two different sites near Lake Turkana. No intact skull has been
found, but there is a splendid lower jaw which plausibly could belong to an
ancestor of ours.

But the most exciting discovery from this time period, and a good reason for
calling a temporary halt here, is a fossil yet to be fully described in print. Affec-
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tionately known as Little Foot, this skeleton from the Sterkfontein caves of
South Africa was originally dated to about three million years ago, but has
recently been redated to just over four million. Its discovery is a piece of detec-
tive work worthy of a Conan Doyle story. Bits of Little Foot's left foot were dug
up from Sterkfontein in 1978, but the bones were stored away, unremarked and
unlabelled, until 1994 when the palacontologist Ronald Clarke, working under
the direction of Phillip Tobias, accidentally rediscovered them in a box in the
shed used by workers at the Sterkfontein cave. Three years later, Clarke chanced
upon another box of bones from Sterkfontein, in a store room at Witwatersrand
University. This box was labelled 'Cercopithecoids'. Clarke had an interest in this
kind of monkey, so he looked in the box and was delighted to notice a hominid
foot bone in amongst the monkey bones. Several foot and leg bones in the box
seemed to match the bones previously found in the Sterkfontein shed. One was
half a right shinbone, broken across. Clarke gave a cast of the shinbone to two
African assistants, Nkwane Molefe and Stephen Motsumi, and asked them to
return to Sterkfontein and look for the other half.

The task I had set them was like looking for a needle in a haystack as the grotto is
an enormous, deep, dark cavern with breccia exposed on the walls, floor and
ceiling. After two days of searching with the aid of hand-held lamps, they found
iton 3 July 1997.

Molefe and Motsumi's jigsaw feat was the more astonishing because the bone
that fitted their cast was

at the opposite end to where we had previously excavated. The fit was perfect,
despite the bone having been blasted apart by lime workers 65 or more years
previously. To the left of the exposed end of the right tibia could be seen the
section of the broken-off shaft of the left tibia, to which the lower end of the left
tibia with foot bones could be joined. To the left of that could be seen the broken-
off shaft of the left fibula. From their positions with the lower limbs in correct
anatomical relationship, it seemed that the whole skeleton had to be there, lying
face downwards.

Actually, it wasn't quite there but, after pondering the geological collapses in
the area, Clarke deduced where it must be and, sure enough, Motsumi's chisel
found it there. Clarke and his team were indeed lucky, but here we have a first-
class example of that maxim of scientists since Louis Pasteur: 'Fortune favours
the prepared mind.'

Little Foot is still to be fully excavated, described and formally named, but
preliminary reports suggest a spectacular find, rivalling Lucy in completeness
but older. Although more human-like than chimpanzee-like, the big toe is more
divergent than our toes. This might suggest that Little Foot grasped tree boughs
with its feet in a way that we cannot. Although it almost certainly walked biped-
ally, it probably climbed too and walked with a different gait from us. Like other
australopithecines, it may have spent time in trees, perhaps bivouacking in
them at night like modern chimpanzees.

Having paused at the 4-million-year milestone, let's take a quick peek at the
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some people distinguish

asecond species,
Ardipithmis kadabba.

journey yet to unfold. There are some fragmentary remains of a possibly bipedal
Australopithecus-like creature even further back in time, about 4.4 million years
ago. Tim White and his colleagues discovered it in Ethiopia, quite close to Lucy's
last resting place. They named it Ardipithecus ramidus* although some prefer to
keep it in the genus Australopithecus. No skull of Ardipithecus has so far been

found, but its teeth suggest that it was more chimpanzee-like than any later
humans. Its tooth enamel was thicker than that of chimpanzees, but not as
thick as ours. A few isolated cranial bones have been found, and these indicate
that the skull rested on top of the vertebral column, as in us, rather than in
front of it, as in chimpanzees. This suggests a vertical stance, and such foot bones
as have been found support the idea that Ardipithecus was bipedal.
Bipedality separates humans from the rest of the mammals so dramatically that
I feel it deserves a tale to itself. And who better fitted to tell it than Little Foot?

Little Foot's Tale

It isn't particularly helpful to dream up reasons why walking on two legs might
be generally a good thing. If it were, the chimps would do it too, to say nothing
of other mammals. There is no obvious reason for saying that either bipedal or
quadrupedal running is faster or more efficient than the other. Galloping
mammals can be astonishingly fleet, using the up-and-down flexibility of the
backbone to achieve — among other benefits — a lengthened effective stride. But
ostriches show that a man-like bipedal gait can be a match for a quadrupedal
horse. Indeed a top human sprinter, though noticeably slower than a horse or
dog (or ostrich or kangaroo, for that matter), is not disgracefully slow. Quadru-
pedal monkeys and apes are generally undistinguished runners, perhaps
because their bodily designs have to compromise with the needs of a climber.
Even baboons, which normally forage and run on the ground, resort to the trees
to sleep and as a defence against predators, but baboons can run fast when they
need to.

So, when we ask why our ancestors rose up on their hind legs, and when we
imagine the quadrupedal alternative that we forsook, it is unfair to 'think
cheetah', or anything like it. When our ancestors first stood up, there was no
overwhelmingly strong advantage in efficiency or speed. We should look else-
where for the natural selection pressure which drove us to this revolutionary
change in gait.

Like some other quadrupeds, chimpanzees can be trained to walk bipedally,
and they often do it anyway over short distances. So it probably wouldn't be
insuperably difficult for them to make the switch if there were strong benefits
to doing so. Orang utans are even better at it. Wild gibbons, whose fastest
method of locomotion is brachiation — swinging under the boughs by their
arms — also run across clearings on their hind legs. Some monkeys rise upright,
to peer over long grass or to wade through water. A lemur, Verreaux's sifaka,
although it lives mainly in trees where it is a spectacular acrobat, 'dances' across
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the ground between trees on its hind legs, the arms held up with balletic grace.
Doctors sometimes ask us to run on the spot in a mask, so they can measure
our oxygen consumption and other metabolic indices when we are exerting
ourselves. In 1973 some American biologists, C. R. Taylor and V. J. Rowntree, did
this with trained chimpanzees and capuchin monkeys, running on a treadmill.
By making the animals run the treadmill either on four legs or on two (they
were given something to hold on to), the researchers could compare the oxygen
consumption and efficiency of the two gaits. They expected that quadrupedal
running would be more efficient. This, after all, is what both species naturally
do, and it is what their anatomy fits them for. Maybe bipedalism was helped
by the fact that they had something to hold on to. In any case, the result
was otherwise. There was no significant difference between the oxygen con-
sumption of the two gaits. Taylor and Rowntree concluded that:

The relative energy cost of bipedal versus quadrupedal running should not be
used in arguments about the evolution of bipedal locomotion in man.

Even if this is an exaggeration, it should at least encourage us to look elsewhere
for possible benefits of our unusual gait. It arouses the suspicion that, whatever
non-locomotor benefits of bipedality we might propose as drivers of its evolu-
tion, they probably did not have to fight against strong locomotor costs.

What might a non-locomotor benefit look like? A stimulating suggestion is
the sexual selection theory of Maxine Sheets-Johnstone, of the University of
Oregon. She thinks we rose on our hind legs as a means of showing off our
penises. Those of us that have penises, that is. Females, in her view, were doing
it for the opposite reason: concealing their genitals which, in primates, are more
prominently displayed on all fours. This is an appealing idea but I don't carry a
torch for it. I mention it only as an example of the kind of thing I mean by a non-
locomotor theory. As with so many of these theories, we are left wondering why
it would apply to our lineage and not to other apes or monkeys.

A different set of theories stresses the freeing of the hands as the really
important advantage of bipedality. Perhaps we rose on our hind legs, not because
that is a good way of getting about, but because of what we were then able to do
with our hands — carry food, for instance. Many apes and monkeys feed on plant
matter that is widely available but not particularly rich or concentrated, so you
must eat as you go, more or less continuously like a cow. Other kinds of food
such as meat or large underground tubers are harder to acquire but, when you
do find them, they are valuable — worth carrying home in greater quantity than
you can eat. When a leopard makes a kill, the first thing it normally does is drag
it up a tree and hang it over a branch, where it will be relatively safe from
marauding scavengers and can be revisited for meals. The leopard uses its
powerful jaws to hold the carcass, needing all four legs to climb the tree. Having
much smaller and weaker jaws than a leopard, did our ancestors benefit from
the skill of walking on two legs because it freed their hands for carrying food —
perhaps back to a mate or children, or to trade favours with other companions,
or to keep in a larder for future needs?
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There is a well-
developed theory of
reciprocal altruism in
Darwinism, beginning
with the pioneering
work of Robert Trivers
and continuing with
the modelling of Robert
Axelrod and others.
Trading favours, with
delayed repayment.
really works. My own
exposition of it is in The
Selfish Gene, especially
the second edition.

Incidentally the latter two possibilities may be closer to each other than they
appear. The idea (I attribute this inspired way of expressing it to Steven Pinker)
is that before the invention of the freezer the best larder for meat was a com-
panion's belly. How so? The meat itself is no longer available, of course, but the
goodwill it buys is safe in long-term storage in a companion's brain. Your
companion will remember the favour and repay it when fortunes are reversed."
Chimpanzees are known to share meat for favours. In historic times, this kind
of i.0.u. became tokenised as money.

A particular version of the 'carrying food home' theory is that of the
American anthropologist Owen Lovejoy. He suggests that females would often
have been hampered in their foraging by nursing infants, therefore unable to
travel far and wide looking for food. The consequent poor nutrition and poor
milk production would have delayed weaning. Suckling females are infertile.
Any male who feeds a nursing female accelerates the weaning of her current
child and brings her into receptiveness earlier. When this happens, she might
make her receptiveness especially available to the male whose provisioning
accelerated it. So, a male who can bring lots of food home might gain a direct
reproductive advantage over a rival male who just eats where he finds. Hence
the evolution of bipedalism to free the hands for carrying.

Other hypotheses of bipedal evolution invoke the benefits of height, perhaps
standing upright to look over the long grass; or to keep the head above water
while wading. This last is the imaginative 'aquatic ape' theory of Alister Hardy,
ably championed by Elaine Morgan. Another theory, favoured by John Reader in
his fascinating biography of Africa, suggests that upright posture minimises
exposure to the sun, limiting it to the top of the head which is consequently
furnished with protective hair. Moreover, when the body is not hunched close to
the ground, it can lose heat more rapidly.

My colleague the distinguished artist and zoologist Jonathan Kingdon has
centred a whole book, Lowly Origin, around the question of the evolution of
human bipedality. After a lively review of 13 more-or-less distinct hypotheses,
including the ones I have mentioned, Kingdon advances his own sophisticated
and multifaceted theory. Rather than seek an immediate benefit of walking up-
right, Kingdon expounds a complex of quantitative anatomical shifts which
arose for some other reason, but which then made it easier to become bipedal
(the technical term for this kind of thing is pre-adaptation). The pre-adaptation
that Kingdon proposes is what he calls squat feeding. Squat feeding is familiar
from baboons in open country, and Kingdon visualises something similar in our
ape ancestors in the forest, turning over stones or leaf litter for insects, worms,
snails and other nutritious morsels. To do this effectively they would have had
to undo some of their adaptations to living up trees. Their feet, previously hand-
like for gripping branches, would have become flatter, forming a stable plat-
form for squatting on the haunches. You will already be getting a glimmering of
where the argument is going. Flatter, less hand-like feet for squatting are later
going to serve as pre-adaptations for upright walking. And you will, as usual,
understand that this apparently purposeful way of talking — they had to 'undo’
their tree-swinging adaptations, etc. — is a shorthand which is easily translated
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into Darwinian terms. Those individuals whose genes happened to make their
feet more suitable for squat feeding survived to pass on those genes because
squat feeding was efficient and aided their survival. I shall continue to employ
the shorthand because it chimes with the way humans naturally think.

A tree-swinging, 'brachiating' ape could fancifully be said to walk upside
down under the branches — run and leap in the case of an athletic gibbon —
using the arms as its 'legs' and the shoulder girdle as its 'pelvis'. Our ancestors
probably passed through a brachiating phase, and the true pelvis consequently
became rather inflexibly bound to the trunk by long blades of bone, which form
a substantial part of a rigid trunk that can be swung as a single unit. Much of
this, according to Kingdon, would have needed to change, to make an efficient
squat feeder out of an ancestral brachiator. Not all, however. The arms could
have remained long. Indeed, long brachiating arms would have been a positively
beneficial 'pre-adaptation’, increasing the reach of the squat feeder and de-
creasing the frequency with which it had to shuffle to a new squatting position.
But the massive, inflexible, top-heavy ape trunk would have been a disadvan-
tage in a squat feeder. The pelvis would have needed to free itself and become
less rigidly tied to the trunk, and its blades would have shrunk — to more human
proportions. This, to anticipate the later stages of the argument again (you
might say that anticipation is what a pre-adaptation argument is all about) just
happens to make a better pelvis for bipedal walking. The waist became more
flexible, and the spine was held more vertically, to allow the squat-feeding animal
to search all around with its arms, turning on the platform of the flat feet and
the squatting haunches. The shoulders became lighter and the body less top-
heavy. And the point is that these subtle quantitative changes, and the bal-
ancing and compensating shifts that went with them, incidentally had the
effect of'preparing' the body for bipedal walking.

Not for a moment is Kingdon proposing any kind of anticipation of the future.
It is just that an ape whose ancestors were tree-swingers, but which has switched
to squat feeding on the forest floor, now has a body which feels relatively comfort-
able walking on its hind feet. And it would have begun to do this while squat
feeding, shuffling to a new squatting position as the old one became depleted.
Without realising what was happening, squat feeders were, over the genera-
tions, preparing their bodies to feel more comfortable when upright and on two
legs; to feel more awkward on four. I use the word comfortable deliberately. It is
not a trivial consideration. We are capable of walking on all fours like a typical
mammal, but it is uncomfortable: hard work, because of our altered body pro-
portions. Those proportional changes which now make us feel comfortable on
two legs originally came about, Kingdon suggests, in the service of a minor shift
in food habits — to squat feeding.

There is much more in Jonathan Kingdon's subtle and complex theory, but I
will now recommend his book, Lowly Origin, and move on. My own slightly way-
out theory of bipedality is very different but not incompatible with his. Indeed,
most of the theories of human bipedality are mutually compatible, with the
potential to assist rather than oppose one another. As in the case of the enlarge-
ment of the human brain, my tentative suggestion is that bipedality may have
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evolved through sexual selection, so again I postpone the matter to the
Peacock's Tale.

Whatever theory we believe about the evolutionary origins of human bi-
pedality, it subsequently turned out to be an extremely important event. In
former times it was possible to believe, as respected anthropologists did up to
the 1960s, that the decisive evolutionary event that first separated us from the
other apes was the enlargement of the brain. Rising up on the hind legs was
secondary, driven by the benefits of freeing the hands to do the kind of skilled
work which the enlarged brain was now capable of controlling and exploiting.
Recent fossil finds point decisively towards the reverse sequence. Bipedality
came first. Lucy, who lived long after Rendezvous 1, was bipedal, nearly or com-
pletely as bipedal as we are, yet her brain was approximately the same size as a
chimpanzee's. The enlargement of the brain could still have been associated
with the freeing of the hands, but the sequence of events was reversed. If any-
thing it would be the freeing of the hands by bipedal walking that drove the
enlargement of the brain. The manual hardware came first, then the controlling
brainware evolved to take advantage of it, rather than the other way around.

Epilogue to Little Foot's Tale

Whatever the reason for the evolution of bipedality, recent fossil discoveries
seem to indicate that hominids were already bipedal at a date which is pushing
disconcertingly close to Rendezvous 1, the fork between ourselves and chim-
panzees (disconcerting because it seems to leave little time for bipedality to
evolve). In the year 2000, a French team led by Brigitte Senut and Martin
Pickford announced a new fossil from the Tugen Hills, east of Lake Victoria in
Kenya. Dubbed 'Millennium Man', dated at 6 million years and given yet another
new generic name, Orrorin tugenensis was also, according to its discoverers,
bipedal. Indeed, they claim that the top of its femur, near the hip joint, was
more human-like than that of Australopithecus. This evidence, supplemented by
fragments of skull bones, suggested to Senut and Pickford that orrorins are
ancestral to later hominids and that Lucys are not. These French workers go
further and suggest that Ardipithecus might be ancestral to modern chimpan-
zees rather than to us. Clearly we need more fossils to settle these arguments.
Other scientists are sceptical of these French claims, and some doubt that there
is enough evidence to show whether Orrorin was or was not bipedal. If it was,
since 6 million years is approximately the time of the split from chimpanzees
according to molecular evidence, this raises difficult questions about the speed
with which bipedality must have arisen.

If a bipedal Orrorin pushes back alarmingly close to Rendezvous 7, a newly
discovered skull from Chad in southern Sahara, found by another French team
led by Michel Brunet, is even more disturbing to accepted ideas. This is partly
because it is so old, and partly because the site is far to the west of the Rift Valley
(as we shall see, many authorities had thought early hominid evolution confined
to the east of the Rift). Nicknamed Tournai (Hope of Life in the local Goran
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language) its official name is Sahelanthropus tchadensis, after the Sahel region of
the Sahara in Chad where it was found. It is an intriguing skull, looking rather
human from in front (lacking the protruding face of a chimpanzee or gorilla)
but chimpanzee-like from behind, with a chimpanzee-sized braincase. It has an
extremely well-developed brow-ridge, even thicker than a gorilla's, which is the
main reason for thinking Toumai was male. The teeth are rather human-like,
especially the thickness of the enamel which is intermediate between a
chimpanzee's and our own. The foramen magnum (the big hole through
which the spinal cord passes) is placed further forward than in a chimpanzee or
gorilla, suggesting to Brunet himself, though not to some others, that Toumai
was bipedal. Ideally, this should be confirmed by pelvis and leg bones but,
unfortunately, nothing but a skull has so far been found.

There are no volcanic remains in the area to provide radio metric dates, and
Brunet's team had to use other fossils in the area as an indirect clock. These are
compared with already known faunas from other parts of Africa which can be
dated absolutely. The comparison yields a date for Toumai of between 6 and 7
million years. Brunet and his colleagues claim it as older than Orrorin, which has
predictably elicited indignant ripostes from Orrorin's discoverers. One of them,
Brigitte Senut, of the Natural History Museum in Paris, has said that Toumai is
'a female gorilla', while her colleague Martin Pickford described Tournai's canine
teeth as typical 'of a large female monkey'. These were the two, remember, who
(perhaps rightly) wrote off the human credentials of Ardipithecus, another threat
to the priority of their own baby, Orrorin. Other authorities have hailed Toumai
more generously: 'Astonishing.' 'Amazing.' "This will have the impact of a small
nuclear bomb.'

If their discoverers are right that Orrorin and Toumai were bipedal, this poses
problems to any tidy view of human origins. The naive expectation is that
evolutionary change spreads itself uniformly to fill the time available for it. If 6
million years elapsed between Rendezvous 1 and modern Homo sapiens, the
quantity of change ought to be spun out, pro rata one might naively think,
through the 6 million years. But Orrorin and Toumai both lived very close to the
date identified from molecular evidence as that of Concestor 1, the split between
our line and that of chimpanzees. These fossils even pre-date Concestor 1
according to some datings.

Assuming that the molecular and fossil dates are correct, there seem to be
four ways (or some combination from among the four) in which we might
respond to Orrorin and Toumai.
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1 Orrorin and/or Tournai walked on all fours. This is not unlikely, but the
remaining three possibilities assume, for the sake of argument, that it is
wrong. If we accept option 1, the problem just goes away.

2 An extremely rapid burst of evolution occurred immediately after Conces-
tor 1, which itself walked on all fours like a chimpanzee. The more human-
oid Tournai and Orrorin evolved their bipedality so swiftly after Concestor 1
that the separation in dates cannot easily be resolved.

3 Humanoid features such as bipedality have evolved more than once, maybe
many times. Orrorin and Tournai could represent earlier occasions when
African apes experimented with bipedality, and perhaps other human
features too. On this hypothesis, they could indeed predate Concestor 1
while being bipedal, and our own lineage would constitute a later foray
into bipedality.

4 Chimpanzees and gorillas descend from more human-like, even bipedal
ancestors, and have reverted to all fours more recently. On this hypothesis,
Tournai, say, could actually be Concestor 1.

The last three hypotheses all have difficulties, and many authorities are driven
to doubt either the dating, or the supposed bipedality, of Tournai and Orrorin.
But if we accept these for the moment and look at the three hypotheses that
assume ancient bipedality, there is no strong theoretical reason to favour or
disfavour any particular one of them. We shall learn from the Galapagos Finch's
Tale and the Lungflsh's Tale that evolution can be extremely rapid or can be
extremely slow. So Theory 2 is not implausible. The Marsupial Mole's Tale will
teach us that evolution can follow the same path, or strikingly parallel paths, on
more than one occasion. There's nothing particularly implausible, then, about
Theory 3. Theory 4, at first sight, seems the most surprising. We are so used to
the idea that we have risen 'up' from the apes that Theory 4 seems to put the
cart before the horse, and may even insult human dignity into the bargain
(often good for a laugh in my experience). Also there is a so-called law, Dollo's
Law, which states that evolution never reverses itself, and it might seem that
Theory 4 violates it.

The Blind Cave Fish's Tale, which is about Dollo's Law, will reassure us that
this last is not the case. There is nothing in principle wrong with Theory 4.
Chimpanzees really could have passed through a more humanoid, bipedal stage
before reverting to quadrupedal apehood. As it happens, this very suggestion
has been revived by John Gribbin and Jeremy Cherfas, in their two books, The
Monkey Puzzle and The First Chimpanzee. They go so far as to suggest that chim-
panzees are descended from gracile australopithecines (like Lucy), and gorillas
from robust australopithecines (like 'Dear Boy'). For such an in-your-face radical
suggestion, they make a surprisingly good case. It centres on an interpretation
of human evolution which has long been widely accepted, although not without
controversy: people are juvenile apes who have become sexually mature. Or,
putting it another way, we are like chimpanzees who have never grown up.

The Axolotl's Tale explains the theory, which is known as neoteny. To sum-
marise, the axolotl is an overgrown larva, a tadpole with sex organs. In a classic
experiment by Vilém Laufberger in Germany, hormone injections persuaded an
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axolotl to grow into a fully adult salamander of a species that nobody had ever
seen. More famously in the English-speaking world, Julian Huxley later repeated
the experiment, not knowing it had already been done. In the evolution of the
axolotl, the adult stage had been chopped off the end of the life cycle. Under the
influence of experimentally injected hormone, the axolotl finally grew up, and
an adult salamander was recreated, presumably never before seen. The missing
last stage of the life cycle was restored.

The lesson was not lost on Julian's younger brother, the novelist Aldous
Huxley. His After Many a Summer* was one of my favourite novels when I was a
teenager. It is about a rich man, Jo Stoyte, who resembles William Randolph
Hearst and collects objets d'art with the same voracious indifference. His strict
religious upbringing has left him with a terror of death, and he employs and
equips a brilliant but cynical biologist, Dr Sigismund Obispo, to research how to
prolong life in general and Jo Stoyte's life in particular. Jeremy Pordage, a (very)
British scholar, has been hired to catalogue some eighteenth-century manu-
scripts recently acquired as a job lot for Mr Stoyte's library. In an old diary kept
by the Fifth Earl of Gonister, Jeremy makes a sensational discovery which he
imparts to Dr Obispo. The old Earl was hot on the trail of everlasting life (you
have to eat raw fish guts), and there is no evidence that he ever died. Obispo takes
the increasingly fretful Stoyte to England in quest of the Fifth Earl's remains...
and finds him still alive at 200. The catch is that he has finally matured from the
juvenile ape which all the rest of us are into a fully adult ape: quadrupedal,
hairy, repellent, urinating on the floor while humming a grotesquely distorted
vestige of a Mozart aria. The diabolical Dr Obispo, beside himself with gleeful
laughter and evidently acquainted with Julian Huxley's work, tells Stoyte he can
start on the fish guts tomorrow.

Gribbin and Cherfas are in effect suggesting that modern chimpanzees and
gorillas are like the Earl of Gonister. They are humans (or australopithecines,
orrorins or sahelanthropes) who have grown up and become quadrupedal apes
again, like their, and our, more distant ancestors. I never thought the Gribbin/
Cherfas theory was obviously silly. The new findings of very ancient hominids
like Orrorin and Tournai, whose dates push up against our split with chimpan-
zees, could almost justify them in a sotto voce "We told you so'.

Even if we accept Orrorin and Tournai as bipedal, I would not choose with con-
fidence between Theories 2, 3 and 4. And we mustn't forget Theory 1, that they
walked on all fours and the problem goes away, which many people think is the
most plausible. But of course these different theories make predictions about
Concestor 1, our next stopping point. Theories 1,2, and 3 agree in assuming a
chimpanzee-like Concestor 1, walking on all fours, but occasionally rising on
the hind legs. Theory 4 by contrast differs in assuming a more humanoid
Concestor 1. In narrating Rendezvous 1,1 have been forced to make a decision
between the theories. Somewhat reluctantly, I'll go with the majority, and
assume a chimpanzee-like concestor. On to meet it!
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FACING PAGE

‘It has often been

said that no animal
uses any tool'

Common chimpanzee
(Pan troglodytes) using a

stick to 'fish' for termites.

RENDEzvVOUS | CHIMPANZEES

Between 5 and 7 million years ago, somewhere in Africa, we human pilgrims
enjoy a momentous encounter. It is Rendezvous 1, our first meeting with pil-
grims from another species. Two other species to be precise, for the common
chimpanzee pilgrims and the pygmy chimpanzee or bonobo pilgrims have
already joined forces with each other some 4 million years 'before' their
rendezvous with us. The common ancestor we share with them, Concestor 1, is
our 250,000-greats-grandparent — an approximate guess this, of course, like the
comparable estimates that I shall be making for other concestors.

As we approach Rendezvous 1 then, the chimpanzee pilgrims are approaching
the same point from another direction. Unfortunately we don't know anything
about that other direction. Although Africa has yielded up some thousands of
hominid fossils or fragments of fossils, not a single fossil has ever been found
which can definitely be regarded as along the chimpanzee line of descent from
Concestor 1. This may be because they are forest animals, and the leaf litter of
forest floors is not friendly to fossils. Whatever the reason, it means that our
chimpanzee pilgrims are searching blind. Their equivalent contemporaries of
the Turkana Boy, of 1470, of Mrs Pies, Lucy, Little Foot, Dear Boy, and the rest of
'our' fossils — have never been found.

Nevertheless, in our fantasy the chimpanzee pilgrims meet us in some Plio-
cene forest clearing, and their dark brown eyes, like our less predictable ones, are
fixed upon Concestor 1: their ancestor as well as ours. In trying to imagine the
shared ancestor, an obvious question to ask is, is it more like modern chimpan-
zees or modern humans, is it intermediate, or completely different from either?

Notwithstanding the pleasing speculation that ended the previous section —
which I would by no means rule out — the prudent answer is that Concestor 1
was more like a chimpanzee, if only because chimpanzees are more like the rest
of the apes than humans are. Humans are the odd ones out among apes, both
living and fossil. Which is only to say that more evolutionary change has occurred
along the human line of descent from the common ancestor, than along the
lines leading to the chimpanzees. We must not assume, as many laymen do, that
our ancestors were chimpanzees. Indeed, the very phrase 'missing link' is sugges-
tive of this misunderstanding. You still hear people saying things like, 'Well, if
we are descended from chimpanzees, why are there still chimpanzees around?'

So, when we and the chimpanzee/bonobo pilgrims meet at the rendezvous
point, the likelihood is that the shared ancestor that we greet in that Pliocene
clearing was hairy like a chimpanzee, and had a chimpanzee-sized brain.
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Reluctantly to set aside the speculations of the previous
chapter, it probably walked on its hands (knuckles) like a
chimp, as well as its feet. It probably spent some time up
trees, but also lots of time on the ground, maybe squat feed-
ing as Jonathan Kingdon would say. All available evidence
suggests that it lived in Africa, and only in Africa. It probably
used and made tools, following local traditions as modern
chimpanzees still do. It probably was omnivorous, some-
times hunting, but with a preference for fruit.

Bonobos have been seen to kill duikers, but hunting is
more frequently documented for common chimpanzees,
including highly co-ordinated group pursuits of colobus
monkeys. But meat is only a supplement to fruit, which is
the main diet of both species. Jane Goodall, who first dis-
covered hunting and intergroup warfare in chimpanzees,
was also the first to report their now famous habit of
termite fishing, using tools of their own construction.
Bonobos have not been seen to do this, but that may be
because they have been studied less. Captive bonobos read-
ily use tools. Common chimpanzees in different parts of
Africa develop local traditions of tool use. Where Jane
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Goodall's animals on the east side of the range fish for termites, other groups to
the west have developed local traditions of cracking nuts using stone or wood
hammers and anvils. Some skill is required. You have to hit hard enough to break
the kernel but not so hard as to pulp the nut itself.
Although often spoken of as a new and exciting discovery, by the way, nut-
cracking was mentioned by Darwin in Chapter 3 of The Descent of Man (1871):

It has often been said that no animal uses any tool; but the chimpanzee in a state of
nature cracks a native fruit, somewhat like a walnut, with a stone.

The evidence cited by Darwin (a report by a missionary in Liberia in the 1843
issue of the Boston journal of Natural History) is brief and non-specific. It simply
states that 'the Troglodytes niger, or Black Orang of Africa' is fond of a species of
unidentified nut, which 'they crack with stones precisely in the manner of
human beings'.

The especially interesting thing about nutcracking, termite fishing and other
such chimpanzee habits is that local groups have local customs, handed down
locally. This is true culture. Local cultures extend to social habits and manners.
For example, one local group in the Mahale Mountains in Tanzania has a par-
ticular style of social grooming known as the grooming hand clasp. The same
gesture has been seen in another population in the Kibale forest in Uganda. But
it has never been seen in Jane Goodall's intensively studied population at Gombe
Stream. Interestingly, this gesture also spontaneously arose and spread among
a captive group of chimpanzees.

If both species of modern chimpanzee used tools in the wild as we do, this
would encourage us to think that Concestor 1 probably did too. I think it prob-
ably did — even though bonobos have not been seen using tools in the wild, they
are adept tool-users in captivity. The fact that common chimpanzees use differ-
ent tools in different areas, following local traditions, suggests to me that lack
of such a tradition in a particular area should not be taken as negative evidence.
After all, Jane Goodall's Gombe Stream chimpanzees haven't been seen to crack
nuts. Presumably they would, if the West African nut-cracking tradition were
introduced to them. I suspect that the same might be true of bonobos. Maybe
they just haven't been studied enough in the wild. In any case, I think the indi-
cations are strong enough that Concestor 1 made and used tools. This idea is
strengthened by the fact that tool use also occurs in wild orang utans, local
populations again differing in ways that suggest local traditions.*

The present-day representatives of the chimpanzee lineage are both forest
apes, whereas we are savannah apes, more like baboons except, of course, that
baboons are not apes at all but monkeys. Bonobos today are confined to the
forests south of the great curve of the River Congo and north of its tributary the
Kasai. Common chimpanzees inhabit a wider belt of the continent, north of the
Congo, westward to the coast, and extending as far as the Rift Valley in the east.

As we shall see in the Cichlid's Tale, current Darwinian orthodoxy suggests
that usually, in order for an ancestral species to split into two daughter species,
there is an initial, accidental geographical separation between them. Without
the geographical barrier, sexual mixing of the two gene pools keeps them
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together. It is plausible that the great Congo river provided the barrier to gene
flow which assisted the evolutionary divergence of the two chimpanzee species
from each other, two or three million years ago. In the same way, it has been
suggested that the Rift Valley, in the throes of its formation at the time, may
have provided the barrier to gene flow which, further in the past, allowed our
line to separate from that which gave rise to the chimpanzees.

This Rift Valley theory was proposed and supported by the distinguished
Dutch primatologist Adriaan Kortlandt. It became better known when it was
later espoused by the French palacontologist Yves Coppens, and it is now widely
called by the name Coppens gave it, East Side Story. Incidentally, I don't know
what to make of the fact that, in his native France, Yves Coppens is widely cited
as the discoverer of Lucy, even as the 'father' of Lucy. In the English-speaking
world, this important discovery is universally attributed to Donald Johanson.
East Side Story has a hard time dealing with Sahelanthropus ('Tournai') from Chad,
thousands of miles to the west of the Rift Valley. Australopithecus bahrelghazali, a
poorly known australopithecine also discovered in Chad, adds to the problem,
although it is younger.

Whatever I say on this matter will soon be out of date when new fossils are
discovered, so I'll hand over at this point to the bonobo and his tale.

The Bonobo's Tale

The bonobo, Pan paniscus, looks pretty much like a common chimpanzee, Pan
troglodytes, and before 1929 they were not recognised as separate species. The
bonobo, despite its other name of pygmy chimpanzee, which should be aban-
doned, is not noticeably smaller than the common chimpanzee. Its body propor-
tions are slightly different, and so are its habits, and that is the cue for its brief
tale. The primatologist Frans de Waal put it neatly: "The chimpanzee resolves
sexual issues with power; the bonobo resolves power issues with sex...'
Bonobos use sex as a currency of social interaction, somewhat as we use money.
They use copulation, or copulatory gestures, to appease, to assert dominance, to
cement bonds with other troop members of any age or sex, including small
infants. Paedophilia is not a hang-up with bonobos; all kinds of philia seem fine
to them. De Waal describes how, in a group of captive bonobos that he watched,
the males would develop erections as soon as a keeper approached at feeding
time. He speculates that this is in preparation for sexually mediated food-sharing.
Female bonobos pair off to practise so-called GG (genital-genital) rubbing.

One female facing another clings with arms and legs to a partner that, standing
on both hands and feet, lifts her off the ground. The two females then rub their
genital swellings laterally together, emitting grins and squeals that probably
reflect orgasmic experiences.

The 'Haight-Ashbury' image of free-loving bonobos has led to a piece of wishful
thinking among nice people, who perhaps came of age in the 1960s — or maybe
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they are of the 'medieval bestiary' school of thought, in which animals exist only
to point moral lessons to us. The wishful thinking is that we are more closely
related to bonobos than to common chimpanzees. The Margaret Mead in us
feels closer to this gentle role-model than to the patriarchal, monkey-butchering
chimpanzee. Unfortunately, however, like it or not, we are exactly equally close
to both species. This is simply because P. troglodytes and P. paniscus share a
common ancestor which lived more recently than the ancestor they share with
us. By the same token, molecular evidence suggests that chimpanzees and bon-
obos are more closely related to humans than they are to gorillas. From this it
follows that humans are exactly as close to gorillas as chimpanzees and
bonobos are. And we are exactly as close cousins of orang utans as chimpanzees,
bonobos and gorillas are.

It does not follow from this that we resemble chimpanzees and bonobos
equally. If chimpanzees have changed more than bonobos since the shared
ancestor, Concestor 1, we might be more like bonobos than chimpanzees, or
vice versa - and we shall probably find different things in common with both
our Pan cousins, perhaps in roughly equal measure. They are equally closely
related to us because they are linked to us via the same shared ancestor. This is
the moral of the Bonobo's Tale, a simple moral and a very general one, which we
shall meet again and again at other junctures of our pilgrimage.
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RENDEZzZVOUS 2 GORILLAS

The molecular clock tells us that Rendezvous 2, where the gorillas join us, again
in Africa, is only a million years further into our pilgrimage than Rendezvous 1.
Seven million years ago, North and South America were not joined, the Andes
had not undergone their major uplift and the Himalayas only just so. Never-
theless the continents would have looked pretty much as now and the African
climate, while less seasonal and slightly wetter, would have been similar. Africa
was more thoroughly forested then than now — even the Sahara would have
been wooded savannah at the time.

Unfortunately there are no fossils to bridge the gap between Concestors 2
and 1, nothing to guide us in deciding whether Concestor 2, which is perhaps
our 300,000-greats-grandparent, was more like a gorilla or more like a chim-
panzee or, indeed, more like a human. My guess would be chimpanzee, but this
is only because the huge gorilla seems more extreme, and less like the gener-
ality of apes. Don't let's exaggerate the unusualness of gorillas, however. They
are not the largest apes that have ever lived. The Asian ape Gigantopithecus, a sort
of giant orang utan, would have stood head and massive shoulders over the
largest gorilla. It lived in China, and went extinct only recently, about half a
million years ago, overlapping with Homo erectus and archaic Homo sapiens. This
is so recent that some enterprising fantasists have gone so far as to suggest that
the Yeti or Abominable Snowman of the Himalayas ... but I digress. Gigantopith-
ecus presumably walked like a gorilla, probably on the knucldes of its hands and
the soles of its feet as gorillas and chimpanzees do, and as orang utans, com-
mitted as they are to life up trees, do not.

It is a reasonable guess that Concestor 2 was also a knuckle-walker but that,
like chimpanzees, it spent time in trees as well, especially at night. Natural
selection under a tropical sun favours dark pigmentation as protection against
ultraviolet rays, so if we had to guess at Concestor 2's colour we would presum-
ably say black or dark brown. All apes except humans are hairy, so it would be
surprising if Concestors 1 and 2 were not. Since chimpanzees, bonobos and
gorillas are inhabitants of deep forest, it is plausible to locate Rendezvous 2 in a
forest, in Africa, but there is no strong reason to guess any particular part
of Africa.

Gorillas are not just giant chimpanzees, they are different in other respects
which we need to think about in trying to reconstruct Concestor 2. Gorillas are
entirely vegetarian. The males have harems of females. Chimpanzees are more
promiscuous, and the differences in breeding systems have interesting conse-
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GORILLAS JOIN
Phylogeny showing the
gorillas diverging from
the other African apes
around 7 million years
ago, as suggested by
genetics. The right

marked on the branch
with a dot at 6 million
years ago). The left
branch represents the
single genus of gorillas,
now thought to com-
prise two species.

branch now represents
the chimpanzees and
humans (Concestor 1 is

quences on the size of their testes as we shall learn from
the Seal's Tale. I suspect that breeding systems are evolu-
tionarily labile, meaning easily changed. I don't see any ob-
vious way to guess where Concestor 2 stood in this respect.
Indeed, the fact that different human cultures today show
a large range of breeding systems, from faithful mon-
ogamy to potentially very large harems, reinforces my
reluctance to speculate about such matters for Concestor
2, and persuades me to bring my speculations as to its
nature to a swift end.

Apes, perhaps especially gorillas, have long been potent
generators — and victims — of human myths. The Gorilla's
Tale considers our changing attitudes to our closest cousins.

The Gorilla's Tale

The rise of Darwinism in the nineteenth century polarised
attitudes towards the apes. Opponents who might have
stomached evolution itself balked with visceral horror at
cousinship with what they perceived as low and revolting
brutes, and desperately tried to inflate our differences from
them. This was nowhere more true than with gorillas. Apes
were 'animals'; we were set apart. Worse, where other ani-
mals such as cats or deer could be seen as beautiful in their
own way, gorillas and other apes, precisely because of their
similarity to ourselves, seemed like caricatures, distortions,
grotesques.

Darwin never missed an opportunity to put the other
side, sometimes in little asides such as his charming obser-
vation in The Descent of Man that monkeys 'smoke tobacco
with pleasure'. T. H. Huxley, Darwin's formidable ally, had
a robust exchange with Sir Richard Owen, the leading ana-
tomist of the day, who claimed (wrongly as Huxley showed)
that the 'hippocampus minor' was uniquely diagnostic of
the human brain. Nowadays, scientists not only think we



resemble apes. We include ourselves within the apes, specifically the African apes.
We emphasise, by contrast, the distinctness of apes, including humans, from
monkeys. To call a gorilla or a chimpanzee a monkey is a solecism.

It has not always been so. In former times, apes were frequently lumped with
monkeys, and some of the early descriptions confused apes with baboons, or
with Barbary macaques, which indeed are still known as Barbary apes. More
surprisingly, long before people thought in terms of evolution at all, and before
apes were clearly distinguished from each other or from monkeys, great apes
were often confused with humans. Agreeable as it would be to approve this
apparent prescience of evolution, it unfortunately may owe more to racism.
Early white explorers in Africa saw chimpanzees and gorillas as close kin only to
black humans, not to themselves. Interestingly, tribes in both South East Asia
and Africa have traditional legends suggesting a reversal of evolution as con-
ventionally seen: their local great apes are regarded as humans who fell from
grace. Orang utan means 'man of the woods' in Malay.

A picture of an 'Ourang Outang' by the Dutch Doctor Bontius in 1658 is, in
T. H. Huxley's words, 'nothing but a very hairy woman of rather comely aspect
and with proportions and feet wholly human'. Hairy she is except, oddly, in one
of the few places where a real woman is : her pubic region is conspicuously naked.
Also very human are the pictures made, a century later, by Linnaeus's pupil Hop-
pius (1763). One of his creatures has a tail, but is otherwise wholly human,
bipedal, and carries a walking stick. Pliny the Elder says that 'the tailed
species have even been known to play at draughts' (American 'checkers').

One might have thought such a mythology would have prepared our
civilisation for the idea of evolution when it arrived in the nineteenth century,
and might even have accelerated its discovery. Apparently not. Instead, the
picture is one of confusion between apes, monkeys and humans. This makes it
hard to date the scientific discovery of each species of great ape, and it is often
unclear which one is being discovered. The exception is the gorilla, which
became known to science the most recently.

In 1847 an American missionary, Dr Thomas Savage, saw in the house of
another missionary on the Gaboon river 'a skull represented by the natives to be
a monkey-like animal, remarkable for its size, ferocity and habits'. The unjust
reputation for ferocity, later to be hyperbolised in the story of King Kong, comes
through loud and clear in an article about the gorilla in the l/lustrated London
News published in the same year as the Origin of Species. This piece is replete with
falsehoods of a quantity and magnitude that try even the high standards set by
travellers' tales of the time:

... a close inspection is almost an impossibility, especially as the moment it sees
a man it attacks him. The strength of the adult male being prodigious, and the
teeth heavy and powerful, it is said to watch, concealed in the thick branches of
the forest trees, the approach of any of the human species, and, as they pass
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under the tree, let down its terrible hind feet, furnished with an enormous
thumb, grasp its victim round the throat, lift him from the earth, and, finally,
drop him on the ground dead. Sheer malignity prompts the animal to this course,
for it does not eat the dead man's flesh, but finds a fiendish gratification in the
mere act of killing,

Savage believed the skull in the missionary's possession belonged 'to a new
species of Orang'. He later decided that his new species was none other than the
'Pongo' of earlier travellers' tales in Africa. In naming it formally, Savage, with
his anatomist colleague Professor Wyman, avoided Pongo and revived Gorilla, the
name used by an ancient Carthaginian admiral for a race of wild hairy people
which he claimed to have found on an island off the African coast. Gorilla has
survived as both the Latin and common name for Savage's animal, while Pongo
is now the Latin name of the orang utan of Asia.

Judging from its location, Savage's species must have been the western
gorilla, Gorilla gorilla. Savage and Wyman put it in the same genus as the chim-
panzees, and called it Troglodytes gorilla. By the rules of zoological nomencla-
ture, Troglodytes had to be relinquished by both chimpanzee and gorilla because
it had already been used for — of all things — the tiny wren. It survived as the
specific name of the common chimpanzee, Pan troglodytes, while the former
specific name of Savage's gorilla was promoted to become its generic name,
Gorilla. The 'mountain gorilla' was 'discovered' — he shot it! — by the German
Robert von Beringe as late as 1902. As we shall see, it is now regarded as a
subspecies of the eastern gorilla, and the whole eastern species now — unfairly,
one might think — bears his name: Gorilla beringei.

Savage did not believe his gorillas really were the race of islanders reported
by the Carthaginian sailor. But the 'pygmies', originally mentioned by Homer
and Herodotus as a legendary race of very small humans, were later assumed by
seventeenth- and eighteenth-century explorers to be none other than the chim-
panzees then being discovered in Africa. Tyson (1699) shows a drawing of a
'Pygmie' which, as Huxley says, is plainly a young chimpanzee although it, too,
is depicted walking upright and carrying a walking stick. Now, of course, we use
the word pygmy for small humans again.

This leads us back to the racism which, until relatively late in the twentieth
century, was endemic in our culture. Early explorers often assigned the native
peoples of the forests a closer affinity with chimpanzees, gorillas or orangs than
with the explorers themselves. In the nineteenth century, after Darwin, evolu-
tionists often regarded African peoples as intermediate between apes and Euro-
peans, on the upward path to white supremacy. This is not only factually wrong.
It violates a fundamental principle of evolution. Two cousins are always exactly
equally related to any outgroup, because they are connected to that outgroup via
a shared ancestor. For the reasons given in the Bonobo's Tale, all humans are
exactly equally close cousins to all gorillas. Racism and speciesism, and our per-
ennial confusion over how inclusively we wish to cast our moral and ethical net,
are brought into sharp and sometimes uncomfortable focus in the history of our
attitudes to our fellow humans, and our attitudes to apes — our fellow apes*
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RENDEzVOUS 3 ORANG UTANS

Molecular evidence puts Rendezvous 3 — where our ancestral pilgrimage is
joined by the orang utans — at 14 million years ago, right in the middle of the
Miocene Epoch. Although the world was starting to enter its current cool phase,
the climate was warmer and the sea levels higher than at present. Coupled with
minor differences in the positions of the continents, this led to the land be-
tween Asia and Africa, as well as much of south-east Europe, being intermit-
tently submerged by sea. This bears, as we shall see, on our calculation of where
Concestor 3, perhaps our two-thirds-of-a-million-greats-grandparent, might
have lived. Did it live in Africa like 1 and 2, or Asia? As the common ancestor of
ourselves and an Asian ape, we should be prepared to find it in either continent,
and partisans of both are not hard to find. In favour of Asia is its richness of
plausible fossils from around the right time, the mid-to-late Miocene. Aftrica, on
the other hand, seems to be where the apes originated, before the beginning of
the Miocene. Africa witnessed a great flowering of ape life in the early Miocene,
in the form of proconsulids (several species of the early ape genus Proconsul) and
others such as Afropithecus and Kenyapithecus. Our closest living relatives today,
and all our post-Miocene fossils, are African.

But our special relationship to chimpanzees and gorillas has been known
only for a few decades. Before that, most anthropologists thought we were the
sister group to all the apes, and therefore equally close to African and Asian apes.
The consensus favoured Asia as the home of our late Miocene ancestors, and
some authorities even picked out a particular fossil 'ancestor', Ramapithecus.
This animal is now thought to be the same as one previously called Sivapithecus
which therefore, by the laws of zoological nomenclature, takes precedence.
Ramapithecus should no longer be used — a pity because the name had become
familiar. Whatever one feels about Sivapithecus/Ramapithecus as a human ances-
tor, many authorities agree that it is close to the line that gave rise to the orang
utan and might even be the orang utan's direct ancestor. Gigantopithecus could
be regarded as a kind of giant, ground-dwelling version of Sivapithecus. Several
other Asian fossils occur from about the right time. Ouranopithecus and Dryo-
pithecus seem almost to be jostling for the title of most plausible human ancestor
of the Miocene. If only, it is tempting to remark, they were in the right contin-
ent. As we shall see, this 'if only'just might turn out to be true.

If only the late Miocene apes were in Africa instead of Asia, we'd have a
smooth series of plausible fossils linking the modern African apes all the way
back to the early Miocene and the rich proconsulid ape fauna of Africa. When
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molecular evidence established beyond any doubt our
affinities with the African chimpanzees and gorillas, rather
than with the Asian orangs, seekers of human ancestors
reluctantly turned their backs on Asia. They assumed, in
spite of the plausibility of the Asian apes themselves, that
our ancestral line must lie in Africa right through the Mio-
cene and concluded that, for some reason, our African
ancestors had not fossilised after the early burgeoning of
proconsulid apes in the early Miocene.

That's where things stood until 1998, when an ingeni-
ous piece of lateral thinking appeared in a paper called 'Pri-
mate evolution — in and out of Africa' by Caro-Beth
Stewart and Todd R. Disotell. This tale, of back and forth
traffic between Africa and Asia, will be told by the orang
utan. Its conclusion will be that Concestor 3 probably lived
in Asia after all.

But never mind, for the moment, where it lived. What
did Concestor 3 look like? It is the common ancestor of the
orang utans and all today's African apes, so it might
resemble either or both of them. Which fossils might give
us helpful clues? Well, looking at the family tree, the fossils
known as Lufengpithecus, Oreopithecus, Sivapithecus, Dryopith-
ecus and Quranopitfiecus all lived around the right time or
slightly later. Our best-guess reconstruction of Concestor 3
might combine elements of all five of these Asian fossil
genera — but it would help if we could accept Asia as the
location of the concestor. Let's listen to the Orang Utan's
Tale and see what we think.

The Orang Utan's Tale

Perhaps we have been too ready to assume that our links
with Africa go back a very long way. What if, instead, our
ancestral lineage hopped sideways out of Africa around 20



million years ago, flourished in Asia until around 10 million years ago, and then
hopped back to Africa?

On this view, all the surviving apes, including the ones that ended up in
Affica, are descended from a lineage that migrated out of Africa into Asia. Gib-
bons and orang utans are descendants of these migrants who stayed in Asia.
Later descendants of the migrants returned to Africa, where the earlier Miocene
apes had gone extinct. Back in their old ancestral home of Africa, these migrants
then gave rise to gorillas, chimpanzees and bonobos, and us.

The known facts about the drifting of the continents and the fluctuations of
sea levels are compatible. There were land bridges available across Arabia at the
right times. The positive evidence in favour of the theory depends upon 'parsi-
mony' : an economy of assumptions. A good theory is one that needs to postulate
little, in order to explain lots. (By this criterion, as I have often remarked else-
where, Darwin's theory of natural selection may be the best theory of all time.)
Here we are talking about minimising our assumptions about migration events.
The theory that our ancestors stayed in Aftica all along (no migrations) seemed,
on the face of it, more economical with its assumptions than the theory that our
ancestors moved from Africa into Asia (a first migration) and later moved back
to Africa (a second migration).

But that parsimony calculation was too narrow. It concentrated on our own
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lineage and neglected all the other apes, especially the many fossil species.
Stewart and Disotell did a recount of the migration events, but they counted
those that would be needed to explain the distribution of all the apes including
fossils. In order to do this, you first have to construct a family tree on which you
mark all the species about which you have sufficient information. The next step
is to indicate, for each species on the family tree, whether it lived in Africa or
Asia. On the diagram, which is taken from Stewart and Disotell's paper, Asian
fossils are highlighted in black, African ones are in white. Not all the known
fossils are there, but Stewart and Disotell did include all whose position on the
family tree could be clearly worked out. They also drew in the Old World
monkeys, who diverged from the apes around 25 million years ago (the most
obvious difference between monkeys and apes, as we shall see, is that the
monkeys retained their tails). Migration events are indicated by arrows.
Taking into account the fossils, the 'hop to Asia and back again' theory is now
more parsimonious than the 'our ancestors were in Africa all along' theory.
Leaving out the monkeys which, on both theories, account for two migration
events from Africa to Asia, it need postulate only two ape migrations, as follows:

1 A population of apes migrated from Africa to Asia around 20 million years
ago and became all the Asian apes including the living gibbons and orang
utans.

2 A population of apes migrated back from Asia to Africa and became today's
African apes including us.

Conversely, the 'our ancestors were in Africa all along' theory demands six
migration events to account for ape distributions, all from Africa to Asia, by
ancestors of the following

Gibbons, around 18 million years ago

Oreopithecus, around 16 million years ago

Lufengpithecus, around 15 million years ago

Sivapithecus and orang utans, around 14 million years ago

Dryopithecus, around 13 million years ago

AN B~ W N

Ouranopithecus, around 12 million years ago

Of course all these migration counts are valid only if Stewart and Disotell have
got the family tree right, based on anatomical comparisons. They think, for
example, that among the fossil apes, Ouranopithecus is the closest cousin to the
modern African apes (its branch is the last to come off the family tree in the
diagram before the African apes). The next closest cousins, according to their
anatomical assessments, are all Asian (Dryopithecus, Sivapithecus, etc.). If they
have got the anatomy all wrong: if, for instance, the African fossil Kenyapithecus
is actually closest to the modern African apes, then the migration counts would
have to be done all over again.
The family tree was itself constructed on grounds of parsimony. But it is a
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different land of parsimony. Instead of trying to minimise the number of geo-
graphical migration events we need to postulate, we forget about geography
ana try to minimise the number of anatomical coincidences (convergent evolu-
tion) we need to postulate. Having got our family tree without regard to geogra-
phy, we then superimpose the geographical information (the black and white
coding on the diagram) to count migration events. And we conclude that it is
most likely that the 'recent' African apes, that is gorillas, chimpanzees and
humans, arrived from Asia.

Now here's an interesting little fact. A leading textbook of human evolution,
by Richard G. KLein of Stanford University, gives a fine description of what is
known of the anatomy of the main fossils. At one point Klein compares the
Asian Ouranopithecus and the African Kenyapithecus and asks which most re-
sembles our own close cousin (or ancestor) Australopithecus. Klein concludes that
Australopithecus resembles Ouranopithecus more than it resembles Kenyapithecus.
He goes on to say that, if only Ouranopithecus had lived in Africa, it might even
make a plausible human ancestor. 'On combined geographic-morphologic
grounds', however, Kenyapithecus is a better candidate. You see what is going on
here? Klein is making the tacit assumption that African apes are unlikely to be
descended from an Asian ancestor, even if the anatomical evidence suggests
that they were. Geographical parsimony is being subconsciously allowed to pull
rank over anatomical parsimony. Anatomical parsimony suggests that Ourano-
pithecus is a closer cousin to us than Kenyapithecus is. But, without being
explicitly so called, geographical parsimony is assumed to trump anatomical
parsimony. Stewart and Disotell argue that, when you take into account the
geography of all the fossils, anatomical and geographical parsimony agree with
each other. Geography turns out to agree with Klein's initial anatomical judge-
ment that Quranopithecus is closer to Australopithecus than Kenyapithecus is.

This argument may not be settled yet. It is a complicated business juggling
anatomical and geographical parsimony. Stewart and Disotell's paper has un-
leashed a flourishing correspondence in the scientific journals, both for and
against. As the available evidence stands at present, I think we should on balance
prefer the 'hop to Asia and back' theory of ape evolution. Two migration events
is more parsimonious than six. And there really do seem to be some telling
resemblances between the late Miocene apes in Asia and our own line of African
apes such as Australopithecus and chimpanzees. It is only a preference 'on
balance', but it leads me to locate Rendezvous 3 (and Rendezvous 4) in Asia
rather than Africa.

The moral of the Orang Utan's Tale is twofold. Parsimony is always in the
forefront of a scientist's mind when choosing between theories, but it isn't
always obvious how to judge it. And possessing a good family tree is often an
essential first prerequisite to powerful further reasoning in evolutionary theory.
But building a good family tree is a demanding exercise in itself. The ins and
outs of it will be the concern of the gibbons, in the tale that they will tell us in
melodious chorus after they join our pilgrimage at Rendezvous 4.
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Siamangs were separated off
because they are larger, and
they have a throat sac for
amplifying their calls.

RENDEzVOUS 4 GIBBONS

Rendezvous 4, where we are joined by the gibbons, occurs around 18 million
years ago, probably in Asia, in the warmer and more wooded world of the early
Miocene. Depending on which authority you consult, there are up to twelve
modern species of gibbons. All live in South East Asia, including Indonesia and
Borneo. Some authorities place them all in the genus Hylobates. The siamang
used to be separated off, and people spoke of'gibbons and siamangs'. With the
realisation that they divide into four groups, not two, this distinction has
become obsolete, and I shall call them all gibbons.*

Gibbons are small apes, and perhaps the finest arboreal acrobats that have
ever lived. In the Miocene there were lots of small apes. Getting smaller and
getting larger are easy changes to achieve in evolution. Just as Gigantopithecus
and Gorilla got large independently of each other, plenty of apes, in the Miocene
golden age of apes, got small. The pliopithecids, for instance, were small apes
which flourished in Europe in the early Miocene and probably lived in a similar
way to gibbons, without being ancestral to them. I suppose, for example, that
they 'brachiated'.

Brachia is the Latin for 'arm'. Brachiation means using your arms rather than
your legs to get about, and gibbons are spectacularly good at it. Their big grasp-
ing hands and powerful wrists are like upside-down seven-league boots, spring-
loaded to slingshot the gibbon from branch to branch and from tree to tree.
A gibbon's long arms, perfectly in tune with the physics of pendulums, are
capable of hurling it across a sheer ten-metre gap in the canopy. My imagina-
tion finds high-speed brachiation more exciting even than flying, and I like to
dream of my ancestors enjoying what must surely have been one of the great
experiences life could offer. Unfortunately, current thinking doubts that our
ancestry ever went through a fully gibbon-like stage, but it is reasonable to con-
jecture that Concestor 4, approximately our 1-million-greats-grandparent, was
a small tree-dwelling ape with at least some proficiency in brachiation.

Among the apes, gibbons are also second only to humans in the difficult art
of walking upright. Using its hands only to steady itself, a gibbon will use
bipedal walking to travel along the length of a branch, whereas it uses brachi-
ation to travel across from branch to branch. If Concestor 4 practised the same
art and passed it on to its gibbon descendants, could some vestige of the skill
have persisted in the brain of its human descendants too, waiting to resurface
again in Africa? That is no more than a pleasing speculation, but it is true that
apes in general have a tendency to walk bipedally from time to time. We can
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also only speculate on whether Concestor 4 shared the vocal virtuosity of its
gibbon descendants, and whether this might have presaged the unique
versatility of the human voice, in speech and in music. Then again, gibbons
are faithfully monogamous, unlike the great apes which are our closer relatives.
Unlike, indeed, the majority of human cultures, in which custom and in
several cases religion encourages (or at least allows) polygyny. We do not
know whether Concestor 4 resembled its gibbon descendants, or its great ape
descendants in this respect.*

Let's summarise what we can guess about Concestor 4, making the usual
weak assumption that it had a good number of the features shared by all its
descendants, which means all the apes including us. It was probably more
dedicated to life in the trees than Concestor 3, and smaller. If, as I suspect, it
hung and swung from its arms, its arms were probably not so extremely
specialised for brachiation as those of modern gibbons, and not so long. It
probably had a gibbon-like face, with a short snout. It didn't have a tail. Or, to
be more precise, its tail vertebrae were, as in all the apes, joined together in a
short internal tail, the coccyx (pronounced koxix).

I don't know why we apes lost our tail. It is a subject that biologists discuss
surprisingly little." Zoologists faced with this kind of conundrum often think
comparatively. Look around the mammals, note where taillessness (or a very
short tail) has independently cropped up, and try to make sense of it. I don't
think anyone has done this systematically, and it would be a nice thing to
undertake. Apart from apes, tail loss is found in moles, hedgehogs, the tailless
tenrec Tenrec ecaudatus, guinea pigs, hamsters, bears, bats, koalas, sloths,
agoutis and several others. Perhaps most interesting for our purposes, there are
tailless monkeys, or monkeys with a tail so short it might as well not be there,
as in a Manx cat.* The Barbary macaque Macaca sylvanus is a tailless monkey and,
perhaps in consequence, is often miscalled the Barbary ape. The 'Celebes ape’
Macaca nigra is another tailless monkey. Jonathan Kingdon tells me it looks and
walks just like a miniature chimpanzee. Madagascar has some tailless lemurs,
such as the indri, and several extinct species including 'koala lemurs' (Mega-
ladapis) and 'sloth lemurs', some of which were gorilla-sized.

Any organ which is not used will, other things being equal, shrink for
reasons of economy if nothing else. Tails are used for a surprisingly wide variety
of purposes among mammals.* But here we must be especially concerned with
animals who live up trees. Squirrel tails catch the air, so a 'leap' is almost like
flying. Tree-dwellers often have long tails as counterweights, or as rudders for
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leaping. Lorises and pottos, whom we shall meet at Rendezvous 8, creep about
the trees, slowly stalking their prey, and they have extremely short tails. Their
relatives the bushbabies, on the other hand, are energetic leapers, and they
have long feathery tails. Tree sloths are tailless, like the marsupial koalas who
might be regarded as their Australian equivalents, and both move slowly in the
trees like lorises.

In Borneo and Sumatra, the long-tailed macaque lives up trees, while the
closely related pig-tailed macaque lives on the ground and has a short tail.
Monkeys that are active in trees usually have long tails. They run along the
branches on all fours, using the tail for balance. They leap from branch to
branch with the body in a horizontal position and the tail held out as a bal-
ancing rudder behind. Why, then, do gibbons, who are as active in trees as any
monkey, have no tail? Maybe the answer lies in the very different way in which
they move. All apes, as we have seen, are occasionally bipedal, and gibbons,
when not brachiating, run along branches on their hind legs, using their
long arms to steady themselves. It is easy to imagine a tail being a nuisance
for a bipedal walker. My colleague Desmond Morris tells me that spider
monkeys sometimes walk bipedally, and the long tail is obviously a major
encumbrance. And when a gibbon projects itself to a distant branch it does so
from a vertically hanging position, unlike the monkey's horizontal leaping
posture. Far from being a steadying rudder streaming out behind, a tail would
be a positive drag for a vertical brachiator like a gibbon or, presumably,
Concestor 4.

That is the best I can do. I think zoologists need to give more attention to the
puzzle of why we apes lost our tail. The a posteriori counterfactual engenders
pleasing speculations. How would the tail have sat with our habit of wearing
clothes, especially trousers? It gives a different urgency to the classic tailor's
question, 'Does Sir hang to the left or to the right?'

The Gibbon's Tale (written with Yan Wong)

Rendezvous 4 is the first time we greet a pilgrim band of more than a couple of
already united species. Any more than that, and there can be problems with
deducing relationships. These problems will become worse as our pilgrimage
advances. How to solve them is the topic of the Gibbon's Tale.*

We have seen that there are 12 species of gibbons, falling into four major
groups. They are Bunopithecus (a group consisting of a single species, commonly
known as the hoolock), Hylobates (six species, of which the best-known is the
white-handed gibbon Hylobates lar), Symphalangus (the siamang), and Nomascus
(four species of'crested' gibbons). This tale explains how to build an evolution-
ary relationship, or phylogeny, relating the four groups.

Family trees can be 'rooted' or 'unrooted'. When we draw a rooted tree, we
know where the ancestor is. Most of the tree diagrams in this book are rooted.
Unrooted trees, by contrast, have no sense of direction. They are often called
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star diagrams, and there is no arrow of time. They don't start at one side of a
page and end on the other. Here are three examples, which exhaust the possi-
bilities for relating four entities.

e Y

Bunopithecus Symphalangus Bunopithecus Hylobat Bunopithecus Hylobates

Tree A TreeC

T TreeB *

Hylobates Nomascus Symphalangus Nomascus Nomascus Symphalangus

At every fork in a tree, it makes no difference which is the left and which the
right branch. And so far (though that will change later in the tale) no informa-
tion is conveyed by the lengths of the branches. A tree diagram whose branch
lengths are meaningless is known as a cladogram (an unrooted cladogram in this
case). The order of branching is the only information conveyed by a cladogram:
the rest is cosmetic. Try, for example, rotating either of the side forks about the
horizontal line in the middle. It will make no difference to the pattern of
relationships.

These three unrooted cladograms represent the only possible ways of connect-
ing four species, as long as we restrict ourselves to connections via branches
that only ever split in two (dichotomies). As with rooted trees, it is conventional
to discount three-way splits (trichotomies) or more (polytomies) as temporary
admissions of ignorance — 'unresolved'.

Any unrooted cladogram turns into a rooted one the moment we specify the
oldest point (the 'root') of the tree. Certain researchers — those we have relied
upon for the tree at the start of this tale — have suggested the rooted cladogram
of gibbons shown below, on the left. However, other researchers have suggested
the rooted cladogram on the right.

In the first tree the crested gibbons, Nomascus, are distant relatives of all the
other gibbons. In the second, it is the hoolock gibbon, Bunopithecus, who holds

Bunopithecus Bunopithecus

Hylobates

Hylobates

Symphalangus

Symphalangus

Nomascus

Nomascus
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this distinction. Despite their differences, both derive from the same unrooted
tree (Tree A). The cladograms differ only in their rooting. The first is found by
dangling the root of Tree A off the branch leading to Nomascus, the second by
placing the root on the branch leading to Bunopithecus.

How do we 'root' a tree? The usual method is to extend the tree to include at
least one — and preferably more than one — 'outgroup': a member of a group
that is universally agreed beforehand to be only distantly related to all the others.
In the gibbon tree, for example, orang utans or gorillas — or indeed elephants or
kangaroos — could do duty as the outgroup. However uncertain we may be
about relationships among gibbons, we know that the common ancestor of any
gibbon with a great ape or an elephant is older than the common ancestor of
any gibbon with any other gibbon: it is uncontroversial to place the root of a
tree that includes the gibbons and the great apes somewhere between the two.
It's easy to verify that the three unrooted trees I have drawn are the only
possible dichotomous trees for four groups. For five groups there are 15 possible
trees. But don't try to count the number of possible trees for, say, 20 groups. It
is up in the hundreds of millions of millions of millions. The actual number is rises
steeply with the number of groups to be classified, even the fastest computer can
take forever. In principle, however, our task is simple. Of all possible trees we must
choose that which best explains the similarities and differences of groups,
between our groups.

How do we judge 'best explains'? Infinitely rich similarities and differences
present themselves when we look at a set of animals. But they are harder to
count than you might think. Often one 'feature' is an inextricable part of
another. If you count them as separate, you've really counted the same one
twice. As an extreme example suppose there are four millipede species, A, B, C,
and D. A and B resemble each other in all respects except that A has red legs and
B has blue legs. C and D are the same as each other and very different from A and
B, except that C has red legs while D has blue legs. If we count leg colour as a
single 'feature' we correctly group AB apart from CD. But if we naively count
each of 100 legs as separate, their colours will give a hundredfold boost to the
number of features supporting the alternative grouping of AC as against BD.
Everyone would agree that we have spuriously counted the same feature 100
times. It is 'really' only one feature, because a single embryological 'decision’
determined the colour of all 100 legs simultaneously.

The same goes for left-right symmetry: embryology works in such a way that,
with few exceptions, each side of an animal is a mirror image of the other. No
zoologist would count each mirrored feature twice in making a cladogram, but
non-independence isn't always so obvious. A pigeon needs a deep breastbone to
attach the flight muscles. A flightless bird like a kiwi does not. Do we count deep
breastbone and flapping wings as two separate features by which pigeons differ
from kiwis? Or do we count them as only a single feature, on the grounds that
the state of one character determines the other, or at least reduces its freedom
to vary? In the case of the millipedes and the mirroring, the sensible answer is
pretty obvious. In the case of the breastbones it isn't. Reasonable people can be
found arguing on opposite sides.
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That was all about visible resemblances and differences. But visible features
evolve only if they are manifestations of DNA sequences. Nowadays we can
compare DNA sequences directly. As an added benefit, being long strings, DNA
texts provide a lot more items to count and compare. Problems of the wing-and-
breastbone variety are likely to be drowned out in the flood of data. Even better,
many DNA differences will be invisible to natural selection and so provide a
'purer’ signal of ancestry. As an extreme example, some DNA codes are syn-
onymous: they specify exactly the same amino acid. A mutation that changes a
DNA word to one of its synonyms is invisible to natural selection. But to a
geneticist, such a mutation is no less visible than any other. The same goes for
'pseudogenes' (usually accidental duplicates of real genes) and for many other
'junk DNA' sequences, which sit in the chromosome but are never read and
never used. Freedom from natural selection leaves DNA free to mutate in ways
that leave highly informative traces for taxonomists. None of this alters the fact
that some mutations do have real and important effects. Even if these are only
the tips of icebergs, it is those tips that are visible to natural selection and
account for all the visible and familiar beauties and complexities of life.

DNA too is far from immune to the problem of multiple counting — the mol-
ecular equivalent of the millipedes' legs. Sometimes a sequence is duplicated
many times throughout the genome. About half of human DNA consists of mul-
tiple copies of meaningless sequences, "transposable elements', which maybe
parasites that hijack the machinery of DNA replication to spread themselves
about the genome. Just one of these parasitic elements, A/u, is present in over a
million copies in most individuals, and we shall meet it again in the Howler
Monkey's Tale. Even in the case of meaningful and useful DNA, there are a few
cases where genes are present in dozens of identical (or near-identical) copies.
But in practice multiple counting tends not to be a problem because duplicate
DNA sequences are usually easy to spot.

As a better reason for caution, extensive regions of DNA occasionally show
up enigmatic resemblances between comparatively unrelated creatures. No-
body doubts that birds are more closely related to turtles, lizards, snakes and
crocodiles than to mammals (see Rendezvous 16). Nevertheless, the DNA
sequences of birds and mammals have resemblances greater than one might
expect given their distant relationship. Both have an excess of G-C pairings in
their non-coding DNA. The G-C pairing is chemically stronger than the A-T one,
and it may be that warm-blooded species (birds and mammals) need more
tightly bound DNA. Whatever the reason, we should beware of allowing this
G-C bias to persuade us of a close relationship between all warm-blooded
animals. DNA seems to promise a Utopia for biological systematists, but we
must be aware of such dangers: there is a lot that we still don't understand
about genomes.

So, having taken the necessary invocation of caution, how can we use the
information present in DNA? Fascinatingly, literary scholars use the same
techniques as evolutionary biologists in tracing the ancestries of texts. And -
almost too good to be true — one of the best examples happens to be the work
of the Canterbury Tales Project. Members of this international syndicate of

110 I THE GIBBON'S TALE



literary scholars have used the tools of evolutionary biology to trace the history
of 85 different manuscript versions of The Canterbury Tales. These ancient
manuscripts, hand-copied before the advent of printing, are our best hope of
reconstructing Chaucer's lost original. As with DNA, Chaucer's text has sur-
vived through repeated copyings, with accidental changes perpetuated in the
copies. By meticulously scoring the accumulated differences, scholars can
reconstruct the history of copying, the evolutionary tree — for it really is an
evolutionary process, consisting of a gradual accumulation of errors over suc-
cessive generations. So similar are the techniques and difficulties in DNA evolu-
tion and literary text evolution, that each can be used to illustrate the other.

So, let's temporarily turn from our gibbons to Chaucer, and in particular four
of the 85 manuscript versions of The Canterbury Tales: the 'British Library',
'Christ Church', 'Egerton', and 'Hengwrt' versions." Here are the first two lines
of the General Prologue:

BRITISH LIBRARY:
Whan that Apiylle / wyth hys showres soote The
drowhte of Marche / hath pcede to the rote

CHRIST CHURCH: Whan that Auerell w* his shoures soote The droght
of Marche hath peed to the roote

EGERTON: Whan that Aprille with his showres soote The drowte of
marche hath peed to the roote

HENGWRT: Whan that Aueryll w' his shoures soote
The droghte of March / hath peed to the roote

The first thing that we must do with either DNA or literary texts is to locate the
similarities and differences. For this we have to 'align' them — not always an
easy task, for texts can be fragmentary or jumbled and of unequal length. A
computer is a great help when the going gets tough, but we don't need it to
align the first two lines of Chaucer's General Prologue, which I have highlighted
at the fourteen points where the scripts disagree.

Two places, the second and the fifth, have three variants rather than two.
That makes a total of sixteen 'differences'. Having compiled a list of differences
we now work out which tree best explains them. There are many ways of doing
this, and all can be used for animals as well as for literary texts. The simplest is
to group the texts on the basis of overall similarity. This usually relies upon

some variant on the following method. First we locate the pair of texts that are
the most similar. We then treat this pair as a single averaged text, and put it
alongside the remaining texts while we look for the next most similar pair. And
so on, forming successive, nested groups until a tree of relationships is built up.
These sorts of techniques — one of the most common is known as "neighbour-
joining' — are quick to calculate, but do not incorporate the logic of the evolu-
tionary process. They are purely measures of similarity. For this reason, the
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'cladist' school of taxonomy, which is deeply evolutionary in its rationale
(although not all its members realise it) prefers other methods, of which the
earliest to be devised was the parsimony method.

Parsimony, as we saw in the Orang Utan's Tale, here means economy of
explanation. In evolution, whether of animals or manuscripts, the most parsi-
monious explanation is the one that postulates the least quantity of evolution-
ary change. If two texts share a common feature, the parsimonious explanation
is that they have jointly inherited it from a shared ancestor rather than that
each evolved it independently. It is very far from an invariable rule, but it is at
least more likely to be true than the opposite. The method of parsimony — at
least in principle — looks over all possible trees and chooses the one that mini-
mises the quantity of change.

When we are choosing trees for their parsimony, certain types of difference
can't help us. Differences that are unique to a single manuscript, or a single
species of animal, are uninformative. The neighbour-joining method uses them,
but the method of parsimony ignores them completely. Parsimony relies upon
informative changes: ones that are shared by more than one manuscript. The
preferred tree is the one that uses shared ancestry to explain as many informa-
tive differences as possible. In our Chaucerian lines there are five informative
differences to account for. Four split the manuscripts into

{British Library plus Egerton) versus {Christ Church plus Hengwrt}.

These are the differences highlighted by the first, third, seventh, and eighth red
lines. The fifth, the virgule (diagonal stroke) highlighted by the twelfth red line,
splits the manuscripts differently, into

(British Library plus Hengwrt} versus {Christ Church plus Egerton}.

These splits conflict with each other. We can draw no tree in which each change
happens just once. The best we can do is the following (note that it is an un-
rooted tree) which minimises the conflict, requiring only the virgule to appear
or disappear twice.

Actually, in this case I haven't much confidence in our guess. Convergences
or reversions are common in texts, especially when the meaning of the verse is
not changed. A medieval scribe might have little compunction in changing a
spelling, and even less in inserting or removing a punctuation mark such as a
virgule. Better indicators of relationship would be changes such as the re-
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ordering of words. The genetic equivalents are 'rare genomic changes': events
such as large insertions, deletions, or duplications of DNA. We can explicitly
acknowledge these by giving more or less weight to different types of change.
Changes known to be common or unreliable are downweighted when counting
up extra changes. Changes known to be rare, or reliable indicators of kinship,
are given increased weighting. Heavy weighting to a change means we especi-
ally don't want to count it twice. The most parsimonious tree, then, is the one
with the lowest overall weight.

The parsimony method is much used to find evolutionary trees. But if conver-
gences or reversions are common — as with many DNA sequences and also in
our Chaucerian texts — parsimony can be misleading. It is the notorious bug-
bear known as 'long branch attraction'. Here's what this means.

Cladograms, whether rooted or unrooted, convey only the order of branching.
Phylograms, or phylogenetic trees (Greek phylon = race/tribe/class), are similar
but also use the length of branches to convey information. Typically branch
lengths represent evolutionary distance: long branches represent a lot of
change, short ones little change. The first line of The Canterbury Tales yields the
following phylogram:

In this phylogram, the branches are not too different in length. But imagine
what would happen if two of the manuscripts changed a lot, compared to the
other two. The branches leading to these two would be drawn very long. And a
proportion of the changes would not be unique. They would just happen to be
identical to changes elsewhere on the tree, but (and now here is the point)
especially to those on the other long branch. This is because long branches are
where the most changes are anyway. With enough evolutionary changes, the
ones that spuriously link the two long branches will drown out the true signal.
Based upon a simple count of the number of changes, parsimony erroneously
groups together the termini of especially long branches. The method of parsi-
mony makes long branches spuriously 'attract' one another.

The problem of long branch attraction is an important headache for biologi-
cal taxonomists. It rears its head whenever convergences and reversions are
common, and unfortunately we cannot hope to avoid it by looking at more text.
On the contrary, the more text we look at, the more erroneous similarities we
find, and the stronger our conviction in the wrong answer. Such trees are said to
lie in the dangerous-sounding 'Felsenstein zone', named after the distinguished
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American biologist Joe Felsenstein. Unfortunately, DNA data are particularly
vulnerable to long branch attraction. The main reason is that there are only
four letters in the DNA code. If the majority of differences are single letter
changes, independent mutation to the same letter by accident is extremely
likely. This sets up a minefield of long branch attraction. Clearly we need an
alternative to parsimony in these cases. It comes in the form of a technique
known as likelihood analysis, which is increasingly favoured in biological
taxonomy.

Likelihood analysis burns even more computer power than parsimony,
because now the lengths of the branches matter. So we have vastly more trees
to contend with because, in addition to looking at all possible branching pat-
terns, we must also look at all possible branch lengths — a Herculean task. This
means that, despite clever short cuts, today's computers can only cope with
likelihood analysis involving small numbers of species.

'Likelihood' is not a vague term. On the contrary, it has a precise meaning.
For a tree of a particular shape (remembering to include branch lengths), of all
the possible evolutionary paths that could produce a phylogenetic tree of the
same shape, only a tiny number would generate precisely those texts that we
now see. The 'likelihood' of a given tree is the vanishingly small probability of
ending up with the actual existing texts, rather than any of the other texts that
could possibly have been generated by such a tree. Although the likelihood
value for a tree is tiny, we can still compare one tiny value with another as a
means of judgement.

Within likelihood analysis, there are various alternative methods of obtain-
ing the 'best' tree. The simplest is to search for the single one that has the high-
est likelihood: the tree which is the most likely. Not unreasonably, this goes
under the name 'maximum likelihood', but just because it is the single most
likely tree doesn't mean that other possible trees aren't almost as likely. More
recently it has been suggested that instead of believing in a single most likely
tree, we should look at all possible trees, but give proportionally more credence
to the more likely ones. This approach, an alternative to maximum likelihood,
is known as Bayesian phylogenetics. If many likely trees agree on a particular
branch point, then we calculate that it has a high probability of being correct. Of
course, just as in maximum likelihood, we can't look at all possible trees, but
there are computational shortcuts and they work pretty well.

Our confidence in the tree we finally choose will depend on our certainty that
its various branches are correct, and it is common to place measures of this
beside each branch point. Probabilities are automatically calculated when using
the Bayesian method, but for others such as parsimony or maximum likelihood,
we need alternative measures. A commonly used one is the 'bootstrap' method,
which resamples different parts of the data repeatedly to see how much differ-
ence it makes to the final tree — how robust the tree is, in other words, to error.
The higher the 'bootstrap' value, the more trustworthy the branch point, but
even experts struggle to interpret exactly what a particular bootstrap value tells
us. Similar methods are the 'jackknife', and the 'decay index'. All are measures
of how much we should believe each branch point on the tree.
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'control region'. Using DNA from six gibbons, they deciphered the sequences,
lined them up letter-for-letter, and carried out neighbour-joining, parsimony,
and maximum likelihood analyses on them. Maximum likelihood, which is the
best of of the three methods at coping with long branch attraction, gave the
most convincing result. Their final verdict on the gibbons is shown above, and
you can see that it resolves the relationship between the four groups. The
bootstrap values were enough to convince me that this was the tree to use for
the phylogeny at the start of this chapter.

Gibbons 'speciated’ — branched into their separate species — relatively
recently. But as we look at more and more distantly related species, separated
by longer and longer branches, even the sophisticated techniques of maximum
likelihood and Bayesian analysis start to fail us. There can come a point where
an unacceptably large proportion of similarities are coincidental. The DNA
differences are then said to be saturated. No fancy techniques can recover the
signal of ancestry, because any vestiges of relationship have been overwritten
by the ravages of time. The problem is especially acute with neutral DNA
differences. Strong natural selection keeps genes on the straight and narrow. In
extreme cases, important functional genes can stay literally identical over
hundreds of millions of years. But, for a pseudogene that never does anything,
such lengths of time are enough to lead to hopeless saturation. In such cases, we
need different data. The most promising idea is to use the rare genomic changes
that I mentioned before — changes that involve DNA reorganisation rather than
single letter changes. These being rare, indeed usually unique, coincidental
resemblance is much less of a problem. And once found, they can reveal
remarkable relationships, as we shall learn when our swelling pilgrim band is
joined by the hippo, and we are bowled over by its whale of a surprising tale.

And now, an important afterthought on evolutionary trees, drawing in
lessons from Eve's Tale and the Neanderthal's Tale. We might call it the gibbon's
decline and fall of the species tree. We normally assume that we can draw a
single evolutionary tree for a set of species. But Eve's Tale told us that different
parts of DNA (and thus different parts of an organism) can have different trees.
I think this poses an inherent problem with the very idea of species trees.
Species are composites of DNA from many different sources. As we saw in Eve's
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Tale and reiterated in the Neanderthal's Tale, each gene, in fact each DNA letter,
takes its own path through history. Each piece of DNA, and each aspect of an
organism, can have a different evolutionary tree.

An example of this comes up every day, but familiarity leads us to overlook
its message. A Martian taxonomist shown only the genitals of a male human, a
female human, and a male gibbon would have no hesitation in classifying the
two males as more closely related to each other than either is to the female.
Indeed, the gene determining maleness (called SRY) has never been in a female
body, at least since long before we and the gibbons diverged. Traditionally,
morphologists plead a special case for sexual characteristics, to avoid nonsens-
ical' classifications. But identical problems arise elsewhere. We saw it pre-
viously with ABO blood groups, in Eve's Tale. My B-group gene relates me more
closely to a B-group chimpanzee than an A-group human. And it is not just sex
genes or blood groups, but all genes and characteristics which are susceptible to
this effect, under certain circumstances. The majority of both molecular and
morphological characteristics show chimps as our closest relatives. But a
sizeable minority show that gorillas are instead, or that chimps are most closely
related to gorillas and both are equally close to humans.

This should not surprise us. Different genes are inherited through different
routes. The population ancestral to all three species will have been diverse —
each gene having many différent lineages. It is quite possible for a gene in hu-
mans and gorillas to be descended from one lineage, while in chimps it is
descended from a more distantly related one. All that is needed is for anciently
diverged genetic lineages to continue through to the chimp-human split so
humans can descend from one and chimps from another.*

So we have to admit that a single tree is not the whole story. Species trees can
be drawn, but they must be considered a simplified summary of a multitude of
gene trees. I can imagine interpreting a species tree in two different ways. The
first is the conventional genealogical interpretation. One species is the closest
relative of another if, out of all the species considered, it shares the most recent
common genealogical ancestor. The second is, I suspect, the way of the future.
A species tree can be seen as depicting the relationships among a democratic
majority of the genome. It represents the result of a 'majority vote' among
gene trees.

The democratic idea — the genetic vote — is the one that I prefer. In this book,
all relationships between species should be interpreted in this way. All the
phylogenetic trees I present should be viewed in this spirit of genetic democ-
racy, from the relationships between apes to the relationships between the
animals, plants, fungi and bacteria.
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RENDEzvVOUS 5 OLD WORLD MONKEYS

As we near this rendezvous and prepare to greet Concestor 5 — approximately
our 1.5-million-greats-grandparent — we cross a momentous (if somewhat
arbitrary) boundary. For the first time in our journey we leave one geological
period, the Neogene, to enter an earlier one, the Palacogene. The next time we
do this will be to burst into the Cretaceous world of the dinosaurs. Rendezvous
5 is scheduled at about 25 million years ago, in the Palacogene. More specifically
it is in the Oligocene Epoch of that Period, the last stop on our backward journey
when the climate and vegetation of the world are recognisably similar to
today's. Much further back, and we shall not find any evidence of the open
grasslands that so typify our own Neogene Period, or the wandering herds of
grazers that accompanied their spread. Twenty-five million years ago, Africa
was completely isolated from the rest of the world, separated from the nearest
piece of land — Spain — by a sea as wide as that which separates it from
Madagascar today. It is on that gigantic island of Africa that our pilgrimage is
about to be invigorated by a new influx of spirited and resourceful recruits, the
Old World monkeys — the first pilgrims to arrive bearing tails.

Today, the Old World monkeys number just under 100 species, some of
which have migrated out of their mother continent into Asia (see the Orang
Utan's Tale). They are divided into two main groups: on the one hand are the
colobus monkeys of Africa together with the langurs and proboscis monkeys of
Asia; on the other hand are the mostly Asian macaques plus the baboons and
guenons, etc. of Africa.

The last common ancestor of all surviving Old World monkeys lived some 11
million years later than Concestor 5, probably around 14 million years ago. The
most helpful fossil genus for illuminating the period is Victoriapithecus, which is
now known from more than a thousand fragments, including a splendid skull,
from Maboko Island in Lake Victoria. All the Old World monkey pilgrims join
hands around 14 million years ago to greet their own concestor, perhaps
Victoriapithecus itself, or something like it. They then march on backwards to
join the ape pilgrims at our own Concestor 5,25 million years ago.

And what was Concestor 5 like? Perhaps a bit like the fossil genus degypto-
pithecus, which actually lived about 7 million years earlier. Concestor 5 itself,
according to our usual rule of thumb, is more likely than not to have had the
characteristics shared by its descendants, the catarrhines, defined as consisting
of the apes and the Old World monkeys. For example (it's the feature that gives
the catarrhines their name) Concestor 5 probably had narrow, downwards-
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facing nostrils, unlike the wide, sideways-facing nostrils of the New World
monkeys, the platyrrhines. The females probably showed full menstruation, as
is common among apes and Old World monkeys but not New World monkeys.
It probably had an ear tube formed by the tympanic bone, unlike New World
monkeys whose ear lacks a bony tube.

Did it have a tail? Almost certainly yes. Given that the most obvious differ-
ence between apes and monkeys is the presence or absence of the tail, we are
tempted by the non sequitur that the divide of 25 million years ago corresponds
to the moment at which the tail was lost. In fact, Concestor 5 was presumably
tailed like virtually all other mammals, and Concestor 4 was tailless like all its
descendants the modern apes. But we don't know at what point along the road
leading from Concestor 5 to Concestor 4 the tail was lost. Nor is there any
particular reason for us suddenly to start using the word 'ape' to signify the loss
of the tail. The African fossil genus Proconsul, for example, can be called an ape
rather than a monkey, because it lies on the ape side of the fork at Rendezvous
5. But the fact that it lies on the ape side of the fork tells us nothing about
whether it had a tail. As it happens, the balance of the evidence suggests that, to
quote the title of an authoritative recent paper, '‘Proconsul did not have a tail.'
But that in no way follows from the fact that it is on the ape side of the
rendezvous divide.

What, then, should we call the intermediates between Concestor 5 and Pro-
consul before they lost their tail? A strict cladist would call them apes, because
they lie on the ape side of the fork. A different kind of taxonomist would call
them monkeys because they were tailed. Not for the first time, I say it is silly to
become too worked up over names.

The Old World monkeys, Cercopithecidae, are a true clade, a group that
includes all descendants of a single common ancestor. However 'monkeys' as a
whole are not, because they include the New World monkeys, Platyrrhini. The
Old World monkeys are closer cousins to apes, with whom they are united in
the Catarrhini, than to New World monkeys. All apes and monkeys together
constitute a natural clade, the Anthropoidea. 'Monkeys' constitutes an artificial
(technically 'paraphyletic') grouping because it includes all the platyrrhines
plus some of the catarrhines but excluding the ape portion of the catarrhines. It
might be better to call the Old World monkeys tailed apes. Catarrhine, as I
mentioned earlier, means 'down nose'": the nostrils face downwards — in this
respect we are ideal catarrhines. Voltaire's Dr Pangloss observed that 'the nose
is formed for spectacles, therefore we come to wear spectacles'. He could have
added that our catarrhine nostrils are beautifully directed to keep out the rain.
Platyrrhine means flat or broad nose. It is not the only diagnostic difference
between these two great groups of primates, but it is the one that gives them
their names. Let's press on to Rendezvous 6, and meet the platyrrhines.
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'Used' is, of course,
unfortunate if it implies
anything more than in-
advertence. As we shall
see in the Dodo's Tale,
no animal ever tries to
colonise brand new
territory. But when it
accidentally happens,
the evolutionary con-
sequences can be
momentous.

RENDEZVOUS 6 NEW WORLD MONKEYS

Rendezvous 6, where the New World platyrrhine 'monkeys' meet us and our
approximately 3-million-greats-grandparent, Concestor 6, the first anthropoid,
is some 40 million years ago. It was a time of lush tropical forests — even
Antarctica was at least partly green in those days. Although all platyrrhine
monkeys now live in South or Central America, the rendezvous itself almost
certainly did not take place there. My guess is that Rendezvous 6 is somewhere
in Africa. A group of African primates with flat noses, who have left no surviving
African descendants, somehow managed, in the form of a small founding
population, to get across to South America. We don't know when this
happened, but it was before 25 million years ago (when the first monkey fossils
appear in South America) and after 40 million years ago (Rendezvous 6). South
America and Africa were closer to each other than they are now, and sea levels
were low, perhaps exposing a chain of islands across the gap from West Africa,
convenient for island-hopping. The monkeys probably rafted across, perhaps on
fragments of mangrove swamps that could support life as floating islands for a
short while. Currents were in the right direction for inadvertent rafting. Another
major group of animals, the hystricognath rodents, probably arrived in South
America around the same time. Again probably they came from Africa, and
indeed they are named after the African porcupine, Hystrix. Probably the
monkeys rafted across the same island chain as the rodents, using the same
favourable currents, though presumably not the same rafts.

Are all the New World primates descended from a single immigrant? Or was
the island-hopping corridor used* more than once by primates? What would
constitute positive evidence for a double immigration? In the case of the rodents,
there are still hystricognath rodents in Africa, including African porcupines,
mole rats, dassie rats and cane rats. If it turned out that some of the South
American rodents were close cousins of some African ones (say porcupines)
while other South American rodents were closer cousins to other African ones
(say mole rats) this would be good evidence that rodents more than once drifted
to South America. That this is not the case is compatible with the view that
rodents dispersed to South America only once, though it is not strong evidence.
The South American primates, too, are all closer cousins to each other than they
are to any African primate. Again this is compatible with the hypothesis of a
single dispersal event, but again the evidence is not strong.

This is a good moment to repeat that the improbability of a rafting event is
very far from being a reason for doubting that it happened. This sounds
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Iguanas and related liz-
ards are especially good
at colonising islands, all
over the world. Iguanas
even occur on Fiji and
Tonga, which are much
more remote than the
West Indian islands.

surprising. Usually, in everyday life, massive improbability is a good reason for
thinking that something won't happen. The point about intercontinental
rafting of monkeys, or rodents or anything else, is that it only had to happen
once, and the time available for it to happen, in order to have momentous
consequences, is way outside what we can grasp intuitively. The odds against a
floating mangrove bearing a pregnant female monkey and reaching landfall in
any one year may be ten thousand to one against. That sounds tantamount to
impossible by the lights of human experience. But given 10 million years it
becomes almost inevitable. Once it happened, the rest was easy. The lucky
female gave birth to a family, which eventually became a dynasty, which
eventually branched to become all the species of New World monkeys. It only
had to happen once: great things then grew from small beginnings.

In any case, accidental rafting is not nearly so rare as you might think. Small
animals are often seen on flotsam. And the animals aren't always small. The
green iguana is typically a metre long and can be up to two metres. I quote from
anote to Nature by Ellen J. Censky and others:

On 4 October 1995, at least 15 individuals of the green iguana, Iguana iguana,
appeared on the eastern beaches of Anguilla in the Caribbean. This species did
not previously occur on the island. They arrived on a mat of logs and uprooted
trees, some of which were more than 30 feet long and had large root masses.
Local fishermen say the mat was extensive and took two days to pile up on shore.
They reported seeing iguanas on both the beach and on logs in the bay.

The iguanas were presumably roosting in trees on some other island, which
were uprooted and sent to sea by a hurricane: either Luis, which had raged
through the Eastern Caribbean on 4-5 September, or Marilyn, a fortnight later.
Neither hurricane hit Anguilla. Censky and her colleagues subsequently caught
or sighted green iguanas on Anguilla, and on an islet half a kilometre offshore.
The population still survived on Anguilla in 1998 and included at least one
reproductively active female.*

I can't resist remarking how chilling this kind of'it only had to happen once'
logic becomes when you apply it to contingencies nearer home. The principle of
nuclear deterrence, and the only remotely defensible justification for possess-
ing nuclear weapons, is that nobody will dare risk a first strike, for fear of mas-
sive retaliation. What are the odds against a mistaken missile launch: a dictator
who goes mad; a computer system that malfunctions; an escalation of threats
that gets out of hand? The present leader of the largest nuclear power in the
world (I am writing in 2003) thinks the word is 'nucular'. He has never given any
reason to suggest that his wisdom or his intelligence outperforms his literacy.
He has demonstrated a predilection for 'pre-emptive' first strikes. What are the
odds against a terrible mistake, initiating Armageddon? A hundred to one
against, within any one year? I would be more pessimistic. We came awfully
close in 1963, and that was with an intelligent President. In any case, what
might happen in Kashmir? Israel? Korea? Even if the odds per year are as low as
one in a hundred, a century is a very short time, given the scale of the disaster
we are talking about. It only has to happen once.
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Let's return to a happier topic, the New World monkeys. As well as walking
quadrupedally above branches, like many Old World monkeys, some New
World monkeys suspend themselves like gibbons, and even brachi-ate. The tail
is prominent in all the New World monkeys, and in the spider monkeys,
woolly monkeys and howler monkeys it is prehensile, wielded like an extra
arm. They can happily hang from the tail alone, or from any combination of
arms, legs and tail. The tail doesn't have a hand at the end, but you almost
believe it has, when you watch a spider monkey.*

New World monkeys also include some spectacularly acrobatic leapers, as
well as the only nocturnal anthropoids, the owl monkeys. Like owls and cats,
owl monkeys have large eyes — the largest eyes of all the monkeys or apes.
Pygmy marmosets are the size of a dormouse, smaller than any other
anthropoid. The largest howler monkeys, however, are only about as big as a
large gibbon. Howlers resemble gibbons, too, in being good at hanging and
swinging from their arms, and in being very noisy — but where gibbons sound
like New York police sirens in full cry, a troop of howler monkeys, with their
resonating hollow bony voice boxes, remind me more of a ghost squadron of jet
planes, roaring eerily through the treetops. As it happens, howler monkeys have
a particular tale to tell us Old World monkeys — about the way we see colour, for
they have independently arrived at the same solution.

The Howler Monkey's Tale (written with Yan

New genes aren't added to the genome out of thin air. They originate as dupli-
cates of older genes. Then, over evolutionary time, they go their separate ways
by mutation, selection and drift. We don't usually see this happening but, like
detectives arriving on the scene after a crime, we can piece together what must
have happened from the evidence that remains. The genes involved in colour
vision provide a striking example. For reasons that will emerge, the howler
monkey is especially well placed to tell the tale.

During their formative megayears, mammals were creatures of the night. The
day belonged to the dinosaurs, who probably, if their modern relatives are any
guide, had superb colour vision. So, we may plausibly imagine, did the

THE HOWLER MONKEY'S TALE | 125

Fifth arm

Black howler monkey
(Alouatta caraya)
demonstrating its
prehensile tail.

Prehensile tails are also
found in several other
South American groups,
including kinkajous
(carnivores), porcupines
(rodents), tree-anteaters
(xenarthrans), opossums
(marsupials), and even
the salamander
Bolitoglossa. Ts there
something special about
South America? But pre-
hensile tails also occur
in pangolins, some tree
rats, some skinks and
chameleons not from
South America!



mammals' remote ancestors, the mammal-like reptiles, who filled the days
before the rise of the dinosaurs. But during the mammals' long nocturnal exile,
their eyes needed to snap up whatever photons were available, regardless of
colour. Not surprisingly, for reasons of the kind that we shall examine in the
Blind Cave Fish's Tale, colour discrimination degenerated. To this day most
mammals, even those who have returned to live in the daylight, have rather poor
colour vision, with only a two-colour system (‘dichromatic'). This refers to the
number of different classes of colour-sensitive cells — 'cones' — in the retina. We
catarrhine apes and Old World monkeys have three: red, green and blue, and are
therefore trichromatic, but the evidence suggests that we regained a third class of
cone, after our nocturnal ancestors lost it. Most other vertebrates, such as fish
and reptiles but not mammals, have three-cone (trichromatic) or four-cone
ftetrachromatic') vision, and birds and turtles can be even more sophisticated.
We'll come to the very special situation in the New World monkeys, and the even
more special situation in the howler monkey, in a moment.

Interestingly, there is evidence that Australian marsupials differ from most
mammals in having good trichromatic colour vision. Catherine Arrese and her
colleagues, who discovered this in honey possums and dunnarts (it has also
been demonstrated in wallabies), suggest that Australian (but not American)
marsupials kept an ancestral reptilian visual pigment that the rest of the
mammals lost. But mammals in general probably have the poorest colour vision
among vertebrates. Most mammals see colour, if at all, only as well as a
colourblind man. The notable exceptions are to be found among primates, and
it is no accident that they, more than any other group of mammals, make use of
bright colours in sexual display.

Unlike the Australian marsupials who perhaps never lost it, we can tell by
looking at our relatives among the mammals that we primates did not retain
trichromatic vision from our reptilian ancestors but rediscovered it — not once,
but twice independently: first in the Old World monkeys and apes; and second
in the New World howler monkeys, although not among the New World
monkeys generally. Howler monkey colour vision is like that of apes, but differ-
ent enough to betray its independent origin.

Why would good colour vision be so important that trichromacy evolved
independently in New and Old World monkeys? A favoured suggestion is that it
has to do with eating fruit. In a predominantly green forest, fruits stand out by
their colours. This, in turn, is probably no accident. Fruits have probably evolved
bright colours to attract frugivores, such as monkeys, who play the vital role of
spreading and manuring their seeds. Trichromatic vision also assists in the
detection of younger, more succulent leaves (often pale green, sometimes even
red), against a background of darker green — but that is presumably not to the
advantage of the plants.

Colour dazzles our awareness. Colour words are among the first adjectives
that infants learn, and the ones they most eagerly tie to any noun that's going.
It is hard to remember that the hues we perceive are labels for electromagnetic
radiations of only slightly differing wavelengths. Red light has a wavelength
around 700 billionths of a metre, violet around 420 billionths of a metre, but
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the whole gamut of visible electromagnetic radiation that lies between these
bounds is an almost ludicrously narrow window, a tiny fraction of the total
spectrum whose wavelengths range from kilometres (some radio waves) down
to fractions of a nanometre (gamma rays).

All eyes on our planet are set up in such a way as to exploit the wavelengths
of electromagnetic radiation in which our local star shines brightest, and which
pass through the window of our atmosphere. For an eye that has committed
itself to biochemical techniques suitable for this loosely bounded range of wave-
lengths, the laws of physics impose sharper bounds to the portion of the electro-
magnetic spectrum that can be seen using those techniques. No animal can see
far into the infrared. Those that come closest are pit vipers, who have pits in the
head which, while in no sense focusing a proper image with infrared rays, allow
these snakes to achieve some directional sensitivity to the heat generated by
their prey. And no animal can see far into the ultraviolet although some, bees
for instance, can see a bit further than we can. But on the other hand, bees can't
see our red: for them it is infrared. All animals agree that 'light' is a narrow
band of electromagnetic wavelengths lying somewhere between ultraviolet at
the short end and infrared at the long end. Bees, people and snakes differ only
slightly in where they draw the lines at each end of'light'.

An even narrower view is taken by each of the different kinds of light-
sensitive cells within a retina. Some cones are slightly more sensitive towards
the red end of the spectrum, others towards the blue. It is the comparison
between cones that makes colour vision possible, and the quality of colour
vision depends largely on how many different classes of cones there are to
compare. Dichromatic animals have only two populations of cones interspersed
with one another. Trichromats have three, tetrachromats four. Each cone has a
graph of sensitivity, which peaks somewhere in the spectrum and fades away,
not particularly symmetrically, on either side of the peak (see diagram below).
Out beyond the edges of its sensitivity graph, the cell may be said to be blind.
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This raises an intriguing
possibility. Imagine that
a neurobiologist inserts
a tiny probe into, say, a
green cone and stimu-
lates it electrically. The
green cell will now
report 'light' while all
other cells are silent.
Will the brain 'see’ a
'super green' hue such
as could not possibly be
achieved by any real
light? Real light, no
matter how pure, would
always stimulate all
three classes of cones to
differing extents.
Although tetra-
chromatic turtles, for
example, might be most
disappointed by the un-
realistic (to them) pic-
tures on our television
and cinema screens.

Carrots are rich in beta-
carotene from which
vitamin A can be made:
hence the rumour —
rumours can be true —
that carrots improve
vision.

Suppose a cone's sensitivity peaks in the green part of the spectrum. Does
this mean, if that cell is firing impulses towards the brain, that it is looking at a
green object like grass or a billiard table? Emphatically not. It is just that the cell
would need more red light (say) to achieve the same firing rate as a given
amount of green light. Such a cell would behave identically towards bright red
light or dimmer green light.* The nervous system can tell the colour of an object
only by comparing the simultaneous firing rates of (at least) two cells that favour
different colours. Each one serves as a 'control' for the other. You can get an
even better idea of the colour of an object by comparing the firing rate of three
cells, all with different sensitivity graphs.

Colour television and computer screens, doubtless because they are designed
for our trichromatic eyes, also work on a three-colour system. On a normal
computer monitor, each 'pixel' consists of three dots placed too close together
for the eye to resolve. Each dot always glows with the same colour — if you look
at the screen at sufficient magnification you always see only the same three
colours, usually red, green and blue although other combinations can do the
job. Flesh tones, subtle shades — any hue you wish — can be achieved by manipu-
lating the intensities with which these three primary colours glow.*

Similarly, by comparing the firing rates from just three kinds of cones, our
brains can perceive a huge range of hues. But most placental mammals, as
already stated, are not trichromats but dichromats, with only two populations
of cones in their retinas. One class peaks in the violet (or in some cases the
ultraviolet), the other class peaks somewhere between green and red. In us tri-
chromats, the short wavelength cones peak between violet and blue, and they
are normally called blue cones. Our other two classes of cones can be called
green cones and red cones. Confusingly, even the 'red' cones peak at a wave-
length that is actually yellowish. But their sensitivity curve as a whole stretches
into the red end of the spectrum. Even if they peak in the yellow, they still fire
strongly in response to red light. This means that, if you subtract the firing rate
of a 'green' cone from that of a 'red' cone, you'll get an especially high result
when looking at red light. From now on I shall forget about peak sensitivities
(violet, green and yellow) and refer to the three classes of cones as blue, green
and red. In addition to cones, there are also rods: light-sensitive cells of a
different shape from cones, which are especially useful at night and which are
not used in colour vision at all. They'll play no further part in our story.

The chemistry and the genetics of colour vision are rather well understood.
The main molecular actors in the story are opsins: protein molecules which
serve as visual pigments sitting in the cones (and rods). Each opsin molecule
works by attaching to, and encasing, a single molecule of retinal: a chemical
derived from vitamin A." The retinal molecule has been forcibly kinked before-
hand to fit it into the opsin. When hit by a single photon of light of an appro-
priate colour, the kink straightens out. This is the signal to the cell to fire a
nervous impulse, which says to the brain 'my kind of light sere’. The opsin
molecule is then recharged with another kinked retinal molecule, from a store
in the cell.

Now, the important point is that not all opsin molecules are the same.
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Opsins, like all proteins, are made under the influence of genes. DNA differ-
ences result in opsins that are sensitive to different colours, and this is the
genetic basis of the two-colour or three-colour systems we have been talking
about. Of course, since all genes are present in all cells, the difference between
ared cone and a blue cone is not which genes they possess, but which genes
they turn on. And there is some kind of rule that says that any one cone only
turns on one class of gene.

The genes that make our green and red opsins are very similar to each other,
and they are on the X chromosome (the sex chromosome of which females have
two copies and males only one). The gene that makes the blue opsin is a bit
different, and lies not on a sex chromosome but on one of the ordinary non-sex
chromosomes called autosomes (in our case it is chromosome 7). Our green and
red cells have clearly been derived from a recent gene duplication event, and
much longer ago they must have diverged from the blue opsin gene in another
duplication event. Whether an individual has dichromatic or trichromatic
vision depends on how many distinct opsin genes it has in its genome. If it has,
say, blue- and green-sensitive opsins but not red, it will be a dichromat.

That's the background to how colour vision works in general. Now, before we
come to the special case of the howler monkey itself and how it became
trichromatic, we need to understand the strange dichromatic system of the rest
of the New World monkeys (some lemurs have it too, by the way, and not all
New World monkeys do — for example, nocturnal owl monkeys have mono-
chromatic vision). For the purposes of this discussion, New World monkey'
temporarily excludes howler monkeys and other exceptional species. We'll
come to the howler monkeys later.

First, set aside the blue gene as an unvarying fixture on an autosome, present
in all individuals whether male or female. The red and green genes, on the X
chromosome, are more complicated and will occupy our attention. Each X
chromosome has only one locus where a red or a green* allele might sit. Since a
female has two X chromosomes, she has two opportunities for a red or green
gene. But a male, with only one X chromosome, has either a red or a green gene
but not both. So a typical male New World monkey has to be dichromatic. He has
only two kinds of cones: blue plus either red or green. By our standards, all males
are colourblind, but they are colourblind in two different ways; some males
within a population lack green opsins, others lack red opsins. All have blue.

Females are potentially more fortunate. Having two X chromosomes, they
could be lucky enough to have a red gene on one and a green gene on the other
(plus the blue which again goes without saying). Such a female would be a
trichromat.” But an unlucky female might have two reds, or two greens, and
would therefore be a dichromat. By our standards such females are colourblind,
and in two ways, just like males.

A population of New World monkeys such as tamarins or squirrel monkeys,
therefore, is an oddly complicated mixture. All males, and some females, are
dichromats: colourblind by our standards but in two alternative ways. Some
females, but no males, are trichromats, with true colour vision which is
presumably similar to ours. Experimental evidence with tamarins searching for
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" Actually, red and green

are only two out of a
range of possibilities at
this locus, but we have
enough complications
to be going on with. For
the purposes of this tale
they will be firmly 'red'
and 'green'.

t As for ensuring that, in

any one cone, only the
red or the green opsin
gene, but not both, is
turned on, this happens
to be easy for females.
They already have a
mechanism for turning
the whole of one X
chromosome off in any
cell. A random half of
the cells deactivates one
of the two X chro-
mosomes, the other half
the other one. This is
important, because all
the genes on an X chro-
mosome are set up to
work if only one is active
— necessary because
males only have one X
chromosome.



This sadly affects many
African-Americans,
who no longer live in a
malarial country but
inherit the genes of
ancestors who did.
Another example is the
debilitating disease
cystic fibrosis whose
gene, in the hetero-
zygous condition, seems
to confer protection
against cholera.

food in camouflaged boxes showed that trichromatic individuals were more
successful than dichromats. Perhaps foraging bands of New World monkeys
rely on their lucky trichromat females to find food that most of them would
otherwise miss. On the other hand, there is a possibility that the dichromats,
either alone or in collusion with dichromats of the other kind, might have
strange advantages. There are anecdotes of bomber crews in the Second World
War deliberately recruiting one colourblind member because he could spot
certain types of camouflage better than his otherwise more fortunate tri-
chromat comrades. Experimental evidence confirms that human dichromats
can indeed break certain forms of camouflage that fool trichromats. Is it
possible that a troop of monkeys consisting of trichromats and two kinds of
dichromats might collectively find a greater variety of fruits than a troop of
pure trichromats? This might sound far-fetched, but it is not silly.

The red and the green opsin genes in New World monkeys constitute an
example of a 'polymorphism'. Polymorphism is the simultaneous existence, in
a population, of two or more alternative versions of a gene, where neither is
rare enough to be just a recent mutant. It is a well-established principle of evolu-
tionary genetics that polymorphisms like this don't just happen without good
reason. Unless something very special is going on, monkeys with the red gene
will be either better off, or worse off, than monkeys with the green gene. We
don't know which, but it is highly unlikely that they would be exactly equally
good. And the inferior kind should go extinct.

A stable polymorphism in a population, then, indicates that something
special is going on. What sort of thing? Two main suggestions have been made
for polymorphisms in general, and either might apply to this case: frequency-
dependent selection, and heterozygous advantage. Frequency-dependent selec-
tion happens when the rarer type is at an advantage, simply by virtue of being
rarer. So, as the type which we had thought was 'inferior' starts to go extinct, it
ceases to be inferior and bounces back. How could this be? Well, suppose 'red'
monkeys are especially good at seeing red fruits while 'green' monkeys are
especially good at seeing green fruits. In a population dominated by red
monkeys, most of the red fruits will be already taken, and a lone green monkey,
able to see green fruits, might be at an advantage — and vice versa. Even if that
is not especially plausible, it is an example of the kind of special circumstance that
can maintain both types in a population, without one of them going extinct. It
is not hard to see that something along the lines of our 'bomber crew' theory
might be the kind of special circumstance that maintains a polymorphism.

Turning now to heterozygous advantage, the classic example — cliché almost
— is sickle-cell anaemia in humans. The sickling gene is bad, in that individuals
with two copies of it (homozygotes) have damaged blood corpuscles that look
like sickles, and suffer from debilitating anaemia. But it is good in that individ-
uals with only one copy (hétérozygotes) are protected against malaria. In areas
where malaria is a problem, the good outweighs the bad, and the siclding gene
tends to spread through the population, in spite of the adverse effects on indi-
viduals unlucky enough to be homozygotes.* Professor John Mollon and his col-
leagues, whose research is mainly responsible for uncovering the polymorphic
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system of colour vision in New World monkeys, propose that the heterozygous
advantage enjoyed by the trichromatic females is enough to favour the coex-
istence of the red and green genes in the population. But the howler monkey
does it better, and this brings us to the teller of the tale itself.

Howler monkeys have managed to enjoy the virtues of both sides of the
polymorphism, by combining them in one chromosome. They have done this by
means of a lucky translocation. Translocation is a special kind of mutation. A
chunk of chromosome somehow gets pasted into a different chromosome by
mistake, or into a different place on the same chromosome. This seems to have
happened to a lucky mutant ancestor of the howler monkeys, which conse-
quently ended up with both a red gene and a green gene next door to one
another on a single X chromosome. This monkey would have been well on its
evolutionary way towards becoming a true trichromat, even if it was a male. The
mutant X chromosome spread through the population until, now, all howler
monkeys have it.

It was easy for howler monkeys to perform this evolutionary trick, because
the three opsin genes were already knocking around the population in New
World monkeys: it is just that, with the exception of a few lucky females, any
one individual monkey had only two of them. When we apes and Old World
monkeys independently did the same kind of thing, we did it differently. The
dichromats from which we sprang were dichromats in only one way: there
wasn't a polymorphism to take off from. Evidence suggests that the doubling-
up of the opsin gene on the X chromosome in our ancestry was a true duplica-
tion. The original mutant found itself with two tandem copies of an identical
gene, say two greens next door to each other on the chromosome, and it there-
fore was not a near-instant trichromat like the ancestral howler monkey mutant.
It was a dichromat, with a blue and two green genes. The Old World monkeys
became trichromats gradually in subsequent evolution, as natural selection
favoured a divergence of the colour sensitivities of the two X opsin genes,
towards green and red respectively.

When a translocation happens, it isn't just the gene of interest that is seen to
move. Sometimes its travelling companions — its neighbours on the original
chromosome who move with it to the new chromosome — can tell us some-
thing. And so it is in this case. The gene called Alu is well-known as a 'trans-
posable element': a short, virus-like piece of DNA that replicates itself around
the genome, as a sort of parasite, by subverting the cell's DNA replication
machinery. Was Alu responsible for moving the opsin? It seems so. We find the
'smoking gun' when we look at the details. There are A/u genes at both ends of
the duplicated region. Probably the duplication was an unintended by-product
of parasitic reproduction. In some long-forgotten monkey of the Eocene Epoch,
a genomic parasite near to the opsin gene tried to reproduce, accidentally repli-
cated a much larger chunk of DNA than intended, and set us on the road to
three-colour vision. Beware, by the way, of the temptation — it is all too common
— to think that, because a genomic parasite seems, with hindsight, to have done
us a favour, genomes therefore harbour parasites in the hope of future favours.
That isn't how natural selection works.
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Mark Ridley, in Mendd's
Demon (retitled The Co-
operative Gene in Amer-
ica), points out that the
eight per cent (or
higher) figure applies to
Europeans, and others
with a history of good
medicine. Hunter-
gatherers, and other
'traditional' societies
closer to the cutting
edge of natural selec-
tion, show a lower per-
centage. Ridley suggests
that a relaxation of
natural selection has
allowed colourblindness
to increase. The whole
business of colour-
blindness is treated, in
characteristically
original fashion, by
Oliver Sacks in The
Island of the Colour-Blind.

Whether engineered by 4/u or not, mistakes of this kind still sometimes
happen. When two X chromosomes line up, prior to crossing over, it is possible
for them to line up incorrectly. Instead of lining the red gene on one chromo-
some with the corresponding red on the other, the similarity of the genes can
confuse the lining-up process so that a red is lined up with a green. If crossing
over then happens it is 'unequal’: one chromosome could end up with an extra
green (say) while the other X chromosome gets no green gene at all. Even if
crossing over doesn't happen, a process called 'gene conversion' can take place,
where a short sequence of one chromosome is converted to the matching
sequence in the other. With misaligned chromosomes, a part of the red gene
may be replaced by the equivalent part of the green gene, or vice versa. Both
unequal crossing over and misaligned gene conversion can lead to red-green
colourblindness.

Men suffer more frequently from red-green colourblindness than women
(the suffering is not great, but it is still a nuisance and they presumably are
deprived of aesthetic experiences enjoyed by the rest of us) because if they
inherit one faulty X chromosome they do not have another to serve as a backup.
Nobody knows whether they see blood and grass in the way the rest of us see
blood, or in the way the rest of us see grass, or whether they see both in some
completely different way. Indeed, it may vary from person to person. All we
know is that people who are red-green colourblind think grass-like things are
pretty much the same colour as blood-like things. In humans, dichromatic
colourblindness afflicts about two per cent of males. Don't be confused,
incidentally, by the fact that other kinds of red-green colourblindness are more
common (affecting about eight per cent of males). These individuals are called
anomalous trichromats: genetically they are trichromats, but one of their three
kinds of opsins doesn't work.*

Unequal crossing over doesn't always make things worse. Some X chromo-
somes end up with more than two opsin genes. The extra ones nearly always
seem to be green rather than red. The record number is a staggering twelve
extra green genes, arrayed in tandem. There is no evidence that individuals
with extra green genes can see any better, but not all 'green’ genes are exactly
the same as each other — so it is theoretically possible for an individual to have
not trichromatic vision but tetrachromatic or pentachromatic vision. I don't
know that anybody has tested this.

It is possible that an uneasy thought has occurred to you. I have talked as
though the acquisition, by mutation, of a new opsin automatically confers en-
hanced colour vision. But of course differences between the colour-sensitivities
of cones are no earthly use unless the brain has some means of knowing which
kind of cone is sending it messages. If it were achieved by genetic hard wiring —
this brain cell is hooked up to a red cone, that nerve cell is hooked up to a green
cone — the system would work, but it couldn't cope with mutations in the retina.
How could it? How could brain cells be expected to 'know' that a new opsin,
sensitive to a different colour, has suddenly become available and that a par-
ticular set of cones, in the huge population of cones in the retina, have turned
on the gene for making the new opsin?
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It seems that the only plausible answer is that the brain learns. Presumably it
compares the firing rates that originate in the population of cone cells in the
retina and "notices' that one sub-population of cells fires strongly when tom-
atoes and strawberries are seen; another sub-population when looking at the
sky; another when looking at grass. This is a 'toy' speculation, but I suppose
something like it enables the nervous system swiftly to accommodate a genetic
change in the retina. My colleague Colin Blakemore, with whom I raised the
matter, sees this problem as one of a family of similar problems that arise
whenever the central nervous system has to accommodate itself to a change in
the periphery.*

The final lesson of the Howler Monkey's Tale is the importance of gene
duplication. The red and the green opsin genes are clearly derived from a single
ancestral gene that xeroxed itself to a different part of the X chromosome.
Farther back in time, we may be sure, it was a similar duplication that separated
the blue” autosomal gene from what was to become the red/green X-chromo-
somal gene. It is common for genes on completely different chromosomes to
belong to the same 'gene family'. Gene families have arisen by ancient DNA
duplications followed by divergence of function. Various studies have found
that a typical human gene has an average probability of duplication of about 0.1
to 1 per cent per million years. DNA duplication can be a piecemeal affair, or it
can happen in bursts, for example when a newly virulent DNA parasite like A/u
spreads throughout the genome, or when a genome is duplicated wholesale.
(Entire-genome duplication is common in plants, and is postulated to have hap-
pened at least twice in our ancestry, during the origination of the vertebrates.)
Regardless of when or how it happens, accidental DNA duplication is one of the
major sources of new genes. Over evolutionary time, it isn't only genes that
change, within genomes. Genomes themselves change.
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Most nocturnal birds,
too, have reflecting
eyes, but not the owlet
nightjars (Aegothelidae)
of Australasia, nor the
Galapagos swallow-
tailed gull Creagrus
furcatus, the only noc-
turnal gull in the world.
On this theory, if the
tarsiers had managed to
regrow a tapetum they
wouldn't need such huge
eyes and this would
have been a good thing.
The absolutely largest
eyes in the entire animal
kingdom are those of
the giant squid, nearly a
foot in diameter. They
too have to cope with
very low light levels,
this time not because
they are nocturnal but
because so little light
penetrates to the great
depths of ocean that
they inhabit.

RENDEZVOUS? TARSIERS

We anthropoid pilgrims have arrived at Rendezvous 7, 58 million years ago in
the dense and varied forests of the Palacocene Epoch, There we greet a little
evolutionary trickle of cousins, the tarsiers. We need a name for the clade that
unites anthropoids and tarsiers, and it is haplorhines. The haplorhines consist
of Concestor 7, perhaps our 6-million-greats-grandparent, and all its descend-
ants: tarsiers, "monkeys' and apes.

The first thing you notice about a tarsier is its eyes. Looking at the skull, it is
almost the only thing there is to notice: a pair of eyes on legs pretty well sums
up a tarsier. Each one of its eyes is as large as its entire brain, and the pupils
open very wide too. The skull seen head-on seems to be wearing a pair of fashion-
ably outsize, not to say giant, spectacles. Their huge size makes the eyes hard to
rotate in their sockets but tarsiers, like some owls, are equal to the challenge.
They rotate the whole head, on an extremely flexible neck, through nearly 360
degrees. The reason for their huge eyes is the same as in owls and night
monkeys — tarsiers are nocturnal. They rely on moonlight, starlight and
twilight, and need to sweep up every last photon they can.

Other nocturnal mammals have a tapetum lucidum — a reflecting layer
behind the retina, which turns photons back in their tracks, so giving the retinal
pigments a second chance to intercept them. It is the tapetum that makes it
easy to spot cats and other animals at night.* Shine a torch all around you. It
will catch the attention of any animals in the vicinity, and they'll look straight
at your light out of curiosity. The beam will be reflected back off the tapetum.
Sometimes you can locate dozens of pairs of eyes with a single sweep of the
torch. If electric light beams had been a feature of the environment in which
animals evolved, they might well not have evolved a tapetum lucidum, as it is
such a giveaway.

Tarsiers, surprisingly, have no tapetum lucidum. It has been suggested that
their ancestors, along with other primates, passed through a diurnal phase and
lost the tapetum. This is supported by the fact that tarsiers have the same weird
system of colour vision as most of the New World monkeys. Several groups of
mammals that were nocturnal in the time of the dinosaurs became diurnal
when the death of the dinosaurs made it safe to do so. The suggestion is that the
tarsiers subsequently returned to the night, but for some reason the evolution-
ary avenue of regrowing the tapetum was blocked to them. So they achieved the
same result,* of capturing as many photons as possible, by making their eyes
very big indeed.
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The other descendants of Concestor 7, the 'monkeys' and
apes, also lack a tapetum lucidum, not surprisingly given
that they are all diurnal except the owl monkeys of South
America. And the owl monkeys, like the tarsiers, have com-
pensated by growing very large eyes — although not quite so
large, in proportion to the head, as those of the tarsiers. We
can make a good guess that Concestor 7 also lacked a
tapetum lucidum and was probably diurnal. What else can
we say about it?

Apart from being diurnal, it may have been quite tarsier-
like. The reason for saying this is that there are some plaus-
ible fossils called the omomyids dating from about the right
period. Concestor 7 might have been something like an
omomyid, and the omomyids were quite tarsier-like. Their
eyes were not so big as modern tarsiers', but big enough to
suggest that they were nocturnal. Perhaps Concestor 7 was
a diurnal version of an omomyid, living in trees. Of its two
descendant lineages, one stayed in the light and blossomed
into the anthropoid monkeys and apes. The other reverted
to the darkness and became the modern tarsiers.

Eyes apart, what is to be said about tarsiers? They are
outstanding leapers, with long legs like frogs or grass-
hoppers. A tarsier can jump more then 3 metres horizont-
ally and 1.5 metres vertically. They have been called furry
frogs. It is probably no accident that they resemble frogs
too in uniting the two bones of the lower legs, the tibia and
the fibula, to make a single strong bone, the tibiofibula. All
anthropoids have nails instead of claws, and tarsiers do
too, with the curious exception of'grooming claws* on the
second and third toes.

We can't guess with any certainty where Rendezvous 7
takes place. But we might just note that North America is
rich in early omomyid fossils of the right period, and that it
was in those days firmly joined to Eurasia via what is now
Greenland. Perhaps Concestor 7 was a North American.



RENDEzZVOUS 8
LEMURS, BUSHBABIES AND THEIR KIN

Gathering the little leaping tarsiers into our pilgrimage, we head off back
towards Rendezvous 8, where we are to be joined by the rest of the primates
traditionally called prosimians: the lemurs, pottos, bushbabies and lorises. We
need a name for those 'prosimians' that are not tarsiers. 'Strepsirhines' has
become customary. It means 'split nostril' (literally comb nose). It is a slightly
confusing name. All it means is that the nostril is shaped like a dog's. The rest of
the primates, including us, are haplorhines (simple nose: our nostrils are each
just a simple hole).

We haplorhine pilgrims, then, greet our strepsirhine cousins, of which the
great majority are lemurs, at Rendezvous 8. Various dates have been suggested
for this point. I have taken it as 63 million years into the past, a commonly
accepted date and one just 'before' our passage back into the Cretaceous Period.
Bear in mind, however, that a few researchers imagine this rendezvous even
further back in time, during the Cretaceous itself. At 63 million years ago, the
Earth's vegetation and climate had rebounded from their drastic disturbance
when the Cretaceous — and the dinosaurs — came to an end (see "The Great
Cretaceous Catastrophe'). The world was largely wet and forested, with at least
the northern continents covered in a relatively restricted mix of deciduous
conifers, and a scattering of flowering plant species.

Perhaps in the branches of a tree, we encounter Concestor 8, seeking fruit
or maybe an insect. This most recent common ancestor of all surviving primates
is approximately our 7-million-greats-grandparent. Fossils that might help us
reconstruct what Concestor 8 was like include the large group called plesiadapi-
forms. They lived about the right time, and they have many of the qualities you
would expect of the grand ancestor of all the primates. Not all of them, however,
which makes their supposed position close to the primate ancestor contro-
versial.

Of the living strepsirhines, the majority are lemurs, living exclusively in
Madagascar, and we'll come to them in the tale that follows. The others divide
into two main groups, the leaping bushbabies and the creeping lorises and
pottos. When I was a child of three in Nyasaland (now Malawi) we had a pet
bushbaby. Percy was brought in by a local African, and was probably an
orphaned juvenile. He was tiny: small enough to perch on the rim of a glass of
whisky, into which he would dip his hand and drink with evident enjoyment. He
slept during the day, clasping the underside of a beam in the bathroom. When
his 'morning' came (in the evening), if my parents failed to catch him in time
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LEMURS AND THEIR

KIN JOIN

The living primates can be divided into the lemurs and their kin, and the rest. The time of this divergence is
debated — some experts place it as much as 20 million years earlier, with a consequent increase in the age of
Concestors 9, io, and 11. The five Madagascar! lemur families (30 or so species) and the loris family (18 species) are
known as'strepsirhines'. The order of branching within lemurs in this strepsirhine phylogeny remains
controversial.
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(which was often, because he was extremely agile and a terrific leaper) he would
race to the top of my mosquito net and urinate on me from above. When
leaping, for example onto a person, he did not exhibit the common bushbaby
habit of urinating on his hands first. On the theory that "urine washing' is
for scent-marking, this would make sense given that he was not an adult.
On the alternative theory that the urine improves grip, it is less clear why he
didn't do it.

I shall never know to which of the 17 species of bushbaby Percy belonged, but
he was most certainly a leaper, not a creeper. The creepers are the pottos of
Africa and the lorises of Asia. They move much more slowly — especially the
'slow loris' of the Far East, which is a stealth hunter, inching along a branch
until within reach of prey, whereupon it lunges with great speed.

Bushbabies and pottos remind us that a tropical forest is a three-dimensional
world like the sea. Seen from above the canopy, the green waves at its surface
billow towards the horizon. Dive down into the darker green world beneath,
and you pass through distinct layers, again as in the sea. The animals of the
forest, like fish in the sea, find it as easy to move up and down as horizontally.
But, also as in the sea, each species in practice specialises in making its living at
a particular level. In the West African forests by night, the surface canopy is the
province of the pygmy bushbabies hunting insects, and the fruit-eating pottos.
Below the level of the canopy, the trunks of the trees are separated by gaps, and
this is the domain of the needle-clawed bushbaby whose eponymous equipment
enables it to cling to the trunks after leaping the gaps between them. Deeper
still, in the understorey, the golden potto and the closely related angwantibo
hunt caterpillars. At dawn, the nocturnal bushbabies and pottos give place to
day-hunting monkeys, who parcel up the forest into similarly stratified layers.
The same kind of stratification goes on in the South American forests, where as
many as seven species of (marsupial) possum can be found, each at its own level.

The lemurs are descended from those early primates who happened to find
themselves marooned in Madagascar during the time when monkeys were
evolving in Africa. Madagascar is a large enough island to serve as a laboratory
for natural experiments in evolution. The tale of Madagascar will be told by one
of the lemurs, by no means the most typical of them, the aye-aye Daubentonia.
I don't remember much from the discourse on lemurs that Harold Pusey — wise
and learned warhorse of the lecture hall — gave to my generation of Oxford
zoologists, but I do remember the haunting refrain with which he concluded
almost every sentence about lemurs: 'Except Daubentonia.' "EXCEPT Daubentonia!’
Despite appearances, Daubentonia, the aye-aye, is a perfectly respectable lemur,
and lemurs are the most famous inhabitants of the great island of Madagascar.
The Aye-Aye's Tale is about Madagascar, textbook showcase of biogeographical
natural experiments, a tale not just of lemurs but of all of Madagascar's peculiar
— in the original sense of the word — fauna and flora.

RENDEZVOUS 8 | 139

CONCESTORS
A cat-sized primate active
at night and probably
during the day too,
Concestor 8 would have
searched for food in the
end branches of trees,
using its forward-pointing
eyes and grasping hands
and feet. This
reconstruction is set at
dusk in a Eurasian forest.



Something of the night
The aye-aye {Daubentoma
madagascariensis).

The same habit, with
the same long finger
(except it is the fourth
finger instead of the
third), has convergently
evolved in a group of
New Guinean marsup-
ials, the striped possum
and the trioks (Dactylo-
psila). These marsupials
seem to be champion
convergers, by the way.
They are striped in the
same pattern as skunks.
And like skunks, they
emit a powerful smell in
defence. See page 193.

The Aye-Aye's Tale

A British politician once described a rival (who later went on to become their
party leader) as having 'something of the night' about him. The aye-aye conveys
a similar impression, and indeed it is wholly nocturnal — the largest primate to
be so. It has disconcertingly wide-set eyes in a ghostly pale face. The fingers are
absurdly long: the fingers of an Arthur Rackham witch. 'Absurd' only by human
standards, however, for we may be sure those fingers are long for a good reason:
aye-ayes with shorter fingers would be penalised by natural selection, even if we
don't know why. Natural selection is a strong enough theory to be predictive in
this fashion, now that science no longer needs convincing of its truth.

One finger, the middle finger, is unique. Hugely long and thin, even by
aye-aye standards, it is used specifically to make holes in dead wood and lever
out grubs. Aye-ayes detect prey in wood by drumming with the same long
finger, and listening for the changes in tone that betray an insect
underneath.* That isn't quite all they use the long middle finger for. At Duke
University, which surely has the largest collection of lemurs outside
Madagascar, I have seen an aye-aye, with great delicacy and precision, insert
the long middle finger up its own nostril — in quest of what, I don't know. The
late Douglas Adams wrote a wonderful chapter about the aye-aye in last
Chance to See, his travel book about his journeys with the zoologist Mark
Carwardine.

The aye-aye is a nocturnal lemur. It is a very strange-looking creature that seems

to have been assembled from bits of other animals. It looks a little like a large cat

with a bat's ears, a beaver's teeth, a tail like a large ostrich feather, a middle

finger like a long dead twig and enormous eyes that seem to peer past you into a

totally different world which exists just over your left shoulder... Like virtually

everything that lives on Madagascar, it does not exist anywhere else on earth.

What wonderfully pithy writing, how sadly missed its author. Adams and
Carwardine's purpose in Last Chance to See was to call attention to the plight of
endangered species. The 30 or so surviving species of lemurs are relicts of a
much larger fauna that survived up until Madagascar was invaded by destruc-
tive humans about 2,000 years ago.

Madagascar is a fragment of Gondwana (see page 237) which became sep-
arated from what is now Africa about 165 million years ago, and finally separ-
ated from what became India about 90 million years ago. This order of events
may seem surprising but, as we shall see, once India had shaken itself free of
Madagascar it moved away unusually fast by the sub-lorisoid standards of
plate tectonics.
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Setting aside bats (which presumably flew in) and human introductions,
Madagascar's terrestrial inhabitants are descendants either of the ancient
Gondwana fauna and flora, or of rare immigrants rafted in with improbable
good luck from elsewhere. It is a natural botanical and zoological garden, which
houses about five per cent of all the plant and animal land species in the world,
more than 80 per cent of them being found nowhere else. Yet, notwithstanding
this astonishing richness of species, it is also remarkable for the number of
major groups that are totally absent. Unlike Africa or Asia, Madagascar has no
native antelopes, no horses or zebras, no giraffes, no elephants, no rabbits, no
elephant shrews, no members of the cat or the dog family: none of the expected
African fauna at all*. There are bushpigs which seem to have arrived quite
recently, perhaps introduced by humans. (We shall return to the aye-aye and the
other lemurs at the end of the tale.)

Madagascar has three members of the mongoose family, which are clearly
related to each other and must have arrived in the form of a single founder
species from Africa, and subsequently branched. Of these, the most famous is
the fossa, a sort of giant mongoose the size of a beagle but with a very long tail.
Its smaller relatives are the falanouc, and the fanaloka whose Latin name,
confusingly, is Fossa fossa}

There is a group of peculiarly Madagascan rodents, nine genera in all, united
in one subfamily, the Nesomyinae. These include a burrowing giant rat-like
form, a tree-climber, a tufted-tail 'marsh rat' and a jumping jerboa-like form. It
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" However fossil remains
suggest that several
species of hippo sur-
vived until recent times.

t The fossa's own Latin
name is something
quite different, and in
any case the locals call
it/oosh.



Madagascar's answer to
the apes?

The indri {Indri indri) has
a loud, plaintive call that
can be heard more than
a mile away.

has long been controversial whether these peculiarly Madagascan rodents result
from a single immigration event, or several. If there was a single founder, it
would mean that its descendants, since arriving in Madagascar, evolved to fill
all these different rodent niches: a very Madagascan story. Recent molecular
evidence shows that a couple of species on the African mainland are more
closely related to some Madagascan rodents than some Madagascan rodents are
to each other. This might seem to indicate multiple immigration from Africa.
However, a closer look at the evidence supports a more surprising hypothesis. It
seems that all the Madagascan rodents are descended from a single founder who
arrived, not from Africa but from India. If this is right, the affinities with two
African rodents would indicate further rafting from Madagascar to Africa. The
ancestors of the African species came from India, via Madagascar. It is as though
the Indian Ocean favours rafting in a westerly direction. And once again we
mustn't forget that India would have been closer to Madagascar when the
immigration happened.

Six out of the eight species of baobab tree are unique to Madagascar, and its
count of 130 species of palm trees dwarfs the number found in the whole of
Africa. Some authorities think chameleons originated there. Certainly, two-
thirds of the world's species of chameleons are native to Madagascar. And there
is a peculiarly Madagascan family of shrew-like animals, the tenrecs. Once
classified in the Order Insectivora, they are nowadays placed with the Afrotheria
whom we shall meet at Rendezvous 13. They probably arrived on Madagascar as
two different founder populations from Africa, before any other mammals.
They have now diversified into 27 species, including some that resemble hedge-
hogs, some that resemble shrews, and one that lives largely underwater like a
water shrew. The resemblances are convergent — independently evolved, in typ-
ical Madagascan fashion. Madagascar being isolated, there were no 'true'
hedgehogs and no 'true' water shrews. So tenrecs, who had the good fortune
to be on the spot, evolved to become the local equivalents of hedgehogs
and water shrews.

Madagascar has no monkeys or apes at all, and that set the scene for the
lemurs themselves. By lucky chance, some time later than 63 million years
ago, a founder population of early strepsirhine primates accidentally found
their way to Madagascar. As usual, we have no idea how this happened. The
evolutionary split (Rendezvous 8, at 63 Mya) was later than Madagascar's
geographical separation from Africa (165 Mya) and India (88 Mya), so we
can't say the lemurs'
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ancestors were Gondwanan residents sitting there all along. In several places in
this book I have used 'rafting' as a kind of shortened code for 'fluke sea-crossing
by some means unknown, of great statistical improbability, which only had to
happen once, and which we know must have happened at least once because we
see the later consequences'. I should add that 'great statistical improbability' is
in there for form's sake. The evidence, as we saw at Rendezvous 6, is actually
that 'rafting' in this general sense is commoner than intuition would expect.
The classic example is the swift recolonisation of the remnants of Krakatoa after
it was abruptly destroyed by a catastrophic volcanic event.*

In Madagascar, the consequences of the lucky rafting were dramatic and
delightful: lemurs great and small, ranging in size from the pygmy mouse
lemur, smaller than a hamster, to the recently extinct Archaeoindris, which was
heavier than a large silverback gorilla and looked like a bear; familiar lemurs
like the ring-tailed, with their long, striped, hairy-caterpillar tails wafting in the
air as the troop runs along the ground; or the indri (opposite) or the dancing
sifaka which may be the most bipedally accomplished primate after ourselves.

And of course there is the aye-aye, teller of this tale. The world will be a
sadder place when the aye-aye goes extinct, as I fear it may. But a world without
Madagascar would be not just sadder — it would be impoverished. If you wiped
out Madagascar, you would destroy only about a thousandth of the world's total
land area, but fully four per cent of all species of animals and plants.

For a biologist, Madagascar is the Island of the Blest. Along our pilgrim voy-
age, it is the first of five large — in some cases very large indeed — islands, whose
isolation, at crucial junctures in Earth history, radically structured the diversity
of mammals. And not just mammals. Something similar happens with insects,
birds, plants and fish, and when we are eventually joined by more distant pil-
grims we shall find other islands playing the same role — not all of them dry
land islands. The Cichlid's Tale will persuade us that each of the great African
lakes is its own watery Madagascar, and cichlid fishes are its lemurs.

The islands or island continents that have shaped the evolution of mammals
are, in the order we shall visit them, Madagascar, Laurasia (the great northern
continent which was once isolated from its southern counterpart, Gondwana),
South America, Africa, and Australia. Gondwana itself might be added to the
list, for, as we shall discover at Rendezvous 15, it too bred its own unique fauna,
before it broke up into all our Southern Hemisphere continents. The Aye-Aye's
Tale has shown us the faunistic and floristic extravagance of Madagascar. Laur-
asia is the ancient home, and Darwinian proving-ground, of the huge influx of
pilgrims we shall meet at Rendezvous 11, the laurasiatheres. At Rendezvous 12
we shall be joined by a strange band of pilgrims, the xenarthrans, who served
their evolutionary apprenticeship on the then island continent of South
America, and who will tell us the tale of the others who shared it. At Rendezvous
13 we find the afrotheres, another hugely varied group of mammals, whose
diversity was honed on the island continent of Africa. Then, at Rendezvous 14 it
is the turn of Australia and the marsupials. Madagascar is the microcosm which
sets the pattern — large enough to follow it, small enough to display it in
exemplary clarity.
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Diversity of Life has a
beautiful account.



K/T stands for
Cretaceous-Tertiary,
with "K" rather than "C
because "C had already
been granted by geol-
ogists to the Carbonifer-
ous Period. Cretaceous
comes from crcta, the
Latin for chalk. The
German for chalk is
Kreide, hence the K. The
'Tertiary' was part of a
now defunct system of
nomenclature, and
covered the first five
epochs of the Cenozoic
Era. The boundary is
now called Cretaceous-
Palaeogene (see the
Geological Timescale in
the General Prologue).
Nevertheless, the ab-
breviation 'K/T' remains
in common use, and I
will use it here.

The Earth at the time of
the K/T extinction [257].
The position of the
Chicxulub bolide impact
is shown. By the end of
the Cretaceous, Laurasia
andGondwana had
broken up into contin-
ental shapes broadly fam-
iliar to us today, though
Europe was still a large
island and India, now sep-
arated from Madagascar,
was making its rapid way
towards Asia. The climate
was warm and mild, even
in the polar regions, as it
was throughout the
Mesozoic Era, partly as a
result of the pattern of
warm ocean currents.

THE GREAT CRETACEOUS CATASTROPHE

Rendezvous 8, where our pilgrims meet the lemurs 63 million years ago, is our
last rendezvous 'before’, in our backward journey, we burst through the 65
million year barrier, the so-called K/T boundary, which separates the Age of
Mammals from the much longer Age of Dinosaurs that preceded it.* The K/T
was a watershed in the fortunes of the mammals. They had been small, shrew-
like creatures, nocturnal insectivores, their evolutionary exuberance held down
under the weight of reptilian hegemony for more than 100 million years.
Suddenly the pressure was released and, in a geologically very short time,
the descendants of those shrews expanded to fill the ecological spaces left by
the dinosaurs.

What caused the catastrophe itself? A controversial question. At the time
there was extensive volcanic activity in India, spewing out lava flows covering
well over a million square kilometres (the 'Deccan Traps') which must have had
a radical effect on the climate. However, a variety of evidence is building a
consensus that the final deathblow was more sudden and more drastic. It seems
that a projectile from space — a large meteorite or comet — hit Earth. Detectives
proverbially reconstruct events from cigar ash and footprints. The ash in this
case is a worldwide layer of the element iridium at just the right place in the
geological strata. Iridium is normally rare in the Earth's crust but common in
meteorites. The sort of impact we are talking about would have pulverised the
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incoming bolide, and scattered its remains as dust throughout the atmosphere,
from which it would eventually have rained down all over the Earth's surface.
The footprint — 100 miles wide and 30 miles deep — is a titanic impact crater,
Chicxulub, at the tip of the Yucatan peninsula in Mexico. The location is marked
on the map opposite, which also illustrates the disposition of the continents,
oceans and shallow seas at the time.

Space is full of moving objects, travelling in random directions and at a great
variety of speeds relative to one another. There are many more ways in which
objects can be travelling at high speeds relative to us than low speeds. So, most
of the objects that hit our planet are travelling very fast indeed. Fortunately,
most of them are small and burn up in our atmosphere as 'shooting stars'. A few
are large enough to retain some solid mass all the way to the planet's surface.
And, once in a few tens of millions of years, a very large one catastrophically col-
lides with us. Because of their high velocity relative to Earth, these massive objects
release an unimaginably large quantity of energy when they collide. A gunshot
wound is hot because of the velocity of the bullet. A colliding meteorite or comet
is likely to be travelling even faster than a high-velocity rifle bullet. And where
the rifle bullet weighs only ounces, the mass of the celestial projectile that ended
the Cretaceous and slew the dinosaurs was measured in gigatons. The noise of
the impact, thundering round the planet at a thousand kilometres per hour, prob-
ably deafened every living creature not burned by the blast, suffocated by the
wind-shock, drowned by the 150-metre tsunami that raced around the literally
boiling sea, or pulverised by an earthquake a thousand times more violent than
the largest ever dealt by the San Andreas fault. And that was just the immediate
cataclysm. Then there was the aftermath — the global forest fires, the smoke
and dust and ash which blotted out the sun in a two-year nuclear winter that
lolled off most the plants and stopped dead the world's food chains.

No wonder all the dinosaurs, with the notable exception of the birds,
perished — and not just the dinosaurs, but about half of all other species too,
particularly the marine ones.* The wonder is that any life at all survives these
cataclysmic visitations. By the way, the one that ended the Cretaceous and the
dinosaurs is not the biggest — that honour falls to the mass extinction that
marks the end of the Permian, about a quarter of a billion years ago, in which
some 95 per cent of all species went extinct. Recent evidence suggests that an
even larger comet or meteorite was responsible for that mother of all extinc-
tions. We are uneasily aware that a similar catastrophe could hit us at any
moment. Unlike the dinosaurs in the Cretaceous, or the pelycosaurian (mammal-
like) reptiles in the Permian, astronomers would give us several years' warning,
or at least months. But this would not be a blessing for, at least with present-day
technology, there is nothing we could do to prevent it. Fortunately, the odds
that this will happen in any particular person's lifetime are, by normal actuarial
standards, negligible. At the same time, the odds that it will happen in some
unfortunate individuals' lifetime are near certainty. Insurance companies are
just not used to thinking that far ahead. And the unfortunate individuals
concerned will probably not be human, for the statistical likelihood is that we
shall be extinct before then anyway.
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catastrophe as strangely
selective. The deep sea
Foraminifera (protozoa
in tiny shells which
fossilise in enormous
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entirely spared.



A rational case can be mounted that humanity should start research into
defensive measures now, to bring the technology up to the point where, if a
credible warning were sounded, there would be time to put measures into
effect. Present-day technology could only minimise the impact, by storing a
suitable balance of seeds, domestic animals, machines including computers and
databases full of accumulated cultural wisdom, in underground bunkers with
privileged humans (now there's a political problem). Better would be to develop
so-far only dreamed-of technologies to avert the catastrophe by diverting or
destroying the intruder. Politicians who invent external threats from foreign
powers, in order to scare up economic or voter support for themselves, might
find that a potentially colliding meteor answers their ignoble purpose just as
well as an Evil Empire, an Axis of Evil, or the more nebulous abstraction "Terror’,
with the added benefit of encouraging international co-operation rather than
divisiveness. The technology itself is similar to the most advanced 'star wars'
weapons systems, and to that of space exploration itself. The mass realisation
that humanity as a whole shares common enemies could have incalculable
benefits in drawing us together rather than, as at present, apart.

Evidently, since we exist, our ancestors survived the Permian extinction, and
later the Cretaceous extinction. Both catastrophes, and the others that have also
occurred, must have been extremely unpleasant for them, and they survived by
the skin of their teeth, possibly deaf and blind but just capable of reproducing,
otherwise we wouldn't be here. Perhaps they were hibernating at the time, and
didn't wake up until after the nuclear winter that is thought to follow such
catastrophes. And then, in the fullness of evolutionary time, they reaped the
benefits. In the case of the Cretaceous survivors, there were now no dinosaurs to
eat them, no dinosaurs to compete with them. You might think there was a
down side: no dinosaurs for them to eat. But few mammals were large enough,
and few dinosaurs small enough, to make that much of a loss. There can be no
doubt that the mammals flowered massively after the K/T, but the form of the
flowering and how it relates to our rendezvous points is debatable. Three
'models' have been suggested, and now is the time to discuss them. The three
shade into each other, and I shall present them in their extreme forms only for
simplicity. For reasons of clarity, as I believe, I shall change their usual names to
the Big Bang Model, the Delayed Explosion Model, and the Non-explosive Model.
There are parallels in the controversy over the so-called Cambrian Explosion, to
be discussed in the Velvet Worm's Tale.

1 The Big Bang Model, in its extreme form, sees a single mammal species sur
viving the K/T catastrophe, a sort of Palaecocene Noah. Immediately after
the catastrophe, the descendants of this Noah started proliferating and
diverging. On the Big Bang Model, most of the rendezvous points occurred
in a bunch, just this side of the K/T boundary — the backwards way of view
ing the rapidly divergent branching of the Noah's descendants.

2 The Delayed Explosion Model acknowledges that there was a major explo
sion of mammal diversity after the K/T boundary. But the mammals of the
explosion were not descended from a single Noah, and most of the rendez-
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vous points between mammal pilgrims pre-date the K/T boundary. When
the dinosaurs suddenly left the scene, there were lots of little shrew-like
lineages who survived to step into their shoes. One 'shrew' evolved into car-
nivores, a second 'shrew’ evolved into primates, and so on. These different
'shrews', although probably quite similar to each other, traced their separ-
ate ancestry deep into the past, eventually to unite way back in the Age of
Dinosaurs. Those ancestors followed, in parallel, their long fuses into the
future through the Age of Dinosaurs to the K/T boundary. Then they all
exploded in diversity, more or less simultaneously, when the dinosaurs dis-
appeared. The consequence is that the concestors of modern mammals
long pre-date the K/T boundary, although they only started diverging from
each other in appearance and way of life after the death of the dinosaurs.

3 The Non-explosive Model doesn't see the K/T boundary as marking any kind
of sharp discontinuity in the evolution of mammalian diversity at all.
Mammals just branched and branched, and this process went on before the
K/T boundary in much the same way as it went on after it. As with the
Delayed Explosion Model, the concestors of modern mammals pre-date the
K/T boundary. But in this model they had already diverged considerably by
the time the dinosaurs disappeared.

Of the three models, the evidence, especially molecular evidence but increas-
ingly fossil evidence too, seems to favour the Delayed Explosion Model. Most of
the major splits in the mammal family tree go way back, deep into dinosaur
times. But most of those mammals that coexisted with dinosaurs were pretty
similar to each other, and remained so until the removal of the dinosaurs freed
them to explode into the Age of Mammals. A few members of those major
lineages haven't changed much since those early times, and they consequently
resemble each other, even though the common ancestors that they share are
extremely ancient. Eurasian shrews and tenrec shrews, for example, are very
similar to each other, probably not because they have converged from different
starting points but because they haven't changed much since primitive times.
Their shared ancestor, Concestor 13, is thought to have lived about 105 million
years ago, nearly as long before the K/T boundary as the K/T is before the
present.
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RENDEZVOUS 9 COLUGOS AND TREE SHREWS

Rendezvous 9 occurs 70 million years into the past, still in the time of the
dinosaurs and before the flowering of mammalian diversity properly began.
Actually, the flowering of flowers themselves had only just begun. Flowering
plants, while diverse, had been previously restricted to disturbed habitats such
as those uprooted by elephantine dinosaurs or ravaged by fire, but by now had
gradually evolved to include a range of forest-canopy trees and understorey
bushes. Concestor 9, which was something like our 10-million-greats-grand-
parent, was the common ancestor we share with a pair of squirrel-like mammal
groups. Well, one of them is squirrel-like and the other more like a flying squir-
rel. They are the 18 species of tree shrews and the two species of colugos or
'flying lemurs', all from South East Asia.

The tree shrews are all very similar to each other, and are placed in the family
Tupaiidae. Most live like squirrels, in trees, and some species resemble squirrels
even down to having long, fluffy, aerodynamic tails. The resemblance, however,
is superficial. Squirrels are rodents. Tree shrews are certainly not rodents. As to
what they are, well, that is partly what the next tale will be about. Are they
shrews, as their common name would suggest? Are they primates, as certain
authorities have long thought? Or are they something else altogether? The
pragmatic solution has been to place them in their own, uncertainly placed,
mammalian order, the Scandentia (Latin scandere = to climb). But in seeking
concestor points, we cannot avoid the problem so easily. The Colugo's Tale
contains my justification — or apology? — for the solution I have adopted, which
is to unite the colugos and the tree shrews 'before' they join our pilgrimage.

Colugos have long been known as flying lemurs, prompting the obvious
put-down: they neither fly nor are lemurs. Recent evidence suggests that they
are closer to lemurs than was realised even by those responsible for the mis-
nomer. And, while they don't have powered flight like a bat or a bird, they are
adept gliders. The two species, Cynocephalus volans the Philippine colugo, and C.
variegatus, the Malayan colugo, have a whole order to themselves, the Derm-
optera. It means 'wings of skin'. Like the flying squirrels of America and Eurasia,
the more distantly related flying scaly-tailed squirrels of Africa, and the
marsupial gliders of Australia and New Guinea, colugos have a single large flap
of skin, the patagium, which works a bit like a controlled parachute. Unlike that
of the other gliders, the colugo's patagium embraces the tail as well as the
limbs, and it extends right to the tips of the fingers and toes. Colugos are also,
with a 'wing' span of 70 centimetres, larger than any of those other gliders.
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Colugos can glide more than 70 metres through the forest
at night, to a distant tree, with little loss of height.

The fact that the patagium stretches right to the tip of
the tail, and to the tips of the fingers and toes, suggests that
the colugos are more deeply committed to the gliding way
of life than other mammalian gliders. And indeed, they are
pretty inept on the ground. They more than make up for it
in the air, where their huge parachute gives them the run
of large areas of forest at high speed. This necessitates good
stereoscopic vision for steering accurately at night towards
a target tree, avoiding fatal collisions, and then making a
precision landing. And indeed they have large stereoscopic
eyes, excellent for night vision.

Colugos and tree shrews have unusual reproductive
systems, but in very different directions. Colugos resemble
marsupials in that their young are born early in embryonic
development. Having no marsupial pouch, the mother
presses the patagium into service. The tail region of the
patagium is folded forwards to form a makeshift pouch
in which the (usually single) young sits. The mother often
hangs upside down from a branch like a sloth, and the
patagium then looks and feels like a hammock for
the baby.

To be a baby colugo peeping over the edge of a warm,
furry hammock sounds appealing. A baby tree shrew, on
the other hand, receives perhaps less maternal care than
any other baby mammal. The mother tree shrew, at least in
several of the species, has two nests, one in which she
herself lives, the other in which the babies are deposited.
She visits them only to feed them, and then only for the
briefest possible time, between five and ten minutes. And
she visits them for this brief feed only once in every 48
hours. In the meantime, with no mother to keep them
warm as any other baby mammal would have, the little
tree shrews need to heat themselves from their food. To
this end, the mother's milk is exceptionally rich.



The affinities of the tree shrews and the colugos, to each other and to the rest
of the mammals, are subject to dispute and uncertainty. There is a lesson in that
very fact, and it is the lesson of the Colugo's Tale.

The Colugo's Tale

The colugo could tell a tale of nocturnal gliding through the forests of South
East Asia. But for the purposes of our pilgrimage it has a more down-to-earth
tale to tell, whose moral is a warning. It is the warning that our apparently tidy
story of concestors, rendezvous points, and the sequence in which pilgrims join
us, is heavily subject to disagreement and revision as new research is done. The
phylogeny diagram at Rendezvous 9 shows one recently supported view. Accord-
ing to this view, which I am provisionally accepting here, the pilgrims we
primates greet at Rendezvous 9 are an already united band consisting of the
colugos and the tree shrews. A few years ago, the colugos would not have
entered into this picture. Orthodox taxonomy would have had the tree shrews
alone joining the primates at this rendezvous: the colugos would have joined us
further down the road, not even very close.

There is no guarantee that our present picture will stay settled. New evidence
may resurrect our previous view, or it may prompt a completely different one.
Some researchers even think the colugos are closer to the primates than the
tree shrews are. If they are right, Rendezvous 9 is where we primates are joined
by the colugos. We'd have to wait for the tree shrews at Rendezvous 10, and the
numbering of concestors from then on would need to be increased by one. But
that is not the view | have adopted. Doubt and uncertainty may seem rather
unsatisfactory as the moral for a tale, but it is an important lesson that must be
taken on board before our pilgrimage to the past proceeds much further. The
lesson will apply to many other rendezvous.

I could have signalled my uncertainty by having multi-way splits (‘poly-
tomies': see the Gibbon's Tale) in my phylogenetic trees. This is the solution
adopted by certain authors, notably Colin Tudge in his masterly phylogenetic
summary of all life on earth, The Variety Of Life. But having polytomies on some
branches risks giving false confidence in the others. The revolution in mam-
malian systematics involving the laurasiatheres and afrotheres (Rendezvous 11
to 13) happened after Tudge's book was published, as recently as 2000, and so
some areas of his classification which he considered resolved have now been
transformed. Were he to bring out a new edition, it would surely be radically
changed. Very possibly the same will happen with this book, and it isn't just the
colugos and tree shrews. The position of tarsiers (Rendezvous 7), and the group-
ing of lampreys with hagfishes (Rendezvous 22) are unsure. The affinities of the
afrotheres (Rendezvous 13) and the coelacanths (Rendezvous 19) are still slightly
unsure. The ordering of our rendezvous with cnidarians and ctenophores (
Rendezvous 28 and 29) could be the wrong way round.

Other rendezvous, such as that with the orang utans, are as near certain as it
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is possible to be, and there are many more in that happy category. There are also
some borderline cases. So, rather than make what comes close to a subjective
judgement about which groups deserve fully resolved trees and which do not, I
have nailed my more-or-less uncertain colours to the mast in 2004, explaining
the doubts in the text whenever possible (apart from a single rendezvous,
number 37, where the order is so unsure that even the experts are not willing to
hazard a guess). In the fullness of time, I fear that some (but relatively few, I
hope) of my rendezvous points and their phylogenies will turn out to be wrong,
in the light of new evidence*

Earlier systems of taxonomy that were not tied to the evolution-standard
might be controversial, in the way that matters of taste or judgement are con-
troversial. A taxonomist might argue that, for reasons of convenience in exhib-
iting museum specimens, tree shrews should be grouped with shrews and
colugos with flying squirrels. In such judgements there is no absolutely right
answer. The phyletic taxonomy adopted in this book is different. There is a cor-
rect tree of life," but we don't yet know what it is. There is still room for human
judgement, but it is judgement about what will eventually turn out to be the
undisputable truth. It is only because we haven't looked at enough details yet,
especially molecular details, that we are still unsure what that truth is. The
truth really is hanging up there waiting to be discovered. The same cannot be
said for judgements of taste or of museum convenience.
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tation alert: Creation-
ists, please do not quote
this as indicating that
'the evolutionists can't
agree about anything'
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vation that this tree will
actually be a majority
consensus among gene
trees, as explained in
the closing paragraphs
of the Gibbon's Tale.



FACING PAGE

RODENTS AND

RABBITS JOIN

Experts generally accept
that the 70 or so species
of rabbit relatives and the
approximately 2,000
rodents (two-thirds of
which are in the mouse
family) group together.
Recent genetic studies
place this group as the
sister to the primates,
colugos, and tree shrews.
Parts of the branching
order within the rodents
are not entirely estab-
lished, but a phylogeny
similar to this is supported
by most molecular data.

IMAGES, LEFTTO RIGHT:
capybara (Hydrochaeris
hydrochaeris); Cape mole
rat (Georychus capensis);
Cape porcupine (Hystrix
africaeaustralis); red
squirrel (Sc/urus vulgaris);
common dormouse
(Muscardinus aveltanar-
ius); springhare (Pedetes
capensis); European
beaver (Castor fiber); bank
vole (Clethrionomys
glareolus); northern birch
mouse (Sicista betulina);
Avrctic hare (Lepus
orcticus); American pika
(Ochotona princeps).

RENDEzZVOUS 10 RODENTS AND RABBITKIND

Rendezvous 10 occurs 75 million years into our journey. It is here that our
pilgrims are joined — overwhelmed, rather — by a teeming, scurrying, gnawing,
whisker-quivering plague of rodents. For good measure, we also greet at this
point the rabbits, including the very similar hares and jack-rabbits, and the
rather more distant pikas. Rabbits were once classified as rodents, because they
also have very prominent gnawing teeth at the front — indeed they outpoint the
rodents, with an extra pair. They were then separated off, and are still placed in
their own order, Lagomorpha, as opposed to Rodentia. But modern authorities
group the lagomorphs together with the rodents in a 'cohort' called Glires. In
the terms of this book, the lagomorph pilgrims and the rodent pilgrims joined
up with each other 'before' the whole lot of them joined our pilgrimage. Con-
cestor 10 is approximately our 15-million-greats-grandparent. It is the latest
ancestor we share with a mouse, but the mouse is connected to it through a very
much larger number of greats, because of short generation times.

Rodents are one of the great success stories of mammaldom. More than 40
per cent of all mammal species are rodents, and there are said to be more
individual rodents in the world than all other mammals combined. Rats and
mice have been the hidden beneficiaries of our own Agricultural Revolution,
and they have travelled with us across the seas to every land in the world. They
devastate our granaries and our health. Rats and their cargo of fleas were
responsible for the Black Death and the Great Plague (both outbreaks of bubonic
plague), they have spread typhus, and have been blamed for more human deaths
in the second millennium than all wars and revolutions put together. When
even the four horsemen are laid low by the apocalypse, it will be rats that
scavenge their remains, rats that will swarm like lemmings over the ruins of
civilisation. And, by the way, lemmings are rodents, too — northern voles who,
for reasons that are not entirely clear, build up their populations to plague
proportions in so-called 'lemming years', and then indulge in frantic — though
not wantonly suicidal as is falsely alleged — mass migrations.

Rodents are gnawing machines. They have a pair of very prominent incisor
teeth at the front, perpetually growing to replace massive wear and tear. The
gnawing masseter muscles are especially well developed in rodents. They don't
have canine teeth, and the large gap or diastema that separates their incisors
from their back teeth improves the efficiency of their gnawing. Rodents can
gnaw their way through almost anything. Beavers fell substantial trees by
gnawing through their trunks. Mole rats live entirely underground, tunnelling.
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With the exception of
one of the 15 species,
they gnaw their way
through the earth. The
extreme troglodytes
among mole rats, the
naked mole rats, form
tandem trains to mass-
produce burrows, kick-
ing back up the line the
soil gnawed from the
raw earth face by the
lead worker. 1 use
‘worker' advisedly, for
the naked mole rats are
further remarkable in
being the nearest
approach to social
insects that the mam-
mal world has to offer.
They even look a bit like
oversized termites —
extraordinarily ugly by
our standards, but they
themselves are blind so
they presumably don't
care.

Dougal Dixon long ago
foresaw this, and he had
the talent to paint it, in
his imaginative book
After Man: A Zoology of
the Future.

not with their front paws like moles, but purely with their incisor teeth* Differ-
ent species of rodents have penetrated the deserts of the world (gundis, gerbils),
the high mountains (marmots, chinchillas), the forest canopy (squirrels, includ-
ing flying squirrels), rivers (water voles, beavers, capybaras), rainforest floor
(agoutis), savannah (maras, springhares), and Arctic tundra (lemmings).

Most rodents are mouse-sized, but they range up through marmots, beavers,
agoutis and maras to the sheep-sized capybaras of the South American water-
ways. Capybaras are prized for meat, not just because of their large size but
because, bizarrely, the Roman Catholic Church traditionally deemed them
honorary fish for Fridays, presumably because they live in water. Large as they
are, modern capybaras are dwarfed by various giant South American rodents
that went extinct only quite recently. The giant capybara, Protohydrochoerus, was
the size of a donkey. Telicomys was an even larger rodent the size of a small
rhinoceros which, like the giant capybara, went extinct at the time of the Great
American Interchange, when the Isthmus of Panama ended South America's
island status. These two groups of giant rodents were not particularly closely
related to each other, and seem to have evolved their gigantism independently.

A world without rodents would be a very different world. It is less likely to
come to pass than a world dominated by rodents and free of people. If nuclear
war destroys humanity and most of the rest of life, a good bet for survival in the
short term, and for evolutionary ancestry in the long term, is rats. I have a post-
Armageddon vision. We and all other large animals are gone. Rodents emerge as
the ultimate post-human scavengers. They gnaw their way through New York,
London and Tokyo, digesting spilled larders, ghost supermarkets and human
corpses and turning them into new generations of rats and mice, whose racing
populations explode out of the cities and into the countryside. When all the
relics of human profligacy are eaten, populations crash again, and the rodents
turn on each other, and on the cockroaches scavenging with them. In a period
of intense competition, short generations perhaps with radioactively enhanced
mutation-rates boost rapid evolution. With human ships and planes gone,
islands become islands again, with local populations isolated save for occasional
lucky raftings: ideal conditions for evolutionary divergence. Within 5 million
years, a whole range of new species replace the ones we know. Herds of giant
grazing rats are stalked by sabre-toothed predatory rats.” Given enough time,
will a species of intelligent, cultivated rats emerge? Will rodent historians ?nd
scientists eventually organisj careful archaeological digs (gnaws?) through the
strata of our long-compacted cities, and reconstruct the peculiar and tempor-
arily tragic circumstances that gave ratkind its big break?
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The Mouse's Tale

Of all the thousands of rodents, the house mouse, Mus musculus, has a special
tale to tell because it has become the second most intensively studied mammal
species after our own. Much more than the proverbial guinea pig, the mouse is
a main staple of medical, physiological and genetic laboratories the world over.
In particular, the mouse is one of very few mammals apart from ourselves whose
genome has so far been completely sequenced.

Two things about these recently sequenced genomes have sparked un-
warranted surprise. The first is that mammal genomes seem rather small: of the
order of 30,000 genes or maybe even less. And the second is that they are so
similar to each other. Human dignity seemed to demand that our genome should
be much larger than that of a tiny mouse. And shouldn't it be absolutely larger
than 30,000 genes anyway?

This last expectation has led people, including some who should know better,
to deduce that the 'environment' must be more important than we thought,
because there aren't enough genes to specify a body. That really is a breath-
takingly naive piece of logic. By what standard do we decide how many genes you
need to specify a body? This kind of thinking is based on a subconscious assump-
tion which is wrong: the assumption that the genome is a kind of blueprint,
with each gene specifying its own little piece of body. As the Fruit Fly's Tale will
tell us, it is not a blueprint, but something more like a recipe, a computer
program, or a manual of instructions for assembly.

If you think of the genome as a blueprint, you might expect a big, compli-
cated animal like yourself to have more genes than a little mouse, with fewer
cells and a less sophisticated brain. But, as I said, that isn't the way genes work.
Even the recipe or instruction-book model can be misleading unless it is prop-
erly understood. My colleague Matt Ridley develops a different analogy which I
find beautifully clear, in his book Nature via Nurture. Most of the genome that we
sequence is not the book of instructions, or master computer program, for
building a human or a mouse, although parts of it are. If it were, we might
indeed expect our program to be larger than the mouse's. But most of the
genome is more like the dictionary of words available for writing the book of
instructions — or, we shall soon see, the set of subroutines that are called by the
master program. As Ridley says, the list of words in David Copperfield is almost
the same as the list of words in The Catcher in the Rye. Both draw upon the
vocabulary of an educated native speaker of English. What is completely differ-
ent about the two books is the order in which those words are strung together.

When a person is made, or when a mouse is made, both embryologies draw
upon the same dictionary of genes: the normal vocabulary of mammal embry-
ologies. The difference between a person and a mouse comes out of the different
orders with which the genes, drawn from that shared mammalian vocabulary,
are deployed, the different places in the body where this happens, and its timing.
All this is under the control of particular genes whose business it is to turn other
genes on, in complicated and exquisitely timed cascades. But such controlling
genes constitute only a minority of the genes in the genome.
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Don't misunderstand 'order' as meaning the order in which the genes are
strung out along the chromosomes. With notable exceptions, which we shall
meet in the Fruit Fly's Tale, the order of genes along a chromosome is as
arbitrary as the order in which words are listed in a vocabulary — usually
alphabetical but, especially in phrase books for foreign travel, sometimes an
order of convenience: words useful in airports; words useful when visiting the
doctor; words useful for shopping, and so on. The order in which genes are
stored on chromosomes is unimportant. What matters is that the cellular
machinery finds the right gene when it needs it, and it does this using methods
that are becoming increasingly understood. In the Fruit Fly's Tale, we'll return
to those few cases, very interesting ones, where the order of genes arranged on
the chromosome is non-arbitrary in something like the foreign phrase-book
sense. For now, the important point is that what distinguishes a mouse from a
man is mostly not the genes themselves, nor the order in which they are stored
in the chromosomal 'phrase-book’, but the order in which they are turned on:
the equivalent of Dickens or Salinger choosing words from the vocabulary of
English and arranging them in sentences.

In one respect the analogy of words is misleading. Words are shorter than
genes, and some writers have likened each gene to a sentence. But sentences
aren't a good analogy, for a different reason. Different books are not put
together by permuting a fixed repertoire of sentences. Most sentences are
unique. Genes, like words but unlike sentences, are used over and over again in
different contexts. A better analogy for a gene than either a word or a sentence
is a toolbox subroutine in a computer.

The computer I happen to be familiar with is the Macintosh, and it is some
years since I did any programming so I am certainly out of date with the details.
Never mind — the principle remains, and it is true of other computers too. The
Mac has a toolbox of routines stored in ROM (Read Only Memory) or in System
files permanently loaded at start-up time. There are thousands of these toolbox
routines, each one doing a particular operation, which is likely to be needed,
over and over again, in slightly different ways, in different programs. For
example the toolbox routine called ObscureCursor hides the cursor from the
screen until the next time the mouse is moved. Unseen to you, the Obscure-
Cursor 'gene' is called every time you start typing and the mouse cursor van-
ishes. Toolbox routines lie behind the familiar features shared by all programs
on the Mac (and their imitated equivalents on Windows machines): pulldown
menus, scrollbars, shrinkable windows that you can drag around the screen
with the mouse, and many others.

The reason all Mac programs have the same 'look and feel' (that very similar-
ity famously became the subject of litigation) is precisely that all Mac programs,
whether written by Apple, or by Microsoft, or by anybody else, call the same
toolbox routines. If you are a programmer who wishes to move a whole region
of the screen in some direction, say following a mouse drag, you would be wast-
ing your time if you didn't invoke the ScrollRect toolbox routine. Or if you want
to place a check mark by a pulldown menu item, you would be mad to write
your own code to do it. Just write a call of Checkltem into your program, and the
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job is done for you. If you look at the text of a Mac program, whoever wrote it,
in whatever programming language and for whatever purpose, the main thing
you'll notice is that it consists largely of invocations of familiar, built-in toolbox
routines. The same repertoire of routines is available to all programmers.
Different programs string calls of these routines together in different combina-
tions and sequences.

The genome, sitting in the nucleus of every cell, is the toolbox of DNA
routines available for performing standard biochemical functions. The nucleus
of a cell is like the ROM of a Mac. Different cells, for example liver cells, bone
cells and muscle cells, string 'calls' of these routines together in different orders
and combinations when performing particular cell functions including grow-
ing, dividing, or secreting hormones. Mouse bone cells are more similar to
human bone cells than they are to mouse liver cells — they perform very similar
operations and need to call the same repertoire of toolbox routines in order to
do so. This is the kind of reason why all mammal genomes are approximately
the same size as each other — they all need the same toolbox.

Nevertheless, mouse bone cells do behave differently from human bone cells;
and this too will be reflected in different calls to the toolbox in the nucleus. The
toolbox itself is not identical in mouse and man, but it might as well be identical
without in principle jeopardising the main differences between the two species.
For the purpose of building mice differently from humans, what matters is
differences in the calling of toolbox routines, more than differences in the tool-
box routines themselves.

The Beaver's Tale

A 'phenotype’ is that which is influenced by genes. That pretty much means
everything about a body. But there is a subtlety of emphasis which flows from
the word's etymology. Phaino is Greek for 'show’, 'bring to light', 'make appear’,
'exhibit', 'uncover', 'disclose’, 'manifest'. The phenotype is the external and vis-
ible manifestation of the hidden genotype. The Oxford English Dictionary defines
it as 'the sum total of the observable features of an individual, regarded as the
consequence of the interaction of its genotype with its environment' but it
precedes this definition by a subtler one: 'A type of organism distinguishable
from others by observable features.'

Darwin saw natural selection as the survival and reproduction of certain types
of organism at the expense of rival types of organism. 'Types' here doesn't mean
groups or races or species. In the subtitle of The Origin of Species, the much mis-
understood phrase "preservation of favoured races' most emphatically does not
mean races in the normal sense. Darwin was writing before genes were named
or properly understood, but in modern terms what he meant by 'favoured races'
was 'possessors of favoured genes'.

Selection drives evolution only to the extent that the alternative types owe
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their differences to genes." if the differences are not inherited, differential sur-
vival has no impact on future generations. For a Darwinian, phenotypes are the
manifestations by which genes are judged by selection. When we say that a
beaver's tail is flattened to serve as a paddle, we mean that genes whose pheno-
typic expression included a flattening of the tail survived by virtue of that
phenotype. Individual beavers with the fiat-tailed phenotype survived as a con-
sequence of being better swimmers; the responsible genes survived inside them,
and were passed on to new generations of flat-tailed beavers.

At the same time, genes that expressed themselves in huge, sharp incisor
teeth capable of gnawing through wood also survived. Individual beavers are
built by permutations of genes in the beaver gene pool. Genes have survived
through generations of ancestral beavers because they have proved good at
collaborating with other genes in the beaver gene pool, to produce phenotypes
that flourish in the beaver way of life.

At the same time again, alternative co-operatives of genes are surviving in
other gene pools, making bodies that survive by prosecuting other life trades:
the tiger co-operative, the camel co-operative, the cockroach co-operative, the
carrot co-operative. My first book, The Selfish Gene, could equally have been called
The Co-operative Gene without a word of the book itself needing to be changed.
Indeed, this might have saved some misunderstanding (some of a book's most
vocal critics are content to read the book by title only). Selfishness and co-
operation are two sides of a Darwinian coin. Each gene promotes its own selfish
welfare, by co-operating with the other genes in the sexually stirred gene pool
which is that gene's environment, to build shared bodies.

But beaver genes have special phenotypes quite unlike those of tigers, camels
or carrots. Beavers have lake phenotypes, caused by dam phenotypes. A lake is
an extended phenotype. The extended phenotype is a special kind of phenotype,
and it is the subject of the rest of this tale, which is a brief summary of my book
of that title. It is interesting not only in its own right but because it helps us to
understand how conventional phenotypes develop. It will turn out that there is
no great difference of principle between an extended phenotype like a beaver
lake, and a conventional phenotype like a flattened beaver tail.

How can it possibly be right to use the same word, phenotype, on the one
hand for a tail of flesh, bone and blood, and on the other hand for a body of still
water, stemmed in a valley by a dam? The answer is that both are manifes-
tations of beaver genes; both have evolved to become better and better at pre-
serving those genes; both are linked to the genes they express by a similar chain
of embryological causal links. Let me explain.

The embryological processes by which beaver genes shape beaver tails are
not known in detail, but we know the kind of thing that goes on. Genes in every
cell of a beaver behave as if they 'know' what kind of cell they are in. Skin cells
have the same genes as bone cells, but different genes are switched on in the
two tissues. We saw this in the Mouse's Tale. Genes, in each of the different
kinds of cells in a beaver's tail, behave as if they 'know' where they are. They
cause their respective cells to interact with each other in such a way that the
whole tail assumes its characteristically hairless flattened form. There are
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formidable difficulties in working out how they 'know' which part of the
tail they are in, but we understand in principle how these difficulties are over-
come; and the solutions, like the difficulties themselves, will be of the same
general kind when we turn to the development of tiger feet, camel humps and
carrot leaves.

They are also of the same general kind in the development of the neuronal
and neurochemical mechanisms that drive behaviour. Copulatory behaviour in
beavers is instinctive. A male beaver's brain orchestrates, via hormonal
secretions into the blood, and via nerves controlling muscles tugging on artfully
hinged bones, a symphony of movements. The result is precise co-ordination
with a female, who herself is moving harmoniously in her own symphony of
movements, equally carefully orchestrated to facilitate the union. You may be
sure that such exquisite neuromuscular music has been honed and perfected by
generations of natural selection. And that means genes. In beaver gene pools,
genes survived whose phenotypic effects on the brains, the nerves, the muscles,
the glands, the bones, and the sense organs of generations of ancestral beavers
improved the chances of those very genes passing through those very genera-
tions to arrive in the present.

Genes 'for' behaviour survive in the same kind of way as genes 'for' bones,
and skin. Do you protest that there aren't 'really' any genes for behaviour; only
genes for the nerves and muscles that make the behaviour? You are still
wrecked among heathen dreams. Anatomical structures have no special status
over behavioural ones, where 'direct’ effects of genes are concerned. Genes are
'really' or 'directly' responsible only for proteins or other immediate bio-
chemical effects. All other effects, whether on anatomical or behavioural pheno-
types, are indirect. But the distinction between direct and indirect is vacuous.
What matters in the Darwinian sense is that differences between genes are
rendered as differences in phenotypes. It is only differences that natural selection
cares about. And, in very much the same wayj, it is differences that geneticists
care about.

Remember the 'subtler' definition of phenotype in the Oxford English Diction-
ary: 'A type of organism distinguishable from others by observable features'.
The key word is distinguishable. A gene 'for' brown eyes is not a gene that
directly codes the synthesis of a brown pigment. Well, it might happen to be,
but that is not the point. The point about a gene 'for' brown eyes is that its
possession makes a difference to eye colour when compared with some alternative
version of the gene — an 'allele’. The chains of causation that culminate in the
difference between one phenotype and another, say between brown and blue
eyes, are usually long and tortuous. The gene makes a protein which is different
from the protein made by the alternative gene. The protein has an enzymatic
effect on cellular chemistry, which affects X which affects Y which affects Z which
affects... a long chain of intermediate causes which affects... the phenotype of
interest. The allele makes the difference when its phenotype is compared with
the corresponding phenotype, at the end of the correspondingly long chain of
causation that proceeds from the alternative allele. Gene differences cause
phenotypic differences. Gene changes cause phenotypic changes. In Darwinian
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evolution alleles are selected, vis a vis alternative alleles, by virtue of the differ-
ences in their effects on phenotypes.

The beaver's point is that this comparison between phenotypes can happen
anywhere along the chain of causation. All intermediate links along the chain
are true phenotypes, and any one of them could constitute the phenotypic effect
by which a gene is selected: it only has to be 'visible' to natural selection, nobody
cares whether it is visible to us. There is no such thing as the 'ultimate' link in
the chain: no final, definitive phenotype. Any consequence of a change in alleles,
anywhere in the world, however indirect and however long the chain of caus-
ation, is fair game for natural selection, so long as it impinges on the survival of
the responsible allele, relative to its rivals.

Now, let's look at the embryological chain of causation leading to dam-
building in beavers. Dam-building behaviour is a complicated stereotypy, built
into the brain like a fine-tuned clockwork mechanism. Or, as if to follow the
history of clocks into the electronic age, dam-building is hard-wired in the
brain. I have seen a remarkable film of captive beavers imprisoned in a bare,
unfurnished cage, with no water and no wood. The beavers enacted, 'in a
vacuum', all the stereotyped movements normally seen in natural building
behaviour when there is real wood and real water. They seem to be placing
virtual wood into a virtual dam wall, pathetically trying to build a ghost wall
with ghost sticks, all on the hard, dry, flat floor of their prison. One feels sorry
for them: it is as if they are desperate to exercise their frustrated dam-building
clockwork.

Only beavers have this kind of brain clockwork. Other species have clockwork
for copulation, scratching and fighting, and so do beavers. But only beavers have
brain clockwork for dam-building, and it must have evolved by slow degrees in
ancestral beavers. It evolved because the lakes produced by dams are useful. It is
not totally clear what they are useful for, but they must have been useful for the
beavers who built them, not just any old beavers. The best guess seems to be
that a lake provides a beaver with a safe place to build its lodge, out of reach for
most predators, and a safe conduit for transporting food. Whatever the advan-
tage it must be a substantial one, or beavers would not devote so much time and
effort to building dams. Once again, note that natural selection is a predictive
theory. The Darwinian can make the confident prediction that, if dams were a
useless waste of time, rival beavers who refrained from building them would
survive better and pass on genetic tendencies not to build. The fact that beavers
are so anxious to build dams is very strong evidence that it benefited their
ancestors to do so.

Like any other useful adaptation, the dam-building clockwork in the brain
must have evolved by Darwinian selection of genes. There must have been
genetic variations in the wiring of the brain which affected dam-building. Those
genetic variants that resulted in improved dams were more likely to survive in
beaver gene pools. It is the same story as for all Darwinian adaptations. But
which is the phenotype? At which link in the chain of causal links shall we say
the genetic difference exerts its effect? The answer, to repeat it, is all links where
a difference is seen. In the wiring diagram of the brain? Yes, almost certainly. In
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the cellular chemistry that, in embryonic development, leads to that wiring? Of
course. But also behaviour — the symphony of muscular contractions that is
behaviour — this too is a perfectly respectable phenotype. Differences in build-
ing behaviour are without doubt manifestations of differences in genes. And, by
the same token, the consequences of that behaviour are also entirely allowable as
phenotypes of genes. What consequences? Dams, of course. And lakes, for these
are consequences of dams. Differences between lakes are influenced by differ-
ences between dams, just as differences between dams are influenced by
differences between behaviour patterns, which in turn are consequences of
differences between genes. We may say that the characteristics of a dam, or of a
lake, are true phenotypic effects of genes, using exactly the logic we use to say
that the characteristics of a tail are phenotypic effects of genes.

Conventionally, biologists see the phenotypic effects of a gene as confined
within the skin of the individual bearing that gene. The Beaver's Tale shows
that this is unnecessary. The phenotype of a gene, in the true sense of the
word, may extend outside the skin of the individual. Birds' nests are extended
phenotypes. Their shape and size, their complicated funnels and tubes
where these exist, all are Darwinian adaptations, and so must have evolved
by the differential survival of alternative genes. Genes for building behaviour?
Yes. Genes for wiring up the brain so it is good at building nests of the right
shape and size? Yes. Genes for nests of the right shape and size? Yes, by the same
token, yes. Nests are made of grass or sticks or mud, not bird cells. But the point
is irrelevant to the question of whether differences between nests are
influenced by differences between genes. If they are, nests are proper
phenotypes of genes. And nest differences surely must be influenced by gene
differences, for how else could they have been improved by natural selection?

Artefacts like nests and dams (and lakes) are easily understood examples of
extended phenotypes. There are others where the logic is a little more... well,
extended. For example, parasite genes can be said to have phenotypic
expression in the bodies of their hosts. This can be true even where, as in the
case of cuckoos, they don't live inside their hosts. And many examples of animal
communication — as when a male canary sings to a female and her ovaries grow
— can be rewritten in the language of the extended phenotype. But that would
take us too far from the beaver, whose tale will conclude with one final obser-
vation. Under favourable conditions the lake of a beaver can span several miles,
which may make it the largest phenotype of any gene in the world.
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RENDEzVOUS 11 LAURASIATHERES

Eighty-five million years ago, in the hot-house world of the Upper Cretaceous,
we greet Concestor 11, approximately our 25-million-greats-grandparent. Here
we are joined by a much more diverse band of pilgrims than the rodents and
rabbits who swelled our party at Rendezvous 10. Zealous taxonomists recognise
their shared ancestry by giving them a name, Laurasiatheria, but it is seldom
used because, in truth, this is a miscellaneous bunch. The rodents are all built to
the same toothy design and have proliferated and diversified, presumably
because it works so well. 'Rodents' therefore really means something strong; it
unites animals that have much in common. 'Laurasiatheria’ is as awkward as it
sounds. It unites highly disparate mammals which have only one thing in
common: their pilgrims all joined up with each other 'before' they join us. They
all hail, originally, from the old northern continent of Laurasia.

And what a diverse crew these laurasian pilgrims are, some of them flying,
some of them swimming, many of them galloping, half of them nervously look-
ing over their shoulder for fear of being eaten by the other half. They belong to
seven different orders, the Pholidota (pangolins), Carnivora (dogs, cats, hyenas,
bears, weasels, seals, etc.), the Perissodactyla (horses, tapirs and rhinos),
Cetartiodactyla (antelopes, deer, cattle, camels, pigs, hippos and... well, we'll
come to the surprise member of this group later), Microchiroptera and Mega-
chiroptera (respectively small and big bats) and Insectivora (moles, hedgehogs
and shrews, but not elephant shrews or tenrecs: we have to wait for Rendezvous
13 to meet them).

Carnivora is an irritating name because, after all, it simply means meat-
eater, and meat-eating has been invented literally hundreds of times indepen-
dently in the animal kingdom. Not all carnivores are Carnivora (spiders are
carnivores and so was the hoofed Andrewsarchus, the largest meat-eater since the
end of the dinosaurs) and not all Carnivora are carnivores (think of the gentle
giant panda, eating almost nothing but bamboo). Within the mammals the
order Carnivora does appear to be a genuinely monophyletic clade: that is, a
group of animals, all descended from a single concestor who would have been
classified as one of them. Cats (including lions, cheetahs and sabretooths), dogs
(including wolves, jackals and Cape hunting dogs), weasels and their kind, mon-
gooses and their kind, bears (including pandas), hyenas, wolverines, seals, sea
lions and walruses, all are members of the laurasiatherian order Carnivora, and
all are descended from a concestor which would have been placed in the
same order.
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LAURASIATH ERES JOIN

In the early 2000s,
genetic studies led to a
revolution in mammalian
taxonomy. According to
this new view, there are
four major groups of
placental mammal. One is
our current band (mostly
consisting of rodents and
primates). Consistently
found to be its closest
relative is another major
group, the 2,000 or so
species of laurasiathere.
The laurasiathere phy-
logeny drawn here is
considered reasonably
certain by proponents of
this new classification.



T would have Liked, at
this point, to insert the
Bat's Tale, but it would
be pretty much the same
as a chapter in another
of my books, so I won't.
Incidentally, I had to ex-
ercise similar restraint
over 'the Spider's Tale',
'the Fig Tree's Tale' and
half a dozen others.

Carnivores and their prey need to outrun each other, and it is not surprising
that the demands of fleetness have pushed them in similar evolutionary direc-
tions. You need long legs for running, and the great laurasiatherian herbivores
and carnivores have, independently and in different ways, added extra length to
their legs by commandeering bones which, in us, are inconspicuously buried
within the hands (metacarpals) or feet (metatarsals). The 'cannon-bone' of a
horse is the enlarged third metacarpal (or metatarsal) fused together with two
tiny 'splint' bones that are vestiges of the second and fourth metacarpal (meta-
tarsal). In antelopes and other even-toed ungulates, the cannon-bone is a fusion
of the third and fourth metacarpal (metatarsal). Carnivores, too, have elongated
their metacarpals and metatarsals, but these five bones have stayed separate
instead of fusing together or disappearing altogether, as in horses, cattle and
the rest of the so-called ungulates.

Unguis is Latin for nail, and ungulates are animals that walk on their nails —
hooves. But the ungulate way of walking has been invented several times and
ungulate is a descriptive term rather than a respectable taxonomic name.
Horses, rhinos and tapirs are odd-toed ungulates. Horses walk on a single toe,
the middle one. Rhinos and tapirs walk on the middle three, as did early horses
and some atavistically mutant horses today. Even-toed or cloven-hoofed ungu-
lates walk on two toes, the third and fourth. The convergent resemblances
between the two-toed cattle family and the one-toed horse family are modest
compared to the convergent resemblances of both, separately, to certain extinct
South American herbivores. A group called the litopterns independently, and
earlier, 'discovered' the horse habit of walking on a single middle toe. Their leg
skeletons are almost identical to those of horses. Other South American herbi-
vores, among the so-called notoungulates, independently discovered the cattle/
antelope habit of walking on toes three and four. Such stunning resemblances
really did fool a senior Argentinian zoologist in the nineteenth century, who
thought that South America was the evolutionary nursery of many of our great
groups of mammals. In particular, he believed that litopterns were early rela-
tives of the true horse (perhaps with a little national pride that his country
might have been the cradle of that noble animal).

The laurasiathere pilgrims now joining us include small animals as well as
the large ungulates and carnivores. Bats are remarkable for all sorts of reasons.
They are the only surviving vertebrates to put up any sort of competition to
birds in flight, and very impressive aerobats they are. With nearly a thousand
species, they far outnumber all other orders of mammals except rodents. And
bats have perfected sonar (the sound equivalent of radar) to a higher degree
than any other group of animals, including human submarine designers.*

The other main group of small laurasiatheres are the so-called insectivores.
The order Insectivora includes shrews, moles, hedgehogs and other small,
snouty creatures which eat insects and small terrestrial invertebrates like
worms, slugs and centipedes. As with Carnivora, I shall use a capital letter to
denote the taxonomic group, Insectivora, as opposed to insectivore with a small
1, which means just anything that eats insects. So, a pangolin (or scaly anteater)
is an insectivore but not an Insectivore. A mole is an Insectivore, which actually
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eats insects. As I have already remarked, it is a pity the early taxonomists used
names like Insectivora and Carnivora, which are only loosely correlated to the
descriptions of preferred diet with which they are so readily confused.

Related to carnivores like dogs, cats and bears are the seals, sea lions and
walruses. We shall soon hear the Seal's Tale, which is about mating systems. I
find seals interesting for another reason, too: they have moved into the water,
and have modified themselves in that direction to about half the extent that
dugongs have, or whales have. And that reminds me — there is one other major
group of laurasiatheres that we haven't dealt with. On to the Hippo's Tale, for a
real surprise.

The Hippo's Tale

When [ was a schoolboy studying Greek, I learned that #ippos meant 'horse' and
potamos 'river'. Hippopotamuses were river horses. Later, when I gave up Greek
and read Zoology, I was not too disconcerted to learn that hippopotamuses
weren't close to horses after all. Instead, they were classified firmly with pigs, in
the middle of the even-toed ungulates or artiodactyls. I have now learned some-
thing so shocking that I am still reluctant to believe it, but it looks as though I
am going to have to. Hippos' closest living relatives are whales. The even-toed
ungulates include whales! Whales, needless to say, don't have hooves at all,
whether odd- or even-toed. Indeed, they don't have toes, so it might be less
confusing if we adopt the scientific name, artiodactyls (which is actually just the
Greek for even-toed, so the change doesn't help much). For completeness, I
should add that the equivalent name for the horse order is Perissodactyla (Greek
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' Or presumably a swim-
ming ichthyosaur which,
in other respects, looked
rather like a dolphin,
except for the tell-tale
vertical tail, where the
dolphin's is horizontal
for galloping through
the sea.

By the way, we even had
it wrong when we classi-
fied hippos most closely
with pigs within the
artiodactyls. The mol-
ecules suggest that the
sister-group to the
hippo-whale clade is the
ruminants: the cows,
sheep and antelopes.
Pigs lie outside them all.

-

The molecular evidence
for this radical view is
what I have referred to
in the Gibbon's Tale as a
Rare Genomic Change
(RGC). Transposable
element genes that are
highly recognisable are
found in particular
places in the genome,
and are presumably in-
herited from the hippo/
whale ancestor. While
this is very strong testi-
mony, it is nevertheless
prudent to look at the
fossils too.

for uneven-toed). Whales, it would now seem from strong molecular evidence,
are artiodactyls. But since they previously had been placed in the order Cetacea,
and since Artiodactyla was also a well-established name, a new composite has
been coined: Cetartiodactyla.

Whales are wonders of the world. They include the largest organisms that
have ever moved. They swim with up-and-down movements of the spine derived
from the mammalian gallop, as opposed to the side to side wave motion of the
spine of a swimming fish or a running lizard.* The front limbs are used for
steering and stabilising. There are no externally visible hind limbs at all, but
some whales have small vestigial pelvic and leg bones buried deep in their bodies.
It would not be too hard to believe that whales are closer cousins to even-toed
ungulates than they are to any other mammals. A bit strange, perhaps, but not
shocking to accept that some remote ancestor branched to the left and went to
sea to give rise to the whales, while it branched to the right to give all the even-
toed ungulates. What is shocking is that, according to the molecular evidence,
whales are deeply embedded within the even-toed ungulates. Hippos are closer
cousins to whales than hippos are to anything else including other even-toed
ungulates such as pigs.* On their backward journey, the hippo pilgrims and the
whale pilgrims unite with each other 'before' the two of them join the
ruminants, and then the other even-toed ungulates such as pigs. Whales are the
surprise inclusion that I coyly referred to when I introduced the cetartiodactyls
at Rendezvous it. ft is known as the Whippo Hypothesis.

All this supposes that we believe the testimony of the molecules.” What do
the fossils say? To my initial surprise, the new theory fits quite nicely. Most of
the great orders of mammals (though not the subdivisions within them) — go a
long way back into the age of dinosaurs, as we saw in connection with the Great
Cretaceous Catastrophe. Rendezvous 10 (with the rodents and rabbits) and
Rendezvous 11 (the one we have just reached) both took place during the
Cretaceous Period at the height of the dinosaur regime. But mammals in
those days were all rather small, shrew-like creatures, whether their respective
descendants were destined to become mice or hippos. The real growth of
mammal diversity started suddenly after the dinosaurs went extinct 65.5
million years ago. It was then that the mammals were able to blossom into all
economic trades vacated by the dinosaurs. Large body size was just one thing
that became possible for mammals only when the dinosaurs were gone. The
process of divergent evolution was swift, and a huge range of mammals, of
all sizes and shapes, roamed the land within 5 million years of 'liberation'. Five
to ten million years later, in the late Palacocene to early Eocene Epoch, there are
abundant fossils of even-toed ungulates.
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Another 5 million years later, in the early to middle Eocene, we find a group
called the archaeocetes (see picture opposite). The name means 'old whales',
and most authorities accept that among these animals are to be found the
ancestors of modern whales. An early one of these, Pakicetus from Pakistan,
seems to have spent at least some of its time on land. Later ones include the
unfortunately named Basilosaurus (unfortunate, not because of Basil but because
saurus means lizard: when first discovered, Basilosaurus was thought to be a
marine reptile, and the rules of naming rigidly enforce priority, even though we
now know better).* Basilosaurus had an immensely long body, and would have
been a good candidate for the giant sea serpent of legend, if only it were not
long extinct. Around the time that whales were represented by the likes of
Basilosaurus, the contemporary hippo ancestors may have been members of a
group called the anthracotheres, some reconstructions of which make them look
quite like hippos.

Returning to the whales, what of the antecedents of the archaeocetes, before
they re-invaded the water? If the molecules are right that whales' closest affin-
ities are with hippos, we might be tempted to seek their ancestors among fossils
which show some evidence of herbivory. On the other hand, no modern whale
or dolphin is herbivorous. The completely unrelated dugongs and manatees, by
the way, show that it is perfectly possible for a purely marine mammal to have
a purely herbivorous diet. Whales eat either planktonic Crustacea (baleen
whales); fish or squid (dolphins and most toothed whales); or large prey such as
seals (killer whales). This has led people to look for whale ancestors among carn-
ivorous land mammals, beginning with Darwin's own speculation, sometimes
ridiculed though I have never understood why:

In North America the black bear was seen by Hearne swimming for hours with

widely open mouth, thus catching, like a whale, insects in the water. Even in so

extreme a case as this, if the supply of insects were constant, and if better
adapted competitors did not already exist in the country, I can see no difficulty in

a race of bears being rendered, by natural selection, more and more aquatic in

their structure and habits, with larger and larger mouths, till a creature was

produced as monstrous as a whale (Origin of Species, 1859, p 184).

As an aside, this suggestion of Darwin illustrates an important general point
about evolution. The bear seen by Hearne was evidently an enterprising individ-
ual, feeding in an unusual way for its species. I suspect that major new depart-
ures in evolution often start in just such a way, with a piece of lateral thinking
by an individual who discovers a new and useful trick, and learns to perfect it. If
the habit is then imitated by others, including perhaps the individual's own
children, there will be a new selection pressure set up. Natural selection will
favour genetic predispositions to be good at learning the new trick, and much
will follow. I suspect that something like this is how 'instinctive' feeding habits
such as tree-hammering in woodpeckers, and mollusc-smashing in thrushes
and sea otters, got their start.’

For a long time, people looking over the available fossils for a plausible
antecedent to the archaeocetes have favoured the mesonychids, a large group of
land mammals that flourished in the Palaeocene Epoch, just after the extinction
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The fearsome
Andrewsarchus
was one of them,

t Actually, blood is not
the best source of DNA
in mammals because,
unusually among
vertebrates, their red
blood corpuscles don't
have nuclei.

of the dinosaurs. The mesonychids seem to have been largely carnivorous, or
omnivorous like Darwin's bear, and they fit with what we all — before the
coming of the hippo theory — thought a whale ancestor ought to be. An
additionally nice thing about the mesonychids is that they had hooves. They
were hoofed camivores, perhaps a bit like wolves but running on hooves!* Could
they, then, have given rise to the even-toed ungulates, as well as to the whales?
Unfortunately, the idea doesn't fit with the hippo theory specifically. Even
though the mesonychids seem to be cousins of today's even-toed ungulates (and
there are reasons for believing this over and above their hooves) they are no
closer to hippos than they are to all the rest of the cloven-hoofed animals. We
keep coming back to the molecular shocker: whales are not just cousins of all
the artiodactyls, they are buried within the artiodactyls, closer to hippos than
hippos are to cows and pigs.

Gathering all this together, we can sketch a forward chronology as follows.
Molecular evidence puts the split between camels (plus llamas) and the rest of
the artiodactyls at 6 5 million years, more or less exactly when the last dinosaurs
died. Don't imagine, by the way, that the shared ancestor looked anything like a
camel. In those days, all mammals looked more or less like shrews. But 65
million years ago, the 'shrews' that were going to give rise to camels split from
the 'shrews' that were going to give rise to all the rest of the artiodactyls. The
split between pigs and the rest (mostly ruminants) took place 60 million years
ago. The split between ruminants and hippos took place about 55 million years
ago. Then the whale lineage split off from the hippo lineage not long afterwards,
say about 54 million years ago, which gives time for primitive whales such as the
semi-aquatic Pakicetus to have evolved by 50 million years ago. Toothed whales
and baleen whales parted company much later, around 34 million years ago,
around the time when the earliest baleen whale fossils are found.

Perhaps I was exaggerating a little when I implied that a traditional zoologist
like me should be positively upset at the discovery of the hippo-whale connec-
tion. But let me try to explain why I was genuinely disconcerted when I first read
about it a few years ago. It wasn't just that it was different from what I had
learned as a student. That wouldn't have worried me at all, in fact I would have
found it positively exhilarating. What worried me, and still does to some extent,
was that it seemed to undermine all generalisations that one might wish to
make about groupings of animals. The life of a molecular taxonomist is too
short to allow a pairwise comparison of every species with every other species.
Instead what one does is take two or three whale species, say, and assume that
they are representative of whales as a group. It is tantamount to the assumption
that the whales are a clade, sharing a common ancestor which is not shared by
the other animals with which one is making the comparison. It is assumed not
to matter, in other words, which whale you take to stand for all. Similarly,
lacking the time to test every species of rodent, say, or artiodactyl, we might
take blood" from a rat, and from a cow. It doesn't matter which artiodactyl you
take to compare with the representative whale because, yet again, we assume
that the artiodactyls are a good clade, so it doesn't make any difference whether
we take a cow, a pig, a camel or a hippo.
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But now we are told that it does matter. Camel blood and hippo blood really
will give a different comparison with whale blood because hippos are closer
cousins to whales than they are to camels. See where this lands us. If we can't
trust the artiodactyls to hang together as a group, represented by any one of
their number, how can we be sure that any group will hang together? Can we
even assume that hippos hang together, such that it doesn't matter whether we
choose a pygmy hippo or a common hippo for comparison with whales? What if
whales are closer to pygmy hippos than to common hippos? Actually we prob-
ably can rule that out, because fossil evidence suggests that the two hippo
genera split apart about as recently as our split from chimpanzees, and that
really does leave too little time to evolve all the different kinds of whales and
dolphins.

It is more problematical whether all the whales hang together. On the face of
it, the toothed whales and the baleen whales might well represent two entirely
separate returns to the sea from the land. Indeed, that very possibility has often
been advocated. The molecular taxonomists who demonstrated the hippo con-
nection very wisely did take DNA from both a toothed whale and a baleen whale.
They found that the two whales are indeed much closer cousins to each other
than they are to a hippo. But again, how do we know that 'the toothed whales'
hang together as a group? And the same for 'the baleen whales'? Maybe all the
baleen whales are related to a hippo except the minke whale, which is related to
a hamster. No, I don't believe that, and I really do think the baleen whales are a
united clade, sharing a common ancestor which is not shared by anything that
is not a baleen whale. But can you see how the hippo/whale discovery shakes
the confidence?

We could regain our confidence if we could think of a good reason why whales
might be special in this respect. If whales are glorified artiodactyls, they are
artiodactyls that suddenly took off, evolutionarily speaking, leaving the rest of
the artiodactyls behind. Their closest cousins, the hippos, remained relatively
static, as normal, respectable artiodactyls. Something happened in the history
of the whales that made them flip into evolutionary overdrive. They evolved so
much faster than all the rest of the artiodactyls that their origin within that
group was obscured, until molecular taxonomists came along and uncovered it.
So, what is special about the history of the whales?

When you write it down like that, the solution leaps off the page. Leaving the
land and becoming wholly aquatic was a bit like going into outer space. When
we go into space we are weightless (not, by the way, because we are a long way
from the Earth's gravity, as many people think, but because we are in free fall
like a parachutist before he pulls the ripcord). A whale floats. Unlike a seal or a
turtle, which still comes on land to breed, a whale never stops floating. It never
has to contend with gravity. A hippo spends time in the water, but it still needs
stout, treetrunk-like legs and strong leg muscles for the land. A whale doesn't
need legs at all, and indeed it doesn't have any. Think of a whale as what a hippo
would like to be if only it could be freed from the tyranny of gravity. And of
course there are so many other odd things about living the whole time in the
sea that it comes to seem far less surprising that whale evolution should have
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spurted as it did, leaving hippos behind, stranded on land and stranded in the
middle of the artiodactyls. This suggests that [ was unduly alarmist a few para-
graphs back.

Much the same thing happened in the other direction, 300 million years
earlier, when our fish ancestors emerged from the water onto the land. If whales
are glorified hippos, we are glorified lungfish. The emergence of legless whales
from within the middle of the artiodactyls, leaving the rest of the artiodactyls
'behind', should not seem more surprising than the emergence of four-legged
land animals from one particular group offish, leaving those fish 'behind'. That,
at any rate, is how I rationalise the hippo-whale connection, and recover my
lost zoological composure.

Epilogue to the Hippo's Tale

Zoological composure be blowed. My attention was drawn to the following while
this book was in its final stages of preparation. In 1866, the great German
zoologist Ernst Haeckel drew up a schematic evolutionary tree of mammals. |
had often seen the full tree reproduced in histories of zoology, but I had never
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before noticed the position of the whales and hippos in Haeckel's scheme.
Whales are 'Cetacea’, as today, and Haeckel presciently placed them close to the
artiodactyls. But the real stunner is where he put the hippos. He called them by
the unflattering name 'Obesa’ and he classified them not in the artiodactyls but
as a tiny twig on the branch leading to Cetacea.* Haeckel classified hippos as the
sister group to the whales: hippos, in his vision, were more closely related to
whales than they were to pigs, and all three were more closely related to each
other than to cows.

... there is no new thing under the sun. Is there anything whereof it may be said,
See, this is new? It hath been already of old time, which was before us.

ECCLESIASTES 1, 9~10

The Seal's Tale

Most wild animal populations have approximately equal numbers of males and
females. There's a good Darwinian reason for this, which was clearly seen by the
great statistician and evolutionary geneticist R. A. Fisher. Imagine a population
in which the numbers were unequal. Now, individuals of the rarer sex will on
average have a reproductive advantage over individuals of the commoner sex.
This is not because they are in demand and have an easier time finding a mate
(although that might be an additional reason). Fisher's reason is a deeper one,
with a subtle economic slant. Suppose there are twice as many males as females
in the population. Now, since every child born has exactly one father and one
mother, the average female must, all other things being equal, have twice as
many children as the average male. And vice versa if the population sex ratio is
reversed. It is simply a question of allocating the available posterity among the
available parents. So, any general tendency for parents to favour sons rather
than daughters, or daughters rather than sons, will immediately be counter-
acted by natural selection for the opposite tendency. The only evolutionarily
stable sex ratio is 50/50.

But it isn't quite that simple. Fisher spotted an economic subtlety in the logic.
What if it costs twice as much to rear a son, say, as to rear a daughter,
presumably because males are twice as big? Well, now, the reasoning changes.
The choice that faces a parent is no longer, 'Shall I have a son or a daughter?' It
is now, 'Shall I have a son or — for the same price — two daughters?' The
balanced sex ratio in the population is now twice as many females as males.
Parents who favour sons on the grounds that males are rare, will see their
advantage precisely undermined by the extra cost of making males. Fisher
divined that the true sex ratio equalised by natural selection is not the ratio of
numbers of males to numbers of females. It is the ratio of economic spending
on rearing sons to economic spending on rearing daughters. And what does
economic spending mean? Food? Time? Risk? Yes, in practice all these are likely
to be important, and for Fisher the agent doing the spending was always
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Don't be surprised that
bull seals flatten calves
of their own species.
Any calf squashed is no
more likely to be the
bull's own child than
the child of any rival
bull. Therefore there is
no Darwinian selection
against squashing.

parents. But economists use a more general expression of cost, which they call
opportunity cost. The true cost to a parent of making a child is measured in lost
opportunities to make other children. This opportunity cost was named
Parental Expenditure by Fisher. Under the name Parental Investment, Robert L.
Trivers, a brilliant intellectual successor to Fisher, used the same idea to
elucidate sexual selection. Trivers was also the first to understand clearly the
fascinating phenomenon of parent-offspring conflict, in a theory that has been
carried further in startling directions by the equally brilliant David Haig.

As ever, and at the risk of boring those of my readers not handicapped by a
little learning in philosophy, I once again must stress that the purposeful
language I have used is not to be treated literally. Parents do not sit down and
discuss whether to have a son or a daughter. Natural selection favours, or
disfavours, genetic tendencies to invest food or other resources in such a way as
to lead eventually to equal or unequal parental expenditure on sons and daugh-
ters, over the whole of a breeding population. In practice this will often amount
to equal numbers of males and females in the population.

But what about those cases where a minority of males holds the majority of
females in harems? Does this violate Fisher's expectations? Or those cases where
males parade in front of females in a 'lek’, and the females look them over and
choose their favourite? Most females have the same favourite, so the end result
is the same as for a harem: polygyny — disproportionate access to a majority of
females by a privileged minority of males. That minority of males ends up father-
ing most of the next generation, with the rest of the males hanging about as
bachelors. Does polygyny violate Fisher's expectations? Surprisingly, no. Fisher
still expects equal investment in sons and daughters, and he is right. Males may
have a lower expectation of reproducing at all, but if they do reproduce they
reproduce in spades. Females are unlikely to have no children but they are also
unlikely to have very many. Even under conditions of extreme polygyny it evens
out and Fisher's principle holds.

Some of the most extreme examples of polygyny are to be found among the
seals. Seals haul themselves out onto beaches to breed, often in huge 'rookeries’,
heaving with intense sexual and aggressive activity. In a famous study of elephant
seals by the California zoologist Burney LeBoeuf, four per cent of the males
accounted for 88 per cent of all copulations seen. No wonder the rest of the males
are dissatisfied, and no wonder elephant-seal fights are among the fiercest in the
animal kingdom.

Elephant seals are named for their trunks (short, by elephant standards, and
used for social purposes only), but it could equally be for their size. Southern
elephant seals can weigh 3.7 tonnes, more than some cow elephants. Only the
bull seals reach this weight, however, and that is one of the central points of the
tale. Cow elephant seals are typically less than a quarter the weight of bulls, by
whom they, and the calves, are regularly flattened as the bulls charge about
fighting each other.*

Why are males so much bigger than females? Because large size helps them
to win harems. Most young seals, of whichever sex, are born to a giant father
who won a harem, rather than a smaller male who failed to win a harem. Most
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young seals, of whichever sex, are born to a relatively small mother whose size
was optimised to the business of giving birth and rearing babies, rather than
the business of winning fights.

The separate optimisation of male and female characteristics comes about
through selection of genes. People are sometimes surprised to learn that the
genes concerned are present in both sexes. Natural selection has favoured so-
called sex-limited genes. Sex-limited genes are present in both sexes but turned
on in only one sex. For example, genes that tell the developing seal: 'If you are
male grow very big and fight' are favoured at the same time as genes that say, 'If
you are female, grow small and don't fight.' Both classes of genes are passed on
to sons and to daughters, but each is expressed in one sex and not the other.

If we look at mammals overall, we notice a generalisation. Sexual dimorphism
— meaning a big difference between males and females — tends to be most
marked in polygynous species, especially those with a harem-style society. As
we've seen, there are good theoretical reasons why this should be so, and we've
also seen that the seals and sea lions go farthest out along this particular limb.
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The graph comes from a study made by the eminent zoologist Richard D.
Alexander of the University of Michigan and his colleagues. Each blob in the
graph represents one species of seal or sea lion, and you can see that there is a
strong relationship between sexual dimorphism and harem size. In extreme
cases, for example southern elephant seals and northern fur seals which are the
two blobs at the top of the graph, males may be more than six times the weight
of females. And, sure enough, in these species the successful males — a minority,
to put it mildly — have huge harems. Two extreme species can't be used to draw
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general conclusions. But a statistical analysis of the known data for seals and
sea lions confirms that the trend we think we see is real (the odds against its
being a chance effect are more than 5,000 to 1 ). There is weaker evidence in the
same direction from ungulates and from monkeys and apes.
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Size is at a premium

Male and female southern
elephant seals (Mirounga
leonina).

To repeat the evolutionary rationale for this, males have a great deal to gain,
and also a great deal to lose, from fighting other males. Most individuals born,
of either sex, are descended from a long line of male ancestors who succeeded
in winning harems, and a long line of female ancestors who were members of
them. Therefore most individuals, whether male or female, and whether they
themselves go on to be winners or losers, inherit genetic equipment for helping
male bodies to win harems and female bodies to join them. Size is at a premium,
and the successful males can be very large indeed. Females, by contrast, have
little to gain from fighting other females, and they are only as large as they need
to be to survive and be good mothers. Individuals of both sexes inherit genes
that make females avoid fighting and concentrate on child-rearing. Individuals
of both sexes inherit genes that make males fight against other males, even at
the expense of time that could have been spent helping to rear children. If only
males could agree to settle their disputes by the toss of a coin, they would
presumably shrink over evolutionary time to the size of the females or smaller,
with great economic savings all round, and they could give their time to looking
after children. Their surplus mass, which in extreme cases must cost a great
deal of food to build up and maintain, is the price they pay to be competitive
with other males.

Of course, not all species are like seals. Many are monogamous and the sexes
are much more alike. Species in which the sexes are the same size tend, with
some exceptions such as horses, not to have harems. Species in which males are
markedly bigger than females tend to have harems, or to practise some other
form of polygyny. Most species are either polygynous or monogamous, presum-
ably depending on their different economic circumstances. Polyandry (females
mated to more than one male) is rare. Among our close relatives, gorillas have a
harem-based polygynous breeding system and gibbons are faithfully monog-
amous. We could have guessed this from their sexual dimorphism, and lack of
it respectively. A large male gorilla weighs twice as much as a typical female,
while gibbon males and females are approximately equal in size. Chimpanzees
are more indiscriminately promiscuous.

Can the Seal's Tale tell us something about our own natural breeding
system, before civilisation and custom obliterated the traces? Our sexual
dimorphism is moderate but undeniable. Lots of women are taller than lots of
men, but the tallest men are taller than the tallest women. Lots of women can
run faster, lift heavier weights, throw javelins further, play better tennis, than
lots of men. But for humans, unlike for racehorses, the underlying sexual
dimorphism precludes sex-blind open competition at the top level in almost any
sport you care to name. In most physical sports, every single one of the world's
top hundred men would beat every single one of the world's top hundred
women.
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Even so, by the standards of seals and many other animals, we are only
slightly dimorphic. Less so than gorillas, but more than gibbons. Perhaps our
slight dimorphism means our female ancestors lived sometimes monogam-
ously, sometimes in small harems. Modemn societies vary so much that you can
find examples to support almost any preconception. The Ethnographic Atlas of
G. P. Murdock, published in 1967, is a brave compilation. It lists particulars of
849 human societies, surveyed all over the world. From it we might hope to
count numbers of societies that permit harems versus numbers that enforce
monogamy. The problem with counting societies is that it is seldom obvious
where to draw lines, or what to count as independent. This makes it hard to do
proper statistics. Nevertheless, the atlas does its best. Of those 849 societies, 137
(about 16 per cent) are monogamous, four (less than one per cent) are poly-
androus, and a massive 83 per cent (708) are polygynous (males can have more
than one wife). The 708 polygynous societies are divided about equally into
those where polygyny is permitted by the rules of the society but rare in
practice, and those where it is the norm. To be brutally precise, of course, norm’
refers to harem membership for females and harem aspiration for males. By
definition, given equal numbers of men and women, the majority of men miss
out. The harems of some Chinese Emperors and Ottoman Sultans broke the
most extravagant records of the elephant seals and fur seals. Yet our physical
dimorphism is small when compared with the seals, and also probably —
although this evidence is disputed — when compared with the australopith-
ecines. Would this mean that australopithecine chiefs had harems even larger
than Chinese Emperors?

No. We mustn't apply the theory in a naive way. The correlation between
sexual dimorphism and harem size is only a loose one. And physical size is only
one indicator of competitive strength. For elephant seals, male size is presum-
ably important, because they win their harems by physically fighting other
males, biting them or overpowering them by sheer weight of blubber. Size is
probably not negligible in hominids. But any sort of differential power, which
enables some males to control a disproportionate number of females, can take
the place of physical size. In many societies, political clout plays this role. Being
a friend of the chief — or, better, being the chief — empowers an individual:
enables him to intimidate rivals in a way that is equivalent to the physical
intimidation of a large bull seal over a smaller one. Or there may be massive
inequalities in economic wealth. You don't fight for wives, you buy them. Or you
pay soldiers to fight for them on your behalf. The Sultan or the Emperor may be
a physical wimp, yet he may still secure a harem larger than any bull seal. The
point I am moving towards is that even if australopithecines were much more
dimorphic in size than us, our evolution from them may not, after all, have been
a move away from polygyny itself. It may just have been a shift in the weapons
used for male competition: from sheer size and brute force to economic power
and political intimidation. Or, of course, we also may have shifted towards more
genuine sexual equality.

For those of us with a distaste for sexual inequality, it is a consoling hope that
cultural polygyny, as distinct from brute-force polygyny, might be rather easy to
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get rid of. On the face of it, this seems to have happened in those societies, such
as (non-Mormon) Christian societies, which became officially monogamous. I
say 'on the face of it' and 'officially’, because there is also some evidence that
apparently monogamous societies are not quite what they seem. Laura Betzig is
a historian with a Darwinian turn of mind, and she has uncovered intriguing
evidence that overtly monogamous societies like ancient Rome and medieval
Europe were really polygynous under the surface. A rich nobleman, or Lord of
the Manor, may have had only one legal wife but he had a de facto harem of
female slaves, or housemaids and tenants' wives and daughters. Betzig cites
other evidence that the same was true of priests, even those who were notion-
ally celibate.

These historical and anthropological facts have been seen by some scientists
as suggesting, together with our moderate sexual dimorphism, that we evolved
under a polygynous breeding regime. But sexual dimorphism is not the only
clue we can get from biology. Another interesting signal from the past is
testis size.

Our closest relatives, the chimpanzees and bonobos, have extremely large
testes. They are not polygynous like gorillas, nor are they monogamous like gib-
bons. Female chimpanzees in oestrus normally copulate with more than one
male. This promiscuous mating pattern is not polyandry, which means the stable
bonding of one female with more than one male. It does not predict any simple
pattern of sexual dimorphism. But it did suggest to the British biologist Roger
Short an explanation for the large testes: chimpanzee genes have been passed
down the generations via spermatozoa that had to battle it out in competition
with rival sperms from several males inside the same female. In such a world,
sheer numbers of spermatozoa matter, and this demands big testes. Male
gorillas, on the other hand, have small testes but powerful shoulders and huge
resonating chests. Gorilla genes do their competing via male fights and chest-
thumping threats to win females, which pre-empts subsequent sperm compet-
ition inside females. Chimpanzees compete via sperm proxies inside vaginas.
This is why gorillas have pronounced sexual dimorphism and small testes,
while chimpanzees have large testes and weak sexual dimorphism.

My colleague Paul Harvey, with various collaborators including Roger Short,
tested the idea using comparative evidence from monkeys and apes. They took
twenty genera of primates and weighed their testes. Well, actually, they went
into the library and gathered published information on testis masses. Large
animals obviously tend to have larger testes than small animals, so they had to
correct for that. Their method was the one explained in the Handyman's Tale
for brains. They placed each monkey or ape genus as a point on a graph of testis
mass against body mass and, for the same reasons as we saw in the Handyman's
Tale, they took logarithms of both. The points fell around a straight line, from
marmosets at the bottom to gorillas at the top. As with the brains, the inter-
esting question was which species have relatively big testes for their size, and
which smaller. Of all the points scattered about the line, which ones fall above
the line and which below?

The results are suggestive. The filled black symbols all represent animals that
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are like chimpanzees in that females mate with more than one male, and where
there is consequently likely to be sperm competition. The chimpanzee itself is
the black blob at the top. The open circles are all from animals whose breeding

10 - system does not involve much sperm competition, either
because they are harem breeders like gorillas (the open circle to the far right)
or they are faithfully monogamous like gibbons.

The separation between the open circles and the filled blobs is satisfying.* We
seem to have support for the sperm competition hypothesis. And now, of course,
we want to know where we fall on the graph. How big 100 200
are our testes? Our position on the graph (see small vertical cross) is close to
the orang utan. We seem to cluster with the open circles rather than with the
black blobs. We are not like chimpanzees, and probably have not had to
contend with much sperm competition in our evolutionary history. But this
graph says nothing about whether the breeding system of our evolutionary past
was like a gorilla's (harem) or like a gibbon's (faithful monogamy). That sends
us back to the evidence of sexual dimorphism and anthropology, both of which
suggest mild polygyny: a small tendency in the direction of harems.

If there is indeed evidence that our recent evolutionary ancestors were weakly
polygynous, I hope it needs no saying that this should not be used to justify a
moral or political stance, one way or the other. "You can't get an ought from an
is' has been said so often it is in danger of becoming tedious. It is none the less
true for that. Let's hasten on to our next rendezvous.
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RENDEzVOUS 12 XENARTHRANS

Rendezvous 12, about 95 million years ago in the time of our 35-million-greats-
grandparent, is where we meet the xenarthran pilgrims from South America,
which at that time had fairly recently torn itself away from Africa and was a very
large island —just the thing for fostering the evolution of a unique fauna. The
xenarthrans are a rather odd group of mammals, consisting of the armadillos,
sloths and anteaters and their extinct relatives. Their name means 'alien joints',
referring to the peculiar way their vertebrae join onto each other: they have
extra articulations between their lumbar vertebrae, which strengthen the back-
bone for the digging that so many of them go in for. Among anteaters, only
South American ones are xenarthrans. Other mammals such as pangolins and
aardvarks also eat ants and are called, respectively, scaly anteaters and ant bears.
All 'anteaters', by the way, might just as well be called termite-eaters — they are
very fond of termites.

The xenarthrans have a tale to tell of South America, and it falls to the
armadillo to tell it. We shall cover the diversity of the Xenarthra themselves
during the course of the tale.

The Armadillo's Tale

Zoologically speaking, South America is a sort of giant Madagascar. Like
Madagascar, it split off from Africa, but from the west rather than the east side,
around the same time, or a bit later than Madagascar. Like Madagascar, South
America was cut off from the rest of the world during most of the period of
mammal evolution. Its long purdah, which ended only about 3 million years ago,
led to South America becoming a gigantic natural experiment culminating in a
unique and fascinating mammal fauna. Like Australia but unlike Madagascar,
South America's fauna was rich in marsupials. In South America's case, mar-
supials filled most of the carnivorous niches. Unlike Australia, South America
also had plenty of placental (non-marsupial) mammals, including armadillos
and other xenarthrans, and various uniquely South American 'ungulates', now
all extinct, which evolved entirely independently of the even-toed and odd-toed
ungulates of the rest of the world.

We have already seen that monkeys and rodents entered South America,
probably in separate rafting incidents long after the continent wrenched itself
free from Africa. When the monkeys and the rodents arrived, they found a
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the giant ground sloths, lumbering ground-dwelling cousins of today's tree
sloths. Ground sloths are often depicted rearing up on their hind legs to feed on
trees, and they may also have knocked them down, as elephants do today. The
largest of them were, indeed, comparable in size to elephants, six metres long
and between three and four tonnes in weight. Ground sloths (though not the
very largest of them) penetrated North America as far north as Alaska.

Coming the other way, llamas, alpacas, guanacos and vicunas, all members
of the camel family, are now confined to South America, but camels originally
evolved in North America. They spread into Asia and then Arabia and Africa
quite recently, presumably via Alaska, where they gave rise to the Bactrian cam-
els of the Mongolian steppe, and the dromedaries of the hot deserts. The horse
family, too, did most of their evolving in North America but then went extinct
there, which makes poignant the baffled surprise with which the Native Amer-
icans responded to the horses, reintroduced from Eurasia under the infamous
conquistadores.

The anteaters don't seem to have made it into North America, but three
genera survive in South America, and very unusual mammals they are. They
have no teeth at all and the skull, especially in the case of Myrmecophaga, the
large ground-dwelling anteater, has become little more than a long, curved tube,
a kind of straw for imbibing ants and termites which are chivvied out of their
nests by means of a long sticky tongue. And let me tell you something amazing
about them. Most mammals, like us, secrete hydrochloric acid into our stom-
achs to aid digestion, but South American anteaters don't. Instead, they rely
upon the formic acid from the ants that they eat. This is typical of the oppor-
tunism of natural selection.

Of the other 'old timers' of South America, the marsupials survive only in the
form of the opossums (which are also now common in North America), the
very different 'shrew opossums' (confined to the Andes), and the single
mouse-like monito del monte (which, strangely enough, seems to have
emigrated back to South America from Australia). We shall meet them
properly when we get to Rendezvous 14.

The old South American 'ungulates' are all extinct, and more's the pity
because they were amazing creatures. Simpson's name 'old timers' only means
that their ancestors have been in South America for a very long time, probably
since that continent broke free of Africa. They evolved and diversified during
the same long period as our more familiar mammals were evolving and
diversifying in the Old World. Many of them flourished up to the time of the
Great American Interchange and, in some cases, beyond. The litopterns split
early into horse-like and camel-like forms, which probably (from the
position of the nose bones) had a trunk like an
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elephant. Another group, the pyrotheres, also probably had a trunk, and may
have been quite elephant-like in other respects. They were certainly very large.
The South American mammal fauna rather ran to massive rhino-like forms, some
of whose fossil bones were first found by Darwin. The notoungulates included
huge rhinoceros-like toxodons, and smaller rabbit-like and rodent-like forms.
The Armadillo's Tale is the tale of South America in the Age of Mammals. It is
the tale of a gigantic raft, like Madagascar, Australia and India cut adrift by the
breakup of Gondwana. Madagascar we have already dealt with in the Aye-Aye's
Tale. Australia will be the subject of the Marsupial Mole's Tale. India would have
been a fourth raft experiment, except that it travelled north so fast that it
reached Asia rather early, and so its fauna became integrated with that of Asia
during the latter half of the Age of Mammals. Africa, too, was a gigantic island
during the rise of the mammals, not so isolated as South America and not for so
long. But long enough for a large and very diverse group of mammals to go their
own way in isolation, closer cousins to each other than to the rest of the mam-
mals, though you'd never guess it to look at them. These are the Afrotheria, and
we are about to meet them at Rendezvous 13.
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This sounds like
foresight and so, in a
way, it is. But it should
not be taken to imply
deliberate intention
(although, as always,
that cannot be ruled
out). Animals often
behave as if they know
what is good for them
in the future, but we
must be careful not to
forget that as if.
Natural selection is a
beguiling counterfeiter
of deliberate purpose.

RENDEzvVOUS 13 AFROTHERES

The Afrotheria are the last placental mammals to join our pilgrimage. They
originated in Africa as their name suggests, and they include the elephants, the
elephant shrews, the dugongs and manatees (also known as sea elephants or sea
cows), the hyraxes, the aardvarks or ant bears, and probably the tenrecs of
Madagascar and the golden moles of southern Africa. The next pilgrims we shall
greet will be our far more distant cousins the marsupials, so the Afrotheria — all
of them equally — are our most distant non-marsupial cousins. Concestor 13
lived 105 million years ago, and was our 45-million-greats-grandparent, or
thereabouts. Once again, it looked similar to Concestor 12 and Concestor 11, all
pretty much like shrews.

I never saw an elephant shrew until I revisited the beautiful country of
Malawi which, as Nyasaland, had been my childhood home. My wife and I spent
some time in the Mvuu Game Reserve, just south of the great Rift Valley lake
which gave the country its name and on whose sandy beaches I had spent my
first bucket-and-spade holidays long ago. In the game reserve, we benefited
from our African guide's encyclopaedic knowledge of the animals, his sharp eye
for spotting them, and his engaging turns of phrase in calling them to our
attention. Elephant shrews always elicited from him the same joke, which
seemed to improve with each repeating: 'One of the small five.'

Elephant shrews, which are named for their long trunk-like noses, are larger
than European shrews, and they run higher, on longer legs — a little suggestive
of miniature antelopes. The smaller of the 15 species jump. Elephant shrews
used to be more numerous and diverse, and included some plant-eating species
as well as the insectivorous ones that survive today. Elephant shrews have the
prudent habit of devoting time and attention to making runways for them-
selves to use later when escaping predators.*

In spite of their dear little trunks, it never occurred to anyone that
elephant shrews might be particularly close to elephants. It was always
assumed that they were just African versions of Eurasian shrews. Recent
molecular evidence, however, astonishes us
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with the information that elephant shrews are closer cousins to elephants than
they are to shrews, and some people now prefer their alternative name, sengi,
to distance them from shrews. By the way, the 'trunks' of elephant shrews are
almost certainly incidental to their relationship to elephants. From the small
five to the big, we come next to the elephants themselves.

Today the elephants are reduced to two genera: Elephas the Indian elephant,
and Loxodonta the African elephant, but elephants of various kinds including
mastodons and mammoths once roamed through almost every continent
except Australia.* Mastodons and mammoths were in America until around
12,000 years ago when they were exterminated, probably by the Clovis people.
Mammoths died out so recently in Siberia that they are occasionally found
frozen in the permafrost and have even, poets sing, been made into soup:

THE FROZEN MAMMOTH

This Creature, though rare, is still found to the East
Of the Northern Siberian Zone.

It is known to the whole of that primitive group
That the carcass will furnish an excellent soup,
Though the cooking it offers one drawback at least
(Of a serious nature [ own):

If the skin be but punctured before it is boiled

Your confection is wholly and utterly spoiled.

And hence (on account of the size of the beast)
The dainty is nearly unknown.

HILAIRE BELLOC

As with all of the Afrotheria, Africa is the ancient home of elephants, mastodons
and mammoths, the root of their evolution and the site of most of their diversi-
fication. Africa has also become the home of lots of other mammals such as
antelopes and zebras, and the carnivores that prey on them, but those are
laurasiatheres, who came into Africa later, from the great northern continent of
Laurasia. The Afrotheria are the African 'old timers'.

The elephant order is called Proboscidea, after their long proboscis or trunk,
which is an enlarged nose. The many purposes for which the trunk is used in-
clude drinking, which may have been its primitive use. Drinking, when you are
a very tall animal like an elephant or a giraffe, is a problem. Food, for elephants
and giraffes, mostly grows on trees which may be partly why they are so tall in
the first place. But water finds its own level, which tends to be uncomfortably
low. Kneeling down to the water is a possibility. Camels do it. But it is hard work
getting up again, even more so for elephants or giraffes. Both solve the problem
by sucking the water up through a long siphon. Giraffes stick their head on the
end of the siphon — the neck. Giraffe heads therefore have to be rather small.
Elephants keep their head — which can therefore be bigger and brainier — at the
base of the siphon. Their siphon is, of course, the trunk, and it comes in handy
for lots of other things as well. I have previously quoted Oria Douglas-Hamilton
on the elephant trunk. Much of her life has been devoted, with her husband
lain, to the study and preservation of wild elephants. It is an angry passage,
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prompted by the horrifying sight of a mass 'cull' of elephants in Zimbabwe.

I looked at one of the discarded trunks and wondered how many millions of years
it must have taken to create such a miracle of evolution. Equipped with fifty thou-
sand muscles and controlled by a brain to match such complexity, it can wrench
and push with tonnes of force. Yet, at the same time, it is capable of performing the
most delicate operations such as plucking a small seed-pod to pop in the mouth.
This versatile organ is a siphon capable of holding four litres of water to be drunk
or sprayed over the body, as an extended finger and as a trumpet or loud speaker.
The trunk has social functions, too; caresses, sexual advances, reassurances,
greetings and mutually intertwining hugs ... And yet there it lay, amputated like
so many elephant trunks I had seen all over Affica.

Proboscideans also run to tusks, which are greatly enlarged incisor teeth.
Modern elephants have tusks only in the upper jaw, but some extinct
proboscideans had tusks in the lower jaw as well, or instead. Deinotherium had
large down-curving tusks in the lower jaw and no tusks at all in the upper jaw.
Amebelodon, a North American member of the large group of early proboscid-
eans called gomphotheres, had elephant-like tusks in the upper jaw and flat,
spade-like tusks in the lower jaw. Perhaps they were indeed used as spades, to
dig up tubers. This speculation doesn't, by the way, conflict with the one about
the evolution of the trunk as a siphon to obviate the need to kneel for a drink.
The lower jaw, with its two flat spades on the end, was so long that a standing
gomphothere could easily have used it to dig in the ground.

In The Water Babies, Charles Kingsley wrote that the elephant 'is first cousin
to the little hairy coney of Scripture ..." The primary meaning of coney in the
English dictionary is rabbit, and two of the word's four occurrences in the Bible
are explanations of why the rabbit is not kosher: 'And the coney, because he
cheweth the cud, but divideth not the hoof; he is unclean unto you' (Leviticus
11:5 and the very similar passage in Deuteronomy 14:7). But Kingsley can't have
meant rabbit, because he goes on to say that the elephant is 13th or 14th cousin
to the rabbit. The other two biblical references refer to an animal that lives
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among rocks: Psalm 104 ("The high hills are a refuge for the wild goats; and the
rocks for the conies') and Proverbs 30:26 ('The conies are but a feeble folk, yet
make they their houses in the rocks'). Here, it is generally agreed, coney means
hyrax, dassie or rock badger, and Kingsley, that admirably Darwinian clergy-
man, was right.

Well, he was right at least until those tiresome modern taxonomists burst in.
Textbooks say that the elephants' closest living cousins were the hyraxes, which
agrees with Kingsley. But recent analysis shows that we must also include
dugongs and manatees in the mix, perhaps even as the closest living relatives of
the elephants, with hyraxes the sister group. Dugongs and manatees are purely
marine mammals who never come ashore even to breed, and it looks as though
we were misled in the same way as over the hippos and the whales. Purely
marine mammals are freed from the constraints of terrestrial gravity and can
evolve rapidly in their own special direction. Hyraxes and elephants, left behind
on the land, have remained more similar to each other, just as hippos and pigs
did. With hindsight, dugongs" and manatees' slightly trunk-like nose and small
eyes in a wrinkled face give them a faintly elephantine appearance, but it is
probably an accident.

Dugongs and manatees belong to the order Sirenia. The name comes from
their supposed resemblance to the sirens of myth, although this is not, it has to
be said, very convincing. Their slow, sleepy-lagoon style of swimming could per-
haps have been thought mermaid-like, and they suckle their young with a pair
of breasts under the flippers. But one can't help feeling that the sailors who first
spotted the likeness must have been at sea for a very long time. Sirenians are,
with whales, the only mammals that never come on land at any time. One
species, the Amazon manatee, lives in freshwater; the other two manatees are
found in the sea as well. Dugongs are exclusively marine, and all four species
are vulnerable to extinction, which inspired my wife to design a T-shirt:
Dugoing Dugong Dugone. A heart-rending story concerns the fifth species, the
enormous Steller's sea cow, which lived in the Bering Straits and weighed over
5 tonnes. It was hunted to extinction a mere 27 years after its discovery by
Bering's ill-fated crew in 1741, showing how vulnerable sirenians can be.

As with whales and dolphins, the front limbs of sirenians have become flip-
pers and they have no hind limbs at all. Sirenians are also known as sea cows,
but they are not related to cows and they don't ruminate. Their vegetarian diet
requires an immensely long gut and a low energy budget. The high speed aqua-
batics of a carnivorous dolphin contrast dramatically with the lazy drifting of
the vegetarian dugong: guided missile to dirigible balloon.

There are small afrotheres, too. Golden moles and tenrecs seem to be related
to each other, and most modern authorities place them within the afrotheres.
Golden moles live in southern Africa where they do the same job as moles do in
Eurasia, and do it beautifully, swimming through the sand as if it were water.
Tenrecs live mostly in Madagascar. There are some semi-aquatic 'otter shrews'
that are actually tenrecs in western Africa. As we saw in the Aye-Aye's Tale, Mada-
gascan tenrecs include shrew-like forms, hedgehog-like forms and an aquatic
species which probably returned to the water independently of the African ones.
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RENDEzZVOUS 14 MARSUPIALS

Here we are, 140 million years ago, at the base of the Cretaceous when
Concestor 14, in round figures our 80-million-greats-grandparent, lived in the
shadow of the dinosaurs. As the Elephant Bird's Tale will recount, South
America, Antarctica, Australia, Africa, and India, which had been part of the
great southern supercontinent of Gondwana, were just starting to break apart
(a map of approximately this period is on page 238). Consequently, changes in
climate had plunged the world into a (geologically) short-lived cold period, with
snow and ice blanching the poles during the winter months. Only a few
flowering plants grew in the temperate forests of coniferous trees and the
plains of ferns that covered the northern and southern parts of the globe, and
there were correspondingly few of the pollinating insects that we know today. It
is in such a world that the entire massed pilgrims of the placental mammals —
horses and cats, sloths and whales, bats and armadillos, camels and hyenas,
rhinoceroses and dugongs, mice and men — all now represented by a small
insectivore, greet the other great group of mammals, the marsupials.

Marsupium means pouch in Latin. Anatomists use it as a technical term for
any pouch, such as the human scrotum. But the most famous pouches in the
animal kingdom are those in which kangaroos and other marsupials keep their
young. Marsupials are born as tiny embryos equipped only to crawl — crawl for
their tiny lives through the forest of their mother's fur, into the pouch where
they clamp their mouths to a teat.

The other main group of mammals are called placentals because they
nourish their embryos with various versions of a placenta: a large organ
through which miles of capillary blood vessels belonging to the baby are
brought into close contact with miles of capillary blood vessels belonging to the
mother. This excellent exchange system (for it serves to remove wastes from the
foetus as well as to feed it) enables the baby to be born very late in its career. It
enjoys the protection of its mother's body until, in the case of hoofed herbivores
for example, it is capable of keeping up with the herd on its own legs, and even
running away from predators. Marsupials do it differently. The pouch is like an
external womb, and the large teat, to which the baby becomes attached as a
semipermanent appendage, works a bit like an umbilical cord. Later, the joey
detaches itself from the nipple and sucks only occasionally like a placental
infant. It emerges from the pouch as if in a second birth, and uses it less and less
frequently as a temporary refuge. Kangaroo pouches open forwards but many
marsupial pouches open backwards.
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MARSUPIALS JOIN

Three major lines of liv-
ing mammals are recog-
nised, based upon their
method of reproduction.
These are the egg-laying
mammals (monotremes),
the pouched mammals
(marsupials) and the
placental mammals
(including ourselves).
Morphology and most
DNA studies agree in
grouping the marsupials
and placentals together,
making Rendezvous 14
the divergence of the
270 or so species of mar-
supial from the 4,500 or
so placental mammals. It
is generally accepted
that marsupials fall into
the seven orders shown
here. Their interrelation-
ships are not firmly
established: particularly
problematic isthe
position of the South
American 'monito del
monte”.



The Australinean fauna
extends a bit beyond
New Guinea towards
Asia. Wallace's Line,
named after the great
co-discoverer of natural
selection, separates the
predominantly Aus-
tralian fauna from that
of Asia. Surprising as it
might seem, the line
passes between two
small islands of the
Indonesian archipelago,
Lombok and Bali, which
are separated only by a
fairly narrow strait.
Further north, Wallace's
Line separates the larger
islands of Sulawesi and
Bomeo.

Including, most ridicu-
lously of all, foxes in
order that they should
be hunted — an elo-
quent comment on the
claim that this pursuit
can be justified as pest
control.

The marsupials, as we have seen, are one of the two great groups into which
the surviving mammals are divided. We normally associate them with Australia
which, from a faunistic point of view, can conveniently be deemed to embrace
New Guinea. It is unfortunate that no widely recognised word exists to unite
these two landmasses. 'Meganesia' and 'Sahul' are not memorable or evocative
enough. Australasia won't do because it includes New Zealand which, zoologic-
ally, has little in common with Australia and New Guinea. I shall coin
Australinea for my purpose.* An Australinean animal hails from mainland
Australia, Tasmania or New Guinea, but not New Zealand. From a zoological
point of view, though not a human one, New Guinea is like a tropical wing of
Australia, and the mammal faunas of both are dominated by marsupials. Mar-
supials also, as we saw in the Armadillo's Tale, have a long, and older history of
association with South America, where they still occur, mostly in the shape of
some dozens of species of opossums.

Although present-day American marsupials are nearly all opossums, it hasn't
always been so. If we take fossils into account, most of the range of marsupial
diversity is in South America. Older fossils have been found in North America,
but the oldest of all marsupial fossils is from China. They went extinct in
Laurasia but survived in two of the main relics of Gondwana, namely South
America and Australinea. And it is Australinea which is the main stage for
modern marsupial diversity. It is generally agreed that marsupials came to
Australinea from South America via Antarctica. Those fossil marsupials that
have been found in Antarctica are not in themselves plausible ancestors of the
Australinean forms, but this is probably just because so few Antarctic fossils
have been found anyway.

It happens that Australinea, for much of its history since it split off from
Gondwana, has had no placental mammals. It is not unlikely that all Australia's
marsupials stem from a single introduction of an opossum-like founder animal
from South America, via Antarctica. We don't know exactly when, but it can't
have been much later than 55 million years ago, which is approximately when
Australia (more especially Tasmania) pulled far enough away from Antarctica to
be inaccessible to island-hopping mammals. It could have been much earlier,
depending upon how inhospitable Antarctica was to mammals. American
opossums are no more closely related to the animals that Australians call
possums than they are to any other Australian marsupials. Other American
marsupials, mostly fossils, seem to be more distantly related. Most of the major
branches in the marsupial family tree, in other words, are American, which is
one reason why we think the marsupials originated in America and migrated to
Australinea, rather than the other way around. But the Australinean branch of
the family diversified mightily after their homeland became isolated. The
isolation came to an end around 15 million years ago when Australinea
(specifically New Guinea) reached close enough to Asia to allow the arrival of
bats and (presumably island-hopping) rodents. Then, much more recently,
dingos arrived (in trading canoes, we must suppose) and finally a whole host of
other animals, such as rabbits, camels and horses, introduced by European
immigrants.*
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Together with the monotremes who join us next, the evolving Australian
marsupials were carried, on the great raft that Australia became, out into South
Pacific isolation. There, for the next 40 million years the marsupials (and
monotremes) had Australia to themselves. If there were other mammals at the
beginning* they died out early. Dinosaur shoes were waiting to be filled, in
Australia as well as in the rest of the world. From our point of view the exciting
thing about Australia is that it was isolated for a very long time, and it had a
very small founder population of marsupial mammals, conceivably even a
single species.

And the results? They were dazzling. Of approximately 270 surviving species
of marsupial in the world, about three-quarters are Australinean (the rest are all
American, mostly opossums plus a few other species such as the enigmatic
Dromiciops, the monito del monte). The 200 Australinean species (give or take a
few depending on whether we are lumpers or splitters )" have branched to fill
the whole range of 'trades' formerly occupied by the dinosaurs, and indepen-
dently occupied by other mammals in the rest of the world. The Marsupial
Mole's Tale goes through some of these trades, one by one.

The Marsupial Mole's Tale

There is a living to be made underground, a living which moles (family Talpidae)
have made familiar to us in Eurasia and North America. Moles are dedicated
burrowing machines, their hands modified into spades, their eyes, which would
be useless underground, all but completely degenerate. In Africa, the mole
niche is filled by golden moles (family Chrysochloridae). These are superficially
very similar to Eurasian moles and for years they have been placed in the same
order: Insectivora. In Australia, as we would expect, the niche is filled by a
marsupial, Notoryctes, the marsupial mole.*

Marsupial moles look like true (talpid) moles and golden moles, they feed on
worms and insect larvae like true moles and golden moles, and they burrow like
true moles and even more like golden moles. True moles leave an empty tunnel
behind them as they dig looking for prey. Golden moles, at least the ones that
live in deserts, 'swim' through sand, which collapses behind them, and mar-
supial moles do the same. Evolution has fashioned the 'spades' of talpid moles
out of all five fingers of the hand. Marsupial moles and golden moles use two (or
in some golden moles three) claws. The tail is short in talpid moles and
marsupial moles, and completely invisible in golden moles. All three are blind
and have no visible ears. Marsupial moles (it's what marsupial means) have a
pouch, in which the prematurely born (by placental standards) young are
housed.

The similarities of these three 'moles' are convergent: independently evolved
for their digging habit, from different beginnings, from non-digging ancestors.
And it is a three-way convergence. Although golden moles and Eurasian moles
are more closely related to each other than either is to marsupial moles, their
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A couple of teeth which
seem to belong to
condylarths (a group of
extinct placental mam-
mals) have been found,
but nothing younger
than 55 million years.

t These more-or-less self-

evident terms have
become technical terms
for taxonomists who
habitually lump animals
(or plants) into a few
large groups, or who
habitually split them
into lots of small groups.
Splitters proliferate
names, in extreme
cases where fossils are
concerned, elevating
almost every specimen
they discover to species
status.

Necrokstes. a South
American marsupial of
the Miocene Epoch, also
appears to have been a
'mole'. Its name, rather
inappropriately,
translates as 'grave
robberV



We are so used to the
idea that mammals
stepped into dinosaur
shoes, it is surprising to
reflect that no dino-
saurian 'mole' has so
far been found. Both
fossilised burrows and
special organs adapted
for digging have been
described for the
*mammal-like reptiles'
that preceded the
dinosaurs, but never
convincingly for
dinosaurs themselves.
Also called 'flying
phalangers'. although
actually they are not
members of the family
Phalangeridae (discuses
and brushtail possums).

common ancestor was surely not a specialised burrower. All three resemble
each other because they all dig.*

Australinea is home not just to marsupial moles but to a dramatic cast list of
marsupials, each of which plays more or less the same role as a placental
mammal on another continent. There are marsupial 'mice’ (better called
marsupial shrews because they eat insects), marsupial 'cats', 'dogs’, 'flying
squirrels', and a gallery of counterparts to animals familiar in the rest of the
world. In some cases the resemblance is very striking. Flying squirrels such as
Glaucomys volans of the American forests look and behave very like such deni-
zens of the Australian eucalypt forests as the sugar glider (Petaurus breviceps) or
the mahogany glider (Petaurus gracilis)} The American flying squirrels are true
squirrels, related to our familiar tree squirrels. In Africa, interestingly, the flying
squirrel trade is plied by the so-called scaly-tailed squirrels or Anornaluridae
which, though also rodents, are not true squirrels. The marsupials of Australia,
too, have produced three lineages of gliders, which evolved the habit
independently. Returning to placental gliders, we have already met, at Rendez-
vous 9, the mysterious 'flying lemurs' or colugos which differ from the flying
squirrels and the marsupial gliders in that their tail is included in the gliding
membrane, as well as all four limbs.

Thylacinus, the Tasmanian wolf, is one of the most famous examples of con-
vergent evolution. Thylacines are sometimes called Tasmanian tigers because of
their striped backs, but it is an unfortunate name. They are much more like
wolves or dogs. They were once common all over Australia and New Guinea, and
they survived in Tasmania until living memory. There was a bounty on their
scalps until 1909, the last authenticated specimen sighted in the wild was shot
in 1930, and the last captive thylacine died in Hobart Zoo in 1936. Most
museums have a stuffed specimen. They are easy to tell from a true dog because
of the stripes on the back but the skeleton is harder to distinguish. Zoology stu-
dents of my generation at Oxford had to identify 100 zoological specimens as
part of the final exam. Word soon got around that, if ever a 'dog' skull was
given, it was safe to identify it as Thylacinus on the grounds that anything as
obvious as a dog skull had to be a catch. Then one year the examiners, to their
credit, double bluffed and put in a real dog skull. In case you are interested, the
easiest way to tell the difference is by the two prominent holes in the palate
bone, which are characteristic of marsupials generally. Dingos, of course, are
not marsupials but real dogs, probably introduced by aboriginal man. It may
have partly been competition from dingos that drove the thylacines extinct on
mainland Australia. Dingos never reached Tasmania, which may be why
thylacines survived there until European settlers drove them extinct. But fossils
show that there were other species of thylacine in Australia that went extinct
too early for humans or dingos to bear the blame.

The 'natural experiment' of Australinean 'alternative mammals' is often
demonstrated in a series of pictures, each matching an Australinean marsupial
with its more familiar placental counterpart. But not all ecological counterparts
resemble each other. There doesn't seem to be any placental equivalent of the
honey possum. It is easier to see why there is no marsupial equivalent of whales:
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Three species of
Zaglossus have been
distinguished, one
of them called, I am
delighted to say, Z.
attenboroughi.

RENDEZVOUS 15 MONOTREMES

Rendezvous 15 takes place approximately 180 million years ago in the half-
monsoonal, half-arid world of the Lower Jurassic. The southern continent of
Gondwana was still just about connected to the great northern continent of
Laurasia — the first time on our backwards journey that we find all major land-
masses collected into a contiguous 'Pangaea’. In forward time, the split of
Pangaea would have momentous consequences for the descendants of Con-
cestor 15, perhaps our 120-million-greats-grandparent. Our rendezvous is a
rather one-sided affair. The new pilgrims that join all the rest of the mammals
here represent only three genera: Ornithorhynchus anatinus, the duckbilled
platypus which lives in Eastern Australia and Tasmania; Tachyglossus aculeatus,
the short-beaked echidna which lives all over Australia and New Guinea; and
Zaglossus, the long-beaked echidna, which is confined to the highlands of New
Guinea.* Collectively the three genera are known as monotremes.

Several tales have developed the theme of island continents as nurseries of
major animal groups: Africa for the afrotheres, Laurasia for the laurasiatheres,
South America for the xenarthrans, Madagascar for the lemurs, Australia for
most of the surviving marsupials. But it is looking increasingly as though there
was a much earlier continental separation among the mammals. According to
one supported theory, long before the demise of the dinosaurs, the mammals
were split into two major groups called the australosphenidans and the boreo-
sphenidans. Australo, once again, doesn't mean Australian, it means southern.
And boreo means northern, as in the northern aurora borealis. The australos-
phenidans were those early mammals that evolved in the great southern con-
tinent of Gondwana. And the boreosphenidans evolved in the northern
continent of Laurasia, in a sort of earlier incarnation long before the evolution
of the laurasiatheres we know today. The monotremes are the only surviving
representatives of the australosphenidans. All the rest of the mammals, the
therians, including the marsupials that we now associate with Australia, are
descended from the northern boreosphenidans. Those therians who later
became associated with the south, and with the breakup of Gondwana — for
instance the afrotheres of Africa and the marsupials of South America and
Australia — were boreosphenidans who had migrated south into Gondwana
long after their northern origins.

Let's now turn to the monotremes themselves. The echidnas live on dry land
and eat ants and termites. The platypus lives mostly in water where it feeds on
small invertebrates in the mud. Its 'bill' really does look like that of a duck. The
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MONOTREMESJOIN
Living mammals, num-
bering fewer than 5,000
species, all have fur and
suckle their young.
Those we have met so
far — the placental and
marsupial mammals —
are thought to share a

common northern
hemisphere origin in the
Jurassic Period. The five
monotreme species are
the sole survivors of a
once diverse lineage of
southern hemisphere
mammals which retained
the habit of laying eggs.

echidnas' bill is more tubular. Somewhat surprisingly, by the way, molecular
evidence suggests that the concestor of echidnas with platypuses lived more
recently than the fossil platypus Obdurodon, which lived and looked essentially
like a modern platypus except that it had teeth inside its duckbill. This would
mean that echidnas are modified platypuses who left the water within the last 20
million years, lost the webbing between their toes, narrowed the duckbill to
make an anteater's probing tube, and developed protective spines.

One respect in which the monotremes resemble reptiles and birds has given
them their name. Monotreme means single hole in Greek. As with reptiles and
birds, the anus, the urinary tract and the reproductive tract empty into a single
shared opening, the cloaca. Even more reptilian is that eggs, not babies, emerge
from that cloaca. And not microscopic eggs like all other mammals, but two-
centimetre eggs with a tough white leathery shell, containing nutriment to feed
the baby until it is ready to hatch, which it eventually does like a reptile or bird
with the aid of an egg-tooth on the end of its 'bill'.

Monotremes have some other typically reptilian features too, such as the
interclavicle bone near the shoulder, which reptiles, but no therian mammals,
possess. On the other hand the monotreme skeleton also has a number of
standard mammal traits. Their lower jaw consists of a single bone, the dentary.
Reptile lower jaws have three additional bones, around the hinge with the main
skull. During the evolution of the mammals, these three bones migrated away
from the lower jaw into the middle ear, where, renamed the hammer, the anvil
and the stirrup, they transmit sound from the eardrum to the inner ear in a
cunning way that physicists call impedance-matching. Monotremes are firmly
with the mammals on this point. Their inner ear itself, however, is more
reptilian or bird-like, in that the cochlea, the tube in the inner ear that
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Could this be your
ancestor?

Drawing of
Henkelotberium, a
eupantothere, by Elke
Groning. (The leaf form
shown is that of modern
ginkgos; the leaves of
Jurassic ginkgos would
have been more finely
divided.)

detects sounds of different pitch, is more nearly straight than the snail-shaped
coil which all other mammals have, and which gives the organ its name.

Monotremes are again with the mammals in secreting milk for their young:
that most proverbially mammalian of substances. But again, they slightly spoil
the effect by lacking discrete nipples. Instead, the milk oozes out from pores
over a wide area of skin on the ventral surface, where it is licked up by the baby
clinging to the hairs on the mother's belly. Our ancestors probably did the same.
Monotreme limbs sprawl sideways a little more than those of a typical mammal.
You can see this in the weird rolling gait of echidnas: not quite lizard-like, but
not entirely mammal-like either. It adds to the impression that the monotremes
are sort of intermediate between reptiles and mammals.

What did Concestor 15 look like? There is of course no reason to think it was
like either an echidna or a platypus. It was, after all, our ancestor, as well as
theirs, and we've all had a very long time to evolve since. Fossils of the right
vintage in the Jurassic Period belong to various types of small shrew-like or
rodent-like animals such as Morganucodon and the large group known as
multituberculates. The charming picture is of another of these early mammals,
a eupantothere, up a ginkgo tree.

The Duckbill's Tale

An early Latin name of the platypus was Omithorhynchus paradoxus. 1t seemed so
weird when first discovered that a specimen sent to a museum was thought to
be a hoax: bits of mammal and bits of bird stitched together. Others have won-
dered whether God was having a bad day when he created the platypus. Finding
some spare parts left over on the workshop floor, he decided to unite rather than
waste them. More insidiously (because they aren't joking) some zoologists write
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the monotremes off as 'primitive’, as though sitting around being primitive was
a full-time way of life. To question this is a purpose of the Duckbill's Tale.

Since Concestor 15, platypuses have had exactly the same time to evolve as
the rest of the mammals. There is no reason why either group should be more
primitive than the other (primitive, remember, precisely means 'resembling the
ancestor'). Monotremes might be more primitive than us in some respects, such
as laying eggs. But there is no reason at all why primitiveness in one respect
should dictate primitiveness in another. There is no substance called Essence of
Antiquity that pervades the blood and soaks into the bones. A primitive bone is
a bone that has not changed much for a long time. There is no rule that says the
neighbouring bone has to be primitive too, not even a faint presumption in that
direction — at least unless a further case is made. There's no better illustration
than the eponymous duckbill itself. It has evolved far, even if other parts of the
platypus have not.

The platypus bill seems comic, its resemblance to that of a duck made the
more incongruous by its relatively large size, and also because a duck's bill has
a certain intrinsic laughableness, perhaps borrowed from Donald. But humour
does an injustice to this wondrous apparatus. If you want to think in terms of an
incongruous graft, forget all about ducks. A more telling comparison is the
extra nose grafted onto a Nimrod reconnaissance aircraft. The American equiv-
alent is AWACS, more familiar but less appropriate for my comparison in that
the AWACS 'graft' is on top of the fuselage rather than at the front like a bill.

The point is that the platypus bill is not just a pair of jaws for dabbling and
feeding, as in a duck. It is that too, though it is rubbery rather than horny like a
duck’s bill. But far more interestingly, the platypus bill is a reconnaissance
device, an AWACS organ. Platypuses hunt crustaceans, insect larvae and other
small creatures in the mud at the bottom of streams. Eyes aren't much use in
mud, and the platypus keeps them tight shut while hunting. Not only that, it
closes its nostrils and its ears as well. See no prey, hear no prey, smell no
prey: yet it finds prey with great efficiency, catching half its own weight in a day.

If you were a sceptical investigator of somebody claiming a 'sixth sense',
what would you do? You'd blindfold him, stop his ears and his nostrils, and then
set him some task of sensory perception. Platypuses go out of their way to do the
experiment for you. They switch off three senses which are important to us (and
perhaps to them on land), as if to concentrate all their attention on some other
sense. And the clue is given by one further feature of their hunting behaviour.
They swing the bill in movements called saccades, side to side, as they swim. It
looks like a radar dish scanning...

One of the first scientific descriptions of the platypus, Sir Everard Home's
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Flying platypus?
Nimrod airborne early-
warning aircraft, with
bulbous excrescence at
the front to house radar
equipment. The Amer-
ican equivalent, AWACS,
carries its excrescence as
a disc above the fuselage.



Answers the purpose
of ahand

The sensitive bill of
the platypus
(Omithorhynchus
paradoxtts).

Penfield brain map.
Adapted from Penfield
and Rasmussen [222].

publication in the Philosophical
Transactions of the Royal Society for
1802, was farsighted. He noticed
that the branch of the trigeminal
nerve that innervates the face is

uncommonly large. We should be led

by this circumstance to believe that

the sensibility of the different parts

of the bill is very great, and therefore

that it answers the purpose of a

hand, and is capable of nice discrim-

ination in its feeling.

Sir Everard didn't know the half of it. It's the reference to a hand that tells. The
great Canadian neurologist Wilder Penfield published a famous picture of a
human brain, together with a diagram showing the proportions given over to
different parts of the body. Here is the map of a part of the brain given over to
controlling muscles in different parts of the body, on one side. Penfield made a
similar map of parts of the brain concerned with the sense of touch in different
parts of the body. The striking thing about both maps is the huge prominence
given to the hand. The face, too, is prominent, especially the parts controlling
jaw movements, in chewing and
speaking.

But it is the hand that you really notice
when you see a Penfield 'homunculus'. On
the next page is another way of
. ~—Tepresenting the
-T A" "h—  same thing. This grotesque has his
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Where is all this leading? My
of the Duckbill's Tale is indebted to
distinguished Australian
neurobiologist Jack Petti-grew and
his colleagues, including Paul Manger, and one of the fascinating things they
did was to prepare a 'platy-punculus', the platypus equivalent of a Penfield
homunculus. The first thing to say is that it is far more accurate than the
Penfield homunculus, which was based on very scanty data. The
platypunculus is a very thorough piece of work. You can see three little
platypus maps on the upper part of the brain: separate representations, in
different parts of the brain, of sensory information from the body surface: three
body maps, colour-coded to distinguish them. The fact that the blue map and
the red one are facing one way, the brown map the other, is not important.
That, by the way, is a general lesson for all brain maps. What

account
the

 joa
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matters to the animal is that there is an orderly spatial mapping between each
part of the body and the corresponding part of the brain.

Notice that the hands and feet, coloured dark on the three maps, are
approximately in proportion to the body itself, unlike the case of the Penfield
homunculus with its vast hands. What is not in proportion in the
platypunculus is the bill. The bill's maps are the huge areas reaching down
from the maps of the rest of the body. The red map in particular exaggerates
the bill in the same kind of way as the hand dominates the human map.
Where the human brain is hand-heavy, the platypus brain is bill-heavy. Sir
Everard Home's guess is looking good. But, as we shall see, in one respect the
bill is even better than a hand: it can reach out and 'feel' things that it is not
touching. It can feel at a distance. It does it by electricity.

When any animal, such as a freshwater shrimp which is a typical platypus
prey, uses its muscles, weak electric fields are inevitably generated. With
sufficiently sensitive apparatus these can be detected, especially in water. Given
dedicated computer power to handle data from a large array of such sensors,
the source of the electric fields can be calculated. Platypuses don't, of course,
calculate as a mathematician or a computer would. But at some level in their
brain the equivalent of a calculation is done, and the result is that they catch
their prey.

Platypuses have about 40,000 electrical sensors distributed in longitudinal
stripes over both surfaces of the bill. As the platypunculus shows, a large
proportion of the brain is given over to processing the data from these 40,000
sensors. But the plot thickens. In addition to the 40,000 electrical sensors, there
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are about 60,000 mechanical sensors called push rods, scattered over the
surface of the bill. Pettigrew and his co-workers have found nerve cells in the
brain that receive inputs from mechanical sensors. And they have found other
brain cells that respond to both electrical and mechanical sensors (so far they
have found no brain cells that respond to electrical sensors only). Both kinds of
cell occupy their correct position on the spatial map of the bill, and they are
layered in a way that is reminiscent of the human visual brain, where layering
assists binocular vision. Just as our layered brain combines information from
the two eyes to construct a stereo percept, the Pettigrew group suggests that the
platypus might be combining the information from electrical and mechanical
sensors in some similarly useful way. How might this be done?

They propose the analogy of thunder and lightning. The flash of lightning
and the crack of thunder happen at the same moment. We see the lightning
instantaneously, but the thunder takes longer to reach us, travelling at the
relatively slow speed of sound (and incidentally the bang becomes a rumble
because of echoes). By timing the lag between lightning and thunder, we can
calculate how far away the storm is. Perhaps the electrical discharges from the
prey's muscles are the platypus's lightning, while the thunder is the waves of
disturbance in the water caused by the prey animal's movements. Is the platy-
pus brain set up to compute the time lag between the two, and hence calculate
how far away the prey is? It seems likely.

As for pinpointing the prey's direction, this must be done by comparing the
inputs from different receptors all over the map, presumably aided by the scan-
ning side-to-side movements of the bill, just as a man-made radar uses the
rotation of the dish. With such a huge array of sensors projecting to mapped
arrays of brain cells, the platypus very likely forms a detailed three-dimensional
image of any electrical disturbances in its vicinity.

Pettigrew and his colleagues prepared this contour map of lines of equal
electrical sensitivity around the bill of the platypus. When you think of a
platypus, forget duck, think Nimrod, think AWACS; think huge hand feeling its
way, by remote pins and needles; think lightning flashing and thunder rum-
bling, through the watery mud of Australia.

The platypus is not the only animal to use this kind of electrical sense.
Various fish do it, including paddlefish such as Polyodon spaihula. Technically
'bony' fish, paddleflsh have secondarily, with their relatives the sturgeons,
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evolved a cartilaginous skeleton like a shark. Unlike sharks, however, paddle-
fish live in fresh water, often turbid rivers where again eyes are not much use.
The 'paddle’ is shaped pretty much like the upper jaw of a platypus's bill,
though it is not a jaw at all but an extension of the cranium. It can be extremely
long, often as much as one-third of the body length. It reminds me of a Nimrod
aircraft even more than the platypus does.

The paddle is obviously doing something important in the life of the fish, and
it has in fact been clearly demonstrated that it is doing the same job as the
platypus bill — detecting electric fields from prey animals. As with the platypus,
the electrical sensors are set into pores deployed in longitudinal lines. The two
systems are independently evolved, however. Platypus electrical pores are modi-
fied mucus glands. Paddlefish electric pores are so similar to the pores used by
sharks for electrical sensing, called ampullae of Lorenzini, that they have been
given the same name. But where the platypus arranges its sensory pores in a
dozen or so narrow stripes along the length of the bill, the paddlefish has two
broad stripes, on either side of the midline of the paddle. Like the platypus, the
paddlefish has an enormous number of sensory pores — actually even more
than the platypus. Both the paddlefish and the platypus are far more sensitive to
electricity than any one of their sensors by itself. They must be doing some sort
of sophisticated signal summation from different sensors.

There is evidence that the electrical sense is more important for juvenile
paddlefish than for adults. Adults who have accidentally lost their paddle have
been found alive and apparently healthy, but no juveniles have been found to
survive up any creek without a paddle. This may be because juvenile paddlefish,
like adult platypuses, target and catch individual prey. Adult paddlefish feed
more like planktivorous baleen whales, sieving their way through the mud,
catching prey en masse. They grow big on this diet, too — not as big as whales,
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but as long and as heavy as a man, larger than most animals that swim in fresh
water. Presumably if you are sieving plankton as an adult, you have less need of
an accurate prey-locator than if you are darting after individual prey as a
juvenile.

Platypus and paddlefish, then, have independently hit upon the same
ingenious trick. Has any other animal discovered it? Whilst doing his D.Phil.
work in China, my research assistant Sam Turvey encountered an extremely
unusual trilobite called Reedocalymene. Otherwise a 'bog-standard' trilobite
(similar to the Dudley Bug, Calymene, which features on the coat of arms of the
town of Dudley), Reedocalymene has one unique and remarkable feature: a huge
flattened rostrum, like that of a paddlefish, sticking out a whole body length in
front. It can't have been for streamlining, since this trilobite, unlike many
others, was obviously unfitted for swimming above the sea bed. A defensive
purpose is also unlikely for various reasons. Like a paddlefish, sturgeon or
platypus bill, the trilobite's rostrum is studded with what look like sensory
receptors, probably used for detecting prey. Turvey knows of no modern
arthropods with an electrical sense (interesting in itself, given the versatility of
the arthropods), but he would put money on Reedocalymene being yet another
'paddlefish' or 'platypus'. He is hoping to start work on it soon.

Other fish, though lacking the Nimrod-like 'antenna' of the platypus and the
paddlefish, have an even more sophisticated electrical sense. Not content with
picking up electrical signals inadvertently given off by prey, these fish generate
their own electric fields. They navigate and detect prey by reading the
distortions in these self-generated fields. Along with various cartilaginous rays,
two groups of bony fish, the gymnotid family of South America and the
mormyrid family of Africa, have independently developed this to a high art.

How do these fish make their own electricity? The same way the shrimps and
insect larvae and other prey of the platypus inadvertently do it: with their
muscles. But whereas the shrimps can't help making a little electricity because
that is what muscles just do, the electric fish gang their blocks of muscle
together just like batteries in series.* A gymnotid or mormyrid electric fish has
a battery of muscle blocks arranged in series along its tail, each generating a
low voltage and adding up to a higher voltage. The electric eel (not a true eel but
another South American freshwater gymnotid) takes it to an extreme. It has a
very long tail into which it can pack a much larger battery of electrical cells than
a fish of normal length. It stuns its prey with electric shocks which may exceed
600 volts and can be fatal to people. Other freshwater fish, such as the African
electric catfish Malapterurus and the marine electric ray Torpedo also generate
enough volts to kill, or at least knock out, their prey.

These high-voltage fish seem to have pushed, to a literally stunning extreme,
a capacity which was originally a kind of radar used by the fish to find its way
around and detect prey. Weakly electric fish such as the South American
Gymnotus and the unrelated African Gymnarchus have an electrical organ like the
electric eel's but much shorter — their battery consists of fewer modified muscle
plates in series — and a weakly electric fish typically generates less than one
volt. The fish holds itself like a rigid stick in the water, for a very good reason as
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we shall see, and electric current flows along curved lines that would have
delighted Michael Faraday. All along the sides of the body are pores containing
electrical sensors — tiny voltmeters. Obstacles or prey items distort the field in
various ways, which are detected by these little voltmeters. By comparing the
readings of the different voltmeters and correlating them with the fluctuations
of the field itself {sinusoidal in some species, pulsed in others) the fish can
calculate the location of obstacles and prey. They also use their electric organs
and sensors to communicate with one another.

A South American electric fish such as Gymnotus is remarkably similar to
Gymnarchus, its African opposite number, but there is one revealing difference.
Both have a single long fin running the length of the midline, and both use it for
the same purpose. They can't throw the body into the normal sinuous waves of
a swimming fish because it would distort their electrical sense. Both are obliged
to keep the body rigid, so they swim by means of the longitudinal fin, which
waves sinuously just like a normal fish should. It means they swim slowly, but
presumably it is worth it to get the benefits of a good clear signal. The beautiful
fact is that Gymnarchus has its longitudinal fin on its back, while Gymmotus and
the other South American electric fish, including the electric 'eel', keep their
longitudinal fin on their belly. It is for such cases that 'the exception that proves
the rule' was coined.

Returning to the platypus, the sting in the tale is actually in the hind claws of
the male platypus. True venomous stings, with hypodermic injection, are found
in various invertebrate phyla, and in fish and reptiles among vertebrates — but
never in birds or mammals other than the platypus (unless you count the toxic
saliva of some shrews that makes their bites slightly venomous). Among
mammals, the male platypus is in a class of its own, and it may be in a class of
its own among venomous animals too. The fact that the sting is found only in
males suggests, rather surprisingly, that it is aimed not at predators (as in bees)
nor at prey (as in snakes) but at rivals. It is not dangerous but is extremely
painful, and is unresponsive to morphine. It looks as though platypus venom
works directly on pain receptors themselves. If scientists could understand how
this is done, there is a hope that it might give a clue to how to resist the pain
caused by cancer.

This tale began by chiding those zoologists who call the platypus 'primitive'
as though that were any kind of explanation for the way it is. At best it is a
description. Primitive means 'resembling the ancestor' and there are many
respects in which this is a fair description of a platypus. The bill and the sting
are interesting exceptions. But the more important moral of the tale is that
even an animal that is genuinely primitive in all respects is primitive for a
reason. The ancestral characteristics are good for its way of life, so there is no
reason to change. As Professor Arthur Cain of Liverpool University liked to say,
an animal is the way it is because it needs to be.
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What the Star-Nosed Mole said
to the Duckbilled Platypus

The star-nosed mole, who had joined the pilgrimage along with the other
laurasiatheres at Rendezvous 11, listened to the Duckbill's Tale with close
attention, and with growing recognition in what was left of his vestigial, pin-
prick eyes. 'Yes!' he squeaked, too high for some of the larger pilgrims to hear,
and he clapped his spades with excitement. "That's just the way it is for me...
well, sort of'

No, it won't do, I wanted to follow Chaucer in having at least one section
devoted to what one pilgrim said to another, but I'll limit it to the heading and
first paragraph, and now revert to my practice of telling the tale itself in my own
words. Bruce Fogle (101 Questions your Dog would Ask its Vet ) or Olivia Judson (Dr
Tatiana's Sex Advice to All Creation) might get away with it, but not me.

The star-nosed mole, Condylura cristata, is a North American mole which, in
addition to burrowing and hunting for worms like other moles, is a good swim-
mer too, hunting for underwater prey — it often tunnels deep into river banks.
It is also more at home above ground than other moles, where it still prefers
damp, soggy places. It has large spade hands like other moles.

What sets it apart is the remarkable nose that gives it its name.
Surrounding the two forward-pointing nostrils, there is an extraordinary ring
of fleshy tentacles, like a baby sea anemone with 22 arms. The tentacles are
not used to grasp things. Nor are they an aid to smelling, which is the next
hypothesis that might occur to us. Nor, despite the beginning of this section,
are they an electrical radar like that of the platypus. Their true nature has been
beautifully worked out by Kenneth Catania and Jon Kaas of Vanderbilt
University, Tennessee. The star is a touch-sensitive organ, like a super-sensitive
human hand, but lacking the grasping function of the hand and emphasising
its sensitivity instead. But it isn't just any ordinary touch-sensitive organ. The
star-nosed mole pushes the envelope of touch beyond our dreams. The skin of
its nose is more sensitive than any other area of skin anywhere among the
mammals, not excluding the human hand.

There are 11 tentacles arcing round each nostril, labelled 1 to ti in order.
Tentacle 11, which lies close to the midline and just below the level of the
nostril, is special, as we shall see in a moment. Although they are not used for
grasping, the tentacles are moved, independently or in particular groupings.
The surface of each tentacle is carpeted with a regular array of little round
bumps called Elmer's Organs, each one a unit of touch sensitivity, and each one
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wired up by between seven nerve fibres (for tentacle 11) and four nerve fibres
(most of the other tentacles).

The density of Eimer's organs is the same for all tentacles. Tentacle 11, being
smaller, has fewer of them, but it has more nerves supplying each one. Catania
and Kaas were able to map the tentacles to the brain. They found (at least) two
independent maps of the nose star in the cerebral cortex. In each of these two
brain areas, the parts of the brain corresponding to each tentacle are laid out in
order. And tentacle 11 again is special. It is more sensitive than the rest. Once an
object has been first detected by any of the tentacles, the animal then moves the
star so that tentacle 11 can examine it carefully. Only then is the decision taken
whether to eat it or not. Catania and Kaas refer to tentacle 11 as the 'fovea' of
the star.* More generally, they say:

Although the nose of the star-nosed mole acts as a tactile sensory surface, there
are anatomical and behavioral similarities between the mole's sensory system
and the visual system of other mammals.

If the star is not an electrical sensor, whence the empathy with the platypus
with which I opened this section? Catania and Kaas constructed a schematic
model of the relative amount of brain tissue given over to different parts of the
body surface. It is a molunculus, by analogy with Penfield's homunculus and
Pettigrew's platypunculus. And just look at it!'

You can see where the star-nosed mole's priorities lie. You can get a feel for
the world of the star-nosed mole. And fee!/ is the right word. This animal lives in
a tactile world, dominated by the tentacles of the nose, with a subsidiary inter-
est in the large spade hands and the whiskers.

What is it like to be a star-nosed mole? I am tempted to propose the star-
nosed counterpart to an idea I once offered for bats. Bats live in a world of
sound, but what they do with their ears is pretty much the same as what, say,
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insect-hawking birds like swallows do with their eyes. In both cases the brain
needs to construct a mental model of a three-dimensional world, to be navi-
gated at high speed, with obstacles to be avoided and small moving targets to
catch. The model of the world needs to be the same, whether it is constructed
and updated with the aid of light rays or sound echoes. My conjecture was that
a bat probably 'sees' the world (using echoes) in pretty much the same way as a
swallow, or a person, sees the world using light.

I even went so far as to speculate that bats hear in colour. The hues that we
perceive have no necessary link with the particular wavelengths of light that
they represent. The sensation that I call red (and nobody knows if my red is the
same as yours) is an arbitrary label for light of long wavelengths. It could equally
well have been used for short wavelengths (blue), and the sensation that I call
blue used for long wavelengths. Those hue sensations are available in the brain
for tying to whatever, in the outside world, is most convenient. In bat brains
those vivid qualia would be wasted on light. They are more likely to be used as
labels tied to particular qualities of echo, perhaps textures of surfaces on
obstacles or prey.

My conjecture now is that a star-nosed mole 'sees' with its nose. And my
speculation is that it uses those same qualia that we call colour, as labels for
tactile sensations. Similarly, I want to guess that duckbilled platypuses 'see’ with
the bill, and use the qualia we call colour as internal labels for electrical sen-
sations. Could this be why platypuses close their eyes tight shut when they are
hunting electrically with the bill? Could it be because the eyes and the bill are
competing, in the brain, for internal qualia labels, and to use both senses at
once would lead to confusion?
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MAMMAL-LIKE REPTILES

The monotremes having joined us, the entire company of mammal pilgrims
now walks back 130 million unbroken years, the longest gap yet between any
two milestones, to Rendezvous 16 where we are to meet an even larger band of
pilgrims than our own, the sauropsids: reptiles and birds. That pretty much
means all vertebrates that lay large eggs with a waterproof shell on land. I have
to say 'pretty much', partly because monotremes, who have already joined us,
also lay that kind of egg. Even turtles that are otherwise wholly marine haul
themselves up the beach to lay their eggs. Plesiosaurs may have done the same.
Ichthyosaurs, however, were so specialised for swimming that, like the dolphins
who later resembled them, they presumably couldn't come on shore at all. They
independently discovered how to give birth to live young — as we know from
mothers fossilised in the act.*

I said that our pilgrims walked through 130 million years without mile-
stones, but of course 'without milestones' is true only within the conventions of
this book: we are recognising as milestones only rendezvous with living pil-
grims. Our ancestral lineage indulged in fertile evolutionary branching during
that time, as we know from the rich fossil record of'mammal-like reptiles', but
none of the branches among these counts as a 'rendezvous' because, as it turned
out, none of them survived. There are therefore no modern representatives to
set off as pilgrims from the present. When we met a similar problem with the
hominids, we decided to give certain fossils honorary status as 'shadow pilgrims'.
Since we are pilgrims seeking our ancestors, pilgrims who actually want to know
what our 100-million-greats-grandparent looked like, we cannot ignore the
mammal-like reptiles and jump straight to Concestor 16. Concestor 16, as we
shall see, looked like a lizard. The gap from Concestor 15, which looked like a
shrew, is too great to leave unbridged. We have to examine the mammal-like
reptiles as shadow pilgrims, as though they were living pilgrims joining our
march — although they shall not actually tell tales. But first, some background
information on the timespan involved, because it is very long.

The intervening years without rendezvous milestones span half the Jurassic,
the whole of the Triassic, the whole of the Permian and the final 10 million years
of the Carboniferous. As the pilgrimage moves from the Jurassic back into the
hotter and drier world of the Triassic — one of the hottest periods in the planet's
history, when all the landmasses were joined together, forming Pangaea — we
pass the late Triassic mass extinction, when three-quarters of all species went
extinct. But this is nothing compared to the next transition, from the Triassic
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Period back into the Permian. At the Permo-Triassic boundary, a staggering 90
per cent of all species perished without descendants, including all the trilobites
and several other major groups of animals. The trilobites, to be fair, had already
been declining over a long period. But the end-Permian mass extinction was the
most devastating of all time. There is some evidence from Australia that this
extinction, like the Cretaceous one, was caused by a massive bolide collision.
Even the insects took a severe knock, the only one in their history. At sea,
bottom-dwelling communities were almost wiped out. On land, the Noah
among the mammal-like reptiles was Lystrosaurus. Immediately after the
catastrophe, the squat, short-tailed Lystrosaurus became extremely abundant
over the whole world, rapidly occupying vacant niches.

The natural association with apocalyptic carnage needs to be tempered. Ex-
tinction is the eventual fate of nearly all species. Perhaps 99 per cent of all species
that have ever existed have gone extinct. Nevertheless, the rate of extinctions per
million years is not fixed and only occasionally rises above 75 per cent, the
threshold arbitrarily recognised for a 'mass' extinction. Mass extinctions are
spikes in the rate of extinction, rising above the background rate.
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The diagram shows rates of extinction per million years." Something hap-
pened at the time of those spikes. Something bad. Perhaps a single catastrophic
event, such as the collision with a massive celestial rock that killed the dino-
saurs 65 million years ago in the Cretaceous-Palacogene extinction. Or, in other
cases among the five spikes, the agony may have been drawn out. What Richard
Leakey and Roger Lewin have called the Sixth Extinction is the one now being
perpetrated by Homo sapiens — or Homo insipiens as my old German teacher
William Cartwright preferred to say.*
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Before we get to the mammal-like reptiles, we face a somewhat tiresome
point of terminology. Terms like reptile and mammal can refer to 'clades' or
'grades' — the two are not exclusive. A clade is a set of animals consisting of
an ancestor and all its descendants. The 'birds' constitute a good clade. 'Reptile’,
as traditionally understood, is not a good clade because it excludes birds.
Biologists consequently refer to the reptiles as 'paraphyletic'. Some reptiles (e.g.
crocodiles) are closer cousins of some non-reptiles (birds) than they are of other
reptiles (turtles). To the extent that reptiles all have something in common, they
are members of a grade, not a clade. A grade is a set of animals that have reached
a similar stage in a recognisably progressive evolutionary trend.

Yet another informal grade name, favoured by American zoologists, is 'herp'.
Herpetology is the study of reptiles (except birds) and amphibians. 'Herp', is a
rare kind of word: an abbreviation for which there is no long form. A herp is
simply the kind of animal studied by a herpetologist, and that is a pretty lame
way to define an animal. The only other name that comes close is the biblical
'creeping thing'.

Another grade name is fish. 'Fish' include sharks, various extinct fossil groups,
teleosts (bony fish such as trout and pike) and coelacanths. But trout are closer
cousins to humans than they are to sharks (and coelacanths are even closer
cousins to humans than trout are). So 'fish' is not a clade because it excludes
humans (and all mammals, birds, reptiles and amphibians). Fish is a grade name
for animals that sort of look fishy. It is more or less impossible to make grade
terminology precise. Ichthyosaurs and dolphins look sort of fishy, and very
possibly would taste fishy if we were to eat them, but they don't count as
members of the fish 'grade', because they reverted to fishiness via ancestors that
were non-fishy.

Grade terminology works well for you if you have a strong belief in evolution
marching progressively in one direction, in parallel lines from a shared starting
point. If, say, you think that a whole lot of related lineages were all indepen-
dently evolving in parallel from amphibianhood through reptilehood towards
mammalhood, you could speak of passing through the reptile grade on the way
to the mammal grade. Something like that parallel march may have happened.
It was the view that I was brought up with, by my own respected teacher of
vertebrate palacontology Harold Pusey. I have a lot of time for it, but it is not
something to be taken for granted in general, nor necessarily enshrined in
terminology.

If we swing to the other extreme and adopt strict cladistic terminology, the
word reptile can be rescued only if it is deemed to include birds. This is the
course favoured by the authoritative 'Tree of Life' project founded by the
Maddison brothers.* There's a lot to be said for following them, and also for the
very different tactic of replacing 'mammal-like reptile' by 'reptile-like mammal'.
But the word reptile has become so ingrained in its traditional sense that I fear
it would confuse to change it now. Also, there are times when strict cladistic
purism can give ludicrous results. Here's a reductio ad absurdum. Concestor 16
must have had an immediate descendant on the mammal side and an im-
mediate descendant on the lizard/dinosaur/crocodile side. These two must have
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Before the dinosaurs
Thephylogenetic
relationships of the
mammal-like reptiles.
Adapted from Tom
Kemp [151].
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been all but identical to each other. In fact there must have been a time when
they could hybridise with each other. Yet the strict cladist would insist on calling
one of them a sauropsid and the other one a mammal. Fortunately we don't
often reach such a reductio in practice, but such hypothetical cases are good to
quote when cladistic purists start getting above themselves.
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We are so used to the idea of mammals as successors to the dinosaurs, that
we may find it surprising that the mammal-like reptiles flourished before the
rise of the dinosaurs. They filled the same range of niches as the dinosaurs were
later to fill, and as the mammals themselves were to fill even later still. Actually
they filled those niches not once but several times in succession, separated by
large-scale extinctions. In the absence of milestones supplied by rendezvous
with living pilgrims, I shall recognise three shadowy milestones to bridge the
gap between Concestor 15 (which unites us to the monotremes and looked like
a shrew), and Concestor 16 (which unites us to birds and dinosaurs and looked
like a lizard). My colleague Tom Kemp is one of our leading authorities on the
mammal-like reptiles, and I have reproduced his picture of some of them and
their relationships, opposite.

Your 150-million-greats-grandmother might have been something a bit like a
Thrinaxodon, which lived in the Middle Triassic and whose fossils have been
found in Africa and Antarctica, then joined to each other within Gondwana. It is
too much to hope that it was Thrinaxodon itself, or any other particular fossil
that we happen to have found. T/vinaxodon, like any fossil, should be thought of
as a cousin of our ancestor, not the
ancestor itself. It was a member of a
group of mammal-like reptiles called /

Did it eat your 160-
million-greats-

grandfather?
the cynodonts. The cynodonts were Gorgonopsid skull.
so mammal-like, it is tempting to Drawing by Tom Kemp.

call them mammals. But who cares
what we call them? They are almost
perfect intermediates. Given that
evolution has happened, it would be
weird if there were not inter-
mediates like the cynodonts.

The cynodonts were among
several groups that radiated from an earlier group of mammal-like reptiles
called the therapsids. Your 160-million-greats-grand-father was probably a
therapsid, living in the Permian Period, but it is hard to pick out a particular
fossil to represent it. The therapsids dominated the land trades before the
dinosaurs arrived in the Triassic Period, and even in the Triassic itself they
gave the dinosaurs a run for their money. They included some huge animals:
herbivores three metres long, with large and probably ferocious carnivores to
prey on them. Among these were the gorgonopsids (see picture above), whose
fearsome canine teeth make one think of the sabretoothed cats and
sabretoothed marsupials of later times.

Our therapsid ancestor was probably a smaller and more insignificant
creature. It seems to be a rule that large and specialised animals such as this
fanged gorgonopsid, or the large herbivores that it preyed upon, don't have a
long term evolutionary future but belong to the 99 per cent of species destined
for extinction. The Noah species, the one per cent from which we later animals
are all descended — whether we ourselves are large and spectacular in our own
time or not — tend to be smaller and more retiring.
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The makings of a
mammal

The evolution of mammal
traits can be thought of
as the result of complex
interactions between
changes in morphology
and metabolism, repre-
sented here as a network.
Adapted from Tom Kemp
[150].

The early therapsids were a bit less mammal-like than their successors, the
cynodonts, but more mammal-like than their predecessors, the pelycosaurs,
who constituted the early radiation of mammal-like reptiles. Before the therap-
sids, your 165-million-greats-grandmother was almost certainly a pelycosaur
although, once again, it would be foolhardy to attempt to single out a particular
fossil for that honour. The pelycosaurs were the earliest wave of mammal-like
reptiles. They flourished in the Carboniferous Period, when the great coalfields
were being laid down. The best-known pelycosaur is Dimetrodon, the one with
the great sail on its back. Nobody knows how Dimetrodon used its sail. It may
have been a solar panel to help the animal warm up to a temperature where it
could use its muscles, and/or perhaps it was a radiator to cool down in the shade,
when things got too hot. Or it could have been a sexual advertisement, a bony
equivalent of a peacock's fan. The pelycosaurs mostly went extinct during the
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Permian — all except for the Noah-pelycosaurs who sprouted the second wave of
mammal-like reptiles, the therapsids. The therapsids then spent the early part
of the Triassic Period 'reinventing many of the lost body forms of the Late
Permian'.*

The pelycosaurs were considerably less mammal-like than the therapsids,
which in turn were less mammal-like than the cynodonts. For example, the
pelycosaurs sprawled on their bellies like lizards, with legs splayed out side-
ways. They probably had a fish-like wiggle to their gait. The therapsids, and then
the cynodonts and finally the mammals, raised their bellies progressively higher
off the ground — their legs became more vertical and their gait less reminiscent
of a fish on land. Other 'mammalisation' trends — perhaps recognised as pro-
gressive only with the hindsight of the mammals that we are — include the
following. The lower jaw became reduced to a single bone, the dentary, as its
other bones were commandeered by the ear (as discussed at Rendezvous 15). At
some point, though fossils aren't much help in pinning it down, our ancestors
developed hair and a thermostat, milk and advanced parental care, and com-
plex teeth specialised for different purposes. Tom Kemp sees the changes that
gave rise to mammals as a complex of interacting changes that all went together.
I think his picture (opposite) is a good example of the kind of thing that prob-
ably happens in other major evolutionary transitions too, which is why I wanted
to reproduce it. Lots of superficially different, but probably connected things all
change at the same time. The changes feed on each other, in ways that are hard
to express in words but concisely conveyed in a diagram such as Kemp's. Don't
bother too much about the details. What matters is the idea of simultaneous
change and complex interaction.

I have dealt with the evolution of our mammal-like reptile anchors —
'shadow pilgrims' — as three main waves, the pelycosaurs, the therapsids and
the cynodonts. The mammals themselves are the fourth wave, but their evolu-
tionary invasion into the familiar range of ecotypes was postponed 150 million
years. First, the dinosaurs had to have their go, and their go lasted twice as long
as all three waves of mammal-like reptiles put together.

On our backwards march, the earliest of our three groups of 'shadow pil-
grims' have brought us to a rather lizard-like pelycosaur 'Noah', our 165-million
greats-grandparent, who lived in the Triassic Period, about 300 million years
ago. We have almost penetrated back to Rendezvous 16.
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evolution of terrestrial
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RENDEzZVOUS 16 SAUROPSIDS
Reptiles (including birds) join

Concestor 16, our approximately 170-million-greats-grandparent, lived some
310 million years ago in the second half of the Carboniferous, a time of vast
swamps of giant club moss trees in the tropics (the origin of most coal) and an
extensive ice cap at the South Pole. This rendezvous point is where a huge throng
of new pilgrims joins us: the sauropsids. The sauropsids are by far the largest
contingent of newcomers we have yet had to deal with along our Pilgrims' Way.
For most of the years since Concestor 16 lived, sauropsids, in the form of dino-
saurs, dominated the planet. Even today, with the dinosaurs gone, there still are
more than three times as many sauropsid species as mammals. At Rendezvous
16, approximately 4,600 mammal pilgrims greet 9,600 bird pilgrims and 7,770
pilgrims from the rest of the reptiles: crocodiles, snakes, lizards, tuataras, turtles.
They are the main group of land vertebrate pilgrims. The only reason I am regard-
ing them as joining us, rather than we joining them, is that we arbitrarily chose
to see the journey through human eyes.

Seen through sauropsid eyes, the last to join their pilgrimage 'before' the
rendezvous with us were the turtles (using the word in its American sense to in-
clude tortoises as well as aquatic turtles and terrapins). The sauropsid contin-
gent, therefore, consists of the turtles and the rest. 'The rest' are a union of two
major groups: the lizard-like reptiles which include snakes, chameleons,
iguanas, Komodo dragons and tuataras; and the dinosaur-like reptiles or archo-
saurs, which include pterodactyls, crocodiles and birds. The great aquatic reptile
groups such as ichthyosaurs and plesiosaurs are not dinosaurs and seem to be,
if anything, closer to the lizard-like reptiles. Pterodactyls have less claim to be
called dinosaurs than birds do. Birds are an offshoot of one particular order of
dinosaurs, the saurischians. The saurischian dinosaurs, such as Tyrannosaurus
and the gigantic sauropods, are closer to birds than they are to the other main
group of dinosaurs, the unfortunately-named ornithischians such as Iguanodon,
Triceratops, and the duckbilled hadrosaurs. Ornithischian means 'bird-hipped',
but the resemblance is superficial and confusing.

The relationship of birds to saurischian dinosaurs is made secure by recent
spectacular finds of feathered dinosaurs in China. Tyrannosaurs are closer
cousins to birds than they are even to other saurischians such as the large plant-
eating sauropods Diplodocus and Brachiosaurus.

These, then, are the sauropsid pilgrims, the turtles, lizards and snakes, croco-
diles, and birds, together with the huge concourse of shadow-pilgrims — the
pterosaurs in the air, the ichthyosaurs, plesiosaurs and mosasaurs in water, and
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above all the dinosaurs on land. Focused as this book is on pilgrims from the
present, it is not appropriate to expatiate on the dinosaurs, who dominated the
planet for so long, and who would dominate it yet, but for the cruel — no,
indifferent — bolide that laid them low. It seems added cruelty to treat them
now so indifferently.* They do survive after a fashion — the special and beautiful
fashion of birds — and we shall do them homage by listening to four tales of
birds. But first, in memoriam, Shelley's well-known Ode to a Dinosaur:

I met a traveller in an antique land Who said: 'Two
vast and trunkless legs of stone Stand in the desert...
Near them, on the sand, Half-sunk, a shattered
visage lies, whose frown, And wrinkled lip, and sneer
of cold command, Tell that its sculptor well those
passions read Which yet survive, stamped on these
lifeless things, The hand that mocked them and the
heart that fed: And on the pedestal these words
appear: "My name is Ozymandias, king of kings:
Look on my works, ye Mighty, and despair!" Nothing
beside remains. Round the decay Of that colossal
wreck, boundless and bare The lone and level sands
stretch far away.’

Prologue to the Galapagos Finch's Tale

The human imagination is cowed by antiquity, and the magnitude of geological
time is so far beyond the ken of poets and archaeologists it can be frightening.
But geological time is large not only in comparison to the familiar timescales of
human life and human history. It is large on the timescale of evolution itself.
This would surprise those, from Darwin's own critics on, who have complained
of insufficient time for natural selection to wreak the changes the theory
requires of it. We now realise that the problem is, if anything, opposite. There
has been too much time! If we measure evolutionary rates over a short time, and
then extrapolate, say, to a million years, the potential amount of evolutionary
change turns out to be hugely greater than the actual amount. It is as though
evolution must have been marking time for much of the period. Or, if not
marking time, wandering around this way and that, with meandering fluctu-
ations drowning out, in the short term, whatever trends there might be in
the long.

Evidence of various kinds, and theoretical calculations, all point towards this
conclusion. Darwinian selection, if we impose it artificially as hard as we are
able, can drive evolutionary change at a rate far faster than we ever see in nature.
To see this, we cash in on the lucky fact that our forebears, whether they fully
understood what they were doing or not, have for centuries been selectively
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The power of selection
Impact of selection for
high and low oil content
in maize seeds overgo
generations. Adapted
from Dudley and Lambert
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breeding domestic animals and plants (see the Farmer's Tale). In all cases these
spectacular evolutionary changes have been achieved in no more than a few
centuries or, at most, millennia: far faster than even the fastest evolutionary
changes that we can measure in the fossil record. No wonder Charles Darwin
made much of domestication in his books.

We can do the same thing under more controlled experimental conditions.
The most direct test of a hypothesis about nature is an experiment, in which we
deliberately and artificially mimic the crucial element of nature in the hypoth-
esis. If you have a hypothesis that, say, plants grow better in soil that contains
nitrates, you don't just analyse soils to see if there are nitrates there. You experi-
mentally add nitrate to some soils but not others. So it is with Darwinian selec-
tion. The hypothesis about nature is that nonrandom survival over generations
leads to a systematic shift in average form. The experimental test is to engineer
just such nonrandom survival, in an attempt to steer evolution in some desired
direction. That is what artificial selection is. The neatest experiments simultan-
eously select two lines in opposite directions from the same starting point: say
one line making larger animals and the other making smaller ones. Obviously if
you want to get decent results before dying of old age you must choose a crea-
ture with a faster life cycle than your own.

Fruit flies and mice measure their generations in weeks and months, not dec-
ades as we do. In one experiment, Drosophila fruit flies were split into two 'lines'.
One line was bred, over several generations, for a positive tendency to approach
light. In each generation, the most strongly light-seeking individuals were al-
lowed to breed. The other line was bred systematically in the opposite direction,
over the same number of generations, for a tendency to shun light. In a mere 20
generations, dramatic evolutionary change was achieved, in both directions.
Would the divergence go on for ever at the same rate? No, if only because the
available genetic variation would eventually run out and we'd have to wait for
new mutations. But before this happens, a great deal of change can be achieved.

Maize has a longer generation time
than Drosophila. But in 1896 the Illinois 12
State Agricultural Laboratory started
breeding for oil content in maize seeds. A
'high line' was selected for increased oil _ 22
content, and a low line simultaneously &
selected for decreased oil. Fortunately g
this experiment has been continued far™
longer than the research career of any
normal scientist, and it is possible to
see, over 90 or so generations, an
approximately linear increase in oil
content in the high line. The low line has
decreased its oil content less rapidly, but
that is presumably because
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This experiment, like the Drosophila one and like many others of the same
type, brings home the potential power of selection to drive evolutionary change
very fast indeed. Translate 90 generations of maize, or 20 generations of
Drosophila, even 20 elephant generations, into real time, and you have some-
thing that is still negligible on the geological scale. One million years, which is
too short to notice in most parts of the fossil record, is 20,000 times as long as
it takes to triple the oil content of maize seeds. Of course this doesn't mean a
million years of selection could multiply the oil content by 60,000. Quite apart
from running out of genetic variation, there's a limit to how much oil a maize
seed can pack in. But these experiments serve to warn against looking at appar-
ent trends spread over millions of fossil years, and naively interpreting them as
responses to steadily sustained selection pressures.

Darwinian selection pressures are out there, for sure. And they are immensely
important, as we shall see throughout this book. But selection pressures are not
sustained and uniform over the sort of timescales that can normally be resolved
by fossils, especially in older parts of the fossil record. The lesson of the maize
and the fruit flies is that Darwinian selection could meander hither and yon,
back and forth, ten thousand times, all within the shortest time we can measure
in the record of the rocks. My bet is that this happens.

Yet there are major trends over longer timescales, and we have to be aware of
them too. To repeat an analogy I have used before, think of a cork, bobbing about
off the Atlantic coast of America. The Gulf Stream imposes an overall eastward
drift in the average position of the cork, which will eventually be washed up on
some European shore. But if you measure its direction of movement during any
one minute, buffeted by waves and eddies and whirlpools, it will seem to drift
west as often as east. You won't notice any eastward bias unless you sample its
position over much longer periods. Yet the eastward bias is real, it is there, and
it too deserves an explanation.

The waves and eddies of natural evolution are usually too slow for us to see
in our little lifetimes, or at least within the short compass of a typical research
grant. There are a few notable exceptions. The school of E. B. Ford, the eccentric
and fastidious scholar from whom my generation of Oxford zoologists learned
our genetics, devoted decades of research to tracking the year-by-year fortunes
of particular genes in wild populations of butterflies, moths and snails. Their
results in some cases seem to have straightforward Darwinian explanations. In
other cases the noise of buffeting waves drowns out the signal of whatever Gulf
Streams may have been tugging the undertow, and the results are enigmatic.
The point I am now making is that such enigma is to be expected by any mortal
Darwinian — even a Darwinian with a research career as long as Ford's. One of
the main messages Ford himself drew from his life's work was that the selection
pressures actually to be found in nature, even if they don't always pull in the
same direction, are orders of magnitude stronger than anything dreamed of by
the most optimistic founders of the neo-Darwinian revival. And this again
underlines the point: why doesn't evolution go much faster than it does?
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The Galapagos Finch's Tale

The Galapagos Archipelago is volcanic, and no more than 5 million years old.
During that brief existence, a spectacular quantity of diversity has evolved —
most famously among the 14 species of finches widely, though perhaps
wrongly, believed to have been Darwin's principal inspiration.* The Galapagos
finches are among the most thoroughly studied wild animals in existence. Peter
and Rosemary Grant have devoted their professional lives to following the year-
by-year fortunes of these small island birds. And in the years between Charles
Darwin and Peter Grant (who himself bears a pleasing facial resemblance to
Darwin) the great (but clean-shaven) ornithologist David Lack also paid them
a perceptive and productive visit.'

The Grants and their colleagues and students have been returning yearly to
the Galapagos islands for more than a quarter of a century, trapping finches,
individually marking them, measuring their beaks and wings, and more
recently taking blood samples for DNA analysis to establish paternities and
other relationships. There has probably never been a more complete study of
the individuals and genes of any wild
population. The Grants know in minute detail exactly what is happening to the
bobbing corks which are the finch populations, as they are tossed this way and
that in the sea of evolution by selection pressures that change every year.

In 1977 there was a severe drought, and the food supply plummeted. The
total number of individual finches of all species on the small island of Daphne
Major dropped from 1,300 in January to less than 300 by December, The popu-
lation of the dominant species, Geospiza fortis, the medium ground finch, dropped
from 1,200 to 180. The cactus finch, G. scandens, fell from 280 to 110. Figures for
other species confirmed that 1977 was a finch annus horribilis. But the Grant
team didn't just count the numbers of each species dying and living. Being
Darwinians, they looked at the selective mortality figures within each species.
Were individuals with certain characteristics more likely to survive the catas-
trophe than others? Did the drought selectively change the relative composition
of a population?

Yes, it did. Within the G. fortis population, the survivors were on average more
than five per cent larger than those that succumbed. And the average beak after
the drought was 11.07 ™ long compared with 10.68 mm before. The mean
depth of beak had similarly gone up from 9.42 mm to 9.96 mm. These differ-
ences may seem tiny but, within the sceptical conventions of statistical science,
they were too consistent to be due to chance. But why would a drought year
favour such changes? The team already had evidence that larger birds with
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larger beaks are more efficient than average birds at dealing with the big,
tough, spiky seeds such as those of the weed Tribulus, which were just about the
only seeds to be found during the worst of the drought. A different species, the
large ground finch G. magnirostris, is the professional when it comes to handling
Tribulus seeds. But Darwinian survival of the fittest is all about the relative sur-
vival of individuals within a species, not the relative survival of one species
compared to another. And within the population of medium ground finches,
the largest individuals with the largest beaks survived best. The average G. fortis
individual became a tiny bit more like G. magnirostris. The Grant team had
observed a small episode of natural selection in action, during a single year.

They witnessed another episode after the drought ended, which pushed the
finch populations in the same evolutionary direction, but for a different reason.
As with many species of bird, G. fortis males are larger than females, and they
have larger beaks, which presumably equipped them to survive the drought
better. Before the drought there were about 600 males and 600 females. Of the
180 individuals who survived, 150 were male. The rains, when they finally
returned in January 1978, unleashed boom conditions which were ideal for
breeding. But now there were five males for every female. Understandably,
there was fierce competition among the males for the scarce females. And the
males who won these sexual competitions, the new winners among the already
larger-than-normal surviving males, again tended to be the largest males with
the largest beaks. Once again, natural selection was driving the population to
evolve larger body size and larger beaks, but for a different reason. As to why
females prefer large males, the Seal's Tale has primed us to see significance in
the fact that male Geospiza — the more competitive sex — are larger than females
anyway.

If large size is such an advantage, why weren't the birds just larger in the first
place? Because in other years, non-drought years, natural selection favours
smaller individuals with smaller beaks. The Grants actually witnessed this in
the years following 1982-83 when there happened to be an El Nino flood. After
the flood, the balance of seeds changed. The large tough seeds of plants such as
Tribulus became rare in comparison with the smaller, softer seeds of plants like
Cacabus. Now smaller finches with smaller beaks came into their own. It wasn't
that large birds couldn't eat small, soft seeds. But they needed more of them to
maintain their larger bodies. So smaller birds now had a slight edge. And, within
the population of medium ground finches, the tables were turned. The evolu-
tionary trend of the drought years was reversed.

The differences in beak size between the successful and the unsuccessful
birds in the drought year seem awfully small, don't they? Jonathan Weiner
quotes a telling anecdote about this, from Peter Grant:

Once, just as | was beginning a lecture, a biologist in the audience interrupted
me: 'How much difference do you claim to see,' he asked me, 'between the beak
of a finch that survives and the beak of a finch that dies?'

'One half of a millimetre, on average, I told him.

'l don't believe it!' the man said. 'I don't believe a half of a millimetre really
matters so much.'
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"Well, that's the fact,' [ said. 'Watch my data and then ask questions.' And he asked

no questions.
Peter Grant calculated that it would take only 23 bouts of 1977-style drought on
Daphne Major to turn Geospiza fortis into G. magnirostris. It wouldn't literally be
magnirostris, of course. But it is a vivid way to visualise the origin of species, and
how rapidly it can happen. Darwin little knew, when he met them and failed to
label them properly, what powerful allies 'his' finches would eventually turn
out to be.*

The Peacock's Tale

The peacock's 'tail' is not its true morphological tail (the true tail of a bird is the
diminutive "parson's nose'), but a 'fan' made of long back feathers. The Peacock's
Tale is exemplary for this book because, in true Chaucerian style, it carries a
message or moral from one pilgrim, which helps other pilgrims to understand
themselves. In particular, when I was discussing two of the major transitions in
human evolution, I looked forward to when the peacock would join our pilgrim-
age and give us the benefit of his (and I mean his in this case, not her) tale. It is,
of course, a tale of sexual selection. Those two hominid transitions were our
shift from four legs to two, and the subsequent enlargement of our brain. Let's
add a third, perhaps less important, but very characteristically human feature:
our loss of body hair. Why did we become the Naked Ape?

There were lots of ape species in Africa in the late Miocene. Why did one of
them suddenly and rapidly start evolving in a very different direction from the
rest — indeed from the rest of the mammals? What picked out this one species
and sent it hurtling at high speed in new and strange evolutionary directions:
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first to become bipedal, then to become brainy, and at some point to lose most
of its body hair?

Rapid, apparently arbitrary spurts of evolution in quirky directions say one
thing to me: sexual selection. This is where we have to start listening to the pea-
cock. Why does the peacock have a train that dwarfs the rest of its body, quiver-
ing and shimmering in the sun with glorious eye-spot motifs of royal purple
and green? Because generations of peahens have chosen peacocks who flaunted
ancestral equivalents of these extravagant advertisements. Why does the male
twelve-wired bird of paradise have red eyes and a black ruff with an iridescent
green fringe, while Wilson's bird of paradise catches the eye with a scarlet
back, yellow neck and blue head? Not because something in their respective
diets or habitats predisposes these two species to their different colour
schemes. No, these differences, and those that so conspicuously mark out all the
other species of bird of paradise, are arbitrary, whimsical, unimportant to
anybody — except female birds of paradise. Sexual selection does this kind of
thing. Sexual selection produces quirky, whimsical evolution that runs away
in apparently arbitrary directions, feeding on itself to produce wild flights of
evolutionary fancy.

On the other hand, sexual selection also tends to magnify differences between
the sexes — sexual dimorphism (see the Seal's Tale). Any theory that attributes
human brains, bipedality or nakedness to sexual selection has got to face up to
a major difficulty. There is no evidence that one sex is brainier than the other,
nor that one sex is more bipedal than the other. It is true that one sex tends to
be more naked than the other, and Darwin made use of this in his own sexual
selection theory of the loss of human hair. He supposed that ancestral males
chose females rather than the other way around as is normal in the animal
kingdom, and that they preferred hairless females. When one sex evolves ahead
of the other (in this case the female sex towards hairlessness) the other sex can
be thought of as 'dragged in its wake'. It's the kind of explanation we more or
less have to offer for that old chestnut, male nipples. It is not implausible to
invoke it for the evolution of partial nakedness in man, dragged in the wake of
more total nakedness in woman. The 'dragged in its wake' theory works less well
for bipedality and braininess. The mind boggles — recoils even — when trying to
imagine a bipedal member of one sex walking out with a quadrupedal member
of the other. Nevertheless, the 'dragged in its wake' theory has a role to play.

There are circumstances in which sexual selection can favour monomorph-
ism. My own suspicion, and Geoffrey Miller's in The Mating Mind, is that human
mate choice, unlike perhaps that of peafowl, goes both ways. Moreover, our
criteria for choice may be different when we look for a long-term partner than
when we seek a one-night stand.

For the moment, we return to the simpler world of peacocks and peahens
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where females do the choosing and males strut around and aspire to be chosen.
One version of the idea assumes that choice of mate (in this case choice by pea-
hens) is arbitrary and whimsical compared with, for example, choice of food or
choice of habitat. But you could reasonably ask why this should be so. According
to at least one influential theory of sexual selection, that of the great geneticist
and statistician R. A. Fisher, there is a very good reason. I have expounded the
theory in detail in another book (The Blind Watchmaker, Chapter 8) and will not
do so again here. The essential point is that male appearance and female taste
evolve together in a kind of explosive chain reaction. Innovations in the
consensus of female taste within a species, and corresponding changes in male
appearance, are amplified in a runaway process which drives both of them in
lockstep, further and further in one direction. There is no overweening reason
for this one direction to be chosen: it just happens to be the direction in which
the evolutionary trend started. The ancestors of peahens happened to take a
step in the direction of preferring a larger fan. That was enough for the explos-
ive engine of sexual selection. It kicked in and, within a very short time by evol-
utionary standards, peacocks were sprouting larger and more iridescent fans,
and females couldn't get enough of them.

Every species of bird of paradise, many other birds, and fish and frogs, beetles
and lizards, zoomed off in their own evolutionary directions, all bright colours
or weird shapes — but different bright colours, different weird shapes. What
matters for our purpose is that sexual selection, according to a sound math-
ematical theory, is apt to drive evolution to take off in arbitrary directions and
push things to non-utilitarian excess. The suggestion arose in the chapters on
human evolution that this is just what the sudden inflation of the brain looks
like. So does the sudden loss of body hair, and even the sudden take-off into
bipedality.

Darwin's Descent of Man is largely devoted to sexual selection. His lengthy
review of sexual selection in nonhuman animals prefaces his advocacy of sexual
selection as the dominant force in the recent evolution of our species. His
treatment of human nakedness begins by dismissing — more glibly than his
modern followers find comfortable — the possibility that we lost our hair for
utilitarian reasons. His faith in sexual selection is reinforced by the observation
that in all races, however hairy or however hairless, the women tend to be less
hairy than the men. Darwin believed that ancestral men found hairy women un-
attractive. Generations of men chose the most naked women as mates.* Naked-
ness in men was dragged along in the evolutionary wake of nakedness in women,
but never quite caught up, which is why men remain hairier than women.

For Darwin, the preferences that drove sexual selection were taken for
granted — given. Men just prefer smooth women, and that's that. Alfred Russel
Wallace, the co-discoverer of natural selection, hated the arbitrariness of Dar-
winian sexual selection. He wanted females to choose males not by whim but on
merit. He wanted the bright feathers of peacocks and birds of paradise to be
tokens of underlying fitness. For Darwin, peahens choose peacocks simply be-
cause, in their eyes, they are pretty. Fisher's later mathematics put that Darwin-
ian theory on a sounder mathematical footing. For Wallaceans,* peahens choose
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peacocks not because they are pretty but because their bright feathers are a
token of their underlying health and fitness.

In post-Wallace language, a Wallacean female is, in effect, reading a male's
genes by their external manifestations from which she judges their quality. And
it is a startling consequence of some sophisticated neo-Wallacean theorising
that males are expected to go out of their way to make it easy for females to read
their quality, even if their quality is poor. This piece of theory — progression of
theories, rather — which we owe to A. Zahavi, W. D. Hamilton and A. Grafen,
would take us too far afield, interesting as it is. My best attempt at expounding
it is in the endnotes to the second edition of The Selfish Gene.

This brings us to the first of our three questions about human evolution. Why
did we lose our hair? Mark Pagel and Walter Bodmer have made the intriguing
suggestion that hairlessness evolved to reduce ectoparasites such as lice and, in
keeping with the theme of this tale, as a sexually selected advertisement of free-
dom from parasites. Pagel and Bodmer followed Darwin's invocation of sexual
selection, but in the neo-Wallacean version of W. D. Hamilton.

Darwin did not try to explain female preference, but was content to postulate
it to explain male appearance. Wallaceans seek evolutionary explanations for
sexual preferences themselves. Hamilton's favoured explanation is all about
advertising health. When individuals choose their mates, they are looking for
health, freedom from parasites, or signs that the mate is likely to be good at
evading or combating parasites. And individuals seeking to be chosen advertise
their health: make it easy for the choosers to read their health, whether it is
good or bad. Patches of bare skin in turkeys and monkeys are conspicuous
screens on which the health of their possessors is displayed. You can actually
see the colour of the blood through the skin.

Humans don't just have bare skin on their rumps like monkeys. They have
bare skin all over, except on the top of the head, under the arms and in the pubic
region. When we get ectoparasites such as lice, they are often confined to these
very regions. The crab louse, Phihirus pubis, is mainly found in the pubic region,
but also infests the armpits, beard and even eyebrows. The head louse, Pedliculus
humanus capitus, infests only the hairs of the head. The body louse, P. 4. humanus,
is a subspecies in the same species as the head louse which, interestingly, is
believed to have evolved from it only after we began to wear clothes. Some work-
ers in Germany have looked at the DNA of head lice and body lice to see when
they diverged, with a view to dating the invention of clothes. They put it at
72,000 years, plus or minus 42,000.

Lice need hair, and Pagel and Bodmer's first suggestion is that the benefit of
losing our body hair was that it reduced the real estate available to lice. Two
questions arise. Why, if losing hair is such a good idea, have other mammals
who also suffer from ectoparasites kept theirs? Those, such as elephants and
rhinos, that could afford to lose their hair because they are large enough to keep
warm without it, have indeed lost it. Pagel and Bodmer suggest that it was the
invention of fire and clothes that enabled us to dispense with our hair. This
immediately leads to the second question. Why have we retained hair on our
heads, under our arms and in the pubic region? There must have been some
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overriding advantages. It is entirely plausible that hair on the top of the head
protects against sunstroke, which can be very dangerous in Africa where we
evolved. As for armpit and pubic hair, it probably helps disseminate the power-
ful pheromones (airborne scent signals) that our ancestors certainly used in
their sex lives, and which we still use more than many of us realise.

So, the straightforward portion of the Pagel/Bodmer theory is that ectopara-
sites such as lice are dangerous (lice carry typhus and other serious diseases),
and ectoparasites prefer hair to bare skin. Getting rid of hair is a good way to
make life difficult for these unpleasant and dangerous parasites. It is also much
easier for us to see and pick off ectoparasites like ticks if we have no hair.
Primates spend a substantial amount of time doing this, to themselves and to
each other. It has become, indeed, a major social activity and, as a byproduct, a
vehicle for bonding.

But I find the most interesting angle on the Pagel/Bodmer theory is one that
they treat rather briefly in their paper: sexual selection, of course, which is why
it belongs in the Peacock's Tale. Nakedness is not only bad news for lice and
ticks. It is good news for choosers trying to discover whether a would-be sexual
partner Aas lice or ticks. The Hamilton/Zahavi/Grafen theory predicts that sex-
ual selection will enhance whatever it takes to help choosers tell whether would-
be mates have parasites. Hairlessness is a beautiful example. On closing the
Pagel/Bodmer paper I thought of T. H. Huxley's famous words: how extremely
stupid not to have thought of that.

But nakedness is a small matter. As promised, let's turn now to bipedality
and brains. Can the peacock help us to understand those two larger events in
human evolution — the rise onto our hind legs, and the inflation of our brain?
Bipedality came first, and I shall discuss it first. In Little Foot's Tale, I mentioned
various theories of bipedality, including the recent squat-feeding theory of
Jonathan Kingdon, which I find very convincing. I said that I was postponing my
own suggestion to the Peacock's Tale.

Sexual selection, and its power to drive evolution in non-utilitarian arbitrary
directions, is the first ingredient in my theory of the evolution of bipedality. The
second is a tendency to imitate. The English language even has a verb, to ape,
meaning to copy, although I am not sure how apt it is. Among all the apes,
humans are the champion copyists, but chimpanzees do it too, and there is no
reason to think australopithecines did not. The third ingredient is the wide-
spread habit among apes generally of rising temporarily onto the hind legs,
including during sexual and aggressive displays. Gorillas do it to drum on their
chests with their fists. Male chimpanzees also thump their chests, and they have
a remarkable display called the rain dance which involves leaping about on the
hind legs. A captive chimpanzee called Oliver habitually and for preference walks
on his hind legs. I have seen a film of him walking, and his stance is surprisingly
erect — not a shambling totter, almost a military gait. So un-chimplike is
Oliver's walk that he has been the subject of bizarre speculations. Until DNA
tests showed him to be a chimpanzee, Pan troglodytes, people have thought he
might be a chimp/human hybrid, a chimp/bonobo hybrid, even a relict australo-
pithecine. Unfortunately Oliver's biography is hard to piece together, and nobody
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seems to know whether he was taught to walk as a trick for a circus or fair-
ground sideshow, or whether it is an odd idiosyncrasy: he might even be a
genetic mutant. Oliver aside, orang utans are slightly better on their hind legs
than chimpanzees; and wild gibbons actually run across clearings bipedally, in
a style which is not very different from the way they run along branches in trees
— when they are not brachiating under them.

Putting all these ingredients together, my suggestion for the origin of human
bipedality is this. Our ancestors, like other apes, walked on all fours when not
up in trees, but reared up on their hind legs from time to time, perhaps in some-
thing like a rain dance, or to pick fruits off low branches, or to move from one
squat-feeding position to another, or to wade across rivers, or to show off their
penises, or for any combination of reasons, just as modern apes and monkeys
do. Then — this is the crucial additional suggestion I am adding — something
unusual happened in one of those ape species, the one from which we are
descended. A fashion for walking bipedally arose, and it arose as suddenly and
capriciously as fashions do. It was a gimmick. An analogy might be found in the
legend (probably false, alas) that the Spanish lisp sprang from the fashionable
imitation of an admired courtier, or, in another version of the legend, a king of
the Habsburg dynasty, or an infanta, who had a speech defect.

It'l be easiest if I tell the story in a sex-biased way, with females choosing
males, but remember that it could have been the other way around. In my
vision, an admired or dominant ape, a Pliocene Oliver perhaps, gained sexual
attractiveness and social status through his unusual virtuosity in maintaining
the bipedal posture, perhaps in some ancient equivalent of a rain dance. Others
imitated his gimmicky habit and it became 'cool', 'it', 'the thing to do' in a local
area, just as local bands of chimpanzees have habits of nut-cracking or termite-
fishing which spread by fashionable imitation. In my teenage years, a more than
usually inane popular song had the refrain,

Everybody's talking
Bout a new way of walking!

And, while this particular line was probably chosen in the service of a lazy rthyme,
it is undoubtedly true that styles of walking have a kind of contagiousness and
are imitated because they are admired. The boarding school that I attended,
Oundle in central England, had a ritual whereby the senior boys paraded into
the chapel after the rest of us were in our places. Their mutually imitated style
of walking, a mixture of swagger and lumbering roll (which I now, as a student
of animal behaviour and a colleague of Desmond Morris, recognise as a domin-
ance display) was so characteristic and idiosyncratic that my father, who saw it
once a term on Parents' Day, gave it a name, 'the Oundle Roll'. The socially obser-
vant writer Tom Wolfe has named a particular loose-limbed gait of American
dudes, fashionable in a certain social sector, the Pimp Roll. At the time of writing,
the abject sycophancy of the British Prime Minister to the US President has
earned him the title 'Bush's Poodle'. Several commentators have noticed that,
especially when in his company, he imitates Bush's macho 'cowboy swagger',
with arms held out to the sides as though ready to reach for two pistols.
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Returning to our imagined sequence of events among human ancestors,
females in the local area of the fashion preferred to mate with males who
adopted the new way of walking. They preferred them for the same reason as
individuals wanted to join the fashion: because it was admired in their social
group. And now the next step in the argument is crucial. Those who were
especially good at the fashionable new walk would be most likely to attract
mates and sire children. But this would be of evolutionary significance only if
there was a genetic component to the variation in ability to do 'the walk'. And
this is entirely plausible. We are talking, remember, about a quantitative shift
in the amount of time spent doing an existing activity. It is unusual for a
quantitative shift in an existing variable not to have a genetic component.

The next step in the argument follows standard sexual selection theory.
Those choosers whose taste conforms to the majority taste will tend to have
children who inherit, from their mothers' choice of mate, skill in walking
according to the bipedal fashion. They will also have daughters who inherit
their mothers' taste in males. This dual selection — on males for possessing
some quality and on females for admiring the self-same quality — is the ingredi-
ent for explosive, runaway selection, according to the Fisher theory. The key
point is that the precise direction of the runaway evolution is arbitrary and
unpredictable. It could have been opposite. Indeed, in another local population
perhaps it was in the opposite direction. An explosive evolutionary excursion, in
an arbitrary and unpredictable direction, is just the kind of thing we need, if we
are to explain why one group of apes (who became our ancestors) suddenly
evolved in the direction of bipedality while another group of apes (the ancestors
of the chimpanzees) did not. An additional virtue of the theory is that this
evolutionary spurt would have been exceptionally fast: just what we need in
order to explain the otherwise puzzling closeness in time of Concestor 1 and the
supposedly bipedal Tournai and Orrorin.

Let's turn now to the other great advance in human evolution, the enlarge-
ment of the brain. The Handyman's Tale discussed various theories, and again
we left sexual selection till last, postponing it until the Peacock's Tale. In The
Mating Mind, Geoffrey Miller argues that some very high percentage of human
genes, perhaps up to 50 per cent, express themselves in the brain. Yet again, for
the sake of clarity, it's convenient to tell the story from one point of view only —
females choosing males — but it could go the other way: or both ways simul-
taneously. A female who seeks a penetrating and thorough reading of the quality
of a male's genes would do well to concentrate on his brain. She can't literally
look at the brain, so she looks at its works. And, following the theory that males
should make it easy by advertising their quality, males will not hide their
mental light under a bony bushel but bring it out into the open. They will dance,
sing, sweet-talk, tell jokes, compose music or poetry, play it or recite it, paint
cave walls or Sistine chapel ceilings. Yes, yes, | know Michelangelo might not, as
it happens, have been interested in impressing females. It is still entirely plaus-
ible that his brain was 'designed' by natural selection for impressing females,
just as — whatever his personal preferences — his penis was designed for impreg-
nating them. The human mind, on this view, is a mental peacock’s tail. And the
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brain expanded under the same kind of sexual selection as drove the enlarge-
ment of the peacock’s tail. Miller himself favours the Wallacean rather than the
Fisherian version of sexual selection, but the consequence is essentially the
same. The brain gets bigger, and it does so swiftly and explosively.

The psychologist Susan Blackmore, in her audacious book The Méme Machine,
has a more radical sexual selection theory of the human mind. She makes use of
what have been called 'mémes', units of cultural inheritance. Mémes are not
genes, and they have nothing to do with DNA except by analogy. Whereas genes
are transmitted via fertilised eggs (or via viruses), mémes are transmitted via
imitation. If I teach you how to make an origami model of a Chinese junk, a
méme passes from my brain to yours. You may then teach two other people the
same skill, each of whom teaches two more, and so on. The méme is spreading
exponentially, like a virus. Assuming we have all done our teaching work
properly, later 'generations' of the méme will not be detectably different from
earlier ones. All will produce the same origami 'phenotype’.* Some junks may be
more perfect than others, as some paper-folders take more trouble, say. But
quality will not deteriorate gradually and progressively over the 'generations'.
The méme is passed on, whole and intact like a gene, even if its detailed pheno-
typic expression varies. This particular example of a méme is a good analogue
for a gene, specifically a gene in a virus. A manner of speaking, or a skill in
carpentry, might be more dubious candidates for mémes because — I am guess-
ing — progressively later 'generations' in a lineage of imitation will probably
become progressively more different from the original generation.

Blackmore, like the philosopher Daniel Dennett, believes that mémes played
a decisive role in the process that made us human. In Dennett's words:

The haven all mémes depend on reaching is the human mind, but a human mind
is itself an artifact created when mémes restructure a human brain in order to
make it a better habitat for mémes. The avenues for entry and departure are modi-
fied to suit local conditions, and strengthened by various artificial devices that
enhance fidelity and prolixity of replication: native Chinese minds differ dramati-
cally from native French minds, and literate minds differ from illiterate minds."

It would be Dennett's view that the main difference between anatomically
modern brains before the cultural Great Leap Forward and after it is that the
latter are swarming with mémes. Blackmore goes further. She invokes mémes
to explain the evolution of the large human brain. It can't be only mémes, of
course, because we are talking about major anatomical change here. Mémes
may manifest themselves in the circumcised penis phenotype (which sometimes
passes, in quasi-genetic fashion, from father to son), and they might even mani-
fest themselves in body shape (think of a transmitted fashion for slimming, or
elongating the neck with rings). But a doubling in brain size is another matter.
This has got to come about through changes in the gene pool. So what role does
Blackmore see for mémes in the evolutionary expansion of the human brain?
This is, again, where sexual selection comes in.

People are most apt to copy their mémes from admired models. This is a fact
that advertisers bet money on: they pay footballers, film stars and supermodels
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to recommend products — people who have no expertise to judge
them. Attractive, admired, talented or otherwise celebrated people
are potent méme donors. The same people also tend to be sexually
attractive and therefore, at least in the sort of polygamous society in
which our ancestors probably lived, potent gene donors. In every
generation, the same attractive individuals contribute more than
their fair share of both genes and mémes to the next generation.
Now Blackmore assumes that part of what makes people attractive
is their méme-generating minds: creative, artistic, loquacious,
eloquent minds. And genes help to make the kind of brains that are
good at generating attractive mémes. So, quasi-Darwinian
selection of mémes in the méme pool goes hand in hand with
genuinely Darwinian sexual selection of genes in the gene pool. It is
yet another recipe for runaway evolution.

What, on this view, is the exact role of mémes in the evolutionary
swelling of the human brain? I think the most helpful way to look
at it is this. There are genetic variations in brains which would
remain unnoticed without mémes to bring them out into the open.
For example, the evidence is good that here is a genetic component
to variation in musical ability. The musical talent of mem bers of
the Bach family probably owed much to their genes. In a world full
of musical mémes, genetic differences in musical ability shine
through and are potentially available for sexual selection. In a
world before musical memes entered human brains, genetic
differences in musical ability would still have been there, but
would not have manifested themselves, at least not in the same
way. They would have been unavailable for sexual, or natural,
selection. Memetic selection cannot change brain size by itself,
but it can bring into the open This could be seen as genetic
variation that would otherwise have remained under cover.*

The Peaock's Tale has used Darwin's beautiful theory of sexual
selection to bring up a number or questions about human evolution.
Why are we naked? Why do we walk on two legs? And why do we
have big brains? I do not want to go out on a limb for sexual
selection as the universal answer to all outstanding questions about
human evolution. In the particular case of bipedalism, I am at least
as persuaded by Jonathan Kingdon's 'squat feeding' theory. But I
applaud the current vogue for giving sexual selection another
serious look, after its long neglect since Darwin first proposed it.
And it does provide a ready answer to the supplementary question
that so often lurks behind the main questions: why, if bipedalism
(or braininess or nakedness) was such a good idea for us, do we not
see it in other apes? Sexual selection is good at that, because it
predicts sudden evolutionary spurts in arbitrary directions. On the
other hand, the lack of sexual dimorphism in braininess and in
bipedality demands some special pleading. Let's leave the matter
there. It needs more thought.
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The Dodo's Tale

Land animals, for obvious reasons, have a hard time reaching remote oceanic
islands such as the Galapagos archipelago, or Mauritius. If, through the much
invoked freak accident of rafting inadvertently on a detached mangrove, they
do happen to find themselves on an island like Mauritius, an easy life is likely to
open up. This is precisely because it is hard to get to the island in the first place,
so the competition and the prédation are usually not so fierce as on the main-
land left behind. As we have seen, this is probably how monkeys and rodents
arrived in South America.

If I say it is 'hard' to colonise an island, I must hasten to forestall the usual
misunderstanding. A drowning individual may try desperately to reach land,
but no species ever #ries to colonise an island. A species is not the kind of entity
that tries to do anything. Individuals of a species may happen, by luck, to find
themselves in a position to colonise an island previously uninhabited by their
kind. The individuals concerned can then be expected to take advantage of the
vacuum, and the consequence may be that their species, with hindsight, is said
to have colonised the island. The descendants of the species may subsequently
change their ways, over evolutionary time, to accommodate the unfamiliar
island conditions.

And now here is the point of the Dodo's Tale. It is hard for a land animal to
reach an island, but it is a lot easier if they have wings. Like the ancestors of the
Galapagos finches ... or the ancestors of the dodo, whoever they were. Flying
animals are in a special situation. They don't need the proverbial mangrove raft.
Their wings carry them, perhaps as a freak accident, blown on a gale, to a
distant island. Having arrived on wings, they find that they no longer need
them. Especially because islands often lack predators. This is why island ani-
mals, as Darwin noted on the Galapagos, are often remarkably tame. And this is
what makes them easy meat for sailors. The most famous example is the dodo,
Raphus cucullatus, cruelly named Didus ineptus by Linnaeus, the father of
taxonomy.

The very name dodo comes from the Portuguese for » stupid. Stupid is
unfair, -v When Portuguese sailors arrived on Mauritius in 1507, the
abundant dodos were completely tame, and approached the sailors in a man-
ner which cannot have been far from 'trusting'. Why would they not trust, for
their ancestors had not encountered a predator for thousands of years? Alas for
trust. The unfortunate dodos were clubbed to death by Portuguese, and later
Dutch, sailors — even though they were deemed 'unpalatable'. Presumably it
was 'sport’. Extinction took less than two centuries. As so often, it came about
through a combination of killing and more indirect effects. Humans introduced
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dogs, pigs, rats, and religious refugees. The first three ate dodo eggs, and the last
planted sugar cane and destroyed habitats.

Conservation is a very modern idea. 1 doubt that extinction, and what it
means, entered anybody's head in the seventeenth century. I can hardly bear to
tell the story of the Oxford Dodo, the last dodo stuffed in England. Its owner and
taxidermist, John Tradescant, was induced to bequeath his large collection of
curios and treasures to the infamous (some say) Elias Ashmole, which is why the
Ashmolean Museum in Oxford is not called the Tradescantian as (some say)
it should be. Ashmole's curators later decided to burn, as rubbish, all of
Tradescant's dodo except the beak and one foot. These are now in my place of
work, the University Museum of Natural History, where they memorably
inspired Lewis Carroll. Also Hilaire Belloc:

The Dodo used to walk around And take
the sun and air. The sun yet warms his
native ground — The Dodo is not there!

The voice, which used to squawk and squeak
Is now for ever dumb —

Yet you may see his bones and beak

All in the Mu-se-um.

The white dodo, Raphus solitarius, was alleged to have met the same fate on the
neighbouring island of Réunion.* And Rodriguez, the third island of the Mascar-
ene archipelago, housed, and lost for the same reason, a slightly more distant
relative, the Rodriguez solitaire, Pezophaps solitaria.

The ancestors of the dodos had wings. Their forebears were flying pigeons
who arrived on the Mascarene Islands under their own muscle power, perhaps
aided by a freak wind. Once there, they had no need to fly any more — nothing
to flee — and so lost their wings. Like the Galapagos and Hawaii, these islands
are recent volcanic creations, none of them more than seven million years old.
Molecular evidence suggests that the dodo and solitaire probably arrived on the
Mascarene Islands from the East, not from Africa or Madagascar as we might
otherwise have supposed. Perhaps the solitaire did the bulk of its evolutionary
divergence before it finally arrived on Rodriguez, retaining enough wing power
to get there from Mauritius.

Why bother to lose the wings? They took a long time to evolve, why not hang
on to them in case one day they might come in useful again? Alas (for the dodo)
that is not the way evolution thinks. Evolution doesn't think at all, and certainly
not ahead. If it did, the dodos would have kept their wings, and the Portuguese
and Dutch sailors would not have had sitting targets for their vandalism.

The late Douglas Adams was moved by the sad case of the dodo. In one of the
episodes of Doctor Who that he wrote in the 1970s, the aged Professor
Chronotis's college room in Cambridge serves as a time machine, but he uses it
for one purpose only, his secret vice: he obsessively and repeatedly visits
seventeenth-century Mauritius in order to weep for the dodo. Because of a strike
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at the BBC, this episode of Doctor Who was never broadcast, and Douglas Adams
later recycled the haunting dodo motif in his novel Dirk Gently's Holistic Detective
Agency. Call me sentimental, but I must pause for a moment — for Douglas, and
for Professor Chronotis and what he wept for.

Evolution, or its driving engine natural selection, has no foresight. In every
generation within every species, the individuals best equipped to survive and
reproduce contribute more than their fair share of genes to the next generation.
The consequence, blind as it is, is the nearest approach to foresight that nature
admits. Wings might be useful a million years hence when sailors arrive with
clubs. But wings will not help a bird contribute offspring and genes to the next
generation, in the immediate here and now. On the contrary wings, and
especially the massive breast muscles needed to power them, are an expensive
luxury. Shrink them, and the resources saved can now be spent on something
more immediately useful such as eggs: immediately useful for surviving and
reproducing the very genes that programmed the shrinkage.

That's the kind of thing natural selection does all the time. It is always tinker-
ing: here shrinking a bit, there expanding a bit, constantly adjusting, putting on
and taking off, optimising immediate reproductive success. Survival in future
centuries doesn't enter into the calculation, for the good reason that it isn't
really a calculation at all. It all happens automatically, as some genes survive in
the gene pool and others don't.

The sad end of the Oxford Dodo (Alice's Dodo, Belloc's Dodo) is mitigated by a
happier sequel. A group of Oxford scientists in the laboratory of my colleague
Alan Cooper obtained permission to take a tiny sample from inside one of the
foot bones. They also obtained a thigh bone of a solitaire found in a cave on
Rodriguez. These bones yielded enough mitochondrial DNA to allow detailed,
letter-by-letter sequence comparisons between the two extinct birds and a wide
range of living birds. The results confirm that, as long suspected, dodos were
modified pigeons. It is also no surprise that, within the pigeon family, the
closest relative of the dodo is the solitaire, and vice versa. What is less expected
is that these two extinct flightless giants are nested deep inside the pigeon fam-
ily tree. In other words, dodos are more closely related to some flying pigeons
than those flying pigeons are to other flying pigeons; despite the fact that, to
look at them, you'd expect all the flying pigeons to be more closely related to
each other, with the dodos out on a limb. Among pigeons, the dodos are most
close to the Nicobar, Caloenus nicobarica, a beautiful pigeon from South East
Asia. In turn, the group consisting of the Nicobar pigeon and the dodos is most
closely related to the Victoria crowned pigeon, a splendid bird from New Guinea,
and Didunculus, a rare Samoan toothbilled pigeon which looks quite like a dodo
and whose name even means 'little dodo'.*

The Oxford scientists comment that the nomadic lifestyle of the Nicobar
pigeon makes it ideally suited to invade remote islands, and Nicobar-type fossils
are known from Pacific islands as far east as the PiLcairns. These crowned and
toothbilled pigeons, they go on to point out, are large, ground-dwelling birds
who rarely fly. It looks as though this whole subgroup of pigeons habitually
colonise islands and then lose their power of flight and become larger and more
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dodo-like. The dodo itself and the solitaire have pushed the trend to extremes.
Something like the Dodo's Tale has been repeated on islands all over the
world. Many different families of birds, most of which are dominated
numerically by flying species, have evolved flightless forms on islands.
Mauritius itself had a large flightless rail, Aphanapteryx bonasia, also now
extinct, which may on occasion have been confused with the dodo.
Rodriguez had a related species, A. leguati. Rails seem to lend themselves to
Dodo's Tale island-hopping followed by flightlessness. In addition to the
Indian Ocean forms, there is a flightless rail in the Tristan da Cunha group in
the South Atlantic; and most of the Pacific islands have — or had — their own
species of flightless rail. Before man ruined the Hawaiian avifauna, there were
more than twelve species of flightless rail in that archipelago. More than a
quarter of all the world's 60-odd living species of rail are flightless, and all
flightless rails live on islands (if you count large islands like New Guinea and
New Zealand). Perhaps as many as 200 species have gone extinct on tropical
Pacific islands since human contact. Again on Mauritius, and also now extinct,
was a large parrot Lophopsittacus mauritianus. This crested parrot was a poor
flyer and may have occupied a niche similar to the still (just) surviving kakapo of
New Zealand.* New Zealand is, or was, home to a large number of flightless
birds belonging to many different families. One of the more striking was the so-
called adzebill — a stout, chunky bird, distantly related to cranes and rails.
There were different species of adze-bill on the North and South Islands, but
neither island had any mammals except (for the obvious reason which underlies
the Dodo's Tale) bats, and it is easy to imagine that the adzebills made their

Also memorably living in a rather mammal-like way, filling a gap in the market.

Zetlizbra‘?d by Douglas In all these cases, the evolutionary story is almost certainly a version of the
ms, in Last Chance to . . . . . .

See. Dodo's Tale. Ancestral flying birds are carried by their wings to a remote island

where an absence of mammals opens up opportunities for making a living on
the ground. Their wings are no longer useful in the way that they were on the
mainland, so the birds give up flying, and their wings and costly wing muscles
degenerate. There is one notable exception, one of the oldest and the most
famous of all the groups of flightless birds: the ratites, the ostrich order. The
evolutionary story of the ratites is very different from all the rest of the flight-
less birds, and they have a tale of their own, the Elephant Bird's Tale.
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The Elephant Bird's Tale

From the tales of the Arabian Nights, the image that most stirred my childish
imagination was the roc encountered by Sinbad the Sailor, who at first thought
this monstrous bird was a cloud, come over the sun:

I had heard aforetime of pilgrims and travellers, how in a certain island
dwelleth a huge bird, called the 'roc', which feedeth its young on elephants.

The legend of the roc (rucke or rukh) surfaces in several stories of the Arabian
Nights — two involving Sinbad and two about Abd-al-Rahman. It is mentioned by
Marco Polo as living in Madagascar, and envoys from the King of Madagascar
were said to have presented the Khan of Cathay with a roc feather. Michael
Drayton (1563-1631) invoked the monstrous bird's name to contrast it with the
proverbially tiny wren:

All feathered things yet ever knowne to men,
From the huge Rucke, unto the little Wren...

What is the origin of the roc legend? And if it is pure fantasy, whence the
recurrent connection with Madagascar?

Fossils from Madagascar tell us that a gigantic bird, the elephant bird
Aepyornis maximus, lived there, perhaps until as late as the seventeenth cent-
ury,* although more probably around 1000 AD. The elephant bird finally suc-
cumbed, perhaps partly through people stealing its eggs which were up to a
metre in circumference* and would have provided as much food as 200 chicken
eggs. The elephant bird was three metres tall and weighed nearly half a tonne —
as much as five ostriches. Unlike the legendary roc (which used its 16-metre
wingspan to carry Sinbad aloft as well as elephants) the real elephant bird could
not fly, and its wings were (relatively) small like an ostrich's. But, though a
cousin, it would be wrong to imagine it as a scaled-up ostrich: it was a more
robust, heavy-set bird, a kind of feathered tank with a big head and neck, unlike
the ostrich's slender periscope. Given how legends readily grow and inflate,
Aepyornis is a plausible progenitor of the roc.

The elephant bird was probably vegetarian, unlike the fabulously jumbo-
phagous roc, and unlike earlier groups of giant carnivorous birds such as the
phorusrhachoid family of the New World. They could grow to the same height
as Aepyornis, with a fearsomely hooked beak which, as if in justification of their
nickname of'feathered tyrannosaurs', looks capable of swallowing a medium-
sized lawyer whole. These monstrous cranes seem at first sight better casting
for the role of the terrifying roc than Aepyornis, but they went extinct too long
ago to have started the legend, and in any case Sinbad (or his real-life Arab
counterparts) never visited the Americas.

The elephant bird of Madagascar is the heaviest bird known to have lived, but
it was not the longest. Some species of moa could reach a height of 3.5 metres,
but only if the neck was raised, as in Richard Owen's mounting (see overleaf).
In life, it seems, they normally carried the head only a little way above the
back. But the moa cannot have generated the roc legend, for New Zealand, too,
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They've gone and there
ain't no moa

Sir Richard Owen with the
skeleton of Dinomnis, the
giant moa. Owen, to
whom we owe the term
dinosaur, was the first to
describe the moa.

Kiwis are smaller than
turkeys but are no
longer regarded as dwarf
moas. As we shall see.
they are closer cousins
of the emus and casso-
waries and arrived later
from Australia.

The Maori name for
New Zealand.

was well beyond Sinbad's ken. About ten moa species existed in New Zealand,
and they ranged in size from turkey to double-sized ostrich.* Moas are extreme
among flightless birds in that they have no trace of wings at all, not even
buried vestiges of wing bones. They thrived in both the North and South
Islands of New Zealand until the recent invasion by the Maori people, about
12 50 AD . They were easy prey, no doubt for the same reason as the dodo.
Except for the (extinct) Haast's eagle, the largest eagle ever to have lived, they
had known no predators for tens of millions of years, and the Maoris
slaughtered them all, eating the choicer parts and discarding the rest, belying,
not for the first time, the wishful myth of the noble savage living in
respectful harmony with his environment. By the time the Europeans
arrived, only a few centuries after the Maoris, the last moa was gone. Legends and
tall stories of sightings persist to this day, but the hope is forlorn. In the words of
a plaintive song, to be sung in a mournful New Zealand accent:

No moa, no moa

In oldAo-tea-roa*

Can't get 'em.

They've et 'em;

They've gone and there ain't no moa!

Elephant birds and moas (but not the carnivorous phorusrhachoids nor various
other extinct flightless giants) were ratites, an ancient family of birds, which
now includes the rheas of South America, the emus of Australia, the cassowaries
of New Guinea and Australia, the kiwis of New Zealand, and the ostrich, now
confined to Africa and Arabia but previously common in Asia and even Europe.

I take delight in the power of natural selection, and it would have given me
satisfaction to report that the ratites evolved their flightlessness separately in
different parts of the world, conforming to the message of the Dodo's Tale. In
other words, I would have liked the ratites to have been an artificial assemblage,
driven to superficial resemblance by parallel pressures in different places. Alas,
this is not so. The true tale of the ratites, which I am attributing to the elephant
bird, is very différent. And I must say that it eventually turns out to be, in its
way, even more fascinating. The Elephant Bird's Tale, taken together with its
Epilogue, is a tale of Gondwana, and of continental drift or, as it is now called,
plate tectonics.

The ratites are a truly natural group. Ostriches, emus, cassowaries, rheas,
kiwis, moas and elephant birds really are more closely related to each other than
they are to any other birds. And their shared ancestor was flightless too. Probably
it originally lost its wings, following good 'Dodo's Tale' reasons, after flying to
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some long-forgotten island off Gondwana. But that was before the ratites
divided into the separate forms whose descendants we now find on the different
southern continents and islands. Moreover, the split of the ratites from the rest
of the birds is extremely old. The ratites are a genuinely ancient group in the
following sense. Surviving birds fall into two groups. On the one hand are the
ratites and the tinamous (a group of South American birds which can fly). On
the other hand are all the rest of the surviving birds put together. So if you are
a bird, either you are a ratite/tinamou or you are in with the rest, and the
division between these two categories is the oldest split among surviving birds.*

The ratites, then, are a natural group, with a common ratite ancestor that
was also wingless. This is not to deny that an earlier ancestor of all the ratites
flew. Of course it did, for why else would they (most of them) have vestigial
wings?* But the last common ancestor of all the surviving ratites had already
reduced its wings to stubby vestiges long before its descendants branched into
the various groups of ratites we see today. This deprives us of our accustomed
Dodo's Tale of ancestors flying across the sea to distant lands and then each
independently losing its wings. The ratites reached their present separated
homelands without benefit of flight. How did they get there?

They walked. All the way.* How is this possible? It is the whole point of the
Elephant Bird's Tale. The sea wasn't there — there was nothing to cross. What
we now know as separate continents were joined together, and the great flight-
less birds walked dry shod.

When I was a small child in Africa my father regaled my little sister and me
with bedtime stories, as we lay under our mosquito nets and gazed at his
luminous wristwatch, about a 'Broncosaurus' who lived faaaaaaaaaaaar away in
a place called Gonwonky-land. I forgot all about this until much later when 1
learned about the great southern continent of Gondwanaland.

One hundred and fifty million years ago, Gondwanaland, or Gondwana,®
consisted of everything that we now know as South America, Africa, Arabia,
Antarctica, Australasia, Madagascar and India. The southern tip of Africa was
touching Antarctica, and tilted to the 'right'. There was therefore a triangular
gap between the east coast of Africa and the north coast of Antarctica — but it
wasn't really a gap because it was filled by India. India was in those days
separated from the rest of Asia (Laurasia) by an ocean, the Tethys, whose centre
roughly corresponds today to the modern Indian Ocean and whose western-
most reaches turned into today's Mediterranean Sea. Madagascar nestled be-
tween India and Affica, joined on both sides. Australia with New Guinea, and
the embryonic New Zealand, were also joined to Antarctica, further round the
coast from India.

But Gondwana was about to break up. You can see where the tale is going.
When the ratite birds first roamed Gondwana, they could walk from any of the
places where they later dwelt, to any other. Ratite fossils have even been found
in Antarctica, which we know from plant fossils to have been covered with
warm, subtropical forest at the time. Ancestral ratites wandered freely over the
whole continent of Gondwana with no inkling that their homeland was
destined to be broken up into chunks separated by thousands of miles of ocean.
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The Earth in the Upper
Jurassic, about 150 million
years ago [257]. The
supercontinent of
Pangaea had separated
into Laurasia (in the
north) and Gondwana (in
the south), and the
Atlantic Ocean was
beginning to form.
Gondwana itself was
about to fragment. The
climate was very warm.

Although, strange-
seeming to us. the
southernmost parts
would still have spent
a substantial fraction
of the year in darkness.
Presumably this led to
all sorts of behavioural
adaptations for which
there are no modern
counterparts, for today
extreme latitude goes
with extreme cold.
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When it did break up, the ratites went too. They rafted all right. But their raft
was not the proverbial fragment of mangrove. It was the very ground beneath
their feet. And there was plenty of time for them to evolve their separate ways,
on their separately retreating landmasses.

The breakup happened rather suddenly and explosively, by the standards of
geological time. About 150 million years ago, India (still with Madagascar
attached) started to break away from Africa. As the gap widened between Africa
and India/Madagascar, by about 140 million years ago clear water began to open
up between the other side of India and Antarctica, and between Australia and
Antarctica. A little later, South America began to draw away from the west side
of Africa, and by 120 million years ago an immensely long and narrow, angled
channel separated the two. The last place you could walk across was where West
Affica just hung on by a thread to what is now Brazil. By then, a similarly long,
narrow channel had opened up between Antarctica and the new south coast of
Australia. Around 80 million years ago, Madagascar split off from India, and
remained approximately in its present position while India began a spectacu-
larly fast migration north, eventually to crunch into the south coast of Asia and
raise the Himalayas. During the same period, the other fragments of Gondwana
had continued to drift apart, each bearing its manifest of ratite passengers —
ancestral rheas on the new South American continent, ancestral elephant birds
on India/Madagascar, ancestral emus on Australia, ancestral ostriches on...
but no, let's postpone that matter.

Plant fossils tell us that Cretaceous Antarctica was sub-tropical, lush with
vegetation, and a fine place for animals to live." The dearth of fossils that have
actually been found cannot reflect a corresponding dearth of animals; a rich
vegetation like that must have supported an equally rich fauna. As I've already
mentioned, among the few fossil animals that #ave been found are large ratites,
some as large as moas, and it seems likely that these birds were abundant in
Cretaceous Antarctica. Ifnot necessarily Ratite Grand Central Station,
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Antarctica provided a clement and ratite-friendly land bridge linking Africa and
South America on one side of the world to Australia and New Zealand on the
other, and India/Madagascar too.

From the point of view of a wandering ratite ancestor, what matters is not
when the great bulk of its particular continent separated from the rest of
Gondwana. What matters is the last moment when it could still have walked
across the gap. For example, by 100 million years ago, Africa was widely
separated from Antarctica in the south and from India/Madagascar in the east.
From these points of view, Aftrica was already an island. It was also widely separ-
ated from South America, almost all the way along its west coast. But there was
still that lingering bridge, between the southern margin of the West African
bulge and a part of what is now Brazil. This was the last moment of contact
between the ancestors of the rhea and the rest of what had once been
Gondwana. We have other dates of last contact between the various elements of
the Gondwanan continental diaspora.

Is there a coincidence between the times at which the various continents and
islands split apart geographically, and the times at which, on molecular genetic
evidence, the corresponding ratite bird lineages split apart in evolution? Or, if
that is too much to ask, are the two sets of timings at least compatible with each
other? Yes, they are. And (with the exception of the kiwi and, in an interesting
sense which I shall come to, the ostrich) they are incompatible with the alterna-
tive hypothesis that the ratites distributed themselves among their present
landmasses affer those landmasses separated from one another.

Alan Cooper and his colleagues at Oxford, whom we met in the Dodo's Tale,
have compared the molecular genetics of all the ratite birds. Doing this for
surviving birds is easy. You just take blood from zoo specimens of ostriches,
emus and the rest. Indeed, lots of sequences have already been published in the
technical literature. But the Cooper team achieved the additional coup of
sequencing mitochondrial DNA from two genera of moas and an elephant bird,
for which they had only old bones borrowed from museums. Remarkably, the
team managed to piece together the entire mitochondrial genome of both gen-
era of moas, although they were at least 700 years dead. The material from
elephant birds was less well-preserved, but still they managed to sequence some
elephant bird DNA. These ancient DNA sequences could then be compared with
each other and with the sequences of the surviving ratites. The molecular clock
technique allowed them to put approximate dates on the evolutionary diver-
gences among the ratites.

It would be nice to be able to say that the molecular splits among the ratites
do indeed coincide precisely with the geographical splits between their home-
lands. Unfortunately, the dating is not precise enough to be sure. Remember,
too, that island-hopping remains an option, even for flightless animals, for
quite a while after their continents have drawn apart, so the exact moment at
which the various parts of Gondwana broke away is not too significant. Flight-
less birds, after all, are no more flightless than mammals such as the monkeys
and rodents that somehow crossed from Africa to South America, or the
iguanas blown by the hurricane to Anguilla. To make it harder, Gondwana
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fractured into most of its parts pretty much simultaneously (again using the
word in its geological sense of'give or take a few million years'). What the mol-
ecular sequences now let us say with confidence is that the ancestral splits
among the ratites are very old — old enough to be fully compatible with the view
that their ancestors were already in their separate southern hemisphere home-
lands when they pulled apart.

Here's the best guess at what happened. Think of Antarctica as the unit from
which the other continents split. Of course the continents split from each other
as well, but it helps to have a reference point and Antarctica is conveniently
central, which makes it easy to visualise. What is more, as we have seen, during
the period that matters for our tale, in the Cretaceous Period spanning roughly
the 40 million years on either side of the 100 million year mark, Antarctica was by
no means the frozen waste it is now. Is this because Antarctica was at a more
clement latitude? No, it was only somewhat north of its present position. It was
warm because coastal shapes in those days happened to direct warm currents
from the tropics to far southern latitudes, in a more dramatic version of the way
the Gulf Stream fosters palm trees in western Scotland today. One of the con-
sequences of the break-up of Gondwana was that the warm current was no
longer directed south. Antarctica reverted to the icy climate appropriate to its
latitude, and it has been cold ever since.*

So, there were plenty of ratites in Antarctica, at just the right time. The rest of
the tale is straightforward. South America was already well populated with the
ancestors of the rheas. New Zealand broke away from Antarctica about 70 million
years ago, carrying the ancestral moas as cargo. The molecular data suggest that
the moas had already diverged from the other ratites, about 80 million years ago.
Australia lost contact with Antarctica around 56 million years ago. This fits with
the molecular evidence that the moas split off from other ratites earlier (82 mil-
lion years) than the Australian ratites, the emu and cassowary, who diverged
from one another around 30 million years ago. The kiwis are probably the one
exception to the rule that the ratite birds walked everywhere. They are not closely
related to the moas. Their affinities are with the Australian ratites, and they pre-
sumably island-hopped from Australia to New Zealand via New Caledonia. As for
the elephant bird, it stayed in Madagascar after India broke away 75 million years
ago, and remained there until the arrival of man.

I said I would return to the ostrich. From about 90 million years ago, it was no
longer possible to cross by land between Africa and any other part of the former
Gondwana. This therefore constitutes the last moment at which, one might have
thought, the ostrich, being an African bird, could have diverged from the rest of
the ratites. In fact, however, the molecular evidence suggests that the ostrich line
diverged later, around 75 million years ago. How can this be?

The argument is a little intricate, so let me repeat the problem. The geographic
evidence suggests that Africa was already separated from the rest of the former
Gondwana by about 90 million years ago, yet the molecular evidence suggests
that the ostrich split off from other Gondwana birds around 75 million years ago.
Where were the ancestors of the ostrich during the intervening 15 million years?
Presumably not in Africa, for the reason we have just seen. They could have been
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anywhere in the rest of Gondwana, because all the other bits — South America,
Australia, New Zealand and Indo-Madagascar, remained connected to each other,
if only via Antarctica, and if only by lingering land bridges.

How, then, do modern ostriches manage to end up in Africa? Alan Cooper has
an ingenious theory. India/Madagascar remained connected to Antarctica, via a
large land bridge called the Kerguelen Plateau (now submerged) until 75 million
years ago, when what is now Sri Lanka pulled away. Up till that moment, the
ancestors of the ostrich and the elephant bird were still in contact with Antarc-
tica — and hence with the rest of Gondwana except Africa which had earlier
separated. Cooper believes that the ancestors of the ostrich and the elephant bird
were in India/Madagascar at this time of separation. On this hypothesis, we can
regard 75 million years as the last moment the ostrich and elephant bird lineages
could have split away from the other ratites, and this fits well with the molecular
data. Then, about 5 million years later, India detached itself from Madagascar,
taking what were to become ostriches along for the ride, and leaving what were
to become the elephant birds behind.

So far, so good. But we are still left with the riddle which began this part of our
tale. If the ancestors of the ostrich were ensconced in the then-island of India,
how did they finally get to Africa? Now we come to the final part of Cooper's
theory. India, you will remember, after parting from Madagascar, sped off
north to its present position as part of Asia. Cooper believes that it carried with it
the ostrich ancestors, who took advantage of the collision to spill out into
Asia. Then, once in Asia, the ostrich line fanned out in a great loop to the
north. There are still ostriches in Arabia, and there are ostrich fossils in Asia,
including India, and even in Europe. At that time, as now, Africa was connected
to Asia via Arabia, and by this route the ostriches finally arrived, perhaps about
20 million years ago, in Africa where we now find them. According to Cooper,
the ancestral ostriches were by no means the only animals to catch the India
ferry to Asia. He suggests that India's cargo of Gondwanan animals played a
major part in the recolonisation of Asia after the catastrophe that killed the
dinosaurs.

The legend of the roc, the fabulous great bird with the strength to shift
elephants, is a wonder of childhood. But isn't the true story of how the very
continents themselves are shifted, through thousands of miles, an even greater
wonder, more worthy of the adult imagination? We look at the details in the
epilogue to this tale.
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Epilogue to the Elephant Bird's Tale

The theory of plate tectonics, as it is now called, is one of the success stories of
modern science. When my father was at Oxford in the 1930s, what was then
called the theory of continental drift was widely, though not universally, ridi-
culed. It was associated with the German meteorologist Alfred Wegener (1880-
1930) but others had suggested something similar before him. Several people
had noticed the snug fit of the east coast of South America and the west coast of
Africa, but it was generally written off as coincidence. There were some even
more striking coincidences in distributions of animals and plants, which had to
be explained by postulating land bridges between the continents. But scientists
mostly thought that the map had altered through the sea level fluctuating up
and down, rather than the continents themselves drifting sideways. The name
Gondwana was originally coined for a continent consisting of Africa and South
America in their present positions but with the South Atlantic drained.
Wegener's idea that the continents themselves had drifted was far more revo-
lutionary — and controversial.

Even when I was an undergraduate, in the 1960s instead of the 1930s, it was
not an open-and-shut case. Charles Elton, the veteran Oxford ecologist, lectured
us on the subject. At the end of his lecture he took a vote (I am sorry to say,
because democracy is no way to establish a truth) and I think we were fairly
evenly split. That all changed shortly after I graduated. Wegener turns out to
have been much closer to the truth than most of his contemporaries who
ridiculed him. The main thing he got wrong was that he thought the existing
continental masses floated in the semi-liquid mantle, and ploughed their way
through it like rafts through the sea. The modern theory of plate tectonics sees
the whole surface of the Earth — the seafloor as well as the visible continents —
as a set of plates. Continents are thick, less dense parts of plates that bulge up
into the atmosphere forming mountains, and down into the mantle. Plate
boundaries are, as often as not, under the sea. Indeed, we shall understand the
theory best if we forget all about the sea: pretend it isn't there. We'll bring it
back to flood the low ground later.

Plates do not plough through a sea, either of water or of molten rock. Instead,
the entire surface of the Earth is armoured, covered by plates, sliding over the
surface, sometimes diving under another plate in the process known as sub-
duction. As a plate moves, it does not leave a gap behind it as Wegener imag-
ined. Instead, the 'gap' is continuously filled by new material welling up from
the deep layers of Earth's mantle and contributing to the substance of the plate,
in the process called seafloor spreading. In some ways, plate seems too rigid an
image: a better metaphor is a conveyor belt, or a roll-top desk. I'll describe it
using the neatest, clearest example — the Mid-Atlantic Ridge.

The Mid-Atlantic Ridge is an underwater canyon 16,000 kilometres long,
which snakes its way in a huge S-bend down the middle of the North and South
Atlantic. The ridge is a zone of volcanic upwelling. Molten rock pushes up from
the deeps of the mantle. It then fountains out sideways to east and west, like
two desk roll- tops. The east-going roll-top pushes Africa away from the middle
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of the Atlantic. The west-going roll-top pushes South America in the other direc-
tion. That is why these two continents are moving away from one another, at a
rate of about one centimetre per year which is, as somebody has imaginatively
pointed out, about the rate at which fingerails grow, although rates of move-
ment, from plate to plate, are quite variable. It is the same force that originally
pushed them apart when Gondwana split. There are similar zones of volcanic
upwelling in the floor of the Pacific Ocean, of the Indian Ocean, and in various
other places (though they are sometimes called rises rather than ridges). These
spreading ocean ridges are the driving engines of plate movement.

The language of'pushing', however, is grossly misleading, if it suggests that
the upwelling from the seafloor 'pushes’ the plate from behind. Indeed, how
could an object as massive as a continental plate be moved by shoving from
behind? It isn't. Rather, the crust and top part of the mantle are moved by the
circulating currents in the molten rock beneath. A plate is not so much pushed
from behind as dragged by the current in the fluid on which it floats, tugging on
the underside of the whole expanse of the plate.

The evidence for plate tectonics is elegantly compelling and the theory is now
proved beyond reasonable doubt. If you measure the age of the rocks on either
side of a ridge such as the Mid-Atlantic Ridge, you notice a truly remarkable
thing. The rocks that are closest to the ridge are the youngest. The further you
travel, sideways from the ridge, the older are the rocks. The result is that if you
plot 'isochrons' (that is, contour lines of equal age) they run parallel to the ridge
itself, snaking with it down the North Atlantic and then the South Atlantic. This
is true on both sides of the ridge. The isochrons on one side of the ridge are
almost perfectly mirrored on the other side (see below).

Imagine that we set off to cross the bottom of the Atlantic in a submersible
tractor, due east at the tenth parallel, from the Brazilian port of Maceio towards
the cape of Barra do Cuanza in Angola, just missing Ascension Island on the way.
As we go, we sample the rocks beneath our caterpillar tracks (tyres couldn't
stand the pressure). For reasons that follow from the theory of volcanic seafloor
spreading, we shall be interested only in the igneous basalt (solidified lava) lying

These two maps repre-
sent the ages of rocks on
the seafloor, based on
their remnant magnetism.
The map on the left shows
the Earth at 68 million
years ago, in the Upper
Cretaceous, when the
Atlantic Ocean was much
narrower than it is now.
The map on the right
shows the Earth today.
The false-colour bands
show seafloor rocks from
the Cretaceous pushed
back as new seafloor
formed, widening the
Atlantic. Similar move-
ment can be seen in the
Pacific and Indian Oceans.
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at the base of whatever sedimentary rocks may have been deposited above it. It
is these igneous rocks which, according to the theory, constitute the roll-top or
conveyor belt, as South America moves westward and Afiica east. We shall drill
down through the sediments — which maybe quite thick in places, having been
laid down over millions of years — and take samples from the hard volcanic
rocks beneath.

For the first 50 kilometres of our eastward journey, we are on the continental
shelf. This doesn't count as sea bottom at all, for our purposes. We haven't left
the continent of South America, it is just that there is some shallow water above
our heads. In any case, for the purpose of explaining plate tectonics, we are
ignoring water. But now we descend rapidly to the sea bottom proper, take our
first sample from the true seafloor, and analyse radiometrically the date of the
basalt under the sediments. Here on the western edge of the Atlantic, it turns
out to be of Lower Cretaceous age, some 140 million years old. We continue our
eastward journey, taking samples at regular intervals from the volcanic rocks at
the base of the sediments, and we find a remarkable fact: they become steadily
younger. Five hundred kilometres from our starting point, we are well into the
Upper Cretaceous, younger than 100 million years. About 730 kilometres into
our journey, although we shall see no discrete border because we are looking
only at volcanic rock, we cross the 65-million-year boundary between the
Cretaceous and the Palacogene period, the geological instant when, on land, the
dinosaurs suddenly disappeared. The sequence of decreasing age continues. As
we drive due East, the volcanic rocks under the sea get steadily younger and
younger. Sixteen hundred kilometres from our starting point we are in the Plio-
cene, looking at young rocks, contemporary with woolly mammoths in Europe
and Lucy in Aftica.

When we reach the Mid-Atlantic Ridge itself, about 1,620 kilometres from
South America and slightly further (at this latitude) from Africa, we notice that
the rocks of our sample are now so young, they are of our own time. They have
only just erupted out of the depths of the sea bottom. Indeed, if we are very
lucky we may see an eruption in the particular part of the Mid-Atlantic Ridge
that we are crossing. But we would have to be Iucky because, notwithstanding
the image of a continuously moving roll-top conveyor belt, it isn't literally con-
tinuous. How could it be, given that the roll-top moves on average at one
centimetre per year? When there is an eruption, the rocks are shifted more than
one centimetre. But correspondingly, eruptions occur less often than once per
year in any one place along the ridge.

Having crossed the Mid-Atlantic Ridge, we continue our eastward journey in
the direction of Affica, again drawing up samples of volcanic rock from beneath
the sediments. And what we now notice is that the ages of the rocks are a mirror
image of what we measured before. The rocks are now getting progressively
older as we move away from the central ridge, and this continues all the way to
Africa and the eastern margin of the Atlantic. Our last sample, just short of the
African continental shelf, shows rocks of Lower Cretaceous age, just like their
mirror images on the western side, hard by South America. Indeed, the whole
sequence is reflected about the Mid-Atlantic Ridge, and the mirroring is even
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more precise than you could know from radiometric dating alone. What follows
is extremely elegant.

In the Redwood's Tale, we shall meet the ingenious dating technique known
as dendrochronology. Tree rings result from the fact that trees have an annual
growing season, and not all years are equally favourable, so a signature pattern
of thick and thin rings develops. Such fingerprint signatures, when they
occasionally arise in nature, are a natural gift to science, to be seized eagerly
whenever we encounter them. It is a particularly fortunate fact that something
like tree rings, although on a larger timescale, is imprinted into volcanic lava as
it cools and solidifies. It works like this. While lava is still liquid, molecules
within it behave like tiny compass needles, and become aligned to the mag-
netism of the Earth. When the lava solidifies as rock, the compass needles are
petrified in their current position. Igneous rock therefore acts as a weak
magnet, whose polarity is a frozen record of the Earth's magnetic field at the
moment of solidification. This polarity, which is easy to measure, tells us the
direction of the magnetic North Pole at the moment when the rock solidified.

Now comes the fortunate fact. The polarity of the Earth's magnetic field
reverses at irregular but, by geological standards, quite frequent intervals, on a
timescale of tens, or hundreds, of thousands of years. You can immediately see
the exciting consequence of this. As the two conveyor belts stream out west and
east from the Mid-Atlantic Ridge, their measured magnetic polarity will exhibit
stripes, reflecting the flips of the Earth's field, frozen at the moment of solidifi-
cation of the rock. The pattern of stripes on the west side will mirror the precise
pattern of stripes on the east side, because both sets of rocks shared the same
magnetic field when they spewed together, as liquid, out of the mid-ocean ridge.
It is possible to match up exactly which stripe on the east side of the ridge
belongs with which stripe on the west side, and the two stripes can be dated
(they have the same date as each other, of course, because they were liquid at
the same time when they gushed together out of the ridge). The same pattern of
stripes will be found on either side of the spreading zones on all the other ocean
floors, although the distances between the mirrored stripes will vary because
not all conveyor belts move at the same speed. You could not ask for more
compelling evidence.

There are complications. The pattern of parallel stripes does not snake down
the seafloor in a simple unbroken way. It is subject to numerous fractures —
'faults'. I chose the tenth parallel south of the equator deliberately for our
caterpillar tractor journey, because it happens not to be complicated by any fault
lines. At another latitude, our sequence of gradually changing age would have
been interrupted by occasional hiccups as we crossed a fault line. But the gen-
eral picture of parallel isochrons is entirely clear from the geological map of the
whole Atlantic floor.

The evidence for the seafloor spreading theory of plate tectonics is, then, very
solid, and the dating of the various tectonic events such as the parting of par-
ticular continents, is, by geological standards, accurate. The plate tectonics
revolution has been one of the swiftest, yet at the same time most decisive, in
the whole history of science.
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The Earth in the early
Carboniferous Period,
about 356 million years
ago [257] The palaeo-
continent of Gondwana
sat at the South Pole,
while Euramerica
(sometimes known as
Laurussia) approached it,
eventually closing the
ocean between them, in
part of the series of
collisions that would form
Pangaea. These tectonic
events resulted in a
period of mountain build-
ing (orogeny), forming
the Appalachian and
Variscan mountains. An
ice cap had begun to form
at the South Pole, and
would grow during the
Carboniferous. Meanwhile
the landmasses at higher
latitudes were warm, with
lush vegetation that
would decay, eventually,
to form seams of coal.

RENDEzZVOUS 17 AMPHIBIANS

Three hundred and forty million years ago, in the early Carboniferous Period,
only about 30 million years beyond the great milestone of Rendezvous 16, we
amniotes (the name that unites mammals with reptiles and birds) meet our
amphibian cousins at Rendezvous 17. The reconstructed globe below shows
approximately what the world was like at about that time. Pangaea had not yet
come together, and northern and southern landmasses surrounded a pre-Tethys
ocean. A south polar ice cap was beginning to form, there were tropical forests
of club mosses around the equator, and the climate was probably something like
that of today, although the flora and fauna were of course very different.

Concestor 17, in the vicinity of our 175-million-greats-grandparent, is the
ancestor of all surviving tetrapods. Tetrapod means four feet. We who don't
walk on four feet are lapsed tetrapods, recently lapsed in our case, much less
recently in the case of birds, but we are all called tetrapods. More to the point,
Concestor 17 is the grand ancestor of the huge throng of land vertebrates.
Despite my earlier strictures on the conceit of hindsight, the emergence offish
onto the land was a major transition in our evolutionary history.

Three main bands of modern amphibian pilgrims have joined forces long
'before' they meet up with us amniotes. They are the frogs (and toads: the dis-
tinction is not a zoologically helpful one), the salamanders (and newts, which
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are those species that return to the water to breed), and the
caecilians (moist, legless burrowers or swimmers, with a
superficial resemblance to earthworms or snakes). The frogs
have no tail as adults but a vigorously swimming tail as
larvae. The salamanders have a long tail in the adult as well
as the larval stage, and their body proportions most re-
semble ancestral amphibians, as judged by fossils. The
caecilians have no limbs — not even internal traces of the
pectoral and pelvic girdles that supported the limbs of
their ancestors. The great length of the caecilian body is
achieved by multiplying up the vertebrae in the trunk
region (up to 250, compared to 12 in frogs), and their ribs,
which provide useful support and protection. The tail,
oddly, is very short or even absent: if caecilians had legs,
their hind legs would be right at the posterior tip of the
body, which is where some extinct amphibians actually
kept them.

Even if they live on land as adults, many amphibians
reproduce in water, while amniotes (except in secondarily
evolved cases such as whales, dugongs and ichthyosaurs)
reproduce on land. Amniotes reproduce either vivipar-
ously, giving birth to live young, or with a relatively large,
tough-shelled waterproof egg. In both cases the embryo
floats in its own 'private pond'. Amphibian embryos are
much more likely to float in a real pond, or something
equivalent to one. The amphibian pilgrims who join us at
Rendezvous 17 may spend part of their time on land, but
they are seldom far from water and, at least at some stage
in their life cycle, they usually return to it. Those that
reproduce on land go to some lengths to contrive watery
conditions.

Trees provide relatively safe havens, and frogs have dis-
covered ways to reproduce in them without losing the vital
tie to water. Some exploit the small pools of rainwater that
form in the rosettes of bromeliad plants. Male African grey
tree frogs, Chiromantis xerampelina, co-operate to whip up a
thick white foam, with their back legs, from a liquid



secreted by the females. This foam hardens to a crust on the outside, protecting
the moist interior which serves as a nest for the group's eggs. The tadpoles
develop inside the wet foam nest, up a tree. When they are ready, in the next
rainy season, they wriggle free and drop into puddles of water below the tree,
where they develop into frogs. Other species use the foam-nest technique, but
they don't co-operate to do so. Instead one male beats up a foam from the
secretion of one female.

Some frog species have made interesting transitions in the direction of true
viviparity — live birth. The female of the South American marsupial frog (vari-
ous species of the genus Gastroiheca) transfers her fertilised eggs to her back,
where they become covered by a layer of skin. There the tadpoles develop and
can clearly be seen wriggling under the skin of their mother's back until they
eventually burst out. Again, several other species do something similar, prob-
ably independently evolved.

Another South American frog species, named Khinoderma darwinii after its
illustrious discoverer, practises a most unusual version of viviparity. The male
appears to eat the eggs that he has fertilised. The eggs don't travel down his gut,
however. Like many male frogs he has a commodious vocal sac, used as a
resonator to amplify the voice, and it is in this moist chamber that the eggs
lodge. There they develop, until they are finally vomited out as fully formed
froglets, forgoing the freedom to swim as tadpoles.

The key difference between amphibians and amniotes is that amniote skins
and eggshells are waterproof. Amphibian skin typically lets water evaporate
through it, at the same rate you'd expect from a body of standing water of the
same area. As far as the water under the skin is concerned, there might almost
as well not be any skin. This is very different from reptiles, birds and mammals,
where one of the main roles of the skin is to serve as a barrier to water. There are
exceptions among amphibians — most notably among various species of desert
frogs in Australia. These exploit the fact that even deserts can have flood times,
though brief and well spaced out. During such rare and intermittent times of
high rainfall, each frog makes a water-filled cocoon in which it buries itself in a
state of torpor, for two years or, by some accounts, even as long as seven years.
Some species of frogs can withstand temperatures well below the normal
freezing point of water, by manufacturing glycerol as an antifreeze.

No amphibians live in sea water, and it is therefore not surprising that,
unlike lizards, they are seldom found on remote islands.* Darwin noted this in
more than one of his books, and also the fact that frogs that have been arti-
ficially introduced to just such islands thrive there. He presumed that lizard
eggs are protected from sea water by their hard shells, whereas sea water
promptly kills frogspawn. Frogs are, however, found on all continents except
Antarctica, and have probably been there continuously since before the conti-
nents broke up. They are a very successful group.

Frogs remind me of birds in one respect. Both have a body plan which is a
somewhat bizarre modification of the ancestral one. That is not particularly
remarkable, but birds and frogs have taken this bizarre body plan and made it
the basis for a whole new range of variation. There are not quite so many frog
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CONCESTOR17

This cortcestor was rather
like a salamander but
probably had five digits
on both front and back
legs. Like most modern
amphibians, it would
probably have lived in or
near damp places. In the
background are club
mosses, horsetails and
tree ferns, typical of early
Carboniferous swamp
forests.

Sam Turvey tells me
that the two frog species
with the remotest island
distribution, the Fijian
frogs Platymantis vitiensis
and P. vitianus (closely
related and presumably
descended from a single
colonising ancestor),
develop completely in
the egg rather than
having a free-swimming
tadpole. They appear
more salt-tolerant than
most frogs, with P.
vitianus sometimes
found on beaches. These
unusual characteristics,
if present in their
colonising ancestor as
seems likely, would
have pre-adapted them
for island-hopping.



Notably in recent years
by Dr Jennifer Clack of
Cambridge University
and her colleagues. See
her book. Gaining
Ground: The Origin and
Evolution ofTetrapods.

Probably wholly aquatic
Reconstruction of the
early tetrapod
Acanthostega. According
to Jenny Clack, Acantho-
stega was wholly aquatic,
showing that'legs’
originally evolved for
movement in water, not
on land.

species as birds, but the more than 4,000 species of frogs, in every part of the
world, are impressive enough. Just as the bird body plan is obviously a design
for flying, even in birds such as ostriches that don't fly, the best way to under-
stand the body plan of an adult frog is as a highly specialised jumping machine.
Some species can jump spectacular distances, up to 50 body lengths in the well-
named rocket frog of Australia (Litoria nasuta). The largest frog in the world, the
goliath frog (Conraua goliath) of West Africa, which is the size of a small dog, is
said to jump three metres. Not all frogs jump, but all are descended from
jumping ancestors. They are at least lapsed jumpers, just as ostriches are lapsed
fliers. Some tree-dwelling species, such as Wallace's flying frog, Rhacophorus
nigropalmatus, prolong the jump by spreading their long fingers and toes, whose
webbing acts as a parachute. Indeed, they glide a bit like flying squirrels.

Salamanders and newts swim like fish when they are in water. Even on land,
their legs are too small and feeble to walk or run in the sense we would recognise,
and the salamander uses a sinuous swimming motion like a fish, with the legs
just helping it along. Most salamanders today are quite small. The largest reach a
respectable 1.5 metres, but this is still far smaller than the giant amphibians of
past times, which dominated the land before the rise of the reptiles.

But what did Concestor 17 look like: the ancestor that amphibians share with
reptiles and ourselves? Certainly more like an amphibian than an amniote, and
more like a salamander than a frog — but probably not much like either. The
best fossils are in Greenland which, during the Devonian Period, was on the
equator. These possibly transitional fossils have been much studied, among
them Acanthostega, which seems to have been wholly aquatic, and Ichthyostega™

Concestor 17 might have been something like Ichthyostega or Acanthostega,
although both were larger than we normally expect grand ancestors to be.
There are some other surprises for zoologists
preconditioned by acquaintance with
modern animals. We tend to i think
the possession of five digits

is deeply stamped in the
hands and feet of tetra-
pods — the 'penta-
dactyl' limb is a classic
zoological totem. Yet recent evidence shows that
Ichthyostega had seven toes, Acanthostega had
eight, and Tulerpeton, a third genus of Devonian
tetrapod, had six. It is tempting to say the number
of digits doesn't matter: is functionally neutral. I doubt that. My tentative guess
is that in those early times the different species really did benefit from their
respective numbers of toes. They really were more efficient than other numbers
would have been, for swimming or walking. Later, the tetrapod limb design
hardened at five digits, probably because some internal embryological process
came to rely upon that number. In the adult, the number is frequently reduced
from the embryonic number — in extreme cases such as modern horses, to just
one, the middle toe.
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The fish group from which the amphibians sprang is the one known as the
lobefims. The only surviving lobefins are the lungfish and the coelacanths,* and
we shall meet them at Rendezvous 18 and 19 respectively. In Devonian times,
lobefins were much more prominent in both the marine and freshwater faunas.
The tetrapods probably evolved from an otherwise extinct group of lobefins
called the osteolepiforms. Among osteolepiforms are Eusthenopteron and Pan-
derichthys, both dating from the late Devonian, about the time when the first
tetrapods were starting to emerge onto the land.

Why did fish first develop the changes that permitted the move out of water
onto the land? Lungs, for example? And fins that you could walk on rather than,
or as well as, swim with? It wasn't that they were trying to initiate the next big
chapter in evolution! For years, the favoured answer to the question was one
that the eminent American palaeontologist Alfred Sherwood Romer derived
from the geologist Joseph Barrell. The idea was that if these fish were trying to
do anything it was to get back to water. In times of drought, fish can easily
become stranded in drying pools. Individuals capable of walking and of breath-
ing air have the enormous advantage that they can forsake a doomed, drying
pond and set out for a deeper one elsewhere.

This admirable theory has become unfashionable but not, I think, for uni-
formly good reasons. Unfortunately, Romer quoted the prevailing belief of his
day that the Devonian was a time of drought, a belief that has more recently
been called into question. But I don't think Romer needed his Devonian desic-
cated. Even at times of no particular drought, there will always be some ponds
shallow enough to be in danger of becoming too shallow for some particular
kind of fish. If ponds three feet deep would have been at risk under severe
drought conditions, mild drought conditions will render ponds one foot deep at
risk. It is sufficient for the Romer hypothesis that there are some ponds that dry
up, and therefore some fish that could save their lives by migrating. Even if the
world of the late Devonian was positively waterlogged, one could say this simply
increases the number of ponds available to dry up, thereby increasing oppor-
tunities for saving the life of walking fish and the Romer theory. Nevertheless,
it is my duty to record that the theory is now unfashionable. A further point
against the theory is that modern fish that venture onto land do so in humid,
wet areas — that is, when conditions on land are 'good' for water animals, not
poor as in the Romer hypothesis.

And, to be sure, there are plenty of other good reasons for a fish to emerge,
temporarily or permanently, onto land. Streams and ponds can become un-
usable for reasons other than drying up. They can become choked with weeds,
in which case, again, a fish that can migrate over land to deeper water might
benefit. If, as has been suggested contra Romer, we are talking Devonian swamps
rather than Devonian droughts, swamps provide plenty of opportunities for a
fish to benefit by walking, or slithering or flip-flopping or otherwise travelling
through the marshy vegetation, in search of deep water or, indeed, food. This
still retains the essential Romer idea that our ancestors left the water, not at
first to colonise land, but to return to water.

The group of lobefins from which we tetrapods are derived, are today reduced
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The name lobefln is not
used with universal
agreement. Some
authors exclude the
lungfish and say that
coelacanths are the only
surviving lobefins. I
follow the terminology
of Professor Robert
Carroll's Vertebrate Palae-
ontology and Evolution
and include lungfish as
lobefins.



to a pitiful four genera, but they once dominated the seas almost as the teleost
fish do today. We are not due to meet the teleosts until Rendezvous 20, but they
will help our discussion because some of them breathe air, at least occasionally,
and a few even come out of the water and walk on land. A little further into our
pilgrimage, we shall hear from one of them, the mudskipper, whose tale is a tale
of independent, more recent encroachment onto the land.

The Salamander's Tale

Names are a menace in evolutionary history. It is no secret that palacontology is
a controversial subject in which there are even some personal enmities. At least
eight books called Bones of Contention are in print. And if you look at what two
palaeontologists are quarrelling about, as often as not it turns out to be a name.
Is this fossil Homo erectus, or is it an archaic Homo sapiens? Is this one an early
Homo habilis or a late Australopithecus? People evidently feel strongly about such
questions, but they often turn out to be splitting hairs. Indeed, they resemble
theological questions, which I suppose gives a clue to why they arouse such
passionate disagreements. The obsession with discrete names is an example of
what I call the tyranny of the discontinuous mind. The Salamander's Tale strikes
a blow against the discontinuous mind.

The Central Valley runs much of the length of California, bounded by the
Coastal Range to the west and by the Sierra Nevada to the east. These long
mountain ranges link up at the north and the south ends of the valley, which is
therefore surrounded by high ground. Throughout this high ground lives a
genus of salamanders called Ensatina. The Central Valley itself, about 40 miles
wide, is not friendly to salamanders, and they are not found there. They can
move all round the valley but normally not across it, in an elongated ring of more
or less continuous population. In practice any one salamander's short legs in its
short lifetime don't carry it far from its birthplace. But genes, persisting through
a longer timescale, are another matter. Individual salamanders can interbreed
with neighbours whose parents may have interbred with neighbours further
round the ring, and so on. There is therefore potentially gene flow all around the
ring. Potentially. What happens in practice has been elegantly worked out by the
research of my old colleagues at the University of California at Berkeley, initiated
by Robert Stebbins and continued by David Wake.

In a study area called Camp Wolahi, in the mountains to the south of the
valley, there are two clearly distinct species of Ensatina which do not interbreed.
One is conspicuously marked with yellow and black blotches. The other is a uni-
form light brown with no blotches. Camp Wolahi is in a zone of overlap, but
wider sampling shows that the blotched species is typical of the eastern side of
the Central Valley which, here in Southern California, is known as the San
Joaquin Valley (pronounced San Wahkeen). The light brown species, on the con-
trary, is typically found on the western side of the San Joaquin.
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Non-interbreeding is the recognised criterion for whether two populations
deserve distinct species names. It therefore should be straightforward to use the
name Ensatina eschscholtzii for the plain western species, and Ensatina klauberi for
the blotched eastern species — straightforward but for one remarkable circum-
stance, which is the nub of the tale.

If you go up to the mountains that bound the north end of the Central Valley,
which up there is called the Sacramento Valley, you'll find only one species of
Ensatina. Its appearance is intermediate between the blotched and the plain
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species : mostly brown, with rather indistinct blotches. It is not a hybrid between
the two: that is the wrong way to look at it. To discover the right way, make two
expeditions south, sampling the salamander populations as they fork to west
and east on either side of the Central Valley. On the east side, they become pro-
gressively more blotched until they reach the extreme of klauberi in the far
south. On the west side, the salamanders become progressively more like the
plain eschscholtzii that we met in the zone of overlap at Camp Wolahi.

This is why it is hard to treat Ensatina eschscholtzii and Ensatina klauberi with
confidence as separate species. They are are a 'ring species'. You'll recognise
them as separate species if you only sample in the south. Move north, however,
and they gradually turn into each other. Zoologists normally follow Stebbins's
lead and place them all in the same species, Ensatina eschscholtzii, but give them
a range of subspecies names. Starting in the far south with Ensatina eschscholtzii
eschscholtzii, the plain brown form, we move up the west side of the valley
through Ensatina eschscholtzii xanthoptica and Ensatina eschscholtzii oregonensis
which, as its name suggests, is also found further north in Oregon and Wash-
ington. At the north end of California's Central Valley is Ensatina eschscholtzii
picta, the semi-blotched form mentioned before. Moving on round the ring and
down the east side of the valley, we pass through Ensatina eschscholtzii platensis
which is a bit more blotched than picta, then Ensatina eschscholtzii croceater until
we reach Ensatina eschscholtzii klauberi (which is the very blotched one that
we previously called Ensatina klauberi when we were considering it to be a
separate species).

Stebbins believes that the ancestors of Ensatina arrived at the north end of the
Central Valley and evolved gradually down the two sides of the valley, diverging
as they went. An alternative possibility is that they started in the south as, say,
Ensatina eschscholtzii eschscholtzii, then evolved their way up the west side of the
valley, round the top and down the other side, ending up as Ensatina eschscholtzii
klauberi at the other end of the ring. Whatever the history, what happens today
is that there is hybridization all round the ring, except where the two ends of
the line meet, in the far south of California.

As a complication, it seems that the Central Valley is not a total barrier to gene
flow. Occasionally, salamanders seem to have made it across, for there are popu-
lations of, for example, xanthoptica, one of the western subspecies, on the east-
ern side of the valley, where they hybridise with the eastern subspecies, platensis.
Yet another complication is that there is a small break near the south end of the
ring, where there seem to be no salamanders at all. Presumably they used to be
there, but have died out. Or maybe they are still there but have not been found:
I am told that the mountains in this area are rugged and hard to search. The
ring is complicated, but a ring of continuous gene flow is, nevertheless, the
predominant pattern in this genus, as it is with the better-known case of
herring gulls and lesser black-backed gulls around the Arctic Circle.

In Britain the herring gull and the lesser black-backed gull are clearly distinct
species. Anybody can tell the difference, most easily by the colour of the wing
backs. Herring gulls have silver-grey wing backs, lesser black-backs, dark grey,
almost black. More to the point, the birds themselves can tell the difference too,
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for they don't hybridise although they often meet and sometimes even breed
alongside one another in mixed colonies. Zoologists therefore feel fully justified
in giving them different names, Lams argentatus and Larus fusais.

But now here's the interesting observation, and the point of resemblance to
the salamanders. If you follow the population of herring gulls westward to
North America, then on around the world across Siberia and back to Europe
again, you notice a curious fact. The 'herring gulls', as you move round the pole,
gradually become less and less like herring gulls and more and more like lesser
black-backed gulls until it turns out that our Western European lesser black-
backed gulls actually are the other end of a ring-shaped continuum which
started with herring gulls. At every stage around the ring, the birds are suf-
ficiently similar to their immediate neighbours in the ring to interbreed with
them. Until, that is, the ends of the continuum are reached, and the ring bites
itself in the tail. The herring gull and the lesser black-backed gull in Europe
never interbreed, although they are linked by a continuous series of interbreed-
ing colleagues all the way round the other side of the world.

Ring species like the salamanders and the gulls are only showing us in the
spatial dimension something that must always happen in the time dimension.
Suppose we humans, and the chimpanzees, were a ring species. It could have
happened: a ring perhaps moving up one side of the Rift Valley, and down the
other side, with two completely separate species co-existing at the southern end
of the ring, but an unbroken continuum of interbreeding all the way up and
back round the other side. If this were true, what would it do to our attitudes to
other species? To apparent discontinuities generally?

Many of our legal and ethical principles depend on the separation between
Homo sapiens and all other species. Of the people who regard abortion as a sin,
including the minority who go to the lengths of assassinating doctors and blow-
ing up abortion clinics, many are unthinking meat-eaters, and have no worries
about chimpanzees being imprisoned in zoos and sacrificed in laboratories.
Would they think again, if we could lay out a living continuum of intermediates
between ourselves and chimpanzees, linked in an unbroken chain of inter-
breeders like the Californian salamanders? Surely they would. Yet it is the merest
accident that the intermediates all happen to be dead. It is only because of this
accident that we can comfortably and easily imagine a huge gulf between our
two species — or between any two species, for that matter.

I have previously recounted the case of the puzzled lawyer who questioned
me after a public lecture. He brought the full weight of his legal acumen to bear
on the following nice point. If species A evolves into species B, he reasoned
closely, there must come a point when a child belongs to the new species B but
his parents still belong to the old species A. Members of different species can-
not, by definition, interbreed with one another, yet surely a child would not be
so different from its parents as to be incapable of interbreeding with their kind.
Doesn't this, he wound up, wagging his metaphorical finger in the special way
that lawyers, at least in courtroom dramas, have perfected as their own, under-
mine the whole idea of evolution?

That is like saying, "When you heat a kettle of cold water, there is no
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particular moment when the water ceases to be cold and becomes hot,
therefore it is impossible to make a cup of tea.' Since I always try to turn
questions in a constructive direction, I told my lawyer about the herring gulls,
and I think he was interested. He had insisted on placing individuals firmly in
this species or that. He didn't allow for the possibility that an individual might
lie halfway between two species, or a tenth of the way from species A to species
B. Exactly the same limitation of thought hamstrings the endless debates about
exactly when in the development of an embryo it becomes human (and when,
by implication, abortion should be regarded as tantamount to murder). It is no
use saying to these people that, depending upon the human characteristic that
interests you, a foetus can be 'half human' or "a hundredth human'. 'Human', to
the qualitative, absolutist mind, is like 'diamond'. There are no halfway houses.
Absolutist minds can be a menace. They cause real misery, human misery. This
is what I call the tyranny of the discontinuous mind, and it leads me to develop
the moral of the Salamander's Tale.

For certain purposes names, and discontinuous categories, are exactly what
we need. Indeed, lawyers need them all the time. Children are not allowed to
drive; adults are. The law needs to impose a threshold, for example the seven-
teenth birthday. Revealingly, insurance companies take a very different view of
the proper threshold age.

Some discontinuities are real, by any standards. You are a person and I am
another person and our names are discontinuous labels that correctly signal
our separateness. Carbon monoxide really is distinct from carbon dioxide. There
is no overlap. A molecule consists of a carbon and one oxygen, or a carbon and
two oxygens. None has a carbon and 1.5 oxygens. One gas is deadly poisonous,
the other is needed by plants to make the organic substances that we all depend
upon. Gold really is distinct from silver. Diamond crystals really are different
from graphite crystals. Both are made of carbon, but the carbon atoms naturally
arrange themselves in two quite distinct ways. There are no intermediates.

But discontinuities are often far from so clear. My newspaper carried the
following item during a recent flu epidemic. Or was it an epidemic? That ques-
tion was the burden of the article.

Official statistics show there are 144 people in every 100,000 suffering from flu,
said a spokeswoman for the Department of Health. As the usual gauge of an epi-
demic is 400 in every 100,000, it is not being officially treated as an epidemic by
the Government. But the spokeswoman added: 'Professor Donaldson is happy to
stick by his version that this is an epidemic. He believes it is many more than 144
per 100,000. It is very confusing and it depends on which definition you choose.
Professor Donaldson has looked at his graph and said it is a serious epidemic'

What we know is that some particular number of people are suffering from flu.
Doesn't that, in itself, tell us what we want to know? Yet for the spokeswoman,
the important question is whether this counts as an 'epidemic'. Has the propor-
tion of sufferers crossed the rubicon of 400 per 100,000? This is the great
decision which Professor Donaldson had to make, as he pored over his graph.
You'd think he might have been better employed trying to do something about
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it, whether or not it counted officially as an epidemic.

As it happens, in the case of epidemics, for once there really is a natural
rubicon: a critical mass of infections above which the virus, or bacterium,
suddenly 'takes off and dramatically increases its rate of spreading. This is why
public health officials try so hard to vaccinate more than a threshold proportion
of the population against, say, whooping cough. The purpose is not just to
protect the individuals vaccinated. It is also to deprive the pathogens of the
opportunity to reach their own critical mass for 'take-off. In the case of our flu
epidemic, what should really worry the spokeswoman for the Ministry of Health
is whether the flu virus has yet crossed its rubicon for take-off, and leapt
abruptly into high gear in its spread through the population. This should be
decided by some means other than reference to magic numbers like 400 per
100,000. Concern with magic numbers is a mark of the discontinuous mind, or
qualitative mind. The funny thing is that, in this case, the discontinuous mind
overlooks a genuine discontinuity, the take-off point for an epidemic. Usually
there isn't a genuine discontinuity to overlook.

Many Western countries at present are suffering what is described as an
epidemic of obesity. I seem to see evidence of this all around me, but I am not
impressed by the preferred way of turning it into numbers. A percentage of the
population is described as 'clinically obese'. Once again, the discontinous mind
insists on separating people out into the obese on one side of a line, the non-
obese on the other. That is not the way real life works. Obesity is continuously
distributed. You can measure how obese each individual is, and you can com-
pute group statistics from such measurements. Counts of numbers of people
who lie above some arbitrarily defined threshold of obesity are not illumin-
ating, if only because they immediately prompt a demand for the threshold to
be specified and maybe redefined.

The same discontinuous mind also lurks behind all those official figures
detailing the numbers of people 'below the poverty line'. You can meaningfully
express a family's poverty by telling us their income, preferably expressed in
real terms of what they can buy. Or you can say 'X is as poor as a church mouse'
or 'Y is as rich as Croesus' and everybody will know what you mean. But spuri-
ously precise counts or percentages of people said to fall above or below some
arbitrarily defined poverty /ine are pernicious. They are pernicious because the
precision implied by the percentage is instantly belied by the meaningless arti-
ficiality of the 'line'. Lines are impositions of the discontinuous mind. Even more
politically sensitive is the label 'black’, as opposed to 'white', in the context of
modern society — especially American society. This is the central issue in the
Grasshopper's Tale, and I'll leave it for now, except to say that I believe race is
yet another of the many cases where we don't need discontinuous categories,
and where we should do without them unless an extremely strong case in their
favour is made.

Here's another example. Universities in Britain award degrees that are classi-
fied into three distinct classes, First, Second and Third Class. Universities in
other countries do something equivalent, if under different names, like A, B, C
etc. Now, my point is this. Students do not really separate neatly into good,
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middling and poor. There are not discrete and distinct classes of ability or
diligence. Examiners go to some trouble to assess students on a finely continu-
ous numerical scale, awarding marks or points that are designed to be added to
other such marks, or otherwise manipulated in mathematically continuous
ways. The score on such a continuous numerical scale conveys far more infor-
mation than classification into one of three categories. Nevertheless, only the
discontinuous categories are published. In a very large sample of students, the
distribution of ability and prowess would normally be a bell curve with few
doing very well, few doing very badly and many in between. It might not

actually be a symmetrical bell like the picture, but it would
certainly be
smoothly continuous, and it would become smoother as more
and more students are added in.

A few examiners (especially, I hope I'll be forgiven for adding,

in non-scientific subjects) seem actually to believe that there really is a discrete
entity called the First-Class Mind, or the 'alpha’ mind, and a student either
definitely has it or definitely hasn't. The task of the examiner is to sort out the
Firsts from the Seconds and the Seconds from the Thirds, just as one might sort
sheep from goats. The likelihood that in reality there is a smooth continuum,
sliding from

pure sheepiness through all intermediates to
pure goatiness, is a difficult one for some kinds of

mind to grasp.
If, against all my expectations, it
should turn out that the more students
ou add in, the more the distribution of

exam marks approximates to a discon
"l |”|"| |||“| 'tinuous distribution with three peaks, it

I would be a
fascinating result. The award-
ing of First, Second and Third Class degrees might then actually be justifiable.

But there is certainly no evidence for this, and it would be very surprising
given everything we know about human variation. As things are, it is clearly
unfair: there is far more difference between the top of one class and the bottom
of the same class, than there is between the bottom of one class and the top of
the next class. It would be fairer to publish the actual marks obtained, or a rank
order based upon those marks. But the discontinuous or qualitative mind insists
on forcing people into one or other discrete category.

Returning to our topic of evolution, what about sheep and goats themselves?
Are there sharp discontinuities between species, or do they merge into each
other like first-class and second-class exam performances? If we look only at
surviving animals, the answer is normally yes, there are sharp discontinuities.
Exceptions like the gulls and the Californian salamanders are rare, but reveal-
ing because they translate into the spatial domain the continuity which is nor-
mally found only in the temporal domain. People and chimpanzees are certainly
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linked via a continuous chain of intermediates and a shared ancestor, but the
intermediates are extinct: what remains is a discontinuous distribution. The
same is true of people and monkeys, and of people and kangaroos, except that
the extinct intermediates lived longer ago. Because the intermediates are nearly
always extinct, we can usually get away with assuming that there is a sharp
discontinuity between every species and every other. But in this book we are
concerned with evolutionary history, with the dead as well as the living. When
we are talking about all the animals that have ever lived, not just those that are
living now, evolution tells us there are lines of gradual continuity linking
literally every species to every other. When we are talking history, even appar-
ently discontinuous modern species like sheep and dogs are linked, via their
common ancestor, in unbroken lines of smooth continuity.

Ernst Mayr, distinguished elder statesman of twentieth-century evolution,
has blamed the delusion of discontinuity — under its philosophical name of
Essentialism — as the main reason why evolutionary understanding came so
late in human history. Plato, whose philosophy can be seen as the inspiration
for Essentialism, believed that actual things are imperfect versions of an ideal
archetype of their kind. Hanging somewhere in ideal space is an essential, perfect
rabbit, which bears the same relation to a real rabbit as a mathematician's
perfect circle bears to a circle drawn in the dust. To this day many people are
deeply imbued with the idea that sheep are sheep and goats are goats, and
no species can ever give rise to another because to do so they'd have to change
their 'essence’.

There is no such thing as essence.

No evolutionist thinks that modern species change into other modern species.
Cats don't turn into dogs or vice versa. Rather, cats and dogs have evolved from
a common ancestor, who lived tens of millions of years ago. If only all the inter-
mediates were still alive, attempting to separate cats from dogs would be a
doomed enterprise, as it is with the salamanders and the gulls. Far from being a
question of ideal essences, separating cats from dogs turns out to be possible
only because of the lucky (from the point of view of the essentialist) fact that the
intermediates happen to be dead. Plato might find it ironic to learn that it is
actually an imperfection — the sporadic ill-fortune of death — that makes the
separation of any one species from another possible. This of course applies to
the separation of human beings from our nearest relatives — and, indeed, from
our more distant relatives too. In a world of perfect and complete information,
fossil information as well as recent, discrete names for animals would become
impossible. Instead of discrete names we would need sliding scales, just as the
words hot, warm, cool and cold are better replaced by a sliding scale such as
Celsius or Fahrenheit.

Evolution is now universally accepted as a fact by thinking people, so one
might have hoped that essentialist intuitions in biology would have been finally
overcome. Alas, this hasn't happened. Essentialism refuses to lie down. In prac-
tice, it is usually not a problem. Everyone agrees that Homo sapiens is a different
species (and most would say a different genus) from Pan troglodytes, the chim-
panzee. But everyone also agrees that if you follow human ancestry backward to
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I am not asserting that
as a fact. I don't know
if it is a fact, although
I suspect that it is. It is
an implication of our
plausibly agreeing to

give Homo erectus a

different species name.

the shared ancestor and then forward to chimpanzees, the intermediates all
along the way will form a gradual continuum in which every generation would
have been capable of mating with its parent or child of the opposite sex.

By the interbreeding criterion every individual is a member of the same
species as its parents. This is an unsurprising, not to say platitudinously obvious
conclusion, until you realise that it raises an intolerable paradox in the essen-
tialist mind. Most of our ancestors throughout evolutionary history have be-
longed to different species from us by any criterion, and we certainly couldn't
have interbred with them. In the Devonian Period our direct ancestors were
fish. Yet, although we couldn't interbreed with them, we are linked by an un-
broken chain of ancestral generations, every one of which could have interbred
with their immediate predecessors and immediate successors in the chain.

In the light of this, see how empty are most of those passionate arguments
about the naming of particular hominid fossils. Homo erectus is widely recog-
nised as the predecessor species that gave rise to Homo sapiens, so I'll play along
with that for what follows. To call Homo erectus a separate species from Homo
sapiens could have a precise meaning in principle, even if it is impossible to test
in practice. It means that if we could go back in our time machine and meet our
Homo erectus ancestors, we could not interbreed with them.* But suppose that,
instead of zooming directly to the time of Homo erectus, or indeed any other
extinct species in our ancestral lineage, we stopped our time machine every
thousand years along the way and picked up a young and fertile passenger. We
transport this passenger back to the next thousand year stop and release her (or
him: let's take a female and a male at alternate stops). Provided our one-stop
time traveller could accommodate to local social and linguistic customs (quite a
tall order) there would be no biological barrier to her interbreeding with a
member of the opposite sex from 1,000 years earlier. Now we pick up a new
passenger, say a male this time, and transport him back another 1,000 years.
Once again, he too would be biologically capable of fertilising a female from
1,000 years before his native time. The daisy chain would continue on back to
when our ancestors were swimming in the sea. It could go back without a break,
to the fishes, and it would still be true that each and every passenger trans-
ported 1,000 years before its own time would be able to interbreed with its
predecessors. Yet at some point, which might be a million years back but might
be longer or shorter, there would come a time when we moderns could not
interbreed with an ancestor, even though our latest one-stop passenger could.
At this point we could say that we have travelled back to a different species.

The barrier would not come suddenly. There would never be a generation in
which it made sense to say of an individual that he is Homo sapiens but his
parents are Homo erectus. You can think of it as a paradox if you like, but there is
no reason to think that any child was ever a member of a different species from
its parents, even though the daisy chain of parents and children stretches back
from humans to fish and beyond. Actually it isn't paradoxical to anybody but a
dyed-in-the-wool essentialist. It is no more paradoxical than the statement that
there is never a moment when a growing child ceases to be short and becomes
tall. Or a kettle ceases to be cold and becomes hot. The legal mind may find it
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necessary to impose a barrier between childhood and majority — the stroke of
midnight on the eighteenth birthday, or whenever it is. But anyone can see that
it is a (necessary for some purposes) fiction. If only more people could see that the
same applies to when, say, a developing embryo becomes 'human'.

Creationists love 'gaps' in the fossil record. Little do they know, biologists
have good reason to love them too. Without gaps in the fossil record, our whole
system for naming species would break down. Fossils could not be given names,
they'd have to be given numbers, or positions on a graph. Or instead of arguing
heatedly over whether a fossil is 'really’, say, an early Homo erectus or a late Homo
habilis, we might call it habirectus. There's a lot to be said for this. Nevertheless,
perhaps because our brains evolved in a world where most things do fall into
discrete categories, and in particular where most of the intermediates between
living species are dead, we often feel more comfortable if we can use separate
names for things when we talk about them. I am no exception and neither are
you, so I shall not bend over backwards to avoid using discontinuous names for
species in this book. But the Salamander's Tale explains why this is a human
imposition rather than something deeply built into the natural world. Let us
use names as if they really reflected a discontinuous reality, but by all means
let's privately remember that, at least in the world of evolution, it is no more
than a convenient fiction, a pandering to our own limitations.

The Narrowmouth's Tale

Micrdhyla (sometimes confused with Gastrophryne) is a genus of small frogs, the
narrowmouthed frogs. There are several species, including two in North
America: the eastern narrowmouth Micrdhyla carolinensis, and the Great Plains
narrowmouth Microhyla olivacea. These two are so closely related that they
occasionally hybridise in nature. The eastern narrowmouth's range extends
down the east coast from the Carolinas to Florida, and west until halfway across
Texas and Oklahoma. The Great Plains narrowmouth extends from Baja Cali-
fornia in the west, as far as eastern Texas and eastern Oklahoma, and as far
north as northern Missouri, Its range is therefore a western mirror of the East-
ern narrowmouth's, and it might as well be called the western narrowmouth.
The important point is that their ranges meet in the middle: there is an overlap
zone running up the eastern half of Texas and into Oklahoma. As I said, hybrids
are occasionally found in this overlap zone, but mostly the frogs distinguish
just as well as herpetologists do. This is what justifies our calling them two
different species.

As with any two species, there must have been a time when they were one.
Something separated them: to use the technical term, the single ancestral
species 'speciated’ and became two. It is a model for what happens at every
branch point in evolution. Every speciation begins with some sort of initial sep-
aration between two populations of the same species. It isn't always a geograph-
ical separation, but, as we shall see in the Cichlid's Tale, an initial separation of
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some kind makes it possible for the statistical distribution of genes in the two
populations to move apart. This usually results in an evolutionary divergence
with respect to something visible: shape or colour or behaviour. In the case of
these two populations of American frogs, the western species became adapted
to life in drier climates than the eastern, but the most conspicuous difference
lies in their mating calls. Both are squeaky buzzes, but each buzz of the western
species lasts about twice as long (2 seconds) as the eastern species, and its pre-
dominant pitch is noticeably higher: 4,000 cycles per second as against 3,000.
That is to say, the predominant pitch of the western narrowmouth is about top
C, the highest key on a piano, and the eastern predominant pitch is around the
F# below that. These sounds are not musical, however. Both calls contain a
mixture of frequencies, ranging from far below the predominant to far above.
Both are buzzes, but the eastern buzz is lower. The western call, as well as being
longer, begins with a distinct peep, rising in pitch before the buzz takes over.
The eastern frog goes straight into its shorter buzz.

Why go into so much detail about these calls? Because what I have described
is true only in the zone of overlap where the comparison between them is clear-
est, and that is the whole point of the tale. W. F. Blair tape-recorded frogs from
a good spread of sampling locations across the United States, with fascinating
results. In areas where the two species of frogs never meet one another —
Florida for the eastern species and Arizona for the western — their songs are
much more similar to each other in pitch: the predominant pitch of both is
around 3,500 cycles per second: top A on the piano. In areas close to the zone of
overlap but not quite in it, the two species are more different, but not as
different as they are in the zone of overlap itself.

The conclusion is intriguing. Something is pushing the calls of these two
species apart in the zone where they overlap. Blair's interpretation, which not
everybody accepts, is that hybrids are penalised. Anything that helps potential
miscegenators to distinguish the species and avoid the wrong one is favoured by
natural selection. Such small differences as there maybe are exaggerated in just
that part of the country where it matters. The great evolutionary geneticist
Theodosius Dobzhansky called this 'reinforcement' of reproductive isolation.
Not everybody accepts Dobzhansky's reinforcement theory, but the Narrow-
mouth's Tale, at least, seems to offer support.

There is another good reason why closely related species might be pushed
apart when they overlap. They are likely to be competing for similar resources.
In the Galapagos Finch's Tale, we saw how different species of finch have par-
titioned the available seeds. Species with larger bills take larger seeds. Where
they don't overlap, both species can take a broader range of resources — large
seeds and small seeds. Where they do overlap, each species is forced, by com-
petition from the other, to become more different from the other. The large-
billed species might evolve an even larger bill, the small-billed species an even
smaller bill. As usual, by the way, don't be misled by the metaphorical idea of
being forced to evolve. What actually happens is that within each species, when
the other species is present, individuals who happen to be more different from
the competing species thrive.
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This phenomenon, where two species differ from each other more when they
overlap than when they don't, is called 'character displacement' or 'reverse
cline'. It is easy to generalise from biological species to cases where any class of
entities differ more when they encounter one another than when they are
alone. The human parallels are tempting, but I shall resist. As authors used to
say, this is left as an exercise for the reader.

The Axolotl's Tale

We think of young animals as small versions of the adults they are to become,
but this is far from the rule. Probably a majority of animal species manage their
life stories very differently. The young make their own living, as specialists in a
totally different way of life from their parents. A substantial fraction of plank-
ton consists of swimming larvae whose adulthood — if they survive, which is
statistically unlikely — will be very different. In many insects the larval stage is
the one that does the bulk of the feeding, building up a body that will eventually
metamorphose into an adult whose only roles are dispersal and reproduction.
In extreme cases such as mayflies, the adult doesn't feed at all, and — for nature
is ever niggardly* — lacks a gut and other costly feeding apparatus.

A caterpillar is a feeding machine which, when it has grown to a good size on
plant food, in effect recycles its own body and reconstitutes itself as an adult
butterfly that flies, sucks nectar as aviation fuel, and reproduces. Adult bees,
too, power their flight muscles on nectar while they gather pollen (a very
different kind of food) for the worm-like larvae. Many insect larvae live under
water before hatching into adults, who fly through the air and disperse their
genes to other bodies of water. A huge diversity of marine invertebrates have
adult stages that live on the sea bottom, sometimes permanently moored to one
spot, but very different larval stages that disperse the genes by swimming in the
plankton. These include molluscs, echinoderms (sea urchins, starfish, sea cucum-
bers, brittle stars), sea squirts, worms of many kinds, crabs and lobsters, and
barnacles. Parasites typically have a series of distinct larval stages, each with its
own characteristic way of life and diet. Often the different life stages are also
parasitic, but parasitic on very different hosts. Some parasitic worms have as
many as five completely distinct juvenile stages, each of which makes its living
in a different way from all the others.

All this means that a single individual must carry within it the full genetic
instruction set for each of the larval stages, with their different ways of making
a living. A caterpillar's genes 'know' how to make a butterfly, and a butterfly's
genes know how to make a caterpillar. Doubtless some of the very same genes
are involved, in different ways, in making both these radically different bodies.
Other genes lie dormant in the caterpillar and are turned on in the butterfly. Yet
others are active in the caterpillar and are turned off and forgotten when it be-
comes a butterfly. But the whole set of genes is there, in both bodies, and is passed
on to the next generation. The lesson is that we shouldn't be too surprised if
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animals as different from each other as caterpillars and butterflies occasionally
evolve directly one into the other. Let me explain what [ mean.

Fairy stories are filled with frogs turning into princes, or pumpkins turning
into coaches drawn by white horses metamorphosed from white mice. Such
fantasies are profoundly unevolutionary. They couldn't happen, not for biologi-
cal reasons but mathematical ones. Such transitions would have an inherent
improbability value to rival, say, a perfect deal at bridge, which means that for
practical purposes we can rule them out. But for a caterpillar to turn into a
butterfly is not a problem: it happens all the time, the rules having been built up
over the ages by natural selection. And although no butterfly has ever been seen
to turn into a caterpillar, it should not surprise us in the same way as, say, a frog
turning into a prince. Frogs don't contain genes for making princes. But they do
contain genes for making tadpoles.

My former Oxford colleague John Gurdon dramatically demonstrated this in
1962 when he transformed an adult frog (well, an adult frog cell!) into a tadpole
(it has been suggested that this first-ever experimental cloning of a vertebrate
deserves a Nobel prize). Similarly, butterflies contain genes for turning into
caterpillars. I don't know what embryological hurdles would need to be sur-
mounted in order to persuade a butterfly to metamorphose into a caterpillar.
No doubt it would be very difficult. But the possibility is not completely ludi-
crous in the same way as the frog/prince transformation. If a biologist claimed
to have induced a butterfly to turn into a caterpillar, I would study his report
with interest. But if he claimed to have persuaded a pumpkin to turn into a glass
coach, or a frog into a prince, I'd know he was a fraud without even looking at
the evidence. The difference between the two cases is important.

Tadpoles are larvae of frogs or salamanders. Aquatic tadpoles change rad-
ically, in the process called ‘metamorphosis', into a terrestrial adult frog or sala-
mander. A tadpole may not be quite as different from a frog as a caterpillar is
from a butterfly, but there's not a lot in it. A typical tadpole makes its living as a
small fish, swimming with its tail, breathing underwater with gills, and eating
vegetable matter. A typical frog makes its living on land, hopping rather than
swimming, breathing air rather than water, and hunting live animal prey. Yet,
different as they seem, we could easily imagine a frog-like adult ancestor evolv-
ing into a tadpole-like adult descendant, because all frogs contain the genes for
making a tadpole. A frog 'knows' genetically how to be a tadpole, and a tadpole
how to be a frog. The same is true of salamanders and they are rather more like
their larvae than frogs are like theirs. Salamanders don't lose their tadpole tails,
although the tails tend to lose their vertical keel shape and become rounder in
cross section. Salamander larvae are often carnivorous like the adults. And, like
the adults, they have legs. The most conspicuous difference is that the larvae
have long, feathery external gills, but there are lots of less obvious differences
too. Actually, to turn a salamander species into a species whose adult stage was
a tadpole would be easy — all it would take is for the reproductive organs to
mature early, with metamorphosis suppressed. Yet, if it were only the adult
stages that fossilised, it would look like a major, and apparently 'improbable'
evolutionary transformation.
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And so we come to the axolotl, whose tale this is. It is a strange creature,
native to a mountain lake in Mexico. It is of the essence of its tale that it is
hard to say exactly what an axolotl is. Is it a salamander? Well, sort of. Its name
18 Ambystoma mexicanum, and it is a close relative of the tiger salamander
Ambystoma tigrinum, which is found in the same area and more widely in North
America as well. The tiger salamander, named for obvious reasons, is an
ordinary salamander with a cylindrical tail and dry skin, which walks around
on land. The axolotl is not at all like an adult salamander. It is like a larval
salamander. In fact it is a larval salamander except for one thing. It never
turns into a proper salamander and never leaves the water, but mates and
reproduces while still looking and behaving like a juvenile. I nearly said the
axolotl mates and reproduces while still being a juvenile, but this might violate
the definition of a juvenile.

Definitions apart, there seems little doubt about what happened in the evolu-
tion of the modern axolotl. A recent ancestor was just an ordinary land salaman-
der, probably very like the tiger salamander. It had a swimming larva, with
external gills and a deep-keeled tail. At the end of larval life it would metamor-
phose, as expected, into a dry land salamander. But then a remarkable evolution-
ary alteration occurred. Probably under the control of hormones, something
shifted in the embryological calendar such that the sex organs and sexual be-
haviour matured earlier and earlier (or it may even have been a sudden change).
This evolutionary regression continued until sexual maturity was arriving in
what was, in other respects, clearly the larval stage. And the adult stage was
chopped off the end of the life history. Alternatively, you may prefer to see the
change not as an acceleration of sexual maturity relative to the rest of the body
(‘progenesis'), but as a slowing down of everything else, relative to sexual
maturity (‘neoteny').*

Whether the means is neoteny or progenesis, the evolutionary consequence
is called paedomorphosis. It is not difficult to see its plausibility. Slowing-down
or speeding-up of developmental processes, relative to other developmental
processes, happens all the time in evolution. It is called heterochrony and it pre-
sumably, if you think about it, must underlic many, if not all, evolutionary
changes in anatomical shape. When reproductive development varies hetero-
chronically relative to the rest of development, what may evolve is a new species
that lacks the old adult stage. This seems to be what happened with the axolotl.

The axolotl is just an extreme among salamanders. Many species seem to be,
at least to some extent, paedomorphic. And others do other heterochronically
interesting things. The various species of salamander colloquially called 'newts'
have an especially revealing life history.” A newt first lives as a gilled larva in
water. Then it emerges from the water and lives for two or three years as a kind
of salamander on dry land, having lost its gills and the keel on its tail. But,
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unlike other salamanders, newts don't reproduce on land. Instead, they return
to water, regaining some, but not all, of their larval characteristics. Unlike
axolotls, newts don't have gills, and their need to come to the surface to breathe
air is an important and competitive constraint on their underwater courtship.
Unlike the larval gills, they do regain the keel of the larval tail, and in other
respects they resemble a larva. But unlike a typical larva, their reproductive
organs develop and they court and mate under water. The dry land phase never
reproduces and, in this sense, one might prefer not to call it the 'adult'.

You might ask why newts bother to turn into a dry land form at all, given that
they are going to return to water to breed. Why not just do what axolotls do:
start in water and stay in water? The answer seems to be that there is an
advantage to breeding in temporary ponds which form in the wet season and
are destined to dry up, and you have to be good on dry land in order to reach
them (shades of Romer). Having reached a pond, how do you then reinvent your
aquatic equipment? Heterochrony comes to the rescue: but heterochrony of a
peculiar kind, involving going into reverse after the 'dry adult' has served its
purpose of dispersing to a new, temporary pond.

Newts serve to emphasise the flexibility of heterochrony. They remind us of
the point I made about how genes in one part of the life cycle 'know' how to
make other parts. Genes in dry land salamanders know how to make an aquatic
form because that is what they once were; and, to prove it, that is precisely what
newts do.

Axolotls are, in one respect, more straightforward. They have lopped the dry
land phase off the end of the ancestral life cycle. But the genes for making a dry
land salamander still lurk in every axolotl. It has long been known, from the
classic work of Laufberger and of Julian Huxley mentioned in the Epilogue to
Little Foot's Tale, that they can be activated by a suitable dose of hormones in
the laboratory. Axolotls treated with thyroxine lose their gills and become dry-
land salamanders, just as their ancestors once did naturally. Perhaps the same
feat could be achieved by natural evolution, should selection favour it. One way
might be a genetically mediated raising of the natural production of thyroxine
(or an increase in sensitivity to the existing thyroxine). Maybe axolotls have
undergone paedomorphic and reverse-paedomorphic evolutions repeatedly
during their history. Maybe evolving animals in general are continually, though
less dramatically than the axolotl, moving one way or another along an axis of
paedomorphosis/reverse-paedomorphosis.

Paedomorphosis is one of those ideas of which, once you get the hang of it,
you start seeing examples everywhere you look. What does an ostrich remind
you of? During the Second World War my father was an officer in the King's
African Rifles. His batman Ali, like many Africans of the time, had never seen
most of the large wild animals for which their homeland is famous, and his first
glimpse of an ostrich sprinting across the savannah elicited a shriek of astonish-
ment: 'Big chicken, BIG CHICKEN!" Ali had it nearly right, but more penetrating
would have been 'Big baby chicken!' The wings of an ostrich are silly little stubs,
just like the wings of a newly hatched chick. Instead of the stout quills of a flying
bird, ostrich feathers are coarse versions of the fluffy down of a baby chick.
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Paedomorphosis illuminates our understanding of the evolution of flightless
birds such as the ostrich and the dodo. Yes, the economy of natural selection
favoured downy feathers and stubby wings in a bird that did not need to fly (see
the Elephant Bird's Tale and the Dodo's Tale). But the evolutionary route that
natural selection employed to achieve its advantageous outcome was paedo-
morphosis. An ostrich is an overgrown chick.

Pekinese dogs are overgrown puppies.* Pekinese adults have the domed fore-
head and the juvenile gait, even the juvenile appeal, of a puppy. Konrad Lorenz
has wickedly suggested that Pekineses and other babyfaced breeds like King
Charles spaniels appeal to the maternal instincts of frustrated mothers. The
breeders may or may not have known what they were trying to achieve, but they
surely didn't know that they were doing it through an artificial version of
paedomorphosis.

Walter Garstang, a well-known English zoologist of a century ago, was the
first to emphasise the importance of paecdomorphosis in evolution. Garstang's
case was later taken up by his son-in-law Alister Hardy, who was my professor
when [ was an undergraduate. Sir Alister delighted in reciting the comic verses
which were Garstang's preferred medium for communicating his ideas. They
were slightly funny at the time but not, I think, quite funny enough to justify
the elaborate zoological glossary which would have to accompany a reprinting
here." Garstang's idea of paedomorphosis, however, is today as interesting as
ever — which doesn't necessarily mean it is right.

We can think of paedomorphosis as a kind of evolutionary gambit: Garstang's
Gambit. It can in theory herald a whole new direction in evolution: can even,
Garstang and Hardy believed, permit a dramatic and, by geological standards,
sudden breakout from an evolutionary dead end. This seems especially promis-
ing if the life cycle sports a distinct larval phase like a tadpole. A larva that is
already adapted to a different way of life from the old adult is primed to swerve
evolution into a whole new direction by the simple trick of accelerating sexual
maturity relative to everything else.

Among the cousins of the vertebrates are the tunicates or sea squirts. This
seems surprising because adult sea squirts are sedentary filter-feeders anchored
to rocks or seaweeds. How can these soft bags of water be cousins to vigorously
swimming fishes? Well, the adult sea squirt may look like a bag, but the larva
looks like a tadpole. It is even called a 'tadpole larva'. You can imagine what
Garstang made of this, and we shall revisit the point, and unfortunately cast
doubt on Garstang's theory, at Rendezvous 24 when we meet the sea squirts.

Bearing in mind the adult Pekinese as an overgrown puppy, think of the
heads of juvenile apes. What do they remind you of? Wouldn't you agree that a
juvenile chimpanzee or orang utan is more humanoid than an adult chimpan-
zee or orang utan? Admittedly it is controversial, but some biologists regard a
human as a juvenile ape. An ape that never grew up. An ape axolotl. We have
already met the idea in the Epilogue to Little Foot's Tale, and I shall not spell it
out again here.
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Limulus, The so-called
'horseshoe crab' (not a
crab at all, but its own
thing, superficially
resembling a large trilo-
bite) is placed in the
same genus as Limulus
walchi of the Jurassic,
200 million years ago.
Lingula belongs to the
phylum Brachiopoda,
sometimes called lamp-
shells. The kind of lamp
they resemble, if any, is
the Aladdin variety with
its wick coming out of a
kind of teapot spout,
but what Lingula spec-
tacularly resembles is
its own ancestors of 400
million years ago. Its
assignment to the very
same genus has been
disputed, but the fossil
forms are still remark-
ably similar to their
modern representatives.

RENDEzZVOUS 18 LUNGFISH

At Rendezvous 18, around 417 million years ago, we are joined in the warm and
shallow seas of the Devonian-Silurian boundary by a tiny trickle of pilgrims
who have plodded a lonely course from the present. They are the lungfish, and
they join us to look at the common ancestor we share with them — an experi-
ence that may seem less strange to them than to us, for they find they have
much in common with Concestor 18- Approximately our 185-million-greats-
grandparent, it was a sarcopterygian, a lobefin fish, certainly much more like a
lungfish than like a tetrapod.

There are only six species of lungfish today: Neoceratodus forsteri from
Australia, Lepidosiren paradoxa from South America, and four species ofProtopterus
from Africa. The Australian lungfish looks really quite excitingly like an ancient
sarcopterygian, with fleshy lobe fins like a coelacanth. The African and South
American species, which are closely related to each other, have their fins re-
duced to long trailing tassels, and they therefore look less like the lobe-finned
fish from whom they are descended. All the lungfish breathe air using lungs. The
Australian lungfish has a single lung, the others have two. The African and South
American species use their lungs to withstand a dry season. They burrow into the
mud and stay dormant, breathing air through a little breathing hole in the mud.
The Australian species, by contrast, lives in permanent bodies of water filled
with weed. It takes air into its lung to supplement its gills in oxygen-poor water.

When first discovered in 1870, modern lungfish living in Queensland were
united with fossil fish more than 200 million years old under the same name,
Ceratodus. This gives an indication of how little they have changed during that
time. Let's not get carried away, however. A classic study published in 1949 by
the British palaecontologist T. S. Westoll showed that, although the lungfish have
indeed stagnated for the last 200 million years or so, they evolved much more
rapidly before that. In the Carboniferous Period, from around 350 million years
ago, they were really racing along, before they slowed down almost to a stop
about 250 million years ago, towards the end of the Permian Period.

The Lungfish's Tale is a tale of living fossils'.
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The Lungfish's Tale (written with Yan Wong)

A living fossil is an animal that, while being as alive as you
or me, strongly resembles its ancient ancestors. Not much
evolutionary change has occurred down the line leading to
the living fossil. It is one of those random, pointless facts
that the four most famous living fossils all begin with L:
Lungfish, Limulus, Latimeria (the coelacanth) and Lingula*
Although the anatomies, and presumably the ways of life,
of these living fossils have changed rather little, their DNA
texts have not stopped evolving. We cousins of lungfish have
been changing massively during the hundreds of millions
of years since we branched apart. But although lungfish
bodies stagnated during the same time, you wouldn't guess
it if you looked at the speed of evolution of their DNA.

The ray-finned fish (familiar fish, such as trout or perch)
during this time have produced an amazing variety of
forms. So, more familiarly, have the tetrapods —we glorified
lobe-finned fish who moved out onto the land. The bodies of
the lobefins themselves have evolved extremely slowly. Yet
at the same time — here is the point this whole tale is
leading up to — their genetic molecules seem not to have
stuck to this same slow pace. If they had, the DNA sequences
of lungfish and coelacanths would be much more similar to
each other (and presumably to ancient ancestors) than they
are to us, and to ray-finned fish. Yet they are not.

We know from fossils the approximate timings of the
ancestral splits between lungfish, coelacanths, ourselves
and the ray-finned fish. The first split, at about 440 million
years ago, is that between the ray-finned fish and all the
rest of us. The next to split off were the coelacanths, about
425 million years ago. That left the lungfish and all the rest
of us. About 5 or 10 million years later still, the lungfish split
off, leaving the rest of us, now called tetrapods, to make our
own evolutionary way. As evolutionary time goes, all three
of these splits occurred at pretty nearly the same time, at



least compared to the long time over
which all four lineages have been
evolving ever since.

While working on a different

human
blue whale

opossum

. 96 . platypus
problem, Rafael Zardoya of Spain and 100 aaHien
Axel Meyer of Germany drew the fnaken
evolutionary tree on the right for the , 1 ilmt'e
DNA of various species. The length of skink
each branch is drawn to reflect the alligator
amount of evolutionary change, in :

frog

African lungfish

mitochondrial DNA, along it.

If the DNA evolved at a constant rate,
regardless of the species, then We |l coelacanth
would expect all the branches to finish 100
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clearly isn't the case. But neither do the
organisms that show the least
morphological change have the
shortest branches. The DNA seems to
have evolved at about the same rate in the
lungfish and coelacanth as in the ray-finned fish. The vertebrates that
colonised the land experienced a faster rate of DNA evolution, but even this is
not obviously linked to morphological change. The winner and the runner-up of
this molecular caucus race are the platypus and the alligator, neither of which
have evolved morphologically as fast as, say, the blue whale or (vanity cannot
help whispering) us.

The diagram illustrates an important fact. The rate of DNA evolution is not
always constant, but neither is it obviously correlated with morphological
change. The tree above is just one example. Lindell Bromham of the University of
Sussex and her colleagues compared evolutionary trees based on morphological
change against equivalent trees based on DNA change. And what they found
confirmed the message of the Lungfish's Tale. The overall rate of genetic change
is independent of morphological evolution.' This is not to say that it is constant
— that would have been too good to be true. Certain lineages, such as the
rodents and the nematode worms, seem to have a rather fast overall rate of mol-
ecular evolution compared to close relatives. In others, such as the cnidarians,
the rate is much slower than related lineages.

The Lungfish's Tale encourages a hope that, a few years ago, no zoologist
would have dared to entertain. With due caution in choosing genes, and with
available methods of correcting for lineages that show variable rates of evo-
lution, we should be able to put a figure, in millions of years, on the time of sep-
aration of any species from any other species. This bright hope is called the
'molecular clock', and it is the technique responsible for most of the quoted
dates on our rendezvous points in this book. The principle of the molecular
clock, and the controversies that still bedevil it, will be explained in the
Epilogue to the Velvet Worm's Tale.
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RENDEZVOUS 19 COELACANTHS

Concestor 19, perhaps our 190-million-greats-grandparent, lived around 425
million years ago, just as plants were colonising the land and coral reefs
expanding in the sea. At this rendezvous we meet one of the sparsest, most
tenuous bands of pilgrims in this story. We know of only one genus of coelacanth
alive today, and its discovery was a huge surprise when it happened. The episode
is well described by Keith Thomson in his Living Fossil: the Story of the Coelacanth.

The coelacanths were well known in the fossil record, but thought to have
gone extinct before the dinosaurs. Then, astoundingly, a living coelacanth
turned up in the catch of a South African trawlerin 1938. By good fortune Captain
Harry Goosen, skipper of the Nerita, was friendly with Marjorie Courtenay-
Latimer, the enthusiastic young curator of the East London Museum. It was
Goosen's habit to put aside interesting finds for her, and on 22 December 1938
he telephoned to tell her he had something. She went down to the quay, and an
old Scotsman of the crew showed her a motley collection of discarded fish,
which at first didn't seem of any interest. She was about to leave when:
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RAY-FINNED FISH JOIN
The ray-finned fish are the
closest relatives of we
lobefins, and contain
roughly the same number
of described species —
about 25,000. Their
phylogeny is not well
resolved, although it is
dearthat the sturgeons
and paddlefish, the bichirs,
the gars and the bowfin all
branched off early. The
phytogeny displayed here
is particularly uncertain.
For this reason, a few of
the especially obscure
groups have been omitted
from this tree.

IMAGES, LEFT TO RIGHT:
plaice (Pleuronectes
platessa); snaggletooth
(Astronesthes niger); pike
(Esox lucius); red-bellied
piranha (Serrasalmus
nattereri); northern
anchovy (Engraulis
mordax); green moray
{Gymnothorax prasinus);
Florida gar (Lep/sosteus
platyrhincus); Siberian
sturgeon (Acipenserbaer).

RENDEzvoOUS 20 RAY-FINNED FISH

Rendezvous 20 is a big one, 440 million years ago in the earliest Silurian, still
with a southern ice cap left over from the cold Ordovician. Concestor 20, which
I am estimating to be our 195-million-greats-grandparent, is the one that unites
us to the actinopterygian or ray-finned fish, most of whom belong to the large
and successful group known as teleosts. The teleost fish are the great success
story among modern vertebrates — there are some 23,500 species of them. They
are prominent at many levels of underwater food chains, in both salt and fresh
water. They have managed to invade hot springs at one extreme, and the icy
waters of the Arctic seas and high mountain lakes at the other. They thrive in
acid streams, stinking marshes and saline lakes.

'Ray' refers to the fact that their fins have a skeleton similar to a Victorian
lady's fan. Rayfins lack the fleshy lobe at the base of each fin — eponym for the
lobefin fish like coelacanths and Concestor 18. Unlike our arms and legs, which
have relatively few bones, and muscles that can move them relative to one
another within the limb, actinopterygian fins are moved mostly by muscles in
the main body wall. In this respect, we are more like lobefin fish — as well we
should be, forwe are lobefins adjusted for life on land. Lobefin fish have muscles
in the fleshy fins themselves, just as we have biceps and triceps muscles in our
upper arms and Popeye muscles in our lower arms.

The ray-finned fish are mostly teleosts, plus a few odds and ends, including
the sturgeons, and the paddlefish whom we met in the Duckbill's Tale. It is right
and proper that such a hugely successful group should contribute several tales
and I shall relegate most of what I have to say about them to the tales. The
teleost pilgrims arrive in a jostling crowd, brilliant in their variety. The magni-
tude of that variety is the inspiration for the Leafy Sea Dragon's Tale.

The Leafy Sea Dragon's Tale

When my daughter was tiny, she loved to ask adults to draw fish for her. She
would rush up to me when I was trying to write a book, thrust a pencil in my
hand and clamour, 'Draw a fish. Daddy, draw a fish!" The cartoon fish that I
would immediately draw to keep her quiet — and the only kind offish she ever
wanted me to draw — was always the same: a regulation-issue fish like a herring
or a perch, streamlined side view, pointed at the front end, triangular fin top
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and bottom, triangular tail at the back, finally dotted with an eye bracketed by
the curve of a gill cover. I don*t think I ran to pectoral or pelvic fins, which was
remiss of me because they all have them. The standard fish is indeed an
extremely common shape, one that obviously works well over the full range of
sizes from minnow to tarpon.

What would Juliet have said if I had possessed the skill to draw for her a leafy
sea dragon, Phycodurus equus? 'NO, Daddy. NOT seaweed. Draw a fish. Draw a
FISH.' The message of the Leafy Sea Dragon's Tale is that animal shapes are
malleable like plasticine. A fish can change in evolutionary time to whatever un-
fishy shape is required for its way of life. Those fish that look like the
standard-issue Juliet fish do so only because it suits them. It is a good shape
for swimming through open water. But if survival is a matter of hanging
motionless in beds of gently swaying kelp, the standard fish shape can be
twisted and kneaded, pulled out in fantastically branched projections whose
resemblance to the fronds of brown seaweed is so great that a botanist might
be tempted to narrow it down to species (perhaps of the genus Fucus).

The shrimpfish, Aeoliscus strigatus, which lives on reefs in the western
Pacific, is again much too cunningly disguised for Juliet to have been
satisfied, had I drawn it as a 'fish'. Its extremely elongated body is further
prolonged by a long snout, and the effect is enhanced by a dark stripe running
right through the eye and straight to the very untail-like tail. The fish looks like
a long shrimp, or a little like a cut-throat razor — which accounts for its other
name of razorfish. It is covered with a transparent armour which, my colleague
George Barlow who has watched them in the wild tells me, even feels like that
of a shrimp. The resemblance to a shrimp is probably, however, no part of
their camouflage. Like many teleosts, shrimpfish swim around in co-ordinated
groups, and with military synchrony. But unlike any other teleost you might
think of, shrimpfish swim with the body pointing straight down. I don't mean
they swim in a vertical direction. They swim in a horizontal direction, but
with the body vertical. The whole effect of this synchronised swimming is a
resemblance to a stand of weeds, or, even more strikingly, to the tall spines of a
giant sea urchin, among which they often take refuge. Swimming head down is
a deliberate decision. When alarmed, they are perfectly capable of flipping into
more conventional, horizontal mode and they then flee with surprising speed.

Or, what would Juliet have said if I had drawn for her a snipe eel
(Nemichthyidae) or a guiper eel (Eurypharynx pelecanoides), two deep-sea eels
with birds in their names? The snipe eel looks like a joke, ludicrously long and
thin, with bird-like jaws that curve away from each other like a megaphone. So
dysfunctional do these diverging jaws look, I can't help wondering how many of
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the fish have been seen alive. Could the megaphone jaws be a distortion in a
dried-up museum specimen?

The guiper looks like a nightmare. With jaws ludicrously too large for its
body, or so it would seem, it is capable of swallowing whole prey larger than
itself — one of several deep-sea fish with this remarkable talent. It is not
unusual, of course, for predators to kill prey larger than themselves, and then
eat them in bits. Lions do it; so do spiders* But to swallow a larger animal than
yourself whole is hard to imagine. The guiper eel, and other deep-sea fish— such
as the closely related swallower eel, and the unrelated black swallower, which is
not an eel — achieve the trick. They do it by a combination of disproportionately
oversized jaws and a slack distensible stomach that hangs down only when full,
looking rather like some gross external tumour. After the long digestion period,
the stomach shrinks again. Why the trick of prodigious swallowing should be
peculiar to snakes” and deep-sea fish is not obvious to me. The guiper and the
swallower eel lure prey into the vicinity of their mouth with a luminous lure at
the tip of the tail.

The teleost body plan seems almost indefinitely malleable over evolutionary
time, tolerant of being pulled or squashed into any shape, however distantly
removed from the 'standard' fish shape. The oceanic sunfish's Latin name, Mola
mola, means millstone, and it is easy to see why. Seen from the side, it looks like
a huge disc, up to an astonishing four metres in diameter and weighing up to
two tonnes. The circularity of its outline is broken only by two gigantic fins on
top and underneath, each one up to two metres long.

The Hippo's Tale invoked, in explanation of its dramatic difference from its
whale cousins, the liberation from gravity that whales must have enjoyed, as
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soon as they severed all ties with the land. No doubt something similar explains
the great variety of shapes that the teleost fish display. But in exploiting that
limitation, teleosts have one other advantage over, for example, sharks. Teleosts
cope with buoyancy in a very special way, and the pike will tell the tale.

The Pike's Tale

In the sad province of Ulster, where 'the Mountains of Mourne sweep down to
the sea', I know a beautiful lake. A party of children were swimming naked
there one day, when somebody shouted that they had seen a large pike.
Instantly all the boys — but not the girls — fled to dry land. The northern pike,
Esox lucius, is a formidable predator of small fish. It is beautifully camouflaged,
not against predators but to help it steal up on its prey. A stealth predator, and
not particularly fast over a distance, it hangs almost motionless in the water,
creeping imperceptibly forward until within striking distance. During the
deadly creep, it propels itself with imperceptible movements of the rear-
mounted dorsal fin.

This whole hunting technique depends upon the ability to hang in the water
at the desired level, like a drifting dirigible, without any effort, in perfect hydro-
static equilibrium. All locomotor work is concentrated on the clandestine busi-
ness of creeping forwards. If a pike needed to swim in order to maintain its level,
as many sharks do, its ambush technique would not work. Effortless mainten-
ance, and adjustment, of hydrostatic equilibrium is what teleost fish are
supremely good at, and it may be the single most significant key to their
success. How do they do it? By means of the swim bladder: a modified lung filled
with gas, which provides sensitive dynamic control of the animal's buoyancy.
Except for some bottom-dwellers who have secondarily lost the swim bladder,
all teleosts have it — not just pike and not just their prey.

The swim bladder is often explained as working like a Cartesian Diver, but |
think that is not quite correct. A Cartesian Diver is a miniature diving bell con-
taining a bubble of air, which hangs at hydrostatic equilibrium in a bottle of
water. When the pressure is increased (usually by squeezing down the cork in
the neck of the bottle), the bubble is compressed and less water is displaced by
the diver as a whole. Therefore, by Archimedes' Principle, the diver sinks. If the
cork is eased slightly upwards so that the pressure in the bottle decreases, the
bubble in the diver expands, more water is displaced, and the diver floats a little
higher. So, with your thumb on the cork, you can exert fine control over the
level at which the diver finds its equilibrium.

The key point about a Cartesian Diver is that the number of air molecules in
the bubble remains fixed, while the volume and the pressure are changed (in
inverse proportions, following Boyle's Law). If fish worked like Cartesian Divers,
they would use muscle power to squeeze, or relax, the swim bladder, thereby
changing the pressure and volume but leaving the number of molecules the
same. That would work in theory, but it isn't what happens. Instead of keeping
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the number of molecules fixed and adjusting the pressure, the fish adjust the
number of molecules. To sink, the fish absorbs some molecules of gas from its
swim bladder into the blood, thereby reducing the volume. To rise, it does the
reverse, releasing molecules of gas into the swim bladder.

In some teleosts, the swim bladder is also used to assist in hearing. The fish's
body being mostly water, sound waves propagate through it pretty much as
they did through the water before they hit the fish. When they strike the wall of
the swim bladder, however, they suddenly reach a different medium, gas. The
swim bladder therefore acts as a kind of eardrum. In some species it lies right
against the inner ear. In others it is connected to the inner ear by a series of
small bones called the Weberian ossicles. These do a similar job to our own
hammer, anvil and stirrup, but are completely different bones.

The swim bladder seems to have evolved — been 'co-opted' — from a primitive
lung, and some surviving teleosts, such as bowfins, gars and bichirs, still use it
for breathing. This perhaps comes as a little surprise to us, for whom breathing
air seems like a significant 'advance' that went with leaving the water for the
land. One might have supposed the lung to be a modified swim bladder. On the
contrary, it seems that the primitive breathing lung forked in evolution and
went two ways. On the one hand, it carried its old breathing function out onto
the land, and we use it still. The other branch of the fork was the new and excit-
ing one: the old lung became modified to form a genuine innovation — the swim
bladder.

The Mudskipper's Tale

On an evolutionary pilgrimage it is fitting that some of the tales, though told by
surviving pilgrims, should deal with recent re-enactments of ancient evolution-
ary events. Teleost fish are so variable and so versatile, it is only to be expected
that some of them might replay parts of the lobefins" history, and come out onto
the land. The mudskipper is just such a fish out of water, and it lives to tell
the tale.

A number of teleost fish species live in swampy water, poor in oxygen. Their
gills cannot extract enough, and they need help from the air. Familiar aquarium
fish from the swamps of South-East Asia, such as the Siamese fighting fish Betta
splendens, frequently come to the surface to gulp air, but they still use their gills
to extract the oxygen. I suppose, since the gills are wet, you could say the gulp-
ing is equivalent to locally oxygenating their gill water, as you might bubble air
through your aquarium. It goes further than that, however, because the gill
chamber is furnished with an auxiliary air space, richly supplied with blood
vessels. This cavity is not a true lung. The true homologue of the lung in teleost
fish is the swim bladder which, as the Pike's Tale has shown, they use for
keeping their buoyancy neutral.

Those fish that breathe air through their gill chamber have rediscovered air
breathing by a completely different route. Perhaps the most advanced exponents
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of the air-breathing gill chamber are the climbing perches Anabas. These fish
also live in poorly oxygenated water and they have the habit of walking over
land looking for water when their previous home has dried up. They can survive
out of water for days at a time. Anabas is, indeed, a living, breathing example of
what Romer was talking about in his (now less fashionable) theory of how fish
came out onto the land.

Another group of walking teleost fish are the mudskippers, for example
Periophthalmus, whose tale this is. Some mudskippers actually spend more time
out of water than in it. They eat insects and spiders, which are not normally
found in the sea. It is possible that our Devonian ancestors enjoyed similar
benefits when they first left the water, for they were preceded onto the land by
both insects and spiders. A mudskipper flaps its body across the mudflats, and it
can also crawl using its pectoral (arm) fins, whose muscles are so well developed
that they can support the fish's weight. Indeed, mudskipper courtship takes
place partly on land, and a male may do push-ups, as some male lizards do, to
show off his golden chin and throat to females. The fin skeleton, too, has
evolved convergently to resemble that of a tetrapod such as a salamander.

Mudskippers can jump more than half a metre by bending the body to one
side and suddenly straightening it — hence some of their many vernacular
names, including 'mud-hopper’, 'johnny jumper', 'frognsh' and 'kangaroo fish'.
Another common name, 'climbing fish', comes from their habit of climbing
mangrove trees looking for prey. They cling to the trees with the pectoral fins,
aided by a kind of sucker which is made by bringing the pelvic fins together
under the body.

Like the swamp fish already mentioned, mudskippers breathe by taking air
into their moist gill chambers. They also take in oxygen through the skin, which
has to be kept moist. If a mudskipper is in danger of drying out, it will roll about
in a puddle. Their eyes are especially vulnerable to dryness, and they sometimes
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wipe them with a wet fin. The eyes bulge close together near the top of the head,
where, as with frogs and crocodiles, they can be used as periscopes to see above
the surface when the fish is under water. When out on land, a mudskipper will
frequently withdraw its bulging eyes into their sockets to moisten them. Before
leaving the water on a land sortie, the fish will fill its gill cavities with water.

In a popular book on the conquest of the land, the author mentions an
account by an eighteenth-century artist living in Indonesia who kept a 'frogfish'
alive for three days in his house:

It followed me everywhere with great familiarity, much like a little dog.

The book has a cartoon of a 'frogfish' walking like a little dog, but what it
actually depicts is clearly an angler fish: a deep-sea fish with a lure on the end of
a spine sticking up above the head, used to catch smaller fish. I suspect that the
cartoonist has been the victim of a misunderstanding: an instructive one
because it shows what can happen if we rely on colloquial common names for
animals rather than the scientific names that, whatever their faults, are
designed to be unique. It is true that some people call angler fish frogfish. But it
is highly implausible that the fish that followed the artist around like a dog
could have been a deep-sea angler fish. It could easily have been a mudskipper,
however. They do live in Indonesia, and frogfish is one of their colloquial names.
A mudskipper looks, to my eyes at least, far more like a frog than an angler fish
ever could, and it leaps like a frog. I conjecture that the artist's pet 'frogfish’,
which followed him around like a little dog, was a mudskipper.

I like the idea that we are descended from some creature which, even if it was
different from a modern mudskipper in many other respects, was as adven-
turous and enterprising as a little dog: the nearest thing, perhaps, to a dog that
the Devonian had to offer? A girlfriend of mine from long ago explained why
she loved dogs: 'Dogs are such good sports.' I think the first fish to venture out
onto the land must have been an archetypal good sport, whom it would be a
pleasure to call ancestor.

The Cichlid's Tale

Lake Victoria is the third largest lake in the world, but it is also one of the
youngest. Geological evidence indicates that it is only about 100,000 years old. It
is home to a huge number of endemic cichlid (pronounced 'sick-lid") fish.
Endemic means that they are found nowhere else than in Lake Victoria, and
presumably evolved there. Depending on whether your ichthyologist is a
lumper or a splitter, the number of species of cichlid in Lake Victoria is some-
where between 200 and 500, and a recent authoritative estimate puts it at 450.
Of these endemic species, the great majority belong to one tribe, the haplo-
chromines. It looks as though they all evolved, as a single 'species flock', during
the last hundred thousand years or so.
As we saw in the Narrowmouth's Tale, the evolutionary splitting of one
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Lake Victoria has been
tlie victim of a man-
made catastrophe. In
1954. the British
colonial administration,
hoping to improve
fisheries, introduced the
Nile perch (Lutes
niloticus) to the lake.
This decision was
opposed by biologists,
who predicted that the
perch would disrupt the
lake's unique
ecosystems. Their
prediction came
disastrously true. The
cichlids had never
evolved to cope with a
big predator like the
Nile perch. Probably 50
cichlid species have
gone for good, and
another 130 are
critically endangered. In
a mere half-century,
completely avoidable
ignorance has
devastated local
economies around the
lake and irreversibly
wiped out a priceless
scientific resource.

species into two is called speciation. What surprises us about the young age of
Lake Victoria is that it suggests an astonishingly high rate of speciation. There
is also evidence that the lake dried up completely about 15,000 years ago, and
some people even drew the conclusion that the 450 endemic species must have
evolved from a single founder in this astonishingly short time. As we shall see,
this is probably an exaggeration. But in any case a little calculation helps to get
these short times into perspective. What sort of speciation rate would it take to
generate 450 species in 100,000 years? The most prolific pattern of speciation in
theory would be a succession of doublings. In this idealised pattern, one
ancestral species gives rise to two daughter species, each of those splits into
two, then each of those splits into two, and so on. Following this most
productive (‘exponential’) pattern of speciation, an ancestral species could
easily generate 450 species in 100,000 years, with what seems like the rather
long interval of 10,000 years between speciations within any one lineage.
Starting with any one modern cichlid pilgrim and going backwards, there
would be only ten rendezvous points in 100,000 years.

Of course, it is highly unlikely that real-life speciation would actually follow
the ideal pattern of successive doubling. The opposite extreme would be a pat-
tern in which the founder species successively threw one daughter species after
another, with none of the daughter species subsequently speciating. Following
this least 'efficient' pattern of speciation, in order to generate 450 species in
100,000 years, the interval between speciation events would need to be a couple
of centuries. Even that doesn't sound ridiculously short. The truth surely lies
between the two extreme patterns: say one or a few millennia as the average
interval between speciation events in any one lineage. When you put it like that,
the speciation rate doesn't seem so spectacularly high after all, especially in the
light of the sorts of evolutionary rates that we saw in the Galapagos Finch's Tale.
Nevertheless, as a sustained feat of speciation, it is very fast and prolific by the
standards evolutionists have come to expect, and the cichlid fish of Lake
Victoria have become legendary among biologists for this reason.*

Lakes Tanganyika and Malawi are only slightly smaller than Victoria —
smaller in area, that is. But where Victoria is a wide, shallow basin, Tanganyika
and Malawi are Rift Valley lakes: long, narrow and very deep. They are not so
young as Victoria. Lake Malawi, which I have already nostalgically mentioned as
the site of my first 'seaside’ holidays, is between 1 and 2 million years old. Lake
Tanganyika is the oldest, at 12-14 million. Despite these differences, all three
lakes share the remarkable feature that inspires this tale. All are teeming with
hundreds of endemic cichlid fish, unique to the particular lake. Victoria cichlids
are a completely different set of species from Tanganyika cichlids, and Malawi
cichlids are a completely different set from either. Yet, each of the three flocks
of hundreds of species has produced, by convergent evolution in its own lake, an
extremely similar range of types. It looks as though a single founding
haplochromine species (or very few) entered each infant lake, perhaps through
a river. From such small beginnings, successive evolutionary subdivisions —
'speciation events' — generated hundreds of species of cichlids, whose range of
types closely paralleled those in each of the other great lakes. This sort of rapid
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diversification into many different types is called "adaptive radiation'. Darwin's
finches are another famous example of an adaptive radiation, but African
cichlids are particularly special because it has happened in triplicate*

Much of the variation within each lake is concerned with diet. Each of the three
lakes has its specialists in plankton feeding, its specialists in grazing algae off
rocks, its predators on other fish, its scavengers, its food robbers, its fish-egg
eaters. There are even parallels to the cleaner fish habit, which is better known
from tropical coral reef fish (see the Polypifer's Tale). Cichlid fish have a
complicated system of double jaws. In addition to the 'ordinary' outer jaws that
we can see, there is a second set of 'pharyngeal jaws' buried deep in the throat.
It is likely that this innovation primed the cichlids for their dietary versatility
and hence their ability to diversify repeatedly in the great African lakes.

Despite their greater age, Lakes Tanganyika and Malawi don't have a notice-
ably larger number of species than Victoria. It is as though each lake achieves a
sort of closure, at an equilibrium number of species, that doesn't go on getting
larger as time goes by. Indeed, it may even get smaller. Lake Tanganyika, the
oldest of the three lakes, has the fewest species. Lake Malawi, of intermediate
age, has the most. It seems likely that all three lakes followed the Victoria pattern
of extremely rapid speciation from very small beginnings, generating several
hundred new endemic species within the first few hundred thousand years.

The Narrowmouth's Tale touched upon the favoured theory of how speci-
ation happens, the geographical isolation theory. It is not the only theory, and
more than one may be right in different cases. 'Sympatric speciation', the separ-
ation of populations into separate species in the same geographical area, can
happen under some conditions, especially in insects where it may even be the
norm. There is some evidence for sympatric speciation of cichlid fish in small
African crater lakes. But the geographical isolation model of speciation is still
the dominant one, and it will prevail through the rest of this tale.

According to the geographical isolation theory, speciation begins with the
accidental geographical division of a single ancestral species into separate
populations. No longer able to interbreed, the two populations drift apart, or
are pushed by natural selection in different evolutionary directions. Then, if they
subsequently meet after this divergence, they either can't interbreed or don't
want to. They often recognise their own species by some particular feature, and
studiously avoid similar species who lack it."

As it happens, a particularly neat experiment was done on cichlid fish by Ole
Seehausen, now at the University of Hull, and his colleague Jacques van Alphen
at the University of Leiden. They took two related species of Lake Victoria cichlids,

THE CICHLID'S TALE | 283

The whole topic is
treated in detail in
Dolph Schluter's recent
book, The Ecology 0/
Adaptive Radiation.

t Natural selection penal-

ises mating with the
wrong species, especi-
ally where the species
are close enough for it
to be a temptation, and
close enough for hybrid
offspring to survive, to
consume costly parental
resources, and then turn
out to be sterile, like
mules. Many zoologists
have interpreted
courtship displays as
aimed mainly against
miscegenation. This may
be an exaggeration, and
there are other impor-
tant selection pressures
bearing upon courtship.
But it is still probably
correct to interpret
some courtship displays,
and some bright colours
and other conspicuous
advertisements, as
'reproductive isolation
mechanisms' evolved
through selection
against hybridisation.



The Grasshopper's Tale
gives a similar example.

Pundamilia pundamilia and P. nyererei (named after one of Africa's great leaders,
Julius Nyerere of Tanzania). The two species are very similar, except that P.
nyererei has a reddish colour, whereas P. pundamilia is bluish. Under normal
conditions, females in choice tests prefer to mate with males of their own
species. But now, Seehausen and van Alphen did their critical test. They gave
females the same choice, but in artificial monochromatic light. This does dra-
matic things to perceived colour, as I remember vividly from schooldays in
Salisbury, a city whose streets happened to be lit by sodium lights. Our bright
red caps, and the bright red buses, all looked dirty brown. This is what happened
to both the red and the blue Pundamilia males in Seechausen and van Alphen's
experiment. Red or blue in white light, they all went dirty brown. And the result?
The females no longer distinguished between them, and mated indiscrimin-
ately. Offspring of these matings were fully fertile, indicating that female choice
is the only thing that stands between these species and hybridisation.* If the two
species were a bit more different, their offspring would probably be infertile,
like mules. Later still in the process of divergence, isolated populations reach
the point where they couldn't hybridise even if they wanted to.

Whatever the basis of the separation, failure to hybridise defines a pair of
populations as belonging to different species. Each of the two species is now
free to evolve separately, free from contamination by the genes of the other,
even though the original geographical barrier to such contamination is no
more. Without the initial intervention of geographical barrriers (or some equiv-
alent), species could never become specialised to particular diets, habitats or
behaviour patterns. Notice that 'intervention' does not necessarily mean it is
geography itself that made the active change — as when a valley floods or a
volcano erupts. The same effect is achieved if geographical barriers existed all
along, wide enough to impede gene flow, but not so formidable that they are
never crossed by occasional founder populations. In the Dodo's Tale we met the
idea of sporadic individuals having the luck to cross to a remote island, where
they then breed in isolation from their parent population.

Islands like Mauritius or the Galapagos are the classic providers of geo-
graphical separation, but islands don't have to mean land surrounded by water.
When we are talking about speciation, 'island' comes to mean any kind of
isolated breeding area, denned from the animal's point of view. Not for nothing
is Jonathan Kingdon's beautiful book on African ecology called Island Africa. To
a fish, a lake is an island. How, then, could hundreds of new fish species diverge
from a single ancestor, if they all live in the same lake?

One answer is that, from the fish's point of view, there are lots of little
'islands' within a large lake. All three of the great East African lakes have iso-
lated reefs. 'Reef here doesn't mean coral reef, of course, but 'a narrow ridge or
chain of rocks, shingle, or sand, lying at or near the surface of the water' /Oxford
English Dictionary). These lake reefs are covered with algae, and many kinds of
cichlids crop them. To such a cichlid, a reef might well constitute an 'island’,
separated by deep water from the next reef, at a distance large enough to con-
stitute a barrier to gene flow. Even though they are capable of swimming from
one to the other, they don't want to. There is genetic evidence to support this,
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from a study in Lake Malawi that sampled one species of cichlid, Labeotropheus
fuelleborni. Individuals from opposite ends of a large reef shared the same distri-
bution of genes: there was abundant gene flow along the length of the reef. But
when the investigators sampled the same species from other reefs, separated by
deep water, they found significant differences in visible coloration and in genes.
A gap of two kilometres was enough to cause a measurable genetic separation;
and the larger the physical gap, the more the genetic gap. Further evidence
comes from a 'matural experiment' in Lake Tanganyika. A violent storm in the
early 1970s created a new reef, 14 kilometres from its nearest neighbour. This
should have been prime habitat for reef-dwelling cichlids, but when the reef
was examined several years later none had arrived. Evidently, from the fish's
point of view, there are indeed 'islands' within these large lakes.

In order for speciation to happen, there must be populations that are
sufficiently isolated for gene flow between them to be rare; but not so isolated
that no founding individuals arrive there at all. The recipe for speciation is
'Genes flow but not much'. That is a section heading from George Barlow's The
Cichlid Fishes, the book that has been my main inspiration while writing this
tale. The section describes yet another genetic study in Lake Malawi of four
species of cichlid, inhabiting four neighbouring reefs, roughly one to two kilo-
metres apart. All four species, known as mbuna in the local dialect, were present
on all four reefs. Within each of the four species, there were genetic differences
between the four reefs. A sophisticated analysis of the distributions of genes
showed that there was indeed a trickle of gene flow between reefs, but a very
slight one — a perfect recipe for speciation.

Here's another way in which speciation might have happened, and one that
seems especially plausible for Lake Victoria. Radiocarbon dating of mud
suggests that Lake Victoria dried up about 15,000 years ago. Homo sapiens, not
long predating the dawn farmers of Mesopotamia, could walk dry-footed from
Kisumu in Kenya straight across to Bukoba in Tanzania — a journey that today
is a 300-kilometre voyage by the MV Victoria, a decent-sized ship popularly
known as the 'Queen of Africa'. That was an extremely recent drying up, but
who knows how many times the Victoria basin has been drained and flooded,
flooded and drained in the hundreds of thousands of years before that? On the
timescale of thousands of years, the lake level may rise and fall like a yo-yo.

Now, hold that thought in mind, together with the theory of speciation by
geographical isolation. When the Victoria basin dries up from time to time,
what will be left? It could be a desert if the drying up were complete. But a
partial drying up would leave a scattering of little lakes and pools, representing
the deeper depressions in the basin. Any fish trapped in these little lakes would
have the perfect opportunity to evolve away from their colleagues in other little
lakes and become separate species. Then, when the basin flooded again and the
large lake reconstituted, the newly distinct species would all swim out and join
the larger Victoria fauna. When the yo-yo went down the next time, it would be
a different set of species that accidentally found itself separated in each of the
smaller réfugia. Again, what a wonderful recipe for speciation.

Evidence from mitochondrial DNA supports this theory of rising and falling
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lake levels for the older Lake Tanganyika. Although a deep rift lake, not a shal-
low basin like Victoria, there is evidence that Lake Tanganyika's level used to be
much lower, and it was at that time separated into three medium-sized lakes.
The genetic evidence suggests an early segregation of cichlids into three group-
ings, presumably one for each of the old lakes, followed by further speciations
after the formation of the present large lake.

In the case of Lake Victoria, Erik Verheyen, Walter Salzburger, Jos Snoeks and
Axel Meyer have done a very thorough genetic study of the mitochondria of
haplochromine cichlid fish, not only in the main lake but in the neighbouring
rivers, and the satellite lakes Kivu, Edward, George, Albert and others. They
showed that Victoria and its smaller neighbours share a monophyletic 'species
flock' that began to diverge about 100,000 years ago. This sophisticated piece of
research used the methods of parsimony, maximum likelihood and Bayesian
analysis that we met in the Gibbon's Tale. Verheyen and colleagues looked at the
distribution in all the lakes and neighbouring rivers of 122 'haplotypes' from
the mitochondrial DNA of these fish. A haplotype, as we saw in Eve's Tale, is a
length of DNA that lasts long enough to be recognised repeatedly in lots of
individuals, who might well belong to lots of different species. For simplicity I
shall use the word 'gene' as an approximate synonym for haplotype (although
purist geneticists would not). The scientists were, temporarily, ignoring the
question of species. They were, in effect, imagining genes swimming around in
lakes and rivers, and counting the frequency with which they did so.

It is easy to misunderstand the beautiful diagram opposite, with which
Verheyen and his colleagues summarised their work. It is tempting to think
that the circles represent species clustered around parent species, as in a family
tree. Or that they represent small lakes clustered around larger lakes, as in a
stylised route map of an (amphibious!) airline's network of destinations.
Neither of these is even close to what the diagram represents. The circles are
neither species nor geographical hubs. Each one is a haplotype: a 'gene', a
particular length of DNA that an individual fish might or might not possess.

Each gene, then, is represented by one circle. The area of the circle conveys
the number of individuals, regardless of species, added up over all lakes and rivers
surveyed, who possessed that particular gene. The small circles indicate a gene
that was found in only a single individual. Gene 25, to judge from the area of its
circle (the largest one), was found in 34 individuals. The number of circles, or
blobs, on the line joining two circles represents the minimal number of
mutational changes you need to go from one to the other. You will recognise
from the Gibbon's Tale that this is a form of parsimony analysis.* The small
black blobs represent intermediate genes that have not been found in real fish,
but can be inferred as probably existing in the course of evolution. It is an
unrooted tree that doesn't commit itself to the direction of evolution.

Geography enters into the diagram only in the colour coding. Each circle is a
pie chart showing the number of times the gene concerned was found in each of
the lakes or rivers surveyed (see the colour key at bottom right of the diagram).
Of the numerous genes, those labelled 12,47, 7 and 56 were found only in Lake
Kivu (all red circles). Genes 77 and 92 were found only in Lake Victoria (all blue).
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Gene 25, the most abundant of all, turned up mostly in Lake Kivu but also in
significant numbers in the 'Uganda lakes' (a cluster of small lakes close to each
other and to the west of Lake Victoria). The pie chart shows that gene 25 was also
found in the Victoria Nile river, in Lake Victoria itself, and in Lake Edward/
George (these two small and neighbouring lakes are united for purposes of the
count). Once again, bear in mind that the diagram contains no information at all
about species. The blue slice of pie in gene 25's circle indicates that two indi-
viduals from Lake Victoria contained this gene. We are given no indication at all on
whether those two individuals were of the same species as each other, or the same
species as any of the Lake Kivu individuals bearing that gene. That is not what this
diagram is about. It is a diagram to delight any enthusiast for the selfish gene.

The results were powerfully revealing. Little Lake Kivu emerges as the fountain-
head of the entire species flock. Genetic signals show that Lake Victoria was
'seeded' with haplochromine cichlids on two separate occasions from Lake Kivu.
The great drying of 15,000 years ago by no means extinguished the species flock,
and very probably enhanced it in the way we were just imagining, through the
Victoria basin becoming a 'Finland' of lakelets. As for the origin of the older pop-
ulation of cichlids in Lake Kivu itself (it now has 26 species, including 15 endemic
haplochromines), the genetic oracle says they came from Tanzanian rivers.

This work is only just beginning. The imagination at first quails, and then is
uplifted, by the contemplation of what will be achieved when such methods are
routinely applied not just to cichlid fish in African lakes, but to any animals, in
any 'archipelago' of habitats.
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The Blind Cave Fish's Tale

Animals of various kinds have found their way into dark caves, where living
conditions are obviously very different from outside. Repeatedly, and in many
different animal groups including flatworms, insects, crayfish, salamanders
and fish, cave dwellers have independently evolved many of the same changes.
Some can be thought of as constructive changes — for instance, delayed repro-
duction, fewer but larger eggs, and increased longevity. Apparently in compen-
sation for their useless eyes, cave animals typically have enhanced senses of
taste and smell, long feelers and, in the case offish, improvements to the lateral
line system (a pressure-related sense organ beyond our empathy but deeply
meaningful to fish). Other changes are referred to as regressive. Cave dwellers
tend to lose their eyes and their skin pigment, becoming blind and white.

The Mexican tetra Astyanax mexkanus (also known as A. fasciatus) is
particularly remarkable because different populations within the one species of
fish have independently followed streams into caves and very rapidly evolved
a common pattern of cave-related regressive changes, which can be directly
contrasted with fellow species members still living outside. These "Mexican
blind cave fish' are found only in Mexican caves — mostly limestone caves in
a single valley. Once understandably thought to belong to their own separate
species, they are now classified as a race of the same species, Astyanax
mexkanus, which is common in surface waters from Mexico to Texas. The blind
race has been found in 29 separate caves and, to repeat, it looks strongly as
though at least some of these cave populations evolved their regressive eyes
and white coloration independently of each other: surface-dwelling tétras have
on many occasions taken up residence in caves, and independently lost their
eyes and their colour on each occasion.

Intriguingly, it appears that some populations have been in their caves longer
than others, and this shows itself as a gradient in the extent to which they have
pushed in the typical cave-specific direction. The extreme is found in the Pachon
cave, believed to hold the oldest cave population. At the 'young' end of the
gradient is the Micos cave, whose population is relatively unchanged from the
normal surface-dwelling form of the species. None of the populations can have
been in their caves very long because this is a South American species which
could not have crossed into Mexico before the formation of the Isthmus of
Panama 3 million years ago — the Great American Interchange. My guess is that
the cave populations of tétras are far younger than that.

It is easy to see why dwellers in darkness might never have evolved eyes in
the first place; less easy to see why, given that their recent ancestors certainly
had normal, functioning eyes, the cave fish should 'bother' to get rid of them. If
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there is a possibility, however slight, of a cave fish finding itself washed out of
its cave into the light of day, wouldn't there be some benefit in keeping the eyes
'just in case'? That isn't how evolution works, but it can be rephrased in
respectable terms. Building eyes — indeed, building anything — is not free of
cost. Individual fish that divert resources into some other part of the animal's
economy would have an advantage over rival fish that retain full-sized eyes.* If a
cave-dweller has insufficient probability of needing eyes to offset the economic
costs of making them, eyes will disappear. Where natural selection is
concerned, even very slight advantages are significant. Other biologists leave
economics out of their reckoning. For them, it is sufficient to invoke an
accumulation of random changes in eye development, which are not penalised
by natural selection because they make no difference. There are many more
ways of being blind than of being sighted, so random changes, for purely stat-
istical reasons, tend towards blindness.

And this leads us to the main point of the Blind Cave Fish's Tale. It is a tale of
Dollo's Law, which states that evolution is not reversed. Is Dollo's Law disproved
by the cave fish's apparent reversal of an evolutionary trend, shrinking again
the eyes that grew, so painstakingly, over past evolutionary time? Is there, in
any case, some general theoretical reason to expect evolution to be irreversible?
The answer to both questions is no. But Dollo's Law has to be correctly
understood, and that is the purpose of this tale.

Except in the very short term, evolution cannot be precisely and exactly
reversed, but the emphasis is on 'precisely and exactly'. It is very improbable
that any particular evolutionary pathway, specified in advance, will be followed.
There are too many possible pathways. An exact reversal of evolution is just a
special case of a particular evolutionary pathway, specified in advance. With
such a large number of possible paths that evolution might follow, the odds are
heavily against any one particular path, and that includes an exact reversal of
the forward one just travelled. But there is no law against evolutionary reversal
as such.

Dolphins are descended from land-dwelling mammals. They returned to the
sea and resemble, in many superficial respects, large, fast-swimming fish. But
evolution has not reversed itself. Dolphins resemble fish in certain respects, but
most of their internal features clearly label them as mammals. If evolution had
truly reversed itself, they would simply be fish. Maybe some 'fish' really are
dolphins — the reversion to fish being so perfect and far-reaching that we haven't
noticed? Want a bet? That is the sense in which you can bet heavily on Dollo's
Law. Especially if you look at evolutionary change at the molecular level.

This interpretation of Dollo's Law could be called the thermodynamic
interpretation. It is reminiscent of the Second Law of Thermodynamics, which
states that entropy (or disorder or 'mixed-upness') increases in a closed system.
A popular analogy (or it may be more than an analogy) for the Second Law is a
library. Without a librarian energetically reshelving books in their correct
places, a library tends to become disordered. The books become mixed up. People
leave them on the table, or put them on the wrong shelf. As time goes by, the
library's equivalent of entropy inevitably increases. That's why all libraries need
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a librarian, constantly working to restore the books to order.

The great misunderstanding of the Second Law is to assume that there is a
driving urge towards some particular goal state of disorder. It isn't like that at
all. It is just that there are far more ways of being disordered than of being
ordered. If the books are shuffled at random by sloppy borrowers, the library
will automatically move away from the state (or the small minority of states)
that anybody would recognise as ordered. There is no drive towards a state of
high entropy. Rather, the library meanders in some random direction away
from the initial state of high order and, no matter where it wanders in the space
of all possible libraries, the vast majority of possible pathways will constitute an
increase in disorder. Similarly, of all the evolutionary pathways that a lineage
could follow, only one out of a vast number of possible pathways will be an
exact reversal of the path by which it has come into being. Dollo's Law turns out
to be no more profound than the 'law' that if you toss a coin 50 times, you won't
get all heads — nor all tails, nor strict alternation, nor any other particular, pre-
specified sequence. The same 'thermodynamic' law would also state that any
particular evolutionary pathway in a 'forward' direction (whatever that might
mean!) will not be precisely followed twice.

In this thermodynamic sense, Dollo's Law is true but unremarkable. It doesn't
deserve the title of law at all, any more than there is a 'law' against tossing a
coin 100 times and getting heads every time. One could imagine a 'real law'
interpretation of Dollo's Law which stated that evolution could not return to
anything that was vaguely like an ancestral state, as a dolphin is vaguely like a
fish. This interpretation would indeed be remarkable and interesting but it is
(ask any dolphin) false. And I cannot imagine any sensible theoretical rationale
that would expect it to be true.

The Flounder's Tale

An endearing quality of Chaucer is the naive perfectionism of his General
Prologue, where he introduces his pilgrims. It wasn't enough to have a Doctour
of Physik on the pilgrimage — he had to be the finest doctor in the land:

In all this world ne was ther noon hym lik.
To speke of physik and of surgerye.

The 'verray, parfit gentil knyght' was, it seemed, unmatched in Christendom for
bravery, loyalty and even temper. As for his squire and son, he was 'A lovere and
a lusty bacheler... wonderly delyvere, and of greet strengthe'. To top it all, he
was 'as fressh as is the month of May'. Even the knight's yeoman knew all there
was to know of woodcraft. The reader comes to take it for granted that, if a
profession is mentioned, its practitioner will automatically turn out to be
unrivalled in all England.

Perfectionism is a vice of evolutionists. We are so used to the wonders of
Darwinian adaptation, it is tempting to believe there could be nothing better.
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Actually, it is a temptation that I can almost recommend. A surprisingly strong
case can be built for evolutionary perfection, but it must be done with circum-
spection and sophisticated attention.* Here I shall give just one example of a
historical constraint, the so-called 'jet engine effect': imagine how imperfect a
jet engine would be if, instead of being designed on a clean drawing board, it
had to be changed one step at a time, screw by screw and rivet by rivet, from a
propeller engine.

A skate is a flat fish that might have been designed on a drawing board to be
flat, resting on the belly, with wide 'wings' reaching symmetrically out to both
sides. Teleost flatfish do it in a different way. They rest on one side, either the
left (e.g. plaice) or the right (e.g. turbot and flounder). Whichever the side, the
shape of the whole skull is distorted so that the eye on the lower side moves over
to the upper side, where it can see. Picasso would have loved them. But, by the
standards of any drawing board, they are revealingly imperfect. They have pre-
cisely the kind of imperfection you would expect from being evolved rather
than designed.
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RENDEZVOUS 21 SHARKS AND THEIR KIN

'Out of the murderous innocence of the sea...' The context of Yeats's poem was
completely other but — I can't help it — the phrase always makes me think of a
shark. Murderous, but innocent of deliberate cruelty, just making a living as
perhaps the world's most effective killing machine. I know people for whom the
great white shark is their worst nightmare. If you are one of them, you may not
wish to know that the Miocene shark Carcharocles megalodon was three times the
size of a great white, with jaws and teeth to scale.

My own recurrent nightmare, having grown up as an exact contemporary
of the atomic bomb, is not a shark but a huge, black, futuristic, delta-winged
aircraft bristling with high-tech missile launchers, filling the sky with its
shade and my heart with foreboding. Almost exactly the shape of a manta ray
in fact. The dark shape that roars over the treetops of my dreams, with its twin
gun turrets so enigmatically menacing, is a sort of technological cousin to
Manta birostris. 1 always found it hard to accept that these seven-metre
monsters are harmless filter-feeders, straining plankton through their gills.
They are also extremely beautiful.

What of the sawfish (see overleaf), what on earth is that all about? And the
hammerhead shark? Hammerheads occasionally attack people, but that is not
why they might invade your dreams. It is the bizarre T-shaped head, the eyes
set wider than you expect outside science fiction, as though this shark were
designed by an artist with a drugged imagination. And the thresher shark,
Alopias, isn't that another work of art, another candidate for a dream?The upper
lobe of the tail is nearly as long as the rest of the body. Threshers use their
prodigious tailblades first to herd prey, then to thresh them to death. A
thresher, harassed by fishermen in a boat, has been known to decapitate a man
with a single swipe of that magnificent tail.

The sharks, rays and other cartilaginous fish or chondrichthyans join us at
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Rendezvous 21,460 million years ago, in seas off the icy-
cold and barren lands of the Middle Ordovician. The most
noticeable difference between the new pilgrims and all the
others so far is that sharks have no bone. Their skeleton is
made of cartilage. We too use cartilage for special purposes
like lining our joints, and all of our skeleton starts out as
flexible cartilage in the embryo. Most of it later becomes
ossified when mineral crystals, mostly calcium phosphate,
incorporate themselves. Except for the teeth, the shark
skeleton never undergoes this transformation. Neverthe-
less, their skeleton is quite rigid enough to sever your leg in
a single bite.

Sharks lack the swim bladder that contributes to the
success of the bony fish, and many of them have to swim
continuously to maintain their desired level in the water.
They assist their buoyancy by retaining the waste product
urea in the blood and by having a large, oil-rich liver.
Incidentally, some bony fish use oil instead of gas in their
swim bladder.

If you should be so incautiously affectionate as to stroke
a shark, you would find that its whole skin feels like sand-
paper, at least if you stroke it 'against the grain'. It is covered
with dermal denticles — sharp, tooth-like scales. Not only
are they tooth-like, but the formidable teeth of a shark are
themselves evolutionary modifications of dermal denticles.



Sharks and rays almost all live in the sea, although a few genera venture up
estuaries and rivers. Freshwater shark attacks on humans used to be common
in Fiji, but that was when humans were cannibals. All but the choicest cuts were
discarded into rivers, and it would seem that sharks were attracted upstream by
the smell of leftovers from cannibal feasts. When Europeans arrived they put a
stop to cannibalism, but at the same time inadvertently brought new diseases
against which the Fijians had not evolved immunity. Corpses of diseased victims
were also disposed of in rivers, so sharks continued to be attracted. Nowadays
bodies are no longer tossed into rivers, and shark attacks have decreased
accordingly. Unlike the bony fish, no sharks have ever shown any inclination to
come on land.

The cartilaginous fish are divided into two main groups: the rather weird-
looking chimaeras or ratfish, which are not numerous enough to be a signifi-
cant part of the fauna; and the sharks, skates and rays, which are. Skates and
rays are flattened sharks. Dogfish are small sharks, but they are still not very
small: no whitebait-sized sharks exist. The spined pygmy shark Squaliolus
laticaudus grows up to about 20 centimetres. The shark body plan seems to lend
itself to large size, and the biggest of all, the whale shark Rhincodon typus can
be up to 12 metres long and weigh 12 tonnes. Like the second largest, the
basking shark Cetorhinus maximus, and like the largest whales, the whale
shark is a plankton feeder. Carcharocles megalodon, already mentioned as the
stuff of nightmares, was not — to use a
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calculated understatement — a filter-feeder. That Miocene monster had
teeth, each one as big as your face. It was a voracious predator, like the
majority of sharks today, and they have topped the food chains of the sea for
hundreds of millions of years with relatively little change.

If manta rays feature in nightmares as bombers, the smaller role of jump-
jet fighter might be played by the chimaeras, also known as ratfish or ghost
sharks. These strange deep-sea fish occupy the class Holocephali (whole head),
where all the rest of the cartilaginous fish, the sharks and rays combined, belong
in the Elasmobranchii. They can be recognised by their unusual gill covers,
which completely encase the separate gills, providing a single opening for all of
them. Unlike sharks and rays, their skin is not covered with dermal denticles but
is 'naked. This may be what gives them their 'ghostly' appearance. Their
resemblance to a nightmare plane comes from the fact that their tails are not
prominent and they swim by 'flying' with their large pectoral fins. There are
only about 35 species of living chimaeras.

Successful as sharks certainly are — and over a spectacularly long time too —
teleost fish outnumber them thirtyfold when it comes to species numbers.
There have been two major radiations of sharks. The first flourished mightily in
the Palaeozoic seas, especially during the Carboniferous Period. This ancient
domination of sharks had come to an end by the beginning of the Mesozoic Era
(the age of dinosaurs on land). After a lull of about 100 million years, the sharks
enjoyed another major resurgence in the Cretaceous, which has continued to
this day.

A word association test that mentioned 'shark' would very probably elicit the
response 'jaws', so it is appropriate that Concestor 21, perhaps our 200-million-
greats-grandparent, is the grand ancestor of all the vertebrates that have true
jaws, the gnathostomes. Grnathos in Greek means 'lower jaw", and that is specific-
ally what sharks and all the rest of us share. It was one of the triumphs of clas-
sical comparative anatomy to demonstrate that jaws evolved from modified
parts of the gill skeleton. The next pilgrims to join us, at Rendezvous 22, are the
jawless vertebrates, the Agnatha, well endowed with gills but with no lower jaw.
Once numerous, diverse and heavily armoured, the Agnatha are now reduced to
the eel-shaped lampreys and hagfish.

RENDEZVOUS 21 295



RENDEzVOUS 22 LAMPREYS AND HAGFISH

Rendezvous 22, where we meet the lampreys and hagfish, occurs somewhere in
the warm seas of the early Cambrian, say 530 million years ago, and [ would
very roughly guess that Concestor 22 was our 240-million-greats-grandparent.
The lampreys and hagfish survive as pivotal messengers from the dawn of
vertebrates. Although it is convenient to treat them together, as the jawless and
limbless fish, I have to admit that many morphologists think that lampreys are
closer cousins to us than they are to hagfish. According to this school, we should
greet the lamprey pilgrims at Rendezvous 22, and the hagfish at 23. On the
other hand, molecular biologists are equally insistent that both join us at one
rendezvous, and this is the opinion I am provisionally adopting here. In any
case, it is fair to say that neither lampreys nor hagfish do justice to the jawless
fish as a whole, most of whom are extinct.

Lampreys and hagfish have a superficially eel-like appearance, with soft
bodies — but when the jawless fish dominated the seas, in the Devonian 'Age of
Fish', many of them, known as ostracoderms, had hard, bony armour plating,
and some had paired fins, unlike lampreys and hagfish. They give the lie to any
suggestion that bone is an 'advanced' feature of vertebrates that 'took over'
from cartilage. Sturgeons and some other 'bony' fish resemble sharks and
lampreys in possessing a skeleton almost entirely made of cartilage, but they
are descended from far more bony ancestors — indeed from fish with heavy
armour plating — and it is not unlikely that sharks and lampreys are too.

Even more heavily armoured were the placoderms, a wholly extinct group of
jaw-bearing and limb-bearing fish of uncertain affinities, who also lived in the
Devonian Period, contemporary with some of the jawless ostracoderms and
presumably descended from earlier jawless fish. Some of the placoderms were
so heavily armoured that even their limbs had a tubular, jointed exoskeleton,
superficially similar to a crab's leg. If you encountered one in a poor light and an
imaginative frame of mind, you could be forgiven for thinking you had stum-
bled on a strange kind of lobster or crab. As a rather young undergraduate, I
used to. dream about discovering a living placoderm — it was my equivalent of
the scoring-a-century-for-England fantasy.

Why did both the jawed placoderms and the jawless ostracoderms develop
such heavily fortified bodies? What was it about those Palacozoic seas that
demanded such formidable protection? The presumed answer is equally formid-
able predators, and the obvious candidates, apart from other placoderms, are
the eurypterids or sea scorpions, some more than two metres in length — the
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largest arthropods that ever lived. Whether or not any of
the eurypterids had venomous stings like modern scor-
pions (recent evidence suggests not), they still must have
been fearsome predators, capable of driving the Devonian
fish, both jawless and jawed, to evolve costly armour
plating.

Lampreys are not armoured, and they are easy to eat, as
King Henry I had good reason to regret (school history
books never fail to remind us that he died of a surfeit of
them). Most lampreys are parasitic on other fish. Instead of
jaws they have a circular sucker around the mouth, looking
a bit like an octopus sucker but with concentric rings of
tiny teeth. The lamprey fastens its sucker to the outside of
another fish, the little teeth rasp through the skin, and the
lamprey sucks the blood of its victim, like a leech. Lam-
preys have had serious effects on fisheries, for example in
the North American Great Lakes.

Nobody knows what Concestor 22 was like but, living as
it probably did in the Cambrian Period, long before the
Devonian Age of Fish and the dreaded sea scorpions, it
probably wasn't armour-plated like the ostracoderms of the
jawless fish's heyday. Nevertheless, the ostracoderms seem
to be closer cousins to us jawed vertebrates than the lam-
preys are. In other words, 'before’ our pilgrims join the lam-
preys at Rendezvous 22, we have already incorporated the
ostracoderms into our pilgrimage. Our concestor with the
ostracoderms, whom we don't number because they are all
extinct, was presumably jawless.

Moderm hagfish resemble lampreys in their long, eel-like
shape, their lack of a lower jaw, their lack of paired limbs,
their row of gill port-holes on either side, and their noto-
chord retained into the adult (this stiffening rod, running
the length of the back, is in most vertebrates present only
in the embryo). But hagfish are not parasites. They rum-
mage with their mouth hole around the bottom of the sea
for small invertebrates, or they scavenge on dead fish or
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whales, often wriggling inside to eat from the inside out. They are exceedingly
slimy, and they use their surprising talent for tying themselves in knots in order
to get a purchase when burrowing into carcasses.

Vertebrates were once thought to have arisen long after the Cambrian Period.
Maybe it was an aspect of our snobbish desire to arrange the animal kingdom
on a ladder of progress. Somehow it seemed right and fitting that there was an
age where animal life was limited to invertebrates, setting the scene for the
eventual arrival of the mighty vertebrates. Zoologists of my generation were
taught that the earliest known vertebrate was a jawless fish called Jamoytius
(named, somewhat freely, after J. A. Moy-Thomas) that lived in the middle of the
Silurian Period, 100 million years after the Cambrian when most of the inver-
tebrate phyla arose. Obviously vertebrates must have had ancestors living in the
Cambrian, but they were assumed to be invertebrate forerunners of the true
vertebrates — protochordates. Pikaia has been heavily promoted as the oldest
fossil protochordate® It was a delicious surprise, therefore, when apparently
true vertebrate fossils started turning up in the Cambrian strata of China, and
the Lower Cambrian at that. This has robbed Pikaia of some of its mystique.
There were true vertebrates, jawless fish, living before Pikaia. The vertebrates
hark back to the deep Cambrian.

Not surprisingly given their immense age, these fossils, called Myllokun-
mingta and Haikouichthys (although they may belong to the same species) are not
in mint condition, and much is still unknown about these primaeval fish. They
seem to have had most of the features you'd expect from a relative of the
lampreys and hagfish, including gills, segmented muscle blocks and a noto-
chord. Myllokunmingia, whom we shall meet again in the Velvet Worm's Tale, is
perhaps not too far from being a plausible model for Concestor 22.

Rendezvous 22 is a major milestone. From now on, for the first time, all the
vertebrates are united in a single pilgrim band. It is a big event because, tra-
ditionally, animals were divided into two major groups, the vertebrates and the
invertebrates. As a division of convenience, the distinction has always been use-
ful in practice. From a strictly cladistic point of view, however, the vertebrate/
invertebrate distinction is an odd one, nearly as unnatural as the ancient Jewish
classification of humanity into themselves and 'gentiles' (literally everybody
else). Important though we vertebrates think ourselves, we don't constitute even
a whole phylum. We are a subphylum of the phylum Chordata, and the phylum
Chordata should be thought of as on a par with, say, the phylum Mollusca
(snails, limpets, squids, etc.) or the phylum Echinodermata (starfish, sea
urchins, etc.). The phylum Chordata includes other vertebrate-like creatures
that nevertheless lack a backbone — for example, the amphioxus, whom we are
about to meet at Rendezvous 23.

Strict cladism notwithstanding, there really is something rather special about
vertebrates. Professor Peter Holland has made to me the powerful point that
there is a massive difference in genome complexity between (all) vertebrates and
(all) invertebrates. 'It is, at the genetic level, perhaps the biggest change in our
metazoan”™ ancestry.' Holland thinks the traditional divide between vertebrates
and invertebrates needs to be revived, and I see what he means.
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The chordates get their name from the already mentioned notochord, the
cartilage rod that runs along the back of the animal, in the embryo if not in the
adult* Other characteristics of chordates (including vertebrates), which in our-
selves are seen only in the embryo, include gill openings near the front end on
both sides, and a tail that reaches back beyond the anus. All chordates have a
dorsal nerve cord (runs along the back), unlike many invertebrates where the
nerve cord is ventral (runs along the belly).

Vertebrate embryos all have a notochord but it is replaced, to a greater or
lesser extent, by the segmented, articulated backbone. In most vertebrates the
notochord itself survives into the adult only in fragments, such as the inter-
vertebral discs whose tendency to slip can cause us so much grief. The lampreys
and hagfish are unusual among vertebrates in retaining the notochord more or
less intact into the adult. In this respect they are, I suppose, borderline ver-
tebrates, but everyone calls them vertebrates anyway.

The Lamprey's Tale

The reason it falls to the lamprey to tell this tale will be revealed at the end. It is
a reprise on a theme we have met before: there is a separate gene's-eye view of
ancestry and pedigree that is surprisingly independent of the view we get when
we think about family trees in more traditional ways.

Haemoglobin is well known as the vitally important molecule that carries
oxygen to our tissues and gives our blood its spectacular colour. Human adult
haemoglobin is actually a composite
of four protein chains called
globins, knotted around each other.
Their DNA sequences show that
the four globin chains are closely
related to each other, but they are
not identical. Two of them are called
alpha globins (each a chain of 141
amino acids), and two are beta
globins (each a chain of 146 amino
acids). The genes coding for the
alpha globins are on our chromo-
some 11; those coding for the beta
globins are on chromosome 16. On each of these chromosomes there is a cluster
of globin genes in a row, interspersed with some junk DNA that is never
transcribed. The alpha cluster, on chromosome 11, contains seven globin genes.
Four of these are pseudogenes — disabled versions of alpha with faults in their
sequence, never translated into protein. Two are true alpha globins, used in the
adult. The final one is called zeta, and it is used only in embryos. The beta
cluster, on chromosome 16, has six genes, some of which are disabled, and one
of which is used only in the embryo. Adult haemoglobin, as we've seen, contains
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two alpha and two beta chains, wrapped around each other to form a beauti-
fully functioning parcel.

Never mind all this complexity. Here's the fascinating point. Careful letter-
by-letter analysis shows that the different kinds of globin genes are literally
cousins of each other — members of a family. But these distant cousins still co-
exist inside you and me. They still sit side by side with their cousins inside every
cell of every warthog and every wombat, every owl and every lizard.

On the scale of whole organisms, of course, all vertebrates are cousins of each
other too. The tree of vertebrate evolution is the family tree we are all familiar
with, its branch-points representing speciation events — the splitting of species
into daughter species. In reverse, they are the rendezvous points that punctuate
this pilgrimage. But there is another family tree occupying the same timescale,
whose branches represent not speciation events but gene duplication events
within genomes. And the branching pattern of the globin tree looks very differ-
ent from the branching pattern of the family tree, if we trace it in the usual,
orthodox way, with species branching to form daughter species. There is not
just one evolutionary tree in which species divide and give rise to daughter
species. Every gene has its own tree, its own chronicle of splits, its own cata-
logue of close and distant cousins.

The dozen or so different globins inside you and me have come down to us
through the entire lineage of our vertebrate ancestors. About half a billion years
ago, in a jawless fish perhaps like a lamprey, an ancestral globin gene accident-
ally split in two, both copies remaining in different parts of that fish's genome.
There were then two copies of it, in different parts of the genome of all descend-
ant animals. One copy was destined to give rise to the alpha cluster, on what
would eventually become chromosome 11 in our genome, the other to the beta
cluster, now on our chromosome 16. There is no point in trying to guess which
chromosome either of them sat on in the intermediate ancestors. The locations
of recognisable DNA sequences, indeed the number of chromosomes into which
the genome is divided, are shuffled and changed with surprisingly gay abandon.
Chromosome numbering systems, therefore, do not generalise across animal
groups.

As the ages passed, there were further duplications, and doubtless some
deletions as well. Around 400 million years ago the ancestral alpha gene dupli-
cated again, but this time the two copies remained near neighbours of each
other, in a cluster on the same chromosome. One of them was destined to
become the zeta of our embryos, the other became the alpha globin genes of
adult humans (further branchings gave rise to the nonfunctional pseudogenes |
mentioned). It was a similar story along the beta branch of the family, but with
duplications at other moments in geological history.

Now here's a fascinating point. Given that the split between the alpha cluster
and the beta cluster took place half a billion years ago, it will of course not be
just our human genomes that show the split, and possess both alpha genes and
beta genes in different parts of our genomes. We should see the same within-
individual split if we look at the genomes of any other mammals, at birds,
reptiles, amphibians or bony fish — for our common ancestor with all of them

300 1 THE LAMPREY'S TALE



lived less than 500 million years ago. Wherever it has been investigated, this
expectation has proved correct. Our greatest hope of finding a vertebrate that
does not share with us the ancient alpha/beta split would be a jawless fish like a
lamprey or a hagfish, for they are our most remote cousins among surviving
vertebrates. They are the only surviving vertebrates whose common ancestor
with the rest is sufficiently ancient that it could have predated the alpha/beta
split. Sure enough, these jawless fish are the only known vertebrates that lack
the alpha /beta divide. Rendezvous 22 is so ancient, in other words, that it pre-
dated the split between alpha and beta globin.

Something like the Lamprey's Tale could be told for each one of our genes, for
they all, if you go back far enough, owe their origin to the splitting of some
ancient gene. And something like this entire book could be written for each gene.
We arbitrarily decided that this should be a human pilgrimage, and we defined
our milestones as meeting points with other lineages, which means, in the for-
ward direction, speciation events at which our human ancestors split away
from the others. I've already made the point that we could equally have begun
our pilgrimage with a modern dugong, or a modern blackbird, and counted a
different set of concestors back to Canterbury. But I am now making a more
radical point. We could also write a backward pilgrimage for any gerne.

We could choose to follow the pilgrimage of alpha haemoglobin, or cyto-
chrome-c, or any other named gene. Rendezvous 1 would have been the mile-
stone at which our chosen gene most recently duplicated to make a copy of itself
elsewhere in the genome. Rendezvous 2 would have been the previous dupli-
cation event, and so on. Each of the rendezvous milestones would have taken
place inside some particular animal or plant, just as the Lamprey's Tale has
identified a Cambrian jawless fish as the likely receptacle for the split between
alpha and beta haemoglobin.

The gene's eye view of evolution keeps forcing itself upon our attention.
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FACING PACE In the
Garstang poem, 'his'
gonads doesn't refer
to the lancelet's but to
the 'ammocoete' larva
of a lamprey.

RENDEZzVOUS 23 LANCELETS

And now here's a tidy little pilgrim, wriggling up all on its own to join the
pilgrimage. It is the amphioxus or lancelet. Amphioxus used to be its Latin name,
but the rules of nomenclature imposed Branchiostoma on it. Nevertheless, it had
become so well known as Amphioxus that the name lives on. The lancelet or
amphioxus is a protochordate, not a vertebrate, but it is clearly related to the
vertebrates, and placed with them in the phylum Chordata. There are a few other
related genera, but they are very similar to Branchiostoma, and 1 shall not
distinguish them but call them all, informally, amphioxus.

I call amphioxus tidy because it elegantly lays out the features that proclaim
it to be a chordate. It is a living, swimming (well, mostly buried in sand, actually)
textbook diagram. There is the notochord running the length of the body, but
not a trace of a vertebral column. There is the nerve tube on the dorsal side of
the notochord, but no brain unless you count the small swelling at the front end
of the nerve tube (where there is also an eye spot), and no skeletal brain case.
There are the gill slits at the sides, which are used for filter feeding, and the seg-
mentai muscle blocks along the length of the body, but no trace of limbs. There
is the tail, stretching back behind the anus, unlike a typical worm, which has the
anus at the posterior tip of the body. Amphioxus is also unlike a worm, but like
many fish, in being shaped like a vertical blade, rather than cylindrical. It swims
like a fish, with side-to-side undulations of the body, using the fish-like muscle
blocks. The gill slits are part of the feeding apparatus, not primarily for breath-
ing at all. Water is drawn in through the mouth and passed out through the gill
slits, which act as filters to catch food particles. This is very likely how Concestor
23 used its gill slits, which would mean that gills for breathing came later, as an
afterthought. If so, it is a pleasing reversal that, when the lower jaw eventually
evolved, it was modified from a part of the gill apparatus.

We are now approaching the point where dating becomes so difficult and
controversial that my courage fails me. If forced to put a date on Rendezvous 23,
I would guess about 560 million years ago, the vintage of our 270-million-
greats-grandparent. But I could easily be wrong, and for this reason I shall from
now on abandon my attempts to describe the state of the world at the time of
the concestor. As for what it looked like, I don't think we shall ever know for
certain, but it is not implausible that Concestor 23 really may have been quite
like a lancelet. If that is so, it is equivalent to saying that the lancelet is prim-
itive. But that demands an immediate cautionary tale — the Lancelet's Tale.
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The Lancelet's Tale

If just one touch of sunlight more should
make his gonads grow The lancelet's claim
to ancestry would get a nasty blow.

WALTER GARSTANG (1868-1949)

We have already met Walter Garstang, the distinguished
zoologist who idiosyncratically expressed his theories in
verse. | quote the couplet above not to develop Garstang's
own theme, which, though interesting enough to be the sub-
ject of the Axolotl's Tale, is irrelevant to my purpose here.*
I am concerned only with the last line, and especially the
phrase 'claim to ancestry'. The lancelet, Branchiostoma or
amphioxus has enough features in common with true ver-
tebrates to have been long regarded as a surviving relative
of some remote ancestor of the vertebrates. Or even — which
is the real butt of my criticism — as the ancestor itself.

I am being unfair to Garstang, who knew perfectly well
that the lancelet, as a surviving animal, could not be liter-
ally ancestral. Nevertheless, such talk really does some-
times mislead. Students of zoology delude themselves into
imagining that when they look at some modern animal,
which they call 'primitive', they are seeing a remote ances-
tor. This delusion is betrayed by phrases such as 'lower
animal', or 'at the bottom of the evolutionary scale', which
are not only snobbish but evolutionarily incoherent.
Darwin's advice to himself would serve us all: 'Never use
the words higher and lower.'

Lancelets are live creatures, our exact contemporaries.
They are modern animals who have had exactly the same
time as we have in which to evolve. Another telltale phrase
is 'a side branch, off the main line of evolution'. All living
animals are side branches. No line of evolution is more
'main' than any other, except with the conceit of hindsight.



Modem animals like lancelets, then, should never be revered as ancestors,
nor patronised as 'lower', nor, for that matter, flattered as 'higher'. Slightly
more surprisingly — and here we come to the second main point of the
Lancelet's Tale — it is probably in general safest to say the same of fossils. It is
theoretically conceivable that a particular fossil really is the direct ancestor of
some modern animal. But it is statistically unlikely, because the tree of evolu-
tion is not a Christmas tree or a Lombardy poplar, but a densely branched
thicket or bush. The fossil you are looking at probably isn't your ancestor, but it
may help you to understand the kind of intermediate stage your real ancestors
went through, at least in respect of some particular bit of the body, such as the
ear, or the pelvis. A fossil, therefore, has something like the same status as a
modern animal. Both can be used to illuminate our guesses about some ances-
tral stage. Under normal circumstances, neither should be treated as though it
really is ancestral. Fossils as well as living creatures are usually best treated as
cousins, not ancestors.

Members of the cladistic school of taxonomists can become positively evan-
gelical about this, proclaiming the non-specialness of fossils with the zeal of a
puritan or a Spanish inquisitor. Some go right over the top. They take the sen-
sible statement, 'It is unlikely that any particular fossil is an ancestor of any
surviving species', and interpret it to mean 'There never were any ancestors!'
Obviously this book stops short of such an absurdity. At every single moment in
history there must have been at least one human ancestor (contemporary with,
or identical to, at least one elephant ancestor, swift ancestor, octopus ancestor,
etc.), even if any particular fossil almost certainly isn't it.

The upshot is that, on our backward journey towards the past, the concestors
we have been meeting have not, in general, been particular fossils. The best we
can normally hope for is to put together a list of attributes that the ancestor
probably had. We have no fossil of the common ancestor we share with the
chimpanzees, even though that was less than 10 million years ago. But we were
able to guess, with misgivings, that the ancestor was most likely to have been,
in Darwin's famous words, a hairy quadruped, because we are the only ape that
walks on its hind legs and has bare skin. Fossils can help us with our inferences,
but mostly in the same kind of indirect way that living animals help us.

The moral of the Lancelet's Tale is that it is vastly harder to find an ancestor
than a cousin. If you want to know what your ancestors looked like 100 million
years ago, or 500 million years ago, it is no use reaching down to the appropriate
depth in the rocks and hoping to come up with a fossil labelled 'Ancestor', as if
from some Mesozoic or Palacozoic bran tub. The most we can normally hope for
is a series of fossils that, some with respect to one part, others with respect to
another part, represent the kind of thing the ancestors probably looked like.
Perhaps this fossil tells us something about our ancestors' teeth, while that fossil
a few million years later gives us an inkling about our ancestors' arms. Any par-
ticular fossil is almost certainly not our ancestor but, with luck, some parts of it
may resemble the corresponding parts of the ancestor just as, today, the shoulder
blade of a leopard is a reasonable approximation to the shoulder blade of a puma.
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CONCESTOR23 This
concestor is thought to
have looked similar to a
modern lancelet. It had a
notochord — a stiff
cartilaginous rod — ex-
tending the length of its
body from below its
rudimentary brain. Like
the modern lancelet, it
would have had thick
myomeres (V-shaped
muscle blocks), and
would have filtered food
through its gill slits and
into a cavity called the
atrium along the bottom
of its body.



RENDEZVOUS 24 SEA SQUIRTS

The sea squirts seem, at first, unlikely recruits to our human-centred pilgrim-
age. Previous arrivals have not been too dramatically different from those
already on the march. Even the lancelet can plausibly be regarded as a stripped-
down fish: lacking major features, to be sure, but you can easily sketch a
pathway along which something like a lancelet could evolve into a fish. A sea
squirt is something else. It doesn't swim like a fish. It doesn't swim like any-
thing. It doesn't swim. It is far from clear why it deserves the illustrious name of
chordate at all. A typical sea squirt is a bag filled with sea water, plus a gut and
reproductive organs, anchored to a rock. The bag is topped by two siphons —
one for drawing water in, the other for exhaling it. Day and night, water
streams in through one siphon and out again through the other. On the ways, it
passes through the pharyngeal basket, a filtering net that strains out particles
of food. Some sea squirts are packed together in colonies, but each member
does essentially the same thing. No sea squirt is even faintly reminiscent of a
fish, or of any vertebrate, or of the lancelet.

No adult sea squirt, that is. However unchordate-like an adult sea squirt
might be, it has a larva that looks like... a tadpole. Or like the larva of a lamprey,
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the ammocoete of Garstang's rhyme on page 303. Like
many larvae of sedentary, bottom-dwelling, filter-feeding
animals, the tadpole larva of the sea squirt swims in the
plankton. It propels itself like a fish by a post-anal tail that
undulates from side to side. It has a notochord and a dorsal
nerve tube. The larva, though not the adult sea squirt, has
the appearance of at least a rudimentary chordate. When it
is ready to metamorphose into an adult, the larva fastens
itself onto a rock (or whatever is to be its adult resting
place) head first, loses its tail, its notochord and most of its
nervous system, and settles down for life.

It is even called a 'tadpole larva', and the significance of
this was known to Darwin. He gave the sea squirts the
following unpromising introduction, under their scientific
name of ascidians:

They hardly appear like animals, and consist of a simple,
tough, leathery sack, with two small projecting orifices.
They belong to the Molluscoidea of Huxley — a lower divis-
ion of the great kingdom of the Mollusca; but they have re-
cently been placed by some naturalists amongst the Vermes
or worms. Their larvae somewhat resemble tadpoles in
shape, and have the power of swimming freely about.



I should say that neither Molluscoidea nor Vermes are any longer recognised,
and sea squirts are no longer placed close to molluscs or worms. Darwin goes on
to mention his own satisfaction in discovering such a larva in the Falkland
Islands in 1833, and he goes on as follows:

M. Kovalevsky has lately observed that the larvae of Ascidians are related to the
Vertebrate, in their manner of development, in the relative position of the ner-
vous system, and in possessing a structure closely like the chorda dorsalis of ver-
tebrate animals ... We should then be justified in believing that at an extremely
remote period a group of animals existed, resembling in many respects the larvae
of our present Ascidians, which diverged into two great branches — the one retro-
grading in development and producing the present class of Ascidians, the other
rising to the crown and summit of the animal kingdom by giving birth to the
Vertebrata.

But now we have a division of opinion among experts. There are two theories of
what happened: the one Darwin voiced, and a later one, which the Axolotl's Tale
has already attributed to Walter Garstang. You remember the message of the
axolotl, the message of neoteny. Sometimes the juvenile stage in a life-cycle can
develop sex organs and reproduce: it becomes sexually mature, while remain-
ing immature in other aspects of its being. We have previously applied the
axolotl's message to Pekinese dogs, to ostriches and to ourselves: we humans
appear to some scientists to be juvenile apes who have accelerated their repro-
ductive development and chopped off the adult phase of the life cycle.

Garstang applied the same theory to sea squirts at this much older juncture
in our history. The adult phase of our remote ancestor, he suggested, was a sed-
entary sea squirt, which evolved the tadpole larva as an adaptation to disperse,
in the same way as a dandelion seed has a little parachute to carry the next
generation far away from the site of its parent. We vertebrates, Garstang
suggested, are descended from sea squirt /arvae — larvae that never grew up: or
rather larvae whose reproductive organs grew up but who never turned into sea
squirt adults.

A second Aldous Huxley might project fictional human longevity to the point
where some super-Methuselah finally settles down on his head and metamor-
phoses into a giant sea squirt, fastened permanently to the sofa in front of a
television. The plot would gain added satirical punch from the popular myth that
a sea squirt larva, when it abandons pelagic activity for sedentary adulthood,
'eats its own brain'. Somebody must once have colourfully expressed the more
mundane fact that, like a caterpillar in its chrysalis, the metamorphosing sea
squirt larva breaks down its larval tissues and recycles them into the adult body.
This includes breaking down the head ganglion, which was useful when it was
an active swimmer in the plankton. Mundane or not, a literary metaphor as
promising as that was never going to pass unnoticed — a méme as fecund would
not go unspread. More than once I have seen a reference to the larval sea squirt
which, when the time comes, settles down to a sedentary life and 'eats its brain,
like an associate professor getting tenure'.

There is a group of modern animals within the sea squirt subphylum called
the Larvaceae, which are reproductively adult but resemble sea squirt larvae.
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Garstang pounced on them, seeing them as a more recent rerun of his ancient
evolutionary script. In his view, the larvaceans had ancestors that were bottom-
dwelling, sedentary sea squirts, with a planktonic larval phase. They evolved the
capacity to reproduce in the larval stage, and then chopped the old adult stage
off the end of their life cycle. This could all have transpired rather recently,
giving us a fascinating glimpse of what perhaps happened to our ancestors half
a billion years ago.

Garstang's theory is certainly an attractive one, and it was much in favour for
many years, especially in Oxford under the influence of Garstang's persuasive
son-in-law, Alister Hardy. Unfortunately, recent DNA evidence has swung the
pendulum in favour of Darwin's original theory. If the larvaceans constitute a
recent re-enactment of an ancient Garstang scenario, they should find closer
kinship with some modern sea squirts than with others. Alas, this is not so. The
oldest split in the entire phylum is that between the larvaceans on the one
hand, and all the rest of the phylum on the other. This doesn't conclusively prove
that Garstang was wrong but, as the current holder of Alister Hardy's Chair,
Peter Holland, has pointed out to me, it weakens his case — and in a way that
neither Garstang nor Hardy could possibly have foreseen.

The estimate I have adopted for the date of Concestor 24 is 565 million years
ago, which would put it around our 275-million-greats-grandparent, but such
estimates are now getting increasingly strained. It may well have looked some-
thing like a sea squirt larva. But, confra Garstang, it now seems probable that
the adult sea squirt evolved later, as Darwin suggested. Darwin tacitly assumed
that the adult of that remote species looked like a tadpole. One branch of its
descendants stayed tadpole-shaped and evolved into fish. The other branch got
tenure, settled down on the sea bottom and became a sedentary filter-feeder,
retaining its former adult form only in the larval stage.
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Starfish and their kin
join

We chordates belong to
the major branch of
animals known as the
deuterostomes. Recent
molecular studies suggest
that all other deutero-
stomes group together.
This new group, given the
name of Ambulacraria, is
quite strongly supported,
although there is uncer-
tainty in the position of
the distressingly amorph-
ous pair of species in the
Xenoturbellida.

IMAGES, LEFT TO RIGHT:
sea apple (Pseudo-
colochirus violaceui);
edible sea urchin {Echinus
esculentus); common
starfish {Asterias rubens);
brittle star (Ophiothrix
sp.); feather star
(Cenometra bella); acorn
worm (Enteropneusta).

RENDEZVOUS 25 AMBULACRARIANS

Our pilgrimage is now a milling horde, having amassed all the vertebrates,
together with their primitive chordate cousins, amphioxus and the sea squirts.
It comes as quite a surprise that the next pilgrims to join us, our closest rela-
tives among the invertebrates, include those strange creatures — I shall soon
refer to them as 'Martians' — the starfish, sea urchins, brittle stars and sea cu-
cumbers. These, together with a largely extinct group called the crinoids or sea
lilies, comprise the phylum Echinodermata, the spiny-skinned ones. 'Before' the
echinoderms join us, they link arms with a few miscellaneous worm-like groups
which, in the absence of molecular evidence, had been placed elsewhere in the
animal kingdom. The acorn worms and their kind (Enteropneusta and Ptero-
branchia) had previously been classified with the sea squirts as protochordates.
Molecular evidence now links them, not so very far away, with the echinoderms
in a super-phylum called Ambulacraria.

Also now placed in the ambulacrarians is a curious little worm called Xeno-
turbella. Nobody knew where to put little Xenoturbella — it seems to lack most of
the things that a respectable worm ought to have, like a proper excretory sys-
tem and a through-flow gut. Zoologists shuffled this obscure little worm from
phylum to phylum, and had pretty well given up on it when, in 1997, somebody
announced that, despite all appearances, it was a highly degenerate bivalve
mollusc, with affinities to cockles. This confident statement came from mol-
ecular evidence. Xenoturbella's DNA closely resembled that of a cockle and, as if
to clinch it, Xenoturbella specimens were found to contain mollusc-type eggs.
Terrible warning! In what looks like the classic nightmare of the modern foren-
sic detective — contamination of the suspect's DNA by that of the murder victim
— it has now turned out that the reason Xenoturbella contained mollusc DNA
and mollusc eggs is that it eats molluscs! The residue of genuine Xenoturbella
that is left when the mollusc DNA is removed reveals an even more surprising
affinity: Xenoturbella is a member of the Ambulacraria, possibly the last member
to join them 'before' we greet them at Rendezvous 25. Other molecular evidence
places this rendezvous somewhere in the late Precambrian, maybe about 570
million years ago. I am guessing that Concestor 25 was approximately our 280-
million-greats-grandparent. We have no idea what it looked like, but it surely
was more worm-like than starfish-like. There is every indication that the echino-
derms evolved their radial symmetry secondarily from left-right symmetrical
ancestors — 'Bilateria’.

Echinoderms are a large phylum, with about 6,000 living species and a very
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respectable fossil record going back to early Cambrian times. Those ancient
fossils include some weirdly asymmetrical creatures. Indeed, weird is perhaps
the adjective that first occurs to one contemplating the echinoderms. A colleague
once described the cephalopod molluscs (octopuses, squids and cuttlefish) as
'Martians'. He made a good point, but I think my candidate for the role might be
a starfish. A 'Martian', in this sense, is a creature whose very strangeness helps
us to see ourselves more clearly by showing us what we are not.

Earth's animals are mainly bilaterally symmetrical: they have a front end and
a rear end, a left side and a right side. Starfish are radially symmetrical, with the
mouth right in the middle of the lower surface, and the anus right in the middle
of the top surface. Most echinoderms are similar, but heart urchins and sand
dollars have rediscovered a modest degree of bilateral symmetry with a front
and a rear for purposes of burrowing
through the sand. If 'Martian' starfish
have sides at all, they have five sides (or,
in a few cases, some larger number),
not two like most of the rest of us on
Earth. Earth's animals mostly have
blood. Starfish have piped sea water
instead. Earth's animals mostly move
about by means of muscles, pulling on
bones or other skeletal elements. Star
fish move about by means of a unique
“% hydraulic system, using pumped sea
~ water. Their actual propulsive organs
are hundreds of small 'tube feet' on
o their under surface, arrayed in avenues
along the five axes of symmetry. Each

tube foot looks like a thin tentacle with
- alittle round sucker on the end. On its
own it is too small to move the animal, but the whole array pulling together can
do it, slowly but powerfully. A tube foot is extended by hydraulic pressure, ex-
erted by a little squeezed bulb at its near end. Each individual tube foot has a
cycle of activity rather like a tiny leg. Having exerted its pull, it releases its
sucker, picks itself up and swings forward to take a new grip with the sucker,
and pull again.

Sea urchins get around by the same method. Sea cucumbers, which are
shaped like warty sausages, can move this way too, but burrowing ones move
the whole body as earthworms do, by alternately squeezing the body so it
elongates forward, then pulling the rear up behind. Brittle stars, which have
(usually) five slender, waving arms radiating out from a nearly circular central
disc, move by rowing with whole arms, rather than dragging themselves along
by tube feet. Starfish too have muscles that swing whole arms about. They use
them, for example, to engulf prey and pull mussel shells apart.

'Forward' is arbitrary for these 'Martians', and that includes brittle stars and
most urchins as well as starfish. Unlike most Earth life forms, who have a

Warty sausages
Sea cucumber

(Thelenota sp.)

1
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definite front end with a head, a starfish can 'lead' with any one of its five arms.
The hundreds of tube feet somehow manage to 'agree' to follow the lead arm at
any one time, but the lead role can change from arm to arm. The co-ordination
is achieved by a nervous system, but it is a different pattern of nervous system
from any others we are accustomed to on this planet. Most nervous systems are
based upon a long trunk cable running from front to rear, either along the
dorsal side (like our spinal cord) or along the ventral side, in which case it is
often double, with a ladder of connections between the left and right sides (as in
worms and all arthropods). In a typical Earth creature, the main longitudinal
trunk cable has side nerves, often paired in segments repeated serially from
front to rear. And it usually has ganglia, local swellings that, when sufficiently
large, are dignified with the name of brain. The starfish nervous system is utterly
different. As we have come to expect by now, it is radially arranged. There is a
complete ring going right round the mouth, from which five (or however many
arms there are) cables radiate out, one along each arm. As you would expect, the
tube feet along each arm are controlled by the trunk nerve running along it.

In addition to the tube feet, some species also have hundreds of so-called
pedicellariae (singular pedicellaria), scattered over the lower surface of the five
arms. These have tiny pincers, and are used for catching food, or in defence
against small parasites.

Alien 'Martians' though they may appear, starfish and their kind are still our
relatively close cousins. Less than four per cent of all animal species are closer
cousins to us than starfish are. By far the greater part of the animal kingdom is
yet to join our pilgrimage. And they mostly arrive all together, at Rendezvous
26, in one gigantic influx of pilgrims. The protostomes are about to overwhelm
even the multitude of pilgrims who are already on the march.
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FACING PAGE
PROTOSTOMES JOIN

At this rendezvous the
60,000 or 50 known
deuterostome species join
well over a million
described protostomes.
This protostome phy-
logeny represents another
recent and radical
rearrangement brought
about by genetics. The
two major groupings are
now generally accepted,
but the order of branching
within them is extremely
uncertain. The order
within the seven lineages
on the left
(‘Loptiotrochozoa') is
particularly unsure.

IMAGES, LEFT TO RIGHT:
lugworm (Arenicola sp.);
garden snail (Helix
aipena); unknown
bryozoan, gastrotrich
(Cbaetonotus simrothi);
zebra polyclad flatworm
(Pseudoceros dimidiatus);
Antarctic bdelloid rotifer
(.Philodina gregaria);
unknown nematode, leaf-
cutter ant (Atta sp.);
velvet worm [Peripatopsis
moseleyi); unknown
tardigrade.

RENDEzZVOUS 26 PROTOSTOMES

In the deeps of geological time, and increasingly deprived of the hard support of
fossils, we are now entirely reliant on the technique that I referred to in the Gen-
eral Prologue as molecular rangefinding. The upside is that the technique is
getting ever more sophisticated. Molecular rangefinding confirms a belief long
held by comparative anatomists, or more strictly comparative embryologists,
that the greater part of the animal kingdom is deeply divided into two great
subkingdoms, the Deuterostomia and the Protostomia.

Here's how embryology comes in. Animals typically pass through a watershed
event in their early life called gastrulation. The distinguished embryologist and
scientific iconoclast Lewis Wolpert said:

It is not birth, marriage or death, but gastrulation, which is truly the most important
time in your life.

Gastrulation is something that all animals do early in their life. Typically, before
gastrulation, an animal embryo consists of a hollow ball of cells, the blastula,
whose wall is one cell thick. During gastrulation the ball indents to form a cup
with two layers. The opening of the cup closes in to form a small hole called the
blastopore. Almost all animal embryos go through this stage, which presumably
means it is a very ancient feature indeed. You might expect that so fundamental
an opening would become one of the two deep holes in the body, and you'd be
right. But now comes the big divide in the animal kingdom, between the
Deuterostomia (every pilgrim who arrived before Rendezvous 26, including us)
and the Protostomia (the huge throng who are now joining at Rendezvous 26).

In deuterostome embryology, the eventual fate of the blastopore is to become
the anus (or at least the anus develops close to the blastopore). The mouth
appears later as a separate perforation at the other end of the gut. The proto-
stomes do it differently: in some, the blastopore becomes the mouth, and the
anus appears later; in others, the blastopore is a slit that subsequently zippers
up in the middle, with the mouth at one end and the anus at the other.
Protostome means 'mouth first'. Deuterostome means 'mouth second'.

This traditional embryological classification of the animal kingdom has been
upheld by modern molecular data. There are indeed two main kinds of animal,
the deuterostomes (our lot) and the protostomes (them over there). However,
some phyla that used to be included in the deuterostomes have now been
moved by molecular revisionists, whom I shall follow, to the protostomes. These
are the three so-called lophophorate phyla — the phoronids, brachiopods and
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bryozoans — now grouped together with the molluscs and annelid worms in the
"Lophotrochozoa' division of the protostomes. For goodness' sake don't bother
to remember the 'lophophorates’ — I need to mention them here only because
zoologists of a certain age might be surprised not to find them among the
deuterostomes. There are also some animals that don't belong to either the
protostomes or the deuterostomes, but we'll come to them later.

Rendezvous 26 is the biggest of all, more of a gigantic rally of pilgrims than a
rendezvous. When does it happen? Such ancient dates are hard to estimate. My
attempt of 590 million years is plus or minus a large margin of error. The same
goes for the estimate that Concestor 26 is our 300-million-greats-grandparent.
The protostomes constitute the great bulk of the pilgrimage of animals. Because
our own species is of the deuterostome persuasion, I have given them special
attention in this book, and I am portraying the protostomes as joining the pil-
grimage all together, at one major rendezvous. Not only the protostomes them-
selves would see it the other way around — a dispassionate observer would too.

The protostomes have a much greater number of animal phyla than the
deuterostomes, including the largest phyla of all. They include the molluscs,
with twice as many species as the vertebrates. They include the three great
worm phyla: flatworms, roundworms and annelid worms, whose species to-
gether outnumber the mammal species perhaps thirtyfold. Above all, the proto-
stome pilgrims include the arthropods: insects, crustaceans, spiders, scorpions,
centipedes, millipedes and several other smaller groups. The insects alone con-
stitute at least three-quarters of all animal species, and probably more. As
Robert May, the current President of the Royal Society has said, to a first
approximation all species are insects.

Before the days of molecular taxonomy, we grouped and divided animals by
looking at their anatomy and embryology. Of all the classificatory levels —
species, genus, order, class, etc. — phylum had a special, almost mystical status.
Animals within one phylum were clearly related to one another. Animals in
different phyla were too distinct for any relationships to be taken seriously. The
phyla were separated by an all but unbridgeable gulf. Molecular comparison
now suggests that the phyla are much more connected than we ever thought
they were. In a sense that was always obvious — nobody believed the animal
phyla arose separately from primordial slime. They had to be connected to each
other, in the same sort of hierarchical patterns as their constituent parts. It was
just that the connections were hard to see, lost in deep time.

There were exceptions. The protostome/deuterostome grouping above the
phylum level was admitted, based on embryology. And within the protostomes
it was widely accepted that the annelid worms (segmented earthworms, leeches
and bristle worms) were related to arthropods, both having a segmented body
plan. That particular connection now seems to be wrong, as we shall see:
nowadays the annelids are partnered with the molluscs. Actually, it was always
a bit worrying that marine annelids had a kind of larva that was so similar to the
larvae of many marine molluscs that they were given the same name, the
'trochophore' larva. If the annelid-mollusc grouping is right, it means that the
segmented body plan was invented twice (by annelids and arthropods), rather
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This worm-like concestor
is shown living on the sea
bed. The body is formed
from serially repeating
parts, with a head at one
end and a through-flow
gut. The head would have
had a mouth opening that
might have been sur-
rounded by appendages
that aided feeding. It is
also likely to have had
eyes.



There were also giant
land scorpions in the
Palaeozoic, estimated
at a metre long, a fact
that I do not greet with
equanimity (one of my
earliest memories,
before I fainted, is of
being stung by a mod-
ern African scorpion).
The largest known
trilobite. hotelus rex,
reached 72 centimetres
in length. Dragonflies
with wingspans up to
70 centimetres
flourished in the
Carboniferous. Today's
largest arthropod, the
Japanese spider crab
Macrocheira kaempferi
has a 30-centimetre
body, and the span be-
tween its enormously
elongated claw-bearing
limbs can be up to four
metres.

than the trochophore larva being invented twice (by annelids and molluscs). The
association of annelids with molluscs, and their separation from arthropods, is
one of the bigger surprises that molecular genetics has dealt those zoologists
brought up on morphologically based taxonomy.

Molecular evidence divides the protostome phyla into two, or perhaps three,
main groups: super-phyla, 1 suppose we could call them. Some authorities have
yet to accept this classification, but I shall go along with it while recognising
that it could still be wrong. The two super-phyla are called the Ecdysozoa
and the Lophotrochozoa. The third superphylum, which is less widely acknowl-
edged, but which I shall accept rather than lumping them in with the
Lophotrochozoa as some prefer, is the Platyzoa.

The Ecdysozoa are named after their characteristic habit of moulting, or
ecdysis (from a Greek word meaning roughly to get your kit off). That gives an
immediate hint that the insects, crustaceans, spiders, millipedes, centipedes,
trilobites and other arthropods are ecdysozoans, and this means that the
ecdysozoan faction of the protostome pilgrimage is very large indeed, far more
than three-quarters of the animal kingdom.

The arthropods dominate both the land (especially insects and spiders) and
the sea (crustaceans and, in earlier times, trilobites). With the exception of the
eurypterids, those Palacozoic sea scorpions* which, we conjectured, terrorised
the Palaeozoic fishes, arthropods have not achieved the enormous body size of
some extreme vertebrates. This is often attributed to limits set by their method
of encasing themselves in an armour-plated exoskeleton, with their limbs in
hard jointed tubes. This means they can grow only by ecdysis: casting their
outer casing aside at regular intervals and hardening a new, larger one. How the
eurypterids managed to exempt themselves from this alleged size limitation is
not entirely clear to me.

There is lingering dispute about how the sub-contingents of arthropods are
arranged. Some zoologists uphold the earlier view that the insects belong with
the myriapods (centipedes, millipedes and their kind), separated off from the
crustaceans. The majority now bracket the insects with the crustaceans, push-
ing the myriapods and spiders off as outgroups. Everyone agrees that spiders
and scorpions, together with the terrifying eurypterids, belong together in the
group called chelicerates. Limulus, the living fossil known, unfortunately, as the
horseshoe crab, is also placed in the chelicerates, despite its superficial resemb-
lance to the extinct trilobites, which are separated off in their own group.

Allied to the arthropods within the Ecdysozoa, and sometimes called pan-
arthropods, are two small contingents of pilgrims, the onychophorans and the
tardigrades. Onychophorans or velvet worms, such as Peripatus, are now classi-
fied in the phylum Lobopodia, which has an important fossil contingent, as we
shall see in the Velvet Worm's Tale. Peripatus itself looks a bit like a caterpillar of
rather endearing mien, although in this respect it is outdone by the tardigrades.
Whenever I see a tardigrade I want to keep it as a pet. Tardigrades are some-
times called water bears, and they have the cuddly appearance of a baby bear. A
very baby bear indeed: you can only just see them without a microscope, waving
their eight stubby legs with a charming air of infantile ineptitude.

318 | RENDEZVOUS 26



The other major phylum in the superphylum Ecdysozoa is that of the nema-
tode worms. They too are extremely numerous, a fact made memorable long
ago by the American zoologist Ralph Buchsbaum:

If all the matter in the universe except the nematodes were swept away, our

world would still be dimly recognisable.. .we should find its mountains, hills,

vales, rivers, lakes, and oceans represented by a film of nematodes ... Trees would
still stand in ghostly rows representing our streets and highways. The location of
the various plants and animals would still be decipherable, and, had we sufficient
knowledge, in many cases even their species could be determined by an examin-
ation of their erstwhile nematode parasites.
I was delighted by this image when I first read Buchsbaum's book, but I must
confess, returning to reread it now, I find myself sceptical. Let's just say that
nematode worms are extremely numerous and ubiquitous.

Smaller phyla in the Ecdysozoa include various other kinds of worms, includ-
ing the priapulid or penis worms. These are quite aptly named, although the
champion in this vein is the fungus whose Latin name is Phallus (wait for
Rendezvous 34). It is superficially surprising that the priapulids are now classi-
fied so far from the annelid worms. s

The lophotrochozoan pilgrims may be outnumbered
by the Ecdysozoa, but even they decisively outnumber our
own deuterostome pilgrims. The two big lophotrochozoan
phyla are the molluscs and the annelids. The annelid
worms are not long confusible with the nematode worms,
for the annelids are segmented — like the arthropods, as
we have seen. This means that their body is arranged as a
series of segments fore and aft, like the trucks of a train.
Many body parts, for example nerve ganglia and blood
vessels running around the gut, are repeated in every
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There are some wonder-

ful millipedes —pill
millipedes — that look
and behave just like
woodlice. This is one of
my favourite examples
of convergent evolution.

segment along the length of the body. The same is true of arthropods, most
obviously millipedes and centipedes because their segments are all pretty much
the same as each other. In a lobster or, even more, a crab, many of the segments
are different from each other, but you can still clearly see that the body is seg-
mented in the fore-and-aft direction. Their ancestors surely had more uniform
segments like a woodlouse or a millipede.'" Annelid worms are like millipedes or
woodlice in this respect, although the worms are more closely related to the
non-segmented molluscs. The most familiar annelid worms are common or
garden (for once the phrase is strictly apt) earthworms. I am privileged to have
seen giant earthworms, (Megascolides australis) in Australia, said to be capable of
growing to four metres long.

The Lophotrochozoa include other worm-like phyla, for instance the nemer-
tine worms, not to be confused with the nematodes. The similarity of name is
unfortunate and unhelpful, compounded by further confusion with two other
worm phyla, the Nematomorpha and the Nemertodermatida. Nema, or nematos,
in Greek means 'thread’, while Nemertes was the name of a sea nymph. Un-
fortunate coincidence, that. On a school marine biology field trip to the Scottish
coast with our inspiring zoology teacher Mr 1. F. Thomas, we found a bootlace
worm, Lineus longissimus, a species of nemertine legendarily capable of growing
to 50 metres. Our specimen was at least 10 metres long, but I don't remember
the exact measurement, and Mr Thomas has sadly lost his photograph of this
unforgettable occasion, so it will have to remain as a nemertean version of a
fisherman's tall tale.

There are various other more-or-less worm-like phyla, but the biggest and
most important phylum of the Lophotrochozoa is the Mollusca: the snails,
oysters, ammonites, octopuses and their kind. The mollusc contingent of the
pilgrimage mostly creeps at snail's pace, but squids are among the fastest swim-
mers in the sea, using a form of jet propulsion. They, and their cousins the
octupuses, are the most spectacularly proficient colour-changers in the animal
kingdom, streets better than the proverbial chameleons, not least because they
change in quick time. The ammonites were relatives of the squids who lived in
coiled shells that served them as flotation organs, as with the still surviving
Nautilus. Ammonites once thronged the seas but went finally extinct at the
same time as the dinosaurs. I hope they changed colour too.

Another major group of molluscs is the bivalves: oysters, mussels, clams and
scallops, with two shells or valves. Bivalves have a single extremely powerful
muscle, the adductor, whose function is to close the valves and lock in the closed
position against predators. Don't put your foot in a giant clam (7ridacna) — you'll
never get it back. The bivalves include Teredo, the shipworm, which uses its
valves as cutting tools to bore through driftwood, wooden ships and the pilings
of piers and quays. You will probably have seen their holes, of cleanly circular
cross-section. Piddocks do something similar through rock.

Superficially like bivalve molluscs are the brachiopods, the lamp shells. They
are also part of the great lophotrochozoan contingent of the protostome pil-
grimage, but are not closely related to the bivalve molluscs. We have already
met one of them, Lingula, in the Lungfish's Tale, as a famous 'living fossil'. There
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are now only about 350 species of

brachiopod, but in the Palaeozoic Era

they rivalled the bivalve molluscs.* The

resemblance between them is super-

ficial: the bivalve molluscs' two shells

are left and right, where the two

brachiopod shells are top and bottom.

The status of the brachiopod pilgrims,

and two allied 'lophophorate' groups

called phoronids and bryozoans, is still

disputed. As already mentioned, I am

following the dominant contemporary school of thought in placing them in
the Lophotrochozoa (to which name, indeed, they have contributed). Some
zoologists leave them where they used to be, outside the protostomes altogether
and in the deuterostomes, but I suspect theirs is a losing battle.

The third major branch of the protostome superphylum, the Platyzoa, would
be joined by some authorities to the Lophotrochozoa. 'Platy' means 'flat', and
the name Platyzoa comes from one of the component phyla, the flatworms or
Platyhelminthes. 'Helminth* means 'intestinal worm', and while some flat-
worms are parasitic (tapeworms and flukes), there is also a large group of free-
living flatworms, the turbellarians, that are often extremely beautiful. Recently,
some of the animals traditionally classified as flatworms, for example the
acoels, have been removed by molecular taxonomists out of the protostomes
altogether. We shall meet them presently.

Other phyla are provisionally placed in the Platyzoa, but for the moment it is
for want of anywhere more certain to put them, and they are mostly not flat.
Belonging to the so-called 'minor phyla', they are fascinating in their own right
and each deserves a whole chapter in a textbook of invertebrate zoology. Unfor-
tunately, however, we have a pilgrimage to complete and must press on. Of these
minor phyla I shall just mention the rotifers, because they have a tale to tell.

Rotifers are so small that they were originally grouped with single-celled
protozoan 'animalcules'. They are actually multicellular and quite complicated
in miniature. One group of them, the bdelloid rotifers, are remarkable because
no male has ever been seen. This is what their tale is about, and we shall come
to it soon.

So this vast flood of protostome pilgrims, composite of tributaries far and
wide, truly the dominant stream of animal pilgrims, converges on its rendez-
vous with the deuterostomes, the junior (by comparison) contingent, whose
progress we have hitherto followed for the sufficient reason that it is our own.
The grand ancestor of both, Concestor 26 from our human point of view, is
extremely hard to reconstruct at such a remote distance of time.

It seems very likely that Concestor 26 was some kind of worm. But that is
only to say a long thing, bilaterally symmetrical, with a left and a right side, a
dorsal and a ventral side, and a head and a tail end. Indeed, some scientists have
given the name Bilateria to all the animals descended from Concestor 26, and I
shall use this word. Why is this pattern, the worm form, so common? The most
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‘A lugworm, with its grey
and muddy mouth

Sang that somewhere to
north or west or south

There dwelt a gay, exulting,

gentle race...’

-W. B. YEATS
(1865-19391

primitive members of all three protostome subgroups, and the most primitive
deuterostomes, are all of the form that we should generally call worm-shaped.
So let's have a tale about what it means to be a worm.

I wanted to put the worm's tale into the grey and muddy mouth of the
lugworm.* Unfortunately, the lugworm spends most of its time in a U-shaped
burrow, which is just what we don't need for the tale, as will soon become
apparent. We need a more typical worm, which actively crawls or swims in a
forward direction: for whom front and rear, left and right, and up and down
have a clear meaning. So the lugworm's close cousin, Nereis the ragworm, shall
take over the role. An 1884 magazine article for anglers said, "The bait used is
that damp kind of centipede called a ragworm.' It is not a centipede, of course,
but a polychaete worm. It lives in the sea, where it normally crawls over the
bottom but is capable of swimming if necessary.

The Ragworm's Tale

Any animal that moves, in the sense of covering the ground from A to B rather
than just sitting in one place and waving its arms or pumping water through
itself, is likely to need a specialised front end. It might as well have a name, so
let's call it the head. The head hits novelty first. It makes sense to take in food at
the end that encounters it first, and to concentrate the sense organs there too —
eyes perhaps, some kind of feelers, organs of taste and smell. Then the main
concentration of nervous tissue — the brain — had best be near the sense
organs, and near the action at the front end, where the food-catching apparatus
is. So we can define the head end as the leading end, the one with the mouth, the
main sense organs and the brain, if there is one. Another good idea is to void
wastes somewhere near the back end, far from the mouth, to avoid re-imbibing
what has just been passed out. By the way, although all this makes sense if we
think worm, 1 should remind you that the argument evidently does not apply to
radially symmetrical animals such as starfish. I am genuinely puzzled why
starfish and their kind opt out of this argument, which is one reason why I
referred to them as 'Martians'.

To return to our primaeval worm, having dealt with its fore and aft asym-
metry, how about up-down asymmetry? Why is there a dorsal side and a ventral
side? The argument is similar, and this one applies to starfish just as much as to
worms. Gravity being what it is, there are lots of inevitable differences between
up and down. Down is where the sea bottom is, down is where the friction is, up
is where the sunlight comes from, up is the direction from which things fall on
you. It is unlikely that dangers will threaten equally from below and above, and
in any case those dangers are likely to be qualitatively different. So our prim-
itive worm should have a specialised upper or 'dorsal' side and a specialised
'ventral' or lower side, rather than simply not caring which side faces the sea
bottom and which side faces the sky.

Put our front-rear asymmetry together with our dorsal-ventral asymmetry,
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and we have automatically defined a left side and a right side. But unlike the
other two axes, we find no general reason to distinguish the left side from the
right side: no reason why they should be anything other than mirror images.
Danger is not more likely to threaten from the left than the right, or vice versa.
Food is not more likely to be found on the left or the right side, though it may
well be more likely above or below. Whatever is the best way for a left side to be,
there is no general reason to expect any difference for the right. Limbs or
muscles that were not mirrored left-right would have the unfortunate effect of
driving the animal round in circles, instead of in direct pursuit of some goal.

Perhaps revealingly, the best exception I can think of is fictional. According
to a Scottish legend (probably invented for the amusement of tourists, and said
to be believed by many of them), the haggis is a wild animal living in the
Highlands. It has short legs on one side and long legs on the other, in accord-
ance with its habit of running only one way round the sides of steep Highand
hillsides. The prettiest real-life example I can think of is the wonky-eyed jewel
squid of Australian waters, whose left eye is much larger than its right. It swims
at a 45-degree angle, with the larger, telescopic left eye looking upwards for
food, while the smaller right eye looks below for predators. The wrybill is a New
Zealand sandpiper whose bill curves markedly to the right. The bird uses it to
flick pebbles to the side and expose prey. Striking 'handedness' is to be seen in
fiddler crabs, who have one hugely enlarged claw for fighting or, more to the
point, displaying their ability to fight. But perhaps the most intriguing story of
asymmetry in the animal kingdom was told me by Sam Turvey. Trilobite fossils
often display bite marks, indicating narrow escapes from predators. The
fascinating thing is that about 70 per cent of these bite marks are on the right-
hand side. Either trilobites had an asymmetrical awareness of predators, like
the wonky-eyed jewel squid, or their predators had handedness in their attack
strategy.

But those are all exceptions, mentioned for their curiosity value and to make
a revealing contrast with the symmetrical world of our primitive worm and its
descendants. Our crawling archetype has a left and a right side which are mirror
images of each other. Organs tend to arise in pairs, and where there are excep-
tions, such as the wonky-eyed jewel squid, we notice it and comment.

How about eyes? Would the first bilaterian have had eyes? It isn't enough to
say that all modern descendants of Concestor 26 have eyes. It isn't enough,
because the various kinds of eyes are very diverse: so much so that it has been
estimated that 'the eye' has evolved independently more than 40 times in
various parts of the animal kingdom.* How do we reconcile this with the state-
ment that Concestor 26 had eyes?

To give intuition a steer, let me say first that what is claimed to have evolved
40 times independently is not light-sensitivity per se, but image-forming optics.
The vertebrate camera eye and the crustacean compound eye evolved their
optics (working on radically different principles) independently of one another.
But both these eyes are descended from one organ in the common ancestor
(Concestor 26), which was probably an eye of some kind.

The evidence is genetic, and it is persuasive. In the fruit fly Drosophila there is
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a gene called eyeless. Geneticists have the perverse habit of naming genes by
what goes wrong when they mutate. The eyeless gene normally negates its name
by making eyes. When it mutates and fails to have its normal effect on develop-
ment, the fly has no eyes, hence the name. It is a ludicrously confusing con-
vention. To avoid it, I shall not refer to the eyeless gene, but will use the
comprehensible abbreviation ey. The ey gene normally makes eyes, and we know
this because when it goes wrong the flies are eyeless. Now the story starts to get
interesting. There is a very similar gene in mammals, called Pax6, also known as
small eye in mice and aniridia (no iris) in humans (again named for the negative
effect of its mutant form).

The DNA sequence of the human aniridia gene is more similar to the fruit
fly's ey gene than it is to other human genes. They must be inherited from the
shared ancestor which was, of course, Concestor 26. Again, I shall call it ey.
Walter Gehring and his colleagues in Switzerland did an utterly fascinating ex-
periment. They introduced the mouse equivalent of the ey gene into fruit fly
embryos, with astounding results. When introduced into the part of a fruit fly
embryo that was destined to make a leg, it caused the eventual adult fly to grow
an extra 'ectopic' eye on its leg. It was a fly eye, by the way: a compound eye, not
amouse eye. | don't think there is any evidence that the fly could see through it,
but it had the unmistakable properties of a respectable compound eye. The
instruction given by the ey gene seems to be 'grow an eye here, of the kind that
you would normally grow'. The fact that the gene is not only similar in mice and
flies, but induces the development of eyes in both, is very strong evidence that
it was present in Concestor 26; and moderately strong evidence that Concestor
26 could see, even if only the presence versus the absence of light. Perhaps,
when more genes have been investigated, the same argument can be general-
ised from eyes to other bits. In fact, in one sense, this has already been done —
we'll deal with it in the Fruit Fly's Tale.

The brain, sitting at the front end for the reasons we have argued, needs to
make nervous contact with the rest of the body. In a worm-shaped animal, it is
sensible that it should do so via a main cable, a principal nerve trunk, running
along the length of the body, probably with side branches at intervals along the
body to exercise local control and take in local information. In a bilaterally
symmetrical animal like a ragworm or a fish, the trunk nerve must run either
dorsal or ventral of the digestive tract, and here we strike one of the main differ-
ences between us deuterostomes on the one hand and the protostomes, who
have joined us in such strength, on the other. In us, the spinal nerve cord runs
along the back. In a typical protostome like a ragworm or a centipede, it is on
the ventral side of the gut.

If Concestor 26 was indeed some kind of worm, it presumably followed either
the dorsal nerve pattern or the ventral nerve pattern. I can't call them deutero-
stome and protostome patterns because the two separations don't quite co-
incide. The acorn worms (those rather obscure deuterostomes who arrived with
the echinoderms at Rendezvous 25) are hard to interpret, but at least on some
views they have a ventral nerve cord like a protostome, although for other
reasons they are classified as deuterostomes. Let me instead divide the animal
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kingdom into the dorsocords and the ventricords. The dorsocords are all deutero-
stomes. The ventricords are mostly protostomes, plus some early deuterostomes
perhaps including the acorn worms. The echinoderms, with their remarkable
reversion to radial symmetry, don't fit into this classification at all. Probably the
deuterostomes, as I say, were still ventricords until some time later than Con-
cestor 26.

The difference between dorsocords and ventricords extends to other things
than just the position of the main nerve running along the body. Dorsocords
have a ventral heart, whereas ventricords have a dorsal heart, pumping blood
forward along a main dorsal artery. These and other details suggested in 1820 to
the great French zoologist Geoffroy St Hilaire that a vertebrate could be thought
of as an arthropod, or an earthworm, turned upside down. After Darwin and the
acceptance of evolution, zoologists from time to time suggested that the ver-
tebrate body plan had actually evolved through a worm-like ancestor literally
turning upside down.

That is the theory that I want to support here, on balance and with some
caution. The alternative, which is that a worm-like ancestor gradually re-
arranged its internal anatomy while staying the same way up, seems to me less
plausible because it would have involved a greater amount of internal upheaval.
I believe a change in behaviour came first — suddenly by evolutionary standards
— and it was followed by a whole lot of consequential evolutionary changes. As
so often, there are modern equivalents to make the idea vivid for us today. The
brine shrimp is one example, and we hear its tale next.

The Brine Shrimp's Tale

Brine shrimps, Artemia, and the closely related fairy shrimps are crustaceans
that swim on their backs, and therefore have their nerve cord (the 'true' zoologi-
cal ventral side) on the side that now faces the sky. The upside-down catfish,
Synodontis nigriventris, is a deuterostome that does the same thing the other way
round. It is a fish that swims on its back, and therefore has its main trunk nerve
on the side facing the river bottom, which is the 'true' zoological dorsal
side. I don't know why brine shrimps do it, but the catfish swim upside down
because they take food from the water surface, or from the undersides of floating
leaves. Presumably, individual fish discovered that this was a good source of
food and learned to turn over. My conjecture* is that, as the generations
went by, natural selection favoured those individuals who learned to perform
the trick best, their genes 'caught up' with the learning, and now they never
swim any other way.

The brine shrimp's inversion is a recent re-enactment of something that
happened, in my view, more than half a billion years ago. An ancient, long-lost
animal, some kind of worm with a ventral nerve cord and a dorsal heart like any
protostome, turned over and swam, or crawled, upside down like a brine
shrimp. A zoologist who happened to be present at the time would have died
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cal idea known as the
Baldwin Effect. Super-
ficially, it sounds like
Lamarckian evolution
and the inheritance of
acquired characteris-
tics. Not so. Learning
doesn't imprint itself
into the genes. Instead,
natural selection
favours genetic propen-
sities to learn certain
things. After genera-
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Bug means something
precise, not just any-
thing small. A bug is an
insect of the order
Hemiptera.

t So has the nudibranch
mollusc (sea slug)
Claucus atlanticus. This
beautiful creature floats
upside down, feeding
on Portuguese men-of-
war, and it is 'reverse
countershaded', just
like the catfish
(opposite, top).

rather than relabel the main nerve trunk dorsal just because it now ran along
the side of the body facing the sky. 'Obviously', all his zoological training would
have told him, it was still a ventral nerve cord, corresponding to all the other
organs and features that we expect to see on the ventral surface of a proto-
stome. Equally 'obvious' to this Precambrian zoologist, the heart of our inverted
worm was, in the deepest sense, a 'dorsal' heart, even though it now beat under
the skin nearest the sea bottom.

Given enough time, however — given enough millions of years of swimming
or crawling 'upside down' — natural selection would come to reshape all the
organs and structures of the body to fit in with the upside-down habit. Eventu-
ally, unlike our modern brine shrimp, which has only recently turned over, the
traces of the original dorsal-ventral homologies would become obliterated.
Later generations of palaeo-zoologists who encountered the descendants of this
early maverick, after some tens of millions of years of upside-down habit, would
start to redefine their concepts of dorsal and ventral. This is because so many
anatomical details would have changed over evolutionary time.

Other animals that swim on their backs are sea otters (especially when en-
gaging in their remarkable habit of smashing shellfish with stones on the belly),
and water boatmen (all the time). Water boatmen are a kind of bug,* sometimes
known as backswimmers, which skim over the surface of streams. Whirligig
beetles do the same kind of thing, but they swim the right way up.

Imagine that the descendants of our modern water boatmen or brine shrimps
on the one hand, and the descendants of our modern upside-down catfish on
the other, were to maintain their habits of swimming upside down for 100 mil-
lion years into the future. Isn't it entirely likely that they might each give rise to
a whole new subkingdom, each body plan so radically reshaped by the upside-
down habit that zoologists who didn't know the history would define the brine
shrimps' descendants as having a 'dorsal' nerve cord, and the descendants of
the catfish as having a 'ventral' nerve cord.

As we saw in the Ragworm's Tale, the world presents important practical
differences between up and down, and these would start to imprint themselves,
by natural selection, on the sky-pointing side and the floor-pointing side respec-
tively. What had once been the zoologically ventral side would start to look more
and more like a zoologically dorsal side, and vice versa. I believe this is exactly
what happened somewhere along the line leading to vertebrates, and that is
why we now have a dorsal nerve cord and a ventral heart. Modern molecular
embryology offers some supporting evidence from the ways in which genes
that define the dorso-ventral axis are expressed — genes a bit like the Hox genes
that we shall meet in the Fruit Fly's Tale — but the details are beyond our
scope here.

The upside-down catfish, recent though its inverted habit undoubtedly is, has
already taken one revealing little step in this evolutionary direction.' Its Latin
name is Synodontis nigriventris. Nigriventris means 'dark belly', and it introduces
a fascinating vignette at the end of the Brine Shrimp's Tale. One of the main
differences between up and down in the world is the predominant direction of
light. While not necessarily directly overhead, the sun's rays generally come
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from above rather than below. Hold your fist up and you'll find, even under an
overcast sky, that its upper surface is better lit than its lower surface. This fact
opens an important way in which we, and many other animals, can recognise
solid, three-dimensional objects. A uniformly coloured curved object, such as a
worm or a fish, looks lighter on the top, darker below. I am not talking about the
hard shadow cast by the body — it is a more subtle effect than that. A gradient of
shading, from lighter above to darker below, smoothly betrays the curvature of
the body.

It works in reverse. The photograph of moon craters is printed upside down.
If your eye (well, to be more precise, your brain) works in the same way as mine,
you will see the craters as hills. Turn the book upside down.so that the light
appears to come from another direction, and the hills will turn into the craters
that they truly are.

One of my very first experiments as a graduate student demonstrated that
newly hatched baby chicks seem to see the same illusion, straight out of the
egg. They peck at photographs of simulated grains, and strongly prefer them if
lit as if from above. Turmn the photograph over and they shun it. This seems to
show that baby chicks 'know' that light in their world normally comes from
above. But since they have only just hatched out of the egg, how do they
know? Have they learned it during their three days of life? It is perfectly
possible, but I tested it experimentally and found it not to be
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And hence, if I am right,
the 'knowledge' of the
predominant direction
of light in the real
world.

t Although I have to
admit that the habits of
the upside-down catfish
have long been known.
It is portrayed in its
customary position in
Ancient Egyptian
wallpaintings and
engravings.

| You might ask how an
experimenter could
force a catfish to turn
over against its natural
preference, and I do not
know. But, to add just
one tiny vignette. I do
know how to make a
brine shrimp swim, like
any normal crustacean,
with its zoologically
dorsal side uppermost.
Just shine an artificial
light on them from
below, and they will
instantly turn over.
Evidently brine shrimps
use light as their cue to
decide which way is up.
I don't know if the cat-
fish use Lhe same cue.
They could equally well
use gravity.

so. I raised chicks and tested them in a special cage in which the only light they
ever saw came from below. Experience of pecking grain in this upside-down
world would, if anything, teach them to prefer upside-down photographs of
solid grains. Instead, they behaved exactly like normal chicks raised in the real
world with light coming from above. Apparently because of genetic pro-
gramming, all the chicks prefer to peck at photographs of solid objects lit from
above. The solidity illusion* seems to be genetically programmed in chicks —
what we used to call 'innate' — rather than learned as (I'm guessing) it probably
is in us.

Whether learned or unlearned, there is no doubt that the surface shading
illusion of solidity is a powerful one. It has provoked a subtle form of camou-
flage called countershading. Look at any typical fish, out of water on a slab, and
you'll notice that the belly is much lighter in colour than the back. The back may
be dark brown or grey, while the belly is light grey, verging on white in some
cases. And what is all this about? There seems no doubt that it is a form of dis-
guise, based on counteracting the shading gradient that normally gives the
game away for curved, solid things like fish. In the best of all possible worlds, a
countershaded fish, when viewed in a normal light coming from above, will
look perfectly flat. The expected gradient from light above to dark below will
be exactly countered by the gradient in the fish's colour from light below to
dark above.

Taxonomists often name species from dead specimens in museums ." Presum-
ably that explains nigriventris as opposed to invertus or whatever is the Latin for
'upside down'. If you examine the upside-down catfish on a slab, you find that it
is reverse countershaded. Its belly, which faces the sky, is darker than its back,
which faces the bottom. Reverse countershading is one of those wonderfully
elegant exceptions that prove the rule. The first catfish to swim upside down
would have been horribly conspicuous. Its skin coloration would have conspired
with the natural shading from overhead light to make it look preternaturally
solid. No wonder the change of habit was followed, in evolutionary time, by a
reversal of the usual skin-colour gradient.

Fish are not the only animals to employ countershading as a trick of disguise.
My old maestro Niko Tinbergen, before he left the Netherlands for Oxford, had
a student called Leen De Ruiter to whom he proposed research on counter-
shading in caterpillars. Caterpillars of many species play exactly the same trick
on their (in this case bird) predators as fish do on theirs. These caterpillars are
beautifully countershaded, with the result that they look flat when seen in a
normal light. De Ruiter took the twigs on which caterpillars were sitting and
turned them upside down. Immediately they became far more conspicuous
because they suddenly looked much more solid. And birds took them in greater
numbers.

If a De Ruiter were to come along and force the catfish to turn over and swim,
like any normal fish, with its zoologically dorsal side uppermost, it would sud-
denly become far more conspicuously solid* Reverse countershading in upside-
down catfish is a single example of a consequential change that has followed, in
evolutionary time, their change of habit. In another hundred million years, just
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think how comprehensively their whole bodies might change. There is nothing
sacrosanct about 'dorsal' and 'ventral'. They can reverse, and I think they did
reverse in the early ancestry of today's dorsocords. My bet is that Concestor 26
had its main trunk nerve running along the ventral side of the body like any
protostome. We are modified worms swimming on our backs, descended from
an early equivalent of a brine shrimp which, for some long-forgotten reason,
turned over.

The more general moral of the Brine Shrimp's Tale is this. Major transitions
in evolution may have begun as changes in behavioural habit, perhaps even
non-genetic learned changes of habit, which only later were followed by genetic
evolution. I fancy that a comparable tale could be told for the first bird ancestor
to fly, the first fish to come out on the land, and the first whale ancestor to
return to the water (as Darwin speculated with his fly-catching bear). A change
of habit by an adventurous individual is later followed by a long evolutionary
catch-up and clean-up. That is the most far-reaching lesson from the Brine
Shrimp's Tale.

The Leaf Cutter's Tale

Just as humanity did at the time of our Agricultural Revolution, ants independ-
ently invented the town. A single nest of leaf cutter ants, A#a, can exceed the
population of Greater London. It is a complicated underground chamber, up to
6 metres deep and 20 metres in circumference, surmounted by a somewhat
smaller dome above ground. This huge ant city, divided into hundreds or even
thousands of separate chambers connected by networks of tunnels, is sustained
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' Human parallels
continue. When Florey.
Chain and their Oxford
colleagues were devel-
oping penicillin, at the
height of the Second

World War, having (typ-

ically) failed to interest
British companies in

manufacturing it, they
went to America where

(typically again) they

met with success. Like a

queen ant, they took
with them a culture of

the precious fungus. On

an earlier occasion, a
German invasion of
Britain was expected.
Florey and his junior
colleague Heatley
deliberately infected
their own clothes with
the mould, as the best
way of secretly preserv-
ing the culture.

f It is on sale as a deli-
cacy in the markets of
Bangkok. A West
African species,
Termitomyces titankus, is
in The Guinness Book of’
Records as the largest
mushroom in the
world, with a cap
diameter of up to one
metre.

ultimately by leaves cut into manageable pieces and carried home by workers in
broad, rustling rivers of green. But the leaves are not eaten directly, either by the
ants themselves (though they do suck some of the sap) or by the larvae. Instead
they are painstakingly mulched as compost for underground fungus gardens. It
is the small round knobs or 'gongylidia’ of the fungi that the ants eat and, more
particularly, that they feed to the larvae. Cropping by the ants normally stops the
fungi forming spore-bearing bodies (the equivalent of the mushrooms that we
eat). This deprives fungus experts of the cues they normally use to identify
species, and it means that the fungi themselves are dependent on the ants for
their propagation. They have apparently evolved to flourish only in the domesti-
cated environment of an ants' nest, which makes it a true example of
domestication by an agricultural species other than our own. When a young
queen ant flies off to found a new colony, she takes a precious cargo with her: a
small culture of the fungus with which to sow the first crop in her new nest*

The energy for running the colony is ultimately gathered from the sun by the
leaves used to make the compost, a total leaf area that is measured in acres in
the case of a large Atta colony. Fascinatingly the termites, that other hugely
successful group of town-making insects, have also independently discovered
fungus agriculture. In their case the compost is made of chewed-up wood. As
with ants and their fungus, the termite fungus species is found only in termite
nests and it seems to have been 'domesticated’. On those occasions where a
termite fungus (Termitomyces) is permitted to produce a fruiting body, it sprouts
from the side of the mound and is said to be delicious.'

Several groups of ants have independently evolved the habit of keeping dom-
estic 'dairy’ animals in the form of aphids. Unlike other symbiotic insects that
live inside ants' nests and don't benefit the ants, the aphids are pastured out in
the open, sucking sap from plants as they normally do. As with mammalian
cattle, aphids have a high throughput of food, taking only a small amount of
nutriment from each morsel. The residue that emerges from the rear end of an
aphid is sugar-water — 'honeydew' — only slightly less nutritious than the plant
sap that goes in at the front. Any honeydew not eaten by ants rains down from
trees infested with aphids, and is plausibly thought to be the origin of 'manna’'
in the Book of Exodus. It should not be surprising that ants gather it up, for the
same reason as the followers of Moses did. But some ants have gone further and
corailed aphids, giving them protection in exchange for being allowed to 'milk’
the aphids, tickling their rear ends to make them secrete honeydew which the
ant eats directly from the aphid's anus.

At least some aphid species have evolved in response to their domestic
existence. They have lost some of the normal aphid defensive responses and,
according to one intriguing suggestion, some have modified their rear end to
resemble the face of an ant. Ants are in the habit of passing liquid food to one
another, mouth to mouth, and the suggestion is that individual aphids that
evolved this rear-end face-mimicry facilitated being 'milked' and therefore
gained protection by ants from predators.

The Leaf Cutter's Tale is a tale of delayed gratification as the basis of agri-
culture. Hunter-gatherers eat what they gather and eat what they hunt. Farmers
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don't eat their seed corn; they bury it in the ground and wait months for a
return. They don't eat the compost with which they fertilise the soil and don't
drink the water with which they irrigate it. Again, it is all done for a delayed
reward. And the leaf cutter ant got there first. Consider her ways and be wise.

The Grasshopper's Tale

The Grasshopper's Tale treats of the vexed and sensitive topic of race.

There is a pair of European grasshopper species, Chorthippus brunneus and
C. biguttulus, which are so similar that even expert entomologists can't tell them
apart, yet they never cross-breed in the wild although they sometimes meet.
This defines them to be 'good species'. But experiments have shown that you
need only allow a female to hear the mating call of a male of her own species
caged nearby and she will happily mate with a male of the wrong species, 'think-
ing', one is tempted to say, that he is the singer. When this happens, healthy
and fertile hybrids are produced. It doesn't normally happen in the wild because
a female doesn't normally find herself near, but unable to reach, a singing
male of her own species at the same time as a male of the wrong species is
courting her.

Comparable experiments have been done on crickets, using temperature as
an experimental variable. Different species of cricket chirp at different fre-
quencies, but the chirp frequency is also temperature-dependent. If you know
your crickets, you can use them as a reasonably accurate thermometer. Fortun-
ately, not only the male's chirping frequency but also the female's perception of
it is temperature-dependent: the two vary in lockstep, which normally precludes
miscegenation. A female in an experiment, offered a choice of males singing at
two different temperatures, chooses the one at her own temperature. The male
singing at a different temperature is treated as if he belongs to the wrong species.
If you heat up a female, her preference shifts to a 'hotter’ song, even if that
causes her to prefer a cool male of the wrong species. Once again, this normally
doesn't happen in nature. If a female can hear a male at all, he can't be far away,
and so is likely to be at approximately the same temperature as she is.

Grasshopper song is temperature-dependent in the same kind of way. Using
grasshoppers of the same genus, Chorthippus, with which we began (though
different species of the genus), German scientists did some technically ingeni-
ous experiments. They managed to attach tiny thermometers (thermocouples)
and tiny electric heaters to the insects. So miniaturised were these, the experi-
menters could heat the head of a grasshopper without heating its thorax, or
heat the thorax without heating the head. Then they tested females' pref-
erences for songs produced by males stridulating at various temperatures.*
They found that what matters for the female song preference is the tempera-
ture of the head. But it is the temperature of the thorax that determines the
stridulation rate. Fortunately of course, in nature, where there are no experi-
menters with tiny electric heaters, the head and thorax will normally be at the
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Stridulation is how
grasshoppers, and
crickets, make sound.
Grasshoppers scrape
their legs against their
wing covers. Crickets
scrape the two wing
covers against each
other. They sound sim-
ilar, but grasshoppers
are generally more
buzzy, crickets more
musical. Of one noctur-
nal tree cricket it has
been said that if moon-
light could be heard,
that is how it would
sound. Cicadas are quite
different. As if buckling
a tin lid, they buckle
part of the thorax wall,
repeatedly and fast, so it
sounds like a continu-
ous buzz, usually ex-
tremely loud and some-
times patterned in very
complex ways, charac-
teristic of the species.



same temperature, as will the male and the female. So the system works, and
hybridisation doesn't happen.

It is quite common to find pairs of related species that never interbreed
under natural conditions but that can do so if humans interfere. The case of
Chorthippus brunneus and C. biguttulus is just one example. The Cichlid's Tale told
of a comparable case in fish, where monochromatic light abolished the discrim-
ination between a reddish and a bluish species. And it happens in zoos. Biolo-
gists normally classify animals that mate under artificial conditions but refuse
to mate in the wild as separate species, as has happened with the grasshoppers.
But unlike, say, lions and tigers, which can hybridise in zoos to make (sterile)
'ligers' and 'tigrons', those grasshoppers look identical. Apparently the only dif-
ference is in their songs. And it is this, and only this, that stops them cross-
breeding and therefore leads us to recognise them as separate species. Human
beings are the other way round. It requires an almost superhuman feat of
political zeal to overlook the conspicuous differences between our own local
populations or races. Yet we happily interbreed across races and are unequivo-
cally and uncontroversially defined as members of the same species. The Grass-
hopper's Tale is about races and species, about the difficulties of defining both,
and what all this has to say about human races.

'Race' is not a clearly denned word. 'Species', as we have seen, is different.
There really is an agreed way to decide whether two animals belong in the same
species: can they interbreed? Obviously they can't if they are of the same sex, or
are too young or too old, or one of them happens to be sterile. But those are
pedantries, easy to get around. In the case of fossils, too, which obviously can't
breed, we apply the interbreeding criterion in our imaginations. Do we think it
likely that, if these two animals were not fossils but alive, fertile and of opposite
sex, they would be able to interbreed?

The interbreeding criterion gives the species a unique status in the hierarchy
of taxonomic levels. Above the species level, a genus is just a group of species
that are pretty similar to each other. No objective criterion exists to decide sow
similar they have to be, and the same is true of all the higher levels: family,
order, class, phylum and the various 'sub-' or 'super-' names that intervene be-
tween them. Below the species level, 'race' and 'subspecies' are used more or
less interchangeably and, again, no objective criterion exists that would enable
us to decide whether two people should be considered part of the same race or
not, nor to decide how many races there are. And of course there is the added
complication, absent above the species level, that races interbreed, so there are
lots of people of mixed race.

Presumably species, on their way to becoming sufficiently separate to be
incapable of interbreeding, usually pass through an intermediate stage of being
separate races. Separate races might be regarded as species in the making,
except that there is no necessary expectation that the making will continue to
its end — to speciation.

The interbreeding criterion works pretty well, and it delivers an unequivocal
verdict on humans and their supposed races. All living human races interbreed
with one another. We are all members of the same species, and no reputable
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biologist would say any different. But let me call your attention to an inter-
esting, perhaps even slightly disturbing fact. While we happily interbreed with
each other, producing a continuous spectrum of inter-races, we are strangely
reluctant to give up our divisive racial language. Wouldn't you expect that if all
intermediates are on constant display, the urge to classify people as one or the
other of two extremes would wither away, smothered by the absurdity of the
attempt, which is continually manifested everywhere we look? Unfortunately,
this is not what happens, and perhaps that very fact is revealing.

People who are universally agreed by all Americans to be 'black' may draw
less than one-eighth of their ancestry from Africa, and often have a light skin
colour well within the normal range for people universally agreed to be 'white'.
In this picture of four American politicians, two 