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PREFACE

THE evidence for evolution grows by the day, and has never been stronger. At the same time,
paradoxically, ill-informed opposition is also stronger than | can remember. This book is my personal
summary of the evidence that the ‘theory’ of evolution is actually afact — asincontrovertible afact as
any in science.

It isnot the first book | have written about evolution, and | need to explain what' s different about it. It
could be described as my missing link. The Selfish Gene and The Extended Phenotype offered an
unfamiliar vision of the familiar theory of natural selection, but they didn’t discuss the evidence for
evolution itself. My next three books, in their different ways, sought to identify, and dissolve, the main
barriers to understanding. These books, The Blind Watchmaker, River Out of Eden and (my favourite of
the three) Climbing Mount |mprobable, answered questions like, ‘“What is the use of half an eye? ‘What
Isthe use of half awing? ‘How can natural selection work, given that most mutations have negative
effects? Once again, however, these three books, although they cleared away stumbling blocks, did not
present the actual evidence that evolution isafact. My largest book, The Ancestor’s Tale, laid out the full
course of the history of life, as a sort of ancestor-seeking Chaucerian pilgrimage going backwards in
time, but it again assumed that evolution istrue.

L ooking back on those books, | realized that the evidence for evolution itself was nowhere explicitly set
out, and that this was a serious gap that | needed to close. The year 2009 seemed like a good time, it
being the bicentennial year of Darwin’s birth and the 150th anniversary of On the Origin of Species. Not
surprisingly, the same thought occurred to others, and the year has seen some excellent volumes, most
notably Jerry Coyne’s Why Evolution is True. My highly favourable review of his book in the Times
Literary Supplement is reproduced at http://richarddawkins.net/article,3594,Heat-the-Hornet,Richard-

Dawkins.

The working title under which my literary agent, the visionary and indefatigable John Brockman, offered
my book to publishers was Only a Theory. It later turned out that Kenneth Miller had already pre-empted
that title for his book-length response to one of those remarkable courtroom trials by which scientific
syllabuses are occasionally decided (atrial in which he played a heroic part). In any case, | had always
doubted the title' s suitability for my book, and | was ready to shelve it when | found that the perfect title
had been lurking on another shelf all along. Some years ago, an anonymous well-wisher had sent meaT-
shirt bearing the Barnumesgue slogan: ‘ Evolution, the Greatest Show on Earth, the Only Gamein Town'.
From timeto time | have worn it to give alecture with that title, and | suddenly realized that it was ideal
for this book even if, in its entirety, it was too long. | shortened it to The Greatest Show on Earth. ‘Only
a Theory’, with a precautionary question mark to guard against creationist quote-mining, would do nicely
as the heading to Chapter 1.

| have been helped in various ways by many people, including Michael Y udkin, Richard Lenski, George
Oster, Caroline Pond, Henri D. Grissino-Mayer, Jonathan Hodgkin, Matt Ridley, Peter Holland, Walter
Joyce, Yan Wong, Will Atkinson, Latha Menon, Christopher Graham, Paula Kirby, Lisa Bauer, Owen
Sdly, Victor Flynn, Karen Owens, John Endler, lain Douglas-Hamilton, Sheila Lee, Phil Lord, Christine
DeBlase and Rand Russell. Sally Gaminara and Hilary Redmon, and their teams in (respectively) Britain
and America, have been wonderfully supportive and can-do-ish. On three occasions while the book was
going through the final stages of production, exciting new discoveries were reported in the scientific
literature. Each time, | diffidently asked if the orderly and complex procedures of publication might be
violated to accommaodate the new find. On al three occasions, far from grumbling at such disruptive last-
minutemanship, as any normal publisher might, Sally and Hilary greeted the suggestion with cheerful
enthusiasm and moved mountains to make it happen. Equally eager and helpful was Gillian Somerscales,
who copy-edited and collated the book with literate intelligence and sensitivity.

My wife Lalla Ward has once again sustained me with unfailing encouragement, helpful stylistic
criticisms and characteristically stylish suggestions. The book was conceived and begun during my last
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months in the professorship that bears the name of Charles Simonyi, and completed after | retired. In
signing off as Simonyi Professor, fourteen years and seven books after our momentous first meeting, |
would once again like to express my grateful appreciation to Charles. Lallajoins me in hoping that our
friendship will long continue.

This book is dedicated to Josh Timonen, with thanks to him and to the small and dedicated band who
originally worked with him to set up RichardDawkins.net. The web knows Josh as an inspired site
designer, but that isjust the tip of an amazing iceberg. Josh’s creative talent runs deep, but the image of
the iceberg captures neither the versatile breadth of his contributions to our joint endeavour, nor the
warm good humour with which he makes them.



CHAPTER 1 ONLY A THEORY?

IMAGINE that you are ateacher of Roman history and the Latin language, anxious to impart your
enthusiasm for the ancient world — for the elegiacs of Ovid and the odes of Horace, the sinewy economy
of Latin grammar as exhibited in the oratory of Cicero, the strategic niceties of the Punic Wars, the
generalship of Julius Caesar and the voluptuous excesses of the later emperors. That’s a big undertaking
and it takes time, concentration, dedication. Y et you find your precious time continually preyed upon,
and your class's attention distracted, by a baying pack of ignoramuses (as a Latin scholar you would
know better than to say ‘ignorami’) who, with strong political and especially financial support, scurry
about tirelessly attempting to persuade your unfortunate pupils that the Romans never existed. There
never was a Roman Empire. The entire world came into existence only just beyond living memory.
Spanish, Italian, French, Portuguese, Catalan, Occitan, Romansh: all these languages and their
constituent dial ects sprang spontaneously and separately into being, and owe nothing to any predecessor
such as Latin. Instead of devoting your full attention to the noble vocation of classical scholar and
teacher, you are forced to divert your time and energy to arearguard defence of the proposition that the
Romans existed at all: a defence against an exhibition of ignorant prejudice that would make you weep if
you weren't too busy fighting it.

If my fantasy of the Latin teacher seems too wayward, here’s a more realistic example. Imagine you are a
teacher of more recent history, and your lessons on twentieth-century Europe are boycotted, heckled or
otherwise disrupted by well-organized, well-financed and politically muscular groups of Holocaust-
deniers. Unlike my hypothetical Rome-deniers, Holocaust-deniersreally exist. They are vocal,
superficialy plausible, and adept at seeming learned. They are supported by the president of at least one
currently powerful state, and they include at least one bishop of the Roman Catholic Church. Imagine
that, as ateacher of European history, you are continually faced with belligerent demands to ‘teach the
controversy’, and to give ‘equal time' to the *alternative theory’ that the Holocaust never happened but
was invented by a bunch of Zionist fabricators. Fashionably relativist intellectuals chimein to insist that
there is no absolute truth: whether the Holocaust happened is a matter of personal belief; al points of
view are equally valid and should be equally * respected’.

The plight of many science teacherstoday is not less dire. When they attempt to expound the central and
guiding principle of biology; when they honestly place the living world in its historical context —which
means evolution; when they explore and explain the very nature of life itself, they are harried and
stymied, hassled and bullied, even threatened with loss of their jobs. At the very least their timeis wasted
at every turn. They are likely to receive menacing letters from parents, and have to endure the sarcastic
smirks and close-folded arms of brainwashed children. They are supplied with state-approved textbooks
that have had the word ‘evolution’ systematically expunged, or bowdlerized into ‘ change over time'.
Once, we were tempted to laugh this kind of thing off as a peculiarly American phenomenon. Teachersin
Britain and Europe now face the same problems, partly because of American influence, but more
significantly because of the growing Islamic presence in the classroom — abetted by the official
commitment to ‘multiculturalism’ and the terror of being thought racist.

It isfrequently, and rightly, said that senior clergy and theologians have no problem with evolution and,
In many cases, actively support scientistsin this respect. Thisis often true, as | know from the agreeable
experience of collaborating with the then Bishop of Oxford, now Lord Harries, on two separate
occasions. In 2004 we wrote ajoint article in the Sunday Times whose concluding words were:
‘Nowadays there is nothing to debate. Evolution isafact and, from a Christian perspective, one of the
greatest of God' sworks.” The last sentence was written by Richard Harries, but we agreed about all the
rest of our article. Two years previously, Bishop Harriesand | had organized ajoint letter to the then
Prime Minister, Tony Blair, which read as follows:

Dear Prime Minister,

We write as a group of scientists and Bishops to express our concern about the



teaching of science in the Emmanuel City Technology College in Gateshead.

Evolution is a scientific theory of great explanatory power, able to account for awide
range of phenomenain a number of disciplines. It can be refined, confirmed and even
radically altered by attention to evidence. It is not, as spokesmen for the college
maintain, a ‘faith position’ in the same category as the biblical account of creation
which has a different function and purpose.

The issue goes wider than what is currently being taught in one college. Thereisa
growing anxiety about what will be taught and how it will be taught in the new
generation of proposed faith schools. We believe that the curriculain such schools, as
well as that of Emmanuel City Technology College, need to be strictly monitored in
order that the respective disciplines of science and religious studies are properly
respected.

Y ours sincerely

The Rt Revd Richard Harries, Bishop of Oxford; Sr David Attenborough FRS, The Rt
Revd Christopher Herbert, Bishop of S Albans; Lord May of Oxford, President of the
Royal Society; Professor John Enderby FRS, Physical Secretary, Royal Society; The Rt
Revd John Oliver, Bishop of Hereford; The Rt Revd Mark Santer, Bishop of
Birmingham; Sr Neil Chalmers, Director, Natural History Museum; The Rt Revd
Thomas Butler, Bishop of Southwark; Sr Martin Rees FRS, Astronomer Royal; The Rt
Revd Kenneth Stevenson, Bishop of Portsmouth; Professor Patrick Bateson FRS,
Biological Secretary, Royal Society; The Rt Revd Crispian Hollis, Roman Catholic
Bishop of Portsmouth; Sr Richard Southwood FRS, Sr Francis Graham-Smith FRS,
Past Physical Secretary, Royal Society; Professor Richard Dawkins FRS

Bishop Harries and | organized thisletter in ahurry. Asfar as| remember, the signatoriesto the letter
constituted 100 per cent of those we approached. There was no disagreement either from scientists or
from bishops.

The Archbishop of Canterbury has no problem with evolution, nor does the Pope (give or take the odd
wobble over the precise palaeontological juncture when the human soul was injected), nor do educated
priests and professors of theology. Thisis abook about the positive evidence that evolutionisafact. Itis
not intended as an anti-religious book. I’ ve done that, it’s another T-shirt, thisis not the place to wear it
again. Bishops and theol ogians who have attended to the evidence for evolution have given up the
struggle against it. Some may do so reluctantly, some, like Richard Harries, enthusiastically, but al
except the woefully uninformed are forced to accept the fact of evolution. They may think God had a
hand in starting the process off, and perhaps didn’t stay his hand in guiding its future progress. They
probably think God cranked the universe up in the first place, and solemnized its birth with a harmonious
set of laws and physical constants calculated to fulfil some inscrutable purpose in which we were
eventually to play arole. But, grudgingly in some cases, happily in others, thoughtful and rational
churchmen and women accept the evidence for evolution.

What we must not do is complacently assume that, because bishops and educated clergy accept
evolution, so do their congregations. Alas, as | have documented in the Appendix, there is ample
evidence to the contrary from opinion polls. More than 40 per cent of Americans deny that humans
evolved from other animals, and think that we — and by implication all of life — were created by God
within the last 10,000 years. The figure is not quite so high in Britain, but it is still worryingly large. And
it should be as worrying to the churches asit isto scientists. This book is necessary. | shall be using the
name * history-deniers’ for those people who deny evolution: who believe the world's age is measured in
thousands of years rather than thousands of millions of years, and who believe humans walked with
dinosaurs. To repeat, they constitute more than 40 per cent of the American population. The equivalent
figureishigher in some countries, lower in others, but 40 per cent is agood average and | shall from time
to time refer to the history-deniers as the ‘ 40-percenters'.



To return to the enlightened bishops and theologians, it would be nice if they’d put a bit more effort into
combating the anti-scientific nonsense that they deplore. All too many preachers, while agreeing that
evolution istrue and Adam and Eve never existed, will then blithely go into the pulpit and make some
moral or theological point about Adam and Eve in their sermons without once mentioning that, of course,
Adam and Eve never actually existed! If challenged, they will protest that they intended a purely
‘symbolic’ meaning, perhaps something to do with ‘original sin’, or the virtues of innocence. They may
add witheringly that, obviously, nobody would be so foolish as to take their words literally. But do their
congregations know that? How is the person in the pew, or on the prayer-mat, supposed to know which
bits of scripture to take literally, which symbolically? Isit really so easy for an uneducated churchgoer to
guess? In all too many cases the answer is clearly no, and anybody could be forgiven for feeling
confused. If you don’t believe me, look at the Appendix.

——

AR
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“I still say it’sonly atheory.”

Think about it, Bishop. Be careful, Vicar. You are playing with dynamite, fooling around with a
misunderstanding that’ s waiting to happen — one might even say almost bound to happen if not
forestalled. Shouldn’t you take greater care, when speaking in public, to let your yea be yea and your nay
be nay? Lest ye fall into condemnation, shouldn’t you be going out of your way to counter that already
extremely widespread popular misunderstanding and lend active and enthusiastic support to scientists
and science teachers?

The history-deniers themselves are among those that | am trying to reach in this book. But, perhaps more
importantly, | aspire to arm those who are not history-deniers but know some — perhaps members of their
own family or church —and find themselves inadequately prepared to argue the case.

Evolution is afact. Beyond reasonable doubt, beyond serious doubt, beyond sane, informed, intelligent
doubt, beyond doubt evolution is afact. The evidence for evolution is at least as strong as the evidence
for the Holocaust, even alowing for eye witnesses to the Holocaust. It is the plain truth that we are
cousins of chimpanzees, somewhat more distant cousins of monkeys, more distant cousins still of
aardvarks and manatees, yet more distant cousins of bananas and turnips. . . continue the list aslong as
desired. That didn’t have to be true. It is not self-evidently, tautologically, obviously true, and there was
atime when most people, even educated people, thought it wasn't. It didn’t have to be true, but it is. We
know this because arising flood of evidence supportsit. Evolution is afact, and this book will
demonstrate it. No reputable scientist disputesit, and no unbiased reader will close the book doubting it.

Why, then, do we speak of ‘Darwin’stheory of evolution’, thereby, it seems, giving spurious comfort to
those of a creationist persuasion — the history-deniers, the 40-percenters —who think the word ‘theory’ is
a concession, handing them some kind of gift or victory?

WHAT IS A THEORY? WHAT IS A FACT?

Only atheory? Let’'slook at what ‘theory’ means. The Oxford English Dictionary gives two meanings
(actually more, but these are the two that matter here).

Theory, Sense 1. A scheme or system of ideas or statements held as an explanation or
account of a group of facts or phenomena; a hypothesis that has been confirmed or
established by observation or experiment, and is propounded or accepted as accounting



for the known facts; a statement of what are held to be the general laws, principles, or
causes of something known or observed.

Theory, Sense 2: A hypothesis proposed as an explanation; hence, a mere hypothesis,
speculation, conjecture; an idea or set of ideas about something; an individual view or
notion.

Obviously the two meanings are quite different from one another. And the short answer to my question
about the theory of evolution isthat the scientists are using Sense 1, while the creationists are — perhaps
mischievously, perhaps sincerely — opting for Sense 2. A good example of Sense 1 is the Heliocentric
Theory of the Solar System, the theory that Earth and the other planets orbit the sun. Evolution fits Sense
1 perfectly. Darwin’ s theory of evolution isindeed a ‘scheme or system of ideas or statements'. It does
account for amassive ‘ group of facts or phenomena'. It is ‘ahypothesis that has been confirmed or
established by observation or experiment’ and, by generally informed consent, it is ‘ a statement of what
are held to be the genera laws, principles, or causes of something known or observed'. It is certainly
very far from ‘amere hypothesis, speculation, conjecture’. Scientists and creationists are understanding
the word ‘theory’ in two very different senses. Evolution is atheory in the same sense as the heliocentric
theory. In neither case should the word ‘only’ be used, asin ‘only atheory’.

Asfor the claim that evolution has never been ‘proved’, proof is a notion that scientists have been
intimidated into mistrusting. Influential philosopherstell uswe can’'t prove anything in science.
Mathematicians can prove things — according to one strict view, they are the only people who can — but
the best that scientists can do isfail to disprove things while pointing to how hard they tried. Even the
undisputed theory that the moon is smaller than the sun cannot, to the satisfaction of a certain kind of
philosopher, be proved in the way that, for example, the Pythagorean Theorem can be proved. But
massive accretions of evidence support it so strongly that to deny it the status of ‘fact’ seems ridiculous
to al but pedants. The sameistrue of evolution. Evolution is afact in the same sense asit isafact that
Parisisin the Northern Hemisphere. Though logic-choppers rule the town,* some theories are beyond

sensible doubt, and we call them facts. The more energetically and thoroughly you try to disprove a
theory, if it survives the assault, the more closely it approaches what common sense happily calls afact.

| could carry on using ‘Theory Sense 1' and ‘ Theory Sense 2’ but numbers are unmemorable. | need
substitute words. We already have a good word for ‘ Theory Sense 2'. It is ‘ hypothesis . Everybody
understands that a hypothesisis a tentative idea awaiting confirmation (or falsification), and it is
precisely this tentativeness that evolution has now shed, although it was still burdened with it in
Darwin'stime. ‘Theory Sense 1’ is harder. It would be nice ssmply to go on using ‘theory’, as though
‘Sense 2' didn’t exist. Indeed, a good case could be made that Sense 2 shouldn’t exist, becauseitis
confusing and unnecessary, given that we have ‘hypothesis . Unfortunately Sense 2 of ‘theory’ isin
common use and we can’t by fiat ban it. | am therefore going to take the considerable, but just
forgivable, liberty of borrowing from mathematics the word ‘theorem’ for Sense 1. It isactually amis-
borrowing, as we shall see, but | think the risk of confusion is outweighed by the benefits. As a gesture of
appeasement towards affronted mathematicians, | am going to change my spelling to ‘theorum’ .* First,

let me explain the strict mathematical usage of theorem, while at the same time clarifying my earlier
statement that, strictly speaking, only mathematicians are licensed to prove anything (lawyers aren't,
despite well-remunerated pretensions).

To amathematician, aproof isalogical demonstration that a conclusion necessarily follows from axioms
that are assumed. Pythagoras' Theorem is necessarily true, provided only that we assume Euclidean
axioms, such as the axiom that parallel straight lines never meet. Y ou are wasting your time measuring
thousands of right-angled triangles, trying to find one that falsifies Pythagoras' Theorem. The
Pythagoreans proved it, anybody can work through the proof, it’sjust true and that’ s that.
Mathematicians use the idea of proof to make a distinction between a‘conjecture’ and a ‘theorem’,
which bears a superficial resemblance to the OED’ s distinction between the two senses of ‘theory’. A
conjecture is a proposition that looks true but has never been proved. It will become atheorem when it
has been proved. A famous example is the Goldbach Conjecture, which states that any even integer can
be expressed as the sum of two primes. Mathematicians have failed to disprove it for al even numbers up



to 300 thousand million million million, and common sense would happily call it Goldbach’ s Fact.
Neverthelessit has never been proved, despite lucrative prizes being offered for the achievement, and
mathematicians rightly refuse to place it on the pedestal reserved for theorems. If anybody ever finds a
proof, it will be promoted from Goldbach’ s Conjecture to Goldbach’s Theorem, or maybe X’ s Theorem
where X is the clever mathematician who finds the proof.

Carl Sagan made sarcastic use of the Goldbach Conjecture in his riposte to people who claim to have
been abducted by aliens.

Occasionally, | get aletter from someone who isin ‘contact’ with extraterrestrials. |
am invited to ‘ask them anything’. And so over the years |’ ve prepared alittle list of
guestions. The extraterrestrials are very advanced, remember. So | ask things like,
‘Please provide a short proof of Fermat’s Last Theorem’. Or the Goldbach
Conjecture.. . . | never get an answer. On the other hand, if | ask something like
“Should we be good? | almost always get an answer. Anything vague, especially
involving conventional moral judgements, these aliens are extremely happy to respond
to. But on anything specific, where there is a chance to find out if they actually know
anything beyond what most humans know, there is only silence.

Fermat’s Last Theorem, like the Goldbach Conjecture, is a proposition about numbers to which nobody
has found an exception. Proving it has been a kind of holy grail for mathematicians ever since 1637,
when Pierre de Fermat wrote in the margin of an old mathematics book, ‘1 have atruly marvellous

proof . . . which thismargin is too narrow to contain.’ It was finally proved by the English mathematician
Andrew Wilesin 1995. Before that, some mathematicians think it should have been called a conjecture.
Given the length and complication of Wiles' s successful proof, and his reliance on advanced twentieth-
century methods and knowledge, most mathematicians think Fermat was (honestly) mistaken in his claim
to have proved it. | tell the story only to illustrate the difference between a conjecture and a theorem.

As| said, | am going to borrow the mathematicians' term ‘theorem’, but I'm spelling it ‘theorum’ to
differentiate it from a mathematical theorem. A scientific theorum such as evolution or heliocentrismisa
theory that conforms to the Oxford dictionary’s ‘Sense 1'.

[1t] has been confirmed or established by observation or experiment, and is
propounded or accepted as accounting for the known facts; [it is] a statement of what
are held to be the general laws, principles, or causes of something known or observed.

A scientific theorum has not been — cannot be — proved in the way a mathematical theorem is proved.
But common sense treats it as afact in the same sense as the ‘theory’ that the Earth isround and not flat
Isafact, and the theory that green plants obtain energy from the sun isafact. All are scientific theorums:
supported by massive quantities of evidence, accepted by all informed observers, undisputed facts in the
ordinary sense of the word. Aswith all facts, if we are going to be pedantic, it is undeniably possible that
our measuring instruments, and the sense organs with which we read them, are the victims of a massive
confidence trick. As Bertrand Russell said, ‘We may all have come into existence five minutes ago,
provided with ready-made memories, with holes in our socks and hair that needed cutting.” Given the
evidence now available, for evolution to be anything other than afact would require a similar confidence
trick by the creator, something that few theists would wish to credit.

It istime now to examine the dictionary definition of a‘fact’. Hereiswhat the OED has to say (again
there are several definitions, but thisis the relevant one):

Fact: Something that has really occurred or is actually the case; something certainly
known to be of this character; hence, a particular truth known by actual observation or
authentic testimony, as opposed to what is merely inferred, or to a conjecture or

fiction; a datum of experience, as distinguished from the conclusions that may be based
upon it.

Notice that, like atheorum, afact in this sense doesn’t have the same rigorous status as a proved



mathematical theorem, which follows inescapably from a set of assumed axioms. Moreover, ‘ actual
observation or authentic testimony’ can be horribly fallible, and is over-rated in courts of law.
Psychological experiments have given us some stunning demonstrations, which should worry any jurist
inclined to give superior weight to ‘eye-witness' evidence. A famous example was prepared by Professor
Daniel J. Simons at the University of Illinois. Half a dozen young people standing in a circle were filmed
for 25 seconds tossing a pair of basketballs to each other, and we, the experimental subjects, watch the
film. The players weave in and out of the circle and change places as they pass and bounce the balls, so
the scene is quite actively complicated. Before being shown the film, we are told that we have atask to
perform, to test our powers of observation. We have to count the total number of times balls are passed
from person to person. At the end of the test, the counts are duly written down, but — little does the
audience know —thisis not the real test!

After showing the film and collecting the counts, the experimenter drops his bombshell. * And how many
of you saw the gorilla? The majority of the audience looks baffled: blank. The experimenter then replays
the film, but this time tells the audience to watch in arelaxed fashion without trying to count anything.
Amazingly, nine seconds into the film, aman in a gorilla suit strolls nonchalantly to the centre of the
circle of players, pauses to face the camera, thumps his chest asif in belligerent contempt for eye-witness
evidence, and then strolls off with the same insouciance as before (see colour page 8). Heisthere in full

view for nine whole seconds — more than one-third of the film — and yet the majority of the witnesses
never see him. They would swear an oath in a court of law that no man in a gorilla suit was present, and
they would swear that they had been watching with more than usually acute concentration for the whole
25 seconds, precisely because they were counting ball-passes. Many experiments along these lines have
been performed, with similar results, and with similar reactions of stupefied disbelief when the audience
is finally shown the truth. Eye-witness testimony, ‘actual observation’, ‘adatum of experience’ —all are,
or at least can be, hopelessly unreliable. It is, of course, exactly this unreliability among observers that
stage conjurors exploit with their techniques of deliberate distraction.

The dictionary definition of afact mentions ‘actual observation or authentic testimony, as opposed to
what ismerely inferred’ (emphasis added). The implied pejorative of that ‘merely’ isabit of a cheek.
Careful inference can be more reliable than ‘ actual observation’, however strongly our intuition protests
at admitting it. | myself was flabbergasted when | failed to see the Simons gorilla, and frankly
incredulous that it had really been there. Sadder and wiser after my second viewing of the film, | shall
never again be tempted to give eyewitness testimony an automatic preference over indirect scientific
inference. The gorillafilm, or something like it, should perhaps be shown to all juries before they retire
to consider their verdicts. All judges too.

Admittedly, inference has to be based ultimately on observation by our sense organs. For example, we
use our eyes to observe the printout from a DNA sequencing machine, or from the Large Hadron
Collider. But —all intuition to the contrary — direct observation of an alleged event (such as a murder) as
it actually happens is not necessarily more reliable than indirect observation of its consequences (such as
DNA in abloodstain) fed into a well-constructed inference engine. Mistaken identity is more likely to
arise from direct eye-witness testimony than from indirect inference derived from DNA evidence. And,
by the way, thereisadistressingly long list of people who have been wrongly convicted on eye-witness
testimony and subsequently freed — sometimes after many years — because of new evidence from DNA.
In Texas alone, thirty-five condemned people have been exonerated since DNA evidence became
admissible in court. And that’ s just the ones who are still alive. Given the gusto with which the State of
Texas enforces the death penalty (during his six years as Governor, George W. Bush signed a death
warrant once a fortnight on average), we have to assume that a substantial number of executed people
would have been exonerated if DNA evidence had been available in time for them.

This book will take inference seriously — not mere inference but proper scientific inference—and | shall
show the irrefragable power of the inference that evolution is afact. Obvioudly, the vast majority of
evolutionary changeisinvisible to direct eye-witness observation. Most of it happened before we were
born, and in any caseit is usually too slow to be seen during an individua’s lifetime. The sameis true of
the relentless pulling apart of Africa and South America, which occurs, as we shall seein Chapter 9, too
slowly for usto notice. With evolution, as with continental drift, inference after the eventisall that is
available to us, for the obvious reason that we don’t exist until after the event. But do not for one
nanosecond underestimate the power of such inference. The slow drifting apart of South America and



Africais now an established fact in the ordinary language sense of ‘fact’, and so is our common ancestry
with porcupines and pomegranates.

We are like detectives who come on the scene after a crime has been committed. The murderer’ s actions
have vanished into the past. The detective has no hope of witnessing the actual crime with his own eyes.
In any case, the gorilla-suit experiment and others of its kind have taught us to mistrust our own eyes.
What the detective does have is traces that remain, and there is a great deal to trust there. There are
footprints, fingerprints (and nowadays DNA fingerprints too), bloodstains, letters, diaries. Theworld is
the way the world should be if this and this history, but not that and that history, led up to the present.

The distinction between the two dictionary meanings of ‘theory’ is not an unbridgeable chasm, as many
historical examples show. In the history of science, theorums often start off as‘mere’ hypotheses. Like
the theory of continental drift, an idea may even begin its career mired in ridicule, before progressing by
painful stepsto the status of atheorum or undisputed fact. Thisis not a philosophically difficult point.
The fact that some widely held past beliefs have been conclusively proved erroneous doesn’t mean we
have to fear that future evidence will always show our present beliefs to be wrong. How vulnerable our
present beliefs are depends, among other things, on how strong the evidence for them is. People used to
think the sun was smaller than the Earth, because they had inadequate evidence. Now we have evidence,
which was not previously available, that shows conclusively that it is much larger, and we can be totally
confident that this evidence will never, ever be superseded. Thisis not atemporary hypothesis that has so
far survived disproof. Our present beliefs about many things may be disproved, but we can with
complete confidence make alist of certain facts that will never be disproved. Evolution and the
heliocentric theory weren’'t always among them, but they are now.

Biologists often make a distinction between the fact of evolution (all living things are cousins), and the
theory of what drivesit (they usually mean natural selection, and they may contrast it with rival theories
such as Lamarck’ stheory of ‘use and disuse’ and the ‘inheritance of acquired characteristics'). But
Darwin himself thought of both as theories in the tentative, hypothetical, conjectural sense. Thiswas
because, in those days, the avail able evidence was less compelling and it was still possible for reputable
scientists to dispute both evolution and natural selection. Nowadaysit is no longer possible to dispute the
fact of evolution itself —it has graduated to become a theorum or obviously supported fact — but it could
still (just) be doubted that natural selection isits major driving force.

Darwin explained in his autobiography how in 1838 he was reading Malthus's On Population ‘for
amusement’ (under the influence, Matt Ridley suspects, of his brother Erasmus’ s formidably intelligent
friend, Harriet Martineau) and received the inspiration for natural selection: ‘Here, then | had at last got a
theory by which to work.” For Darwin, natural selection was a hypothesis, which might have been right
or might have been wrong. He thought the same of evolution itself. What we now call the fact of
evolution was, in 1838, a hypothesis for which evidence needed to be collected. By the time Darwin
came to publish On the Origin of Speciesin 1859, he had amassed enough evidence to propel evolution
itself, though still not natural selection, along way towards the status of fact. Indeed, it was this elevation
from hypothesis towards fact that occupied Darwin for most of his great book. The elevation has
continued until, today, thereis no longer a doubt in any serious mind, and scientists speak, at least
informally, of the fact of evolution. All reputable biologists go on to agree that natural selection is one of
its most important driving forces, although — as some biologists insist more than others — not the only
one. Even if it isnot the only one, | have yet to meet a serious biologist who can point to an aternative to
natural selection as adriving force of adaptive evolution — evolution towards positive improvement.

In the rest of this book, | shall demonstrate that evolution is an inescapable fact, and celebrate its
astonishing power, simplicity and beauty. Evolution is within us, around us, between us, and its workings
are embedded in the rocks of aeons past. Given that, in most cases, we don't live long enough to watch
evolution happening before our eyes, we shall revisit the metaphor of the detective coming upon the
scene of a crime after the event and making inferences. The aids to inference that lead scientists to the
fact of evolution are far more numerous, more convincing, more incontrovertible, than any eye-witness
reports that have ever been used, in any court of law, in any century, to establish guilt in any crime. Proof
beyond reasonable doubt? Reasonable doubt? That is the understatement of all time.



CHAPTER 2 DOGS, COWS AND CABBAGES

WhHy did it take so long for a Darwin to arrive on the scene? What delayed humanity’ s tumbling to that
luminously simple idea which seems, on the face of it, so much easier to grasp than the mathematical
ideas given us by Newton two centuries earlier — or, indeed, by Archimedes two millennia earlier? Many
answers have been suggested. Perhaps minds were cowed by the sheer time it must take for great change
to occur — by the mismatch between what we now call geological deep time and the lifespan and
comprehension of the person trying to understand it. Perhaps it was religious indoctrination that held us
back. Or perhaps it was the daunting complexity of aliving organ such as an eye, freighted as it iswith
the beguiling illusion of design by a master engineer. Probably all those played arole. But Ernst Mayr,
grand old man of the neo-Darwinian synthesis, who died in 2005 at the age of 100, repeatedly voiced a
different suspicion. For Mayr, the culprit was the ancient philosophical doctrine of —to giveit its modern
name — essentialism. The discovery of evolution was held back by the dead hand of Plato.*

THE DEAD HAND OF PLATO

For Plato, the ‘readlity’ that we think we seeisjust shadows cast on the wall of our cave by the flickering
light of the camp fire. Like other classical Greek thinkers, Plato was at heart a geometer. Every triangle
drawn in the sand is but an imperfect shadow of the true essence of triangle. The lines of the essential
triangle are pure Euclidean lines with length but no breadth, lines defined as infinitely narrow and as
never meeting when parallel. The angles of the essential triangle really do add up to exactly two right
angles, not a picosecond of arc more or less. Thisis not true of atriangle drawn in the sand: but the
triangle in the sand, for Plato, is but an unstable shadow of the ideal, essential triangle.

Biology, according to Mayr, is plagued by its own version of essentialism. Biological essentialism treats
tapirs and rabbits, pangolins and dromedaries, as though they were triangles, rhombuses, parabolas or
dodecahedrons. The rabbits that we see are wan shadows of the perfect ‘idea’ of rabbit, the ideal,
essential, Platonic rabbit, hanging somewhere out in conceptual space along with all the perfect forms of
geometry. Flesh-and-blood rabbits may vary, but their variations are always to be seen as flawed
deviations from the ideal essence of rabbit.

How desperately unevolutionary that pictureis! The Platonist regards any change in rabbits as a messy
departure from the essential rabbit, and there will always be resistance to change — as if al real rabbits
were tethered by an invisible elastic cord to the Essential Rabbit in the Sky. The evolutionary view of life
isradically opposite. Descendants can depart indefinitely from the ancestral form, and each departure
becomes a potential ancestor to future variants. Indeed, Alfred Russel Wallace, independent co-
discoverer with Darwin of evolution by natural selection, actually called his paper ‘ On the tendency of
varieties to depart indefinitely from the original type'.

If thereis a*standard rabbit’, the accolade denotes no more than the centre of a bell-shaped distribution
of real, scurrying, leaping, variable bunnies. And the distribution shifts with time. As generations go by,
there may gradually come a point, not clearly defined, when the norm of what we call rabbits will have
departed so far asto deserve a different name. There is no permanent rabbitiness, no essence of rabbit
hanging in the sky, just populations of furry, long-eared, coprophagous, whisker-twitching individuals,
showing a statistical distribution of variation in size, shape, colour and proclivities. What used to be the
longer-eared end of the old distribution may find itself the centre of a new distribution later in geological
time. Given a sufficiently large number of generations, there may be no overlap between ancestral and
descendant distributions: the longest ears among the ancestors may be shorter than the shortest ears
among the descendants. All isfluid, as another Greek philosopher, Heraclitus, said; nothing fixed. After
ahundred million yearsit may be hard to believe that the descendant animals ever had rabbits for
ancestors. Y et in no generation during the evolutionary process was the predominant type in the
population far from the modal type in the previous generation or the following generation. Thisway of
thinking iswhat Mayr called population thinking. Population thinking, for him, was the antithesis of
essentialism. According to Mayr, the reason Darwin was such an unconscionable time arriving on the



scene was that we all —whether because of Greek influence or for some other reason — have essentialism
burned into our mental DNA.

For the mind encased in Platonic blinkers, arabbit isarabbit isarabbit. To suggest that rabbitkind
constitutes a kind of shifting cloud of statistical averages, or that today’ s typical rabbit might be different
from the typical rabbit of amillion years ago or the typical rabbit of a million years hence, seemsto
violate an internal taboo. Indeed, psychologists studying the development of language tell us that
children are natural essentialists. Maybe they have to beif they are to remain sane while their developing
minds divide things into discrete categories each entitled to a unique noun. It is no wonder that Adam’s
first task, in the Genesis myth, was to give all the animals names.

And it isno wonder, in Mayr’s view, that we humans had to wait for our Darwin until well into the
nineteenth century. To dramatize how very anti-essentialist evolution is, consider the following. On the
‘population-thinking’ evolutionary view, every animal islinked to every other animal, say rabbit to
leopard, by achain of intermediates, each so similar to the next that every link could in principle mate
with its neighbours in the chain and produce fertile offspring. Y ou can’t violate the essentialist taboo
more comprehensively than that. And it is not some vague thought-experiment confined to the
Imagination. On the evolutionary view, there really is a series of intermediate animals connecting a rabbit
to aleopard, every one of whom lived and breathed, every one of whom would have been placed in
exactly the same species as its immediate neighbours on either side in the long, sliding continuum.
Indeed, every one of the series was the child of its neighbour on one side and the parent of its neighbour
on the other. Y et the whole series constitutes a continuous bridge from rabbit to leopard — although, as
we shall seelater, there never was a ‘rabbipard’ . There are similar bridges from rabbit to wombat, from
leopard to lobster, from every animal or plant to every other. Maybe you have reasoned for yourself why
this startling result follows necessarily from the evolutionary world-view, but let me spell it out anyway.
I’ll call it the hairpin thought experiment.

Take arabbit, any female rabbit (arbitrarily stick to females, for convenience: it makes no difference to
the argument). Place her mother next to her. Now place the grandmother next to the mother and so on
back in time, back, back, back through the megayears, a seemingly endless line of female rabbits, each
one sandwiched between her daughter and her mother. We walk along the line of rabbits, backwardsin
time, examining them carefully like an inspecting general. As we pace the line, we'll eventually notice
that the ancient rabbits we are passing are just alittle bit different from the modern rabbits we are used
to. But the rate of change will be so slow that we shan’t notice the trend from generation to generation,
just as we can’t see the motion of the hour hand on our watches — and just as we can’'t see a child
growing, we can only see later that she has become a teenager, and later still an adult. An additional
reason why we don'’t notice the change in rabbits from one generation to another is that, in any one
century, the variation within the current population will normally be greater than the variation between
mothers and daughters. So if we try to discern the movement of the *hour hand’ by comparing mothers
with daughters, or indeed grandmothers with granddaughters, such slight differences as we may see will
be swamped by the differences among the rabbits' friends and relations gambolling in the meadows
round about.

Nevertheless, steadily and imperceptibly, as we retreat through time, we shall reach ancestors that look
less and less like arabbit and more and more like a shrew (and not very like either). One of these
creatures I’ll call the hairpin bend, for reasons that will become apparent. This animal is the most recent
common ancestor (in the female line, but that is not important) that rabbits share with leopards. We don’t
know exactly what it looked like, but it follows from the evolutionary view that it definitely had to exist.
Like al animals, it was a member of the same species as its daughters and its mother. We now continue
our walk, except that we have turned the bend in the hairpin and are walking forwards in time, aiming
towards the leopards (among the hairpin’s many and diverse descendants, for we shall continually meet
forksin the line, where we consistently choose the fork that will eventually lead to leopards). Each shrew-
like animal along our forward walk is now followed by her daughter. Slowly, by imperceptible degrees,
the shrew-like animals will change, through intermediates that might not resemble any modern animal
much but strongly resemble each other, perhaps passing through vaguely stoat-like intermediates, until
eventually, without ever noticing an abrupt change of any kind, we arrive at aleopard.

Various things must be said about this thought experiment. First, we happen to have chosen to walk from



rabbit to leopard, but | repeat that we could have chosen porcupine to dolphin, wallaby to giraffe or
human to haddock. The point is that for any two animals there has to be a hairpin path linking them, for
the ssimple reason that every species shares an ancestor with every other species: al we havetodois
walk backwards from one species to the shared ancestor, then turn through a hairpin bend and walk
forwards to the other species.

Second, notice that we are talking only about locating a chain of animals that links a modern animal to
another modern animal. We are most emphatically not evolving arabbit into aleopard. | suppose you
could say we are de- evolving back to the hairpin, then evolving forwards to the leopard from there. As
we'll seein alater chapter, it isunfortunately necessary to explain, again and again, that modern species
don’t evolve into other modern species, they just share ancestors. they are cousins. This, as we shall see,
Is also the answer to that disquietingly common plaint: ‘If humans have evolved from chimpanzees, how
come there are still chimpanzees around?

Third, on our forward march from the hairpin animal, we arbitrarily choose the path leading to the
leopard. Thisisareal path of evolutionary history, but, to repeat this important point, we choose to
Ignore numerous branch points where we could have followed evolution to countless other end points —
for the hairpin animal is the grand ancestor not only of rabbits and leopards but of alarge fraction of
modern mammals.

The fourth point, which | have already emphasized, is that, however radical and extensive the differences
between the ends of the hairpin — rabbit and leopard, say — each step along the chain that links them is
very, very small. Every individual along the chainis as similar to its neighbours in the chain as mothers
and daughters are expected to be. And more similar to its neighboursin the chain, as | have also
mentioned, than to typical members of the surrounding population.

Y ou can see how this thought experiment drives a coach and horses through the elegant Greek temple of
Platonic ideal forms. And you can see how, if Mayr isright that humans are deeply imbued with
essentialist preconceptions, he might well also be right about why we historically found evolution so
hard to stomach.

Theword ‘essentialism’ itself wasn't invented till 1945 and so was not available to Darwin. But he was
only too familiar with the biological version of it in the form of the ‘immutability of species’, and much
of his effort was directed towards combating it under that name. Indeed, in several of Darwin’s books —
more so in others than On the Origin of Species itself —you' [l understand fully what he’'s on about only if
you shed modern presuppositions about evolution, and remember that alarge part of his audience would
have been essentialists who never doubted the immutability of species. One of Darwin’s most telling
weapons in arguing against this supposed immutability was the evidence from domestication, and it is
domestication that will occupy the rest of this chapter.

Sculpting the gene pool

Darwin knew plenty about animal and plant breeding. He communed with pigeon fanciers and
horticulturalists, and he loved dogs.* Not only isthe first chapter of On the Origin of Species all about

domestic varieties of animals and plants; Darwin also wrote awhole book on the subject. The Variation
of Animals and Plants under Domestication has chapters on dogs and cats, horses and asses, pigs, cattle,
sheep and goats, rabbits, pigeons (two chapters; pigeons were a particular love of Darwin), chickens and
various other birds, and plants, including the amazing cabbages. Cabbages are a vegetable affront to
essentialism and the immutability of species. The wild cabbage, Brassica oleracea, is an undistinguished
plant, vaguely like aweedy version of a domestic cabbage. In just afew centuries, wielding the fine and
coarse chisels furnished by the toolbox of selective breeding techniques, horticulturalists have scul pted
this rather nondescript plant into vegetables as strikingly different from each other and from the wild
ancestor as broccoli, cauliflower, kohlrabi, kale, Brussels sprouts, spring greens, romanescu and, of
course, the various kinds of vegetables that are still commonly called cabbage.

Another familiar example is the sculpting of the wolf, Canis lupus, into the two hundred or so breeds of
dog, Canis familiaris, that are recognized as separate by the UK Kennel Club, and the larger number of
breeds that are genetically isolated from one another by the apartheid-like rules of pedigree breeding.



Incidentally, the wild ancestor of all domestic dogs really does seem to be the wolf and only the wolf
(although its domestication may have happened independently in different places around the world).
Evolutionists haven't always thought so. Darwin, along with many of his contemporaries, suspected that
several species of wild canid, including wolves and jackals, had contributed ancestry to our domestic
dogs. The Nobel Prize-winning Austrian ethologist Konrad Lorenz was of the same view. His Man Meets
Dog, published in 1949, pushes the notion that domestic dog breeds fall into two main groups:. those
derived from jackals (the mgority) and those derived from wolves (Lorenz’ s own favourites, including
Chows). Lorenz seems to have had no evidence at all for his dichotomy, other than the differences that
he thought he saw in the personalities and characters of the breeds. The matter remained open until
molecular genetic evidence came along to clinch it. There is now no doubt. Domestic dogs have no
jackal ancestry at all. All breeds of dogs are modified wolves. not jackals, not coyotes and not foxes.

The main point | want to draw out of domestication is its astonishing power to change the shape and
behaviour of wild animals, and the speed with which it does so. Breeders are almost like modellers with
endlessly malleable clay, or like sculptors wielding chisels, carving dogs or horses, or cows or cabbages,
to their whim. | shall return to thisimage shortly. The relevance to natural evolution is that, although the
selecting agent is man and not nature, the process is otherwise exactly the same. Thisiswhy Darwin
gave so much prominence to domestication at the beginning of On the Origin of Species. Anybody can
understand the principle of evolution by artificial selection. Natural selection is the same, with one minor
detail changed.

Strictly speaking, it is not the body of the dog or the cabbage that is carved by the breeder/scul ptor but
the gene pool of the breed or species. The idea of agene pool is central to the body of knowledge and
theory that goes under the name of the *Neo-Darwinian Synthesis'. Darwin himself knew nothing of it. It
was not a part of hisintellectual world, nor indeed were genes. He was aware, of course, that
characteristics run in families; aware that offspring tend to resemble their parents and siblings; aware that
particular characteristics of dogs and pigeons breed true. Heredity was a central plank of his theory of
natural selection. But a gene pool is something else. The concept of a gene pool has meaning only in the
light of Mendel’ s law of the independent assortment of hereditary particles. Darwin never knew

Mendel’ s laws, for although Gregor Mendel, the Austrian monk who was the father of genetics, was
Darwin’s contemporary, he published his findings in a German journal which Darwin never saw.

A Mendelian geneis an all-or-nothing entity. When you were conceived, what you received from your
father was not a substance, to be mixed with what you received from your mother as if mixing blue paint
and red paint to make purple. If this were really how heredity worked (as people vaguely thought in
Darwin’stime) we'd all be amiddling average, halfway between our two parents. In that case, all
variation would rapidly disappear from the population (no matter how assiduously you mix purple paint
with purple paint, you’ll never reconstitute the original red and blue). In fact, of course, anybody can
plainly see that there is no such intrinsic tendency for variation to decrease in a population. Mendel
showed that this is because when paternal genes and maternal genes are combined in achild (he didn’t
use the word ‘gene’, which wasn’t coined until 1909), it is not like blending paints, it is more like
shuffling and reshuffling cards in a pack. Nowadays, we know that genes are lengths of DNA code, not
physically separate like cards, but the principle remains valid. Genes don’t blend; they shuffle. You
could say they are shuffled badly, with groups of cards sticking together for several generations of
shuffling before chance happens to split them.

Any one of your eggs (or sperms if you are male) contains either your father’s version of a particular
gene or your mother’ s version, not a blend of the two. And that particular gene came from one and only
one of your four grandparents; and from one and only one of your eight great-grandparents.*

Hindsight says this should have been obvious al along. When you cross a male with afemale, you
expect to get a son or a daughter, not a hermaphrodite.t Hindsight says anybody in an armchair could
have generalized the same all-or-none principle to the inheritance of each and every characteristic.
Fascinatingly, Darwin himself was glimmeringly close to this, but he stopped just short of making the
full connection. In 1866 he wrote, in aletter to Alfred Wallace:

My dear Wallace



| do not think you understand what | mean by the non-blending of certain varieties. It
does not refer to fertility. Aninstance will explain. | crossed the Painted Lady and
Purple sweet peas, which are very differently coloured varieties, and got, even out of
the same pod, both varieties perfect but none intermediate. Something of thiskind, |
should think, must occur at first with your butterflies. . . Though these cases arein
appearance so wonderful, | do not know that they are really more so than every female
in the world producing distinct male and femal e offspring.

Darwin came that close to discovering Mendel’ s law of the non-blending of (what we would now call)
genes.* The case is analogous to the claim, by various aggrieved apologists, that other Victorian
scientists, for example Patrick Matthew and Edward Blyth, had discovered natural selection before
Darwin did. In asense that istrue, as Darwin acknowledged, but | think the evidence shows that they
didn’t understand how important it is. Unlike Darwin and Wallace, they didn’t see it as a general
phenomenon with universal significance — with the power to drive the evolution of all living thingsin the
direction of positive improvement. In the same way, this letter to Wallace shows that Darwin got
tantalizingly close to grasping the point about the non-blending nature of heredity. But he didn’t see its
generality, and in particular he failed to see it as the answer to the riddle of why variation didn’t
automatically disappear from populations. That was |eft to twentieth-century scientists, building on
Mendel’ s before-his-time discovery.t

So now the concept of the gene pool starts to make sense. A sexually reproducing population, such as,
say, al the rats on Ascension Island, remotely isolated in the South Atlantic, is continually shuffling all
the genes on theisland. Thereis no intrinsic tendency for each generation to become less variable than
the previous generation, no tendency towards ever more boringly grey, middling intermediates. The
genes remain intact, shuffled about from individual body to individual body as the generations go by, but
not blending with one another, never contaminating each other. At any one time, the genes are all sitting
in the bodies of individual rats, or they are moving into new rat bodies via sperms. But if we take along
view across many generations, we see all the rat genes on the island being mixed up as though they were
cardsin asingle well-shuffled pack: one single pool of genes.

I’m guessing that the rat gene pool on asmall and isolated island such as Ascension is a self-contained
and rather well-stirred pool, in the sense that the recent ancestors of any one rat could have lived
anywhere on the island, but probably not anywhere other than on the island, give or take the occasional
stowaway on a ship. But the gene pool of the rats on alarge land mass such as Eurasia would be much
more complicated. A rat living in Madrid would derive most of its genes from ancestors living in the
western end of the Eurasian continent rather than, say, Mongolia or Siberia, not because of specific
barriers to gene flow (though those exist too) but because of the sheer distancesinvolved. It takes time
for sexual shuffling to work a gene from one side of a continent to the other. Even if there are no
physical barriers such as rivers or mountain ranges, gene flow across such alarge land mass will still be
slow enough for the gene pool to deserve the name ‘viscous'. A rat living in Vladivostok would trace
most of its genes back to ancestors in the east. The Eurasian gene pool would be shuffled, ason
Ascension Island, but not homogeneously shuffled because of the distances involved. Moreover, partia
barriers such as mountain ranges, large rivers or deserts would further get in the way of homogeneous
shuffling, thereby structuring and complicating the gene pool. These complications don’t devalue the
idea of the gene pool. The perfectly stirred gene pool is a useful abstraction, like a mathematician’s
abstraction of a perfect straight line. Real gene pools, even on small islands like Ascension, are imperfect
approximations, only partially shuffled. The smaller and less broken-up the island, the better the
approximation to the abstract ideal of the perfectly stirred gene pool.

Just to round off the thought about gene pools, each individual animal that we seein apopulationisa
sampling of the gene pool of itstime (or rather its parents’ time). Thereis no intrinsic tendency in gene
pools for particular genes to increase or decrease in frequency. But when there is a systematic increase or
decrease in the frequency with which we see a particular gene in a gene pool, that is precisely and
exactly what is meant by evolution. The question, therefore, becomes: why should there be a systematic
increase or decrease in agene' s frequency? That, of course, is where things start to get interesting, and
we shall cometo it in due course.



Something funny happens to the gene pools of domestic dogs. Breeders of pedigree Pekineses or
Damatians go to elaborate lengths to stop genes crossing from one gene pool to another. Stud books are
kept, going back many generations, and miscegenation is the worst thing that can happen in the book of a
pedigree breeder. It is as though each breed of dog were incarcerated on its own little Ascension Island,
kept apart from every other breed. But the barrier to interbreeding is not blue water but human rules.
Geographically the breeds all overlap, but they might as well be on separate islands because of the way
their owners police their mating opportunities. Of course, from time to time the rules are broken. Like a
rat stowing away on a ship to Ascension Island, a whippet bitch, say, escapes the |leash and mates with a
gpaniel. But the mongrel puppies that result, however loved they may be asindividuals, are cast off the
iIsland labelled Pedigree Whippet. The island itself remains a pure whippet island. Other pure-bred
whippets ensure that the gene pool of the virtual island labelled Whippet continues uncontaminated.
There are hundreds of man-made ‘islands’, one for each breed of pedigree dog. Each oneisavirtual
island, in the sense that it is not geographically localized. Pedigree whippets or Pomeranians are to be
found in many different places around the world, and cars, ships and planes are used to ferry the genes
from one geographical place to another. The virtual genetic island that is the Pekinese gene pool overlaps
geographically, but not genetically (except when a bitch breaks cover), with the virtual genetic island that
IS the boxer gene pool and the virtual island that is the St Bernard gene pool.

Now let’ s return to the remark that opened my discussion of gene pools. | said that if human breeders are
to be seen as sculptors, what they are carving with their chiselsis not dog flesh but gene pools. It appears
to be dog flesh because the breeder might announce an intention to, say, shorten the snouts of future
generations of boxers. And the end product of such an intention would indeed be a shorter snout, as
though a chisel had been taken to the ancestor’ s face. But, as we have seen, atypical boxer in any one
generation is a sampling of the contemporary gene pooal. It is the gene pool that has been carved and
whittled over the years. Genes for long snouts have been chiselled out of the gene pool and replaced by
genes for short snouts. Every breed of dog, from dachshund to Dalmatian, from boxer to borzoi, from
poodle to Pekinese, from Great Dane to chihuahua, has been carved, chiselled, kneaded, moulded, not
literally as flesh and bone but in its gene pool.

Itisn't all done by carving. Many of our familiar breeds of dog were originally derived as hybrids of
other breeds, often quite recently, for example in the nineteenth century. Hybridization, of course,
represents a deliberate violation of the isolation of the gene pools on virtual islands. Some hybridization
schemes are designed with such care that the breeders would resent their products being described as
mongrels or mutts (as President Obama delightfully described himself). The ‘ Labradoodle’ isahybrid
between a standard poodle and a Labrador retriever, the result of a carefully crafted quest for the best
virtues of both breeds. L abradoodle owners have established societies and associations just like those of
pure-bred pedigree dogs. There are two schools of thought in the Labradoodle Fancy, and those of other
such designer hybrids. There are those who are happy to go on making L abradoodles by mating poodles
and Labradors together. And there are those who are trying to initiate a new Labradoodle gene pool that
will breed true, when Labradoodles are mated together. At present, second-generation L abradoodle genes
recombine to produce more variety than pure-bred pedigree dogs are supposed to show. Thisis how
many ‘pure’ breeds got their start: they went through an intermediate stage of high variation,
subsequently trimmed down through generations of careful breeding.

Sometimes, new breeds of dog get their start with the adoption of a single mgjor mutation. Mutations are
the random changes in genes that constitute the raw material for evolution by non-random selection. In
nature, large mutations seldom survive, but geneticists like them in the laboratory because they are easy
to study. Breeds of dog with very short legs, like basset hounds and dachshunds, acquired them in a
single step with the genetic mutation called achondroplasia, a classic example of alarge mutation that
would be unlikely to survive in nature. A similar mutation is responsible for the commonest kind of
human dwarfism: the trunk is of nearly normal size, but the legs and arms are short. Other genetic routes
produce miniature breeds that retain the proportions of the original. Dog breeders can achieve changesin
size and shape by selecting combinations of afew major mutations such as achondroplasia and lots of
minor genes. Nor do they need to understand the genetics in order to achieve change effectively. Without
any understanding at all, just by choosing who mates with whom, you can breed for all kinds of desired
characteristics. Thisiswhat dog breeders, and animal and plant breeders generally, achieved for
centuries before anybody understood anything about genetics. And there’ s alesson in that about natural



selection, for nature, of course, has no understanding or awareness of anything at all.

The American zoologist Raymond Coppinger makes the point that puppies of different breeds are much
more similar to each other than adult dogs are. Puppies can't afford to be different, because the main
thing they have to do is suck,* and sucking presents pretty much the same challenges for al breeds. In

particular, in order to be good at sucking, a puppy can’t have along snout like a borzoi or aretriever.
That’swhy all puppieslook like pugs. Y ou could say that an adult pug is a puppy whose face didn’t
properly grow up. Most dogs, after they are weaned, develop arelatively longer snout. Pugs, bulldogs
and Pekineses don'’t; they grow in other departments, while the snout retains its infantile proportions. The
technical term for thisis neoteny, and we' |l meet it again when we come on to human evolution in
Chapter 7.

If an animal grows at the sameratein all its parts, so that the adult isjust auniformly inflated replica of
the infant, it is said to grow isometrically. |sometric growth is quite rare. In allometric growth, by
contrast, different parts grow at different rates. Often, the rates of growth of different parts of an animal
bear some simple mathematical relation to each other, a phenomenon that was investigated especially by
Sir Julian Huxley in the 1930s. Different breeds of dog achieve their different shapes by means of genes
that change the allometric growth relationships between the parts of the body. For example, bulldogs get
their Churchillian scowl from a genetic tendency towards slower growth of the nasal bones. This has
knock-on effects on the relative growth of the surrounding bones, and indeed all the surrounding tissues.
One of these knock-on effectsis that the palate is pulled up into an awkward position, so the bulldog’'s
teeth stick out and it has a tendency to dribble. Bulldogs also have breathing difficulties, which are
shared by Pekineses. Bulldogs even have difficulty being born because the head is disproportionately
big. Most if not all the bulldogs you see today were born by caesarian section.

Borzois are the opposite. They have extralong snouts. Indeed, they are unusual in that the elongation of
the snout begins before they are born, which probably makes borzoi puppies less proficient suckers than
other breeds. Coppinger speculates that the human desire to breed borzois for long snouts has reached a
limit imposed by the survival capacity of puppiestrying to suck.

What lessons do we learn from the domestication of the dog? First, the great variety among breeds of
dogs, from Great Danesto Y orkies, from Scotties to Airedales, from ridgebacks to dachshunds, from
whippets to St Bernards, demonstrates how easy it is for the non-random selection of genes—the
‘carving and whittling’ of gene pools—to produce truly dramatic changes in anatomy and behaviour, and
so fast. Surprisingly few genes may be involved. Y et the changes are so large — the differences between
breeds so dramatic — that you might expect their evolution to take millions of yearsinstead of just a
matter of centuries. If so much evolutionary change can be achieved in just afew centuries or even
decades, just think what might be achieved in ten or a hundred million years.

Viewing the process over centuries, it is no empty fancy that human dog breeders have seized dog flesh
like modelling clay and pushed it, pulled it, kneaded it into shape, more or less at will. Of course, as |
pointed out earlier, we have really been kneading not dog flesh but dog gene pools. And ‘carved’ isa
better metaphor than ‘kneaded' . Some scul ptors work by taking alump of clay and kneading it into
shape. Others take alump of stone or wood, and carve it by subtracting bits with a chisel. Obviously dog
fanciers don’t carve dogs into shape by subtracting bits of dog flesh. But they do something close to
carving dog gene pools by subtraction. It is more complicated than pure subtraction, however.
Michelangelo took a single chunk of marble, and then subtracted marble from it to reveal David lurking
inside. Nothing was added. Gene pools, on the other hand, are continually added to, for example by
mutation, while at the same time non-random death subtracts. The analogy to sculpture breaks down
here, and should not be pushed too tenacioudly, as we' |l see again in Chapter 8.

Theidea of sculpture calls to mind the over-muscled physiques of human body-builders, and non-human
equivalents such as the Belgian Blue breed of cattle. This walking beef factory has been contrived viaa
particular genetic alteration called ‘double muscling’. There is a substance called myostatin, which limits
muscle growth. If the gene that makes myostatin is disabled, muscles grow larger than usual. It is quite
often the case that a given gene can mutate in more than one way to produce the same outcome, and
indeed there are various ways in which the myostatin-producing gene can be disabled, with the same
effect. Another example is the breed of pig called the Black Exotic, and there are individual dogs of
various breeds that show the same exaggerated musculature for the same reason. Human body-builders



achieve asimilar physique by an extreme regime of exercise, and often by the use of anabolic steroids:
both environmental manipulations that mimic the genes of the Belgian Blue and the Black Exotic. The
end result is the same, and that isalesson in itself. Genetic and environmental changes can produce
identical outcomes. If you wanted to rear a human child to win a body-building contest and you had a
few centuries to spare, you could start by genetic manipulation, engineering exactly the same freak gene
as characterizes Belgian Blue cattle and Black Exotic pigs. Indeed, there are some humans known to
have deletions of the myostatin gene, and they tend to be abnormally well muscled. If you started with a
mutant child and made it pump iron as well (presumably the cattle and pigs could not be cgjoled into
this), you could probably end up with something more grotesque than Mr Universe.

Political opposition to eugenic breeding of humans sometimes spills over into the almost certainly false
assertion that it isimpossible. Not only isit immoral, you may hear it said, it wouldn’t work.
Unfortunately, to say that something is morally wrong, or politically undesirable, is not to say that it
wouldn’t work. | have no doubt that, if you set your mind to it and had enough time and enough political
power, you could breed arace of superior body-builders, or high-jumpers, or shot-putters; pearl fishers,
sumo wrestlers, or sprinters; or (I suspect, although now with less confidence because there are no
animal precedents) superior musicians, poets, mathematicians or wine-tasters. The reason | am confident
about selective breeding for athletic prowess is that the qualities needed are so similar to those that
demonstrably work in the breeding of racehorses and carthorses, of greyhounds and sledge dogs. The
reason | am still pretty confident about the practical feasibility (though not the moral or political
desirability) of selective breeding for mental or otherwise uniquely human traitsis that there are so few
examples where an attempt at selective breeding in animals has ever failed, even for traits that might
have been thought surprising. Who would have thought, for example, that dogs could be bred for sheep-
herding skills, or ‘pointing’, or bull-baiting?

Y ou want high milk yield in cows, orders of magnitude more gallons than could ever be needed by a
mother to rear her babies? Selective breeding can give it to you. Cows can be modified to grow vast and
ungainly udders, and these continue to yield copious quantities of milk indefinitely, long after the normal
weaning period of acalf. Asit happens, dairy horses have not been bred in thisway, but will anyone
contest my bet that we could do it if we tried? And of course, the same would be true of dairy humans, if
anyone wanted to try. All too many women, bamboozled by the myth that breasts like melons are
attractive, pay surgeons large sums of money to implant silicone, with (for my money) unappealing
results. Does anyone doubt that, given enough generations, the same deformity could be achieved by
selective breeding, after the manner of Friesian cows?

About twenty-five years ago | developed a computer simulation to illustrate the power of artificial
selection: akind of computer game equivalent to breeding prize roses or dogs or cattle. The player is
faced with an array of nine shapes on the screen —‘ computer biomorphs’ — the middle one of which is
the ‘parent’ of the surrounding eight. All the shapes are constructed under the influence of a dozen or so
‘genes’, which are simply numbers handed down from ‘parent’ to ‘offspring’, with the possibility of
small ‘mutations’ intervening on the way. A mutation is just a slight increment or decrement in the
numerical value of the parent’ s gene. Each shape is constructed under the influence of a particular set of
numbers, which are its own particular values of the dozen genes. The player |ooks over the array of nine
shapes and sees no genes but chooses the preferred ‘body’ shape she wants to breed from. The other
eight biomorphs disappear from the screen, the chosen one glides to the centre, and ‘ spawns’ eight new
mutant ‘ children’. The process repeats for as many ‘generations’ as the player has time for, and the
average shape of the ‘organisms on the screen gradually ‘evolves asthe generations go by. Only genes
are passed from generation to generation, so, by directly choosing biomorphs by eye, the player is
inadvertently choosing genes. That is just what happens when breeders choose dogs or roses to breed
from.



Biomor phs from the ‘Blind Watchmaker’ program

So much for the genetics. The game starts to get interesting when we consider the ‘embryology’. The
embryology of abiomorph on the screen is the process by which its ‘ genes’ — those numerical values —
influence its shape. Many very different embryologies can be imagined, and | have tried out quite afew
of them. My first program, called ‘ Blind Watchmaker’, uses a tree-growing embryology. A main ‘trunk’
sprouts two ‘branches', then each branch sprouts two branches of its own, and so on. The number of
branches, and their angles and lengths, are all under genetic control, determined by the numerical values
of the genes. An important feature of the branching tree embryology isthat it isrecursive. | won't
expound that idea here, but it means that a single mutation typically has an effect al over the tree, rather
than just in one corner of it.

Although the Blind Watchmaker program starts off with a simple branching tree, it rapidly wanders off
into awonderland of evolved forms, many with a strange beauty, and some — depending on the intentions
of the human player — coming to resemble familiar creatures such as insects, spiders or starfish. On the
left isa‘safari park’ of creatures that just one player of the game (me) found in the byways and
backwaters of this strange computer wonderland. In alater version of the program, | expanded the
embryology to allow for genes controlling the colour and shape of the ‘branches’ of the tree.

A more elaborate program, called * Arthromorphs’, which | wrote jointly with Ted Kaehler, then working
for the Apple Computer Company, embodies an ‘embryology’ with some interesting biological features
specifically geared to breeding ‘insects, ‘ spiders', ‘ centipedes and other creatures resembling
arthropods. | have explained the arthromorphs in detail, along with the biomorphs,

“‘conchomorphs’ (computer molluscs) and other programsin this vein, in Climbing Mount Improbable.

As it happens, the mathematics of shell embryology are well understood, so artificial selection using my
‘conchomorph’ program is capable of generating extremely lifelike forms (see over). | shall refer back to
these programs, to make a completely different point, in the final chapter. Here | have introduced them
for the purpose of illustrating the power of artificial selection, even in an extremely over-simplified
computer environment. In the real world of agriculture and horticulture, the world of the pigeon fancier
or dog breeder, artificial selection can achieve so much more. Biomorphs, arthromorphs and
conchomorphs just illustrate the principle, in something like the same way that artificial selection itself is
going to illustrate the principle behind natural selection — in the next chapter.



Conchomor phs. computer-gener ated shells shaped by artificial selection

Darwin had first-hand experience of the power of artificial selection and he gave it pride of placein
Chapter 1 of On the Origin of Species. He was softening his readers up to take delivery of his own great
insight, the power of natural selection. If human breeders can transform a wolf into a Pekinese, or awild
cabbage into a cauliflower, in just afew centuries or millennia, why shouldn’t the non-random survival
of wild animals and plants do the same thing over millions of years? That will be the conclusion of my
next chapter; but my strategy first will be to continue the softening-up process, to ease the passage
towards understanding of natural selection.



CHAPTER 3 THE PRIMROSE PATH TO MACRO-EVOLUTION

CHAPTER 2 showed how the human eye, working by selective breeding over many generations, scul pted
and kneaded dog flesh to assume a bewildering variety of forms, colours, sizes and behaviour patterns.
But we are humans, accustomed to making choices that are deliberate and planned. Are there other
animals that do the same thing as human breeders, perhaps without deliberation or intention but with
similar results? Y es, and they carry this book’ s softening-up program steadily forward. This chapter
embarks on a step-by-step seduction of the mind as we pass from the familiar territory of dog breeding
and artificial selection to Darwin’s giant discovery of natural selection, via some colourful intermediate
stages. Thefirst of these intermediate steps along the path of seduction (isit over thetop tocall it a
primrose path?) takes us into the honeyed world of flowers.

Wild roses are agreeable little flowers, pretty enough, but nothing to write home about in the terms one
might lavish on, say, ‘Peace’ or ‘Lovely Lady’ or ‘Ophelia’. Wild roses have a delicate aroma,
unmistakable, but not to-swoon-for like ‘Memorial Day’ or ‘ Elizabeth Harkness' or ‘ Fragrant Cloud’.
The human eye and the human nose went to work on wild roses, enlarging them, shaping them, doubling
up the petals, tinting them, refining the bloom, boosting natural fragrances to heady extremes, adjusting
habits of growth, eventually entering them in sophisticated hybridization programs until, today, after
decades of skilful selective breeding, there are hundreds of prized varieties, each with its own evocative
or commemorative name. Who would not like to have a rose named after her?

INSECTS WERE THE FIRST DOMESTICATORS

Roses tell the same story as dogs, but with one difference, which is relevant to our softening-up strategy.
The flower of the rose, even before human eyes and noses embarked on their work of genetic chiselling,
owed its very existence to millions of years of very similar sculpting by insect eyes and noses (well,
antennae, which is what insects smell with). And the same istrue of all the flowers that beautify our
gardens.

The sunflower, Helianthus annuus, is a North American plant whose wild form looks like an aster or
large daisy. Cultivated sunflowers today have been domesticated to the point where their flowers are the
size of adinner plate.* ‘Mammoth’ sunflowers, originally bred in Russia, are 12 to 17 feet high, the head
diameter is close to one foot, which is more than ten times the size of awild sunflower’s disc, and there
isnormally only one head per plant, instead of the many, much smaller, flowers of the wild plant. The
Russians started breeding this American flower, by the way, for religious reasons. During Lent and
Advent, the use of oil in cooking was banned by the Orthodox Church. Conveniently, and for areason
that | — untutored in the profundities of theology — shall not presume to fathom, sunflower seed oil was
deemed to be exempt from this prohibition.t This provided one of the economic pressures that drove the
recent selective breeding of the sunflower. Long before the modern era, however, native Americans had
been cultivating these nutritious and spectacular flowers for food, for dyes and for decoration, and they
achieved results intermediate between the wild sunflower and the extravagant extremes of modern
cultivars. But before that again, sunflowers, like al brightly coloured flowers, owed their very existence
to selective breeding by insects.

The same istrue of most of the flowers we are aware of — probably all the flowers that are coloured
anything other than green and whose smell is anything more than just vaguely plant-like. Not all the
work was done by insects — for some flowers the pollinators that did the initial selective breeding were
hummingbirds, bats, even frogs — but the principle is the same. Garden flowers have been further
enhanced by us, but the wild flowers with which we started only caught our attention in the first place
because insects and other selective agents had been there before us. Generations of ancestral flowers
were chosen by generations of ancestral insects or hummingbirds or other natural pollinators. Itisa
perfectly good example of selective breeding, with the minor difference that the breeders were insects
and hummingbirds, not humans. At least, | think the difference is minor. Y ou may not, in which case |
still have some softening up to do.



What might tempt usto think it amajor difference? For one thing, humans consciously set out to breed,
say, the darkest, most blackish purple rose they can, and they do it to satisfy an aesthetic whim, or
because they think other people will pay money for it. Insects do it not for aesthetic reasons but for
reasons of . . . well, here we need to back up and look at the whole matter of flowers and their
relationship with their pollinators. Here' s the background. For reasons | won't go into now, it is of the
essence of sexual reproduction that you shouldn’t fertilize yourself. If you did that, after all, there' d be
little point in bothering with sexual reproduction in the first place. Pollen must somehow be transported
from one plant to another. Hermaphroditic plants that have male and female parts within one flower often
go to elaborate lengths to stop the male half from fertilizing the female half. Darwin himself studied the
ingenious way thisis achieved in primroses.

Taking the need for cross-fertilization as a given, how do flowers achieve the feat of moving pollen
across the physical gap that separates them from other flowers of the same species? The obviousway is
by the wind, and plenty of plants useit. Pollenisafine, light powder. If you release enough of it on a
breezy day, one or two grains may have the luck to land on the right spot in a flower of the right species.
But wind pollination is wasteful. A huge surplus of pollen needs to be manufactured, as hay fever
sufferers know. The vast mgjority of pollen grains land somewhere other than where they should, and all
that energy and costly matériel iswasted. Thereis a more directed way for pollen to be targeted.

Why don'’t plants choose the animal option, and walk around looking for another plant of the same
species, then copulate with it? That's a harder question to deal with than you might think. It’s circular
simply to assert that plants don’t walk, but I’m afraid that will have to do for now.* The fact is, plants

don’t walk. But animals walk. And animals fly, and they have nervous systems capable of directing them
towards particular targets, with sought-for shapes and colours. So if only there were some way to
persuade an animal to dust itself with pollen and then walk or preferably fly to another plant of the right
Species. . .

WEell, the answer’ s no secret: that’ s exactly what happens. The story isin some cases highly complex and
in all cases fascinating. Many flowers use a bribe of food, usually nectar. Maybe bribe is too loaded a
word. Would you prefer ‘ payment for services rendered’ ? I’ m happy with both, so long as we don’t
misunderstand them in a human way. Nectar is sugary syrup, and it is manufactured by plants
specificaly and only for paying, and fuelling, bees, butterflies, hummingbirds, bats and other hired
transport. It is costly to make, funnelling off a proportion of the sunshine energy trapped by the leaves,
the solar panels of the plant. From the point of view of the bees and hummingbirds, it is high-energy
aviation fuel. The energy locked up in the sugars of nectar could have been used elsewherein the
economy of the plant, perhaps to make roots, or to fill the underground storage magazines that we call
tubers, bulbs and corms, or even to make huge quantities of pollen for broadcasting to the four winds.
Evidently, for alarge number of plant species, the trade-off works out in favour of paying insects and
birds for their wings, and fuelling their flight muscles with sugar. It's not atotally overwhelming
advantage, however, because some plants do use wind pollination, presumably because details of their
economic circumstances tip their balance that way. Plants have an energy economy and, as with any
economy, trade-offs may favour different options under different circumstances. That’s an important
lesson in evolution, by the way. Different species do thingsin different ways, and we often won't
understand the differences until we have examined the whole economy of the species.

If wind pollination is at one end of a continuum of cross-fertilization techniques — shall we call it the
profligate end? — what is at the other end, the *‘magic bullet’” end? Very few insects can be relied upon to
fly like amagic bullet straight from the flower where they have picked up pollen to another flower of
exactly the right species. Some just go to any old flower, or possibly any flower of the right colour, and it
Is still amatter of luck whether it happens to be the same species as the flower that has just paid it in
nectar. Nevertheless, there are some lovely examples of flowers that lie far out towards the magic bullet
end of the continuum. High on the list are orchids, and it's no wonder that Darwin devoted a whole book
to them.

Both Darwin and his co-discoverer of natural selection, Wallace, called attention to an amazing orchid
from Madagascar, Angraecum sesqui pedal e (see colour page 4), and both men made the same
remarkable prediction, which was later triumphantly vindicated. This orchid has tubular nectaries that
reach down more than 11 inches by Darwin’s own ruler. That's nearly 30 centimetres. A related species,



Angraecum longicalcar, has nectar-bearing spurs that are even longer, up to 40 centimetres (more than
15 inches). Darwin, purely on the strength of A. sesquipedal€e’s existence in Madagascar, predicted in his
orchid book of 1862 that there must be ‘ moths capable of extension to alength of between ten and eleven
inches . Wallace, five years later (it isn’t clear whether he had read Darwin’s book) mentioned several
moths whose probosces were nearly long enough to meet the case.

| have carefully measured the proboscis of a specimen of Macrosila cluentius from
South Americain the collection of the British Museum, and find it to be nine inches
and a quarter long! One from tropical Africa (Macrosila morganii) is seven inches and
ahalf. A species having a proboscis two or three inches longer could reach the nectar
in the largest flowers of Angrascum sesquipedale, whose nectaries vary in length from
ten to fourteen inches. That such a moth exists in Madagascar may be safely predicted;
and naturalists who visit that island should search for it with as much confidence as
astronomers searched for the planet Neptune, — and they will be equally successful!

In 1903, after Darwin’s death but well within Wallace' s long lifetime, a hitherto unknown moth was
discovered which turned out to fulfil the Darwin/Wallace prediction, and was duly honoured with the sub-
specific name praedicta. But even Xanthopan morgani praedicta, ‘ Darwin’s hawk moth’, is not
sufficiently well endowed to pollinate A. longicalcar, and the existence of this flower encourages usto
suspect the existence of an even longer-tongued moth, with the same confidence as Wallace invoked the
predicted discovery of the planet Neptune. By the way, this little example gives the lie, yet again, to the
allegation that evolutionary science cannot be predictive because it concerns past history. The Darwin/
Wallace prediction was still a perfectly valid one, even though the praedicta moth must already have
existed before they made it. They were predicting that, at some time in the future, somebody would
discover a moth with atongue long enough to reach the nectar in A. sesquipedale.

Insects have good colour vision, but their whole spectrum is shifted towards the ultraviolet and away
from thered. Like us, they see yellow, green, blue and violet. Unlike us, however, they also see well into
the ultraviolet range; and they don’'t seered, at ‘our’ end of the spectrum. If you have ared tubular
flower in your garden it is agood bet, though not a certain prediction, that in thewild it is pollinated not
by insects but by birds, who see well at the red end of the spectrum — perhaps hummingbirdsif itisa
New World plant, or sunbirds if an Old World plant. Flowers that look plain to us may actually be
lavishly decorated with spots or stripes for the benefit of insects, ornamentation that we can’t see because
we are blind to ultraviolet. Many flowers guide bees in to land by little runway markings, painted on the
flower in ultraviolet pigments, which the human eye can't see.

The evening primrose (Oenothera) looks yellow to us. But a photograph taken through an ultraviolet
filter shows a pattern for the benefit of bees, which we can’t see with normal vision (see colour page 5).
In the photograph it appears as red, but that is a‘false colour’: an arbitrary choice by the photographic
process. It doesn’t mean that bees would see it as red. Nobody knows how ultraviolet (or yellow or any
other colour) looks to abee (I don't even know how red looks to you — an old philosophical chestnut).

A meadow full of flowersis nature’s Times Square, nature' s Piccadilly Circus. A slow-motion neon sign,
it changes from week to week as different flowers come into season, carefully prompted by cues from,
for example, the changing length of days to synchronize with others of their own species. Thisfloral
extravaganza, splashed across the green canvas of a meadow, has been shaped and coloured, magnified
and titivated by the past choices made by animal eyes: bee eyes, butterfly eyes, hoverfly eyes. In New
World forests we' d have to add hummingbird or in African forests sunbird eyes to the list.

Hummingbirds and sunbirds are not particularly closely related, by the way. They look and behave like
each other because they have converged upon the same way of life, largely revolving around flowers and
nectar (although they eat insects as well as nectar). They have long beaks for probing nectaries, extended
by even longer tongues. Sunbirds are less accomplished hoverers than hummingbirds, who can even go
backwards like a helicopter. Also convergent, although from afar distant vantage point in the animal
kingdom, are the hummingbird hawk moths, again consummate hoverers with spectacularly long tongues
(all three types of nectar junkie are illustrated on colour page 5).

We shall return to convergent evolution later in the book, after properly understanding natural selection.



Here, in this chapter, flowers are seducing us, drawing usin, step by step, lining our path to that
understanding. Hummingbird eyes, hawk-moth eyes, butterfly eyes, hoverfly eyes, bee eyes are critically
cast over wild flowers, generation after generation, shaping them, colouring them, swelling them,
patterning and stippling them, in almost exactly the same way as human eyes later did with our garden
varieties; and with dogs, cows, cabbages and corn.

For the flower, insect pollination represents a huge advance in economy over the wasteful scattergun of
wind pollination. Even if abee visits flowers indiscriminately, lurching promiscuously from buttercup to
cornflower, from poppy to celandine, a pollen grain clinging to its hairy abdomen has a much greater
chance of hitting the right target — a second flower of the same species — than it would have if scattered
on the wind. Slightly better would be a bee with a preference for a particular colour, say blue. Or a bee
that, while not having any long-term colour preference, tends to form colour habits, so that it chooses
colours in runs. Better still would be an insect that visits flowers of only one species. And there are
flowers, like the Madagascar orchid that inspired the Darwin/\Wallace prediction, whose nectar is
available only to certain insects that specialize in that kind of flower and benefit from their monopoly
over it. Those Madagascar moths are the ultimate magic bullets.

From amoth’s point of view, flowers that reliably provide nectar are like docile, productive milch cows.
From the flowers' point of view, moths that reliably transport their pollen to other flowers of the same
species are like awell-paid Federal Express service, or like well-trained homing pigeons. Each side could
be said to have domesticated the other, selectively breeding them to do a better job than they previously
did. Human breeders of prize roses have had almost exactly the same kinds of effects on flowers as
Insects have — just exaggerated them a bit. Insects bred flowers to be bright and showy. Gardeners made
them brighter and showier still. Insects made roses pleasantly fragrant. We came along and made them
even more so. Incidentally, it is afortunate coincidence that the fragrances that bees and butterflies prefer
happen to appeal to ustoo. Flowers such as ‘ stinking Benjamin’ (Trillium erectum) or the ‘ corpse
flower’ (Amorphophallus titanum), which use flesh flies or carrion beetles as pollinators, often nauseate
us, because they mimic the smell of decaying meat. Such flowers have not, | presume, had their scents
enhanced by human domesticators.

Of course, the relationship between insects and flowers is atwo-way street, and we mustn’t neglect to
look in both directions. Insects may ‘breed’ flowers to be more beautiful, but not because they enjoy the
beauty.* Rather, the flowers benefit from being perceived as attractive by insects. The insects, by

choosing the most attractive flowersto visit, inadvertently ‘breed for’ floral beauty. At the same time, the
flowers are breeding the insects for pollination ability. Then again, | have implied that insects breed
flowersfor high nectar yield, like dairymen breeding massively uddered Friesians. But it isin the
flowers' intereststo ration their nectar. Satiate an insect and it has no incentive to go on and look for a
second flower — bad news for the first flower, for which the second visit, the pollinating visit, isthe
whole point of the exercise. From the flowers' point of view, a delicate balance must be struck between
providing too much nectar (no visit to a second flower) and too little (no incentive to visit the first
flower).

Insects have milked flowers for their nectar, and bred them for increased yield — probably encountering
resistance from the flowers, as we have just seen. Have beekeepers (or horticulturalists with the interests
of beekeepersin mind) bred flowers to be even more productive of nectar, just as dairy farmers bred
Friesian and Jersey cows? I’d be intrigued to know the answer. Meanwhile, there’ s no doubt of the close
parallel between horticulturalists as breeders of pretty and fragrant flowers, and bees and butterflies,
hummingbirds and sunbirds doing the same thing.

YOU ARE MY NATURAL SELECTION

Are there other examples of selective breeding by non-human eyes? Oh yes. Think of the dull,
camouflaged plumage of a hen pheasant, compared with the splendiferous male of the same species.
There seemslittle doubt that, if hisindividual survival were the only thing that mattered, the cock golden
pheasant would ‘prefer’ to look like the female, or like a grown-up version of how he was as a chick. The
female and the chicks are obviously well camouflaged, and that’ s the way the male would be too if
individual survival were his priority. The sameistrue of other pheasants such as Lady Amherst’s and the



familiar ring-necked pheasant. The cocks look flamboyant and dangerously attractive to predators, but
each speciesin avery different way. The hens are camouflaged and dull-coloured, each species in pretty
much the same way. What is going on here?

Oneway to put it is Darwin’sway: ‘sexua selection’. But another way — and the one that better suits my
primrose path —is ‘ selective breeding by females of males'. Bright colours may indeed attract predators,
but they attract female pheasants too. Generations of hens chose to mate with bright, glowing males,
rather than the dull brown creatures that the males would surely have remained but for selective breeding
by females. The same thing happened with peahens selectively breeding peacocks, female birds of
paradise breeding males, and numerous other examples of birds, mammals, fish, amphibians, reptiles and
insects where females (it's usually females rather than males, for reasons we needn’t go into) choose
from among competing males. As with garden flowers, human pheasant-breeders have improved upon
the selective handiwork of the hen pheasants that preceded them, producing spectacular variants of the
golden pheasant, for example, although more by picking one or two major mutations rather than by
gradually shaping the bird through generations of breeding. Humans have also selectively bred some
amazing varieties of pigeons (as Darwin knew at first hand) and chickens, descended from a Far Eastern
bird, the red jungle fowl Gallus gallus.

Varieties of chicken: threeillustrationsfrom Darwin’s The Variation of Animals and Plants under
Domestication

This chapter is mostly about selection by eyes, but other senses can do the same thing. Fanciers have
bred canaries for their songs, as well asfor their appearance. The wild canary is ayellowish brown finch,
not spectacular to look at. Human selective breeders have taken the palette of colours thrown up by
random genetic variation and manufactured a colour distinctive enough to be named after the bird:
canary yellow. By the way, the bird itself is named after the islands,* not the other way around as with

the Galapagos | slands, whose name comes from a Spanish word for tortoise. But canaries are best known
for their song, and this too has been tuned up and enriched by human breeders. Various songsters have
been manufactured, including Rollers, which have been bred to sing with the beak closed, Waterdlagers,
which sound like bubbling water, and Timbrados, which produce metallic, bell-like notes, together with a
castanet-like chatter that befits their Spanish origins. Domestically bred songs are longer, louder and
more frequent than the wild ancestral type. But al these highly prized songs are made up of elements that
occur inwild canaries, just as the habits and tricks of various breeds of dogs come from elements to be



found in the behavioural repertoire of wolves.*

Once again, human breeders have only been building on the earlier selective breeding efforts of female
birds. Over generations, wild female canaries inadvertently bred males for their singing prowess by
choosing to mate with males whose songs were especially appealing. In the particular case of canariesit
happens that we know a little more. Canaries (and Barbary doves) have been favourite subjects for
research on hormones and reproductive behaviour. It is known that in both species the sound of male
vocalization (even from atape recording) causes the females ovariesto swell and secrete hormones that
bring them into reproductive condition and make them more ready to mate. One could say that male
canaries are manipulating females by singing to them. It is aimost as though they were giving them
hormone injections. One could also say that females are selectively breeding males to become better and
better at singing. The two ways of looking at the matter are two sides of the same coin. As with other
bird species, by the way, there is a complication: song is not only appealing to females, itisalso a
deterrent to rival males—but I'll leave that on one side.

Now, to move the argument on, look at the pictures opposite. The first is awoodcut of a Japanese kabuki
mask, representing a samurai warrior. The second is a crab of the species Heikea japonica, which is
found in Japanese waters. The generic name, Heikea, comes from a Japanese clan called the Heike, who
were defeated at seain the battle of Danno-Ura (1185) by arival clan called the Genji. Legend tells that
the ghosts of drowned Heike warriors now inhabit the bottom of the sea, in the bodies of crabs— Heikea
japonica. The myth is encouraged by the pattern on the back of this crab, which resembles the fiercely
grimacing face of a samurai warrior. The famous zoologist Sir Julian Huxley was impressed enough by
the resemblance to write, ‘ The resemblance of Dorippe to an angry Japanese warrior is far too specific
and far too detailed to be accidental . . . It came about because those crabs with a more perfect
resemblance to awarrior’s face were less frequently eaten than the others.’” (Dorippe was what the crab
was called in 1952 when Huxley wrote. It reverted to Helkea in 1990 when somebody rediscovered that
it had been so named as early as 1824 — such are the strict priority rules of zoological nomenclature.)

Heikea japonica crab

Thistheory, that generations of superstitious fishermen threw back into the sea crabs that resembled
human faces, received new legsin 1980 when Carl Sagan discussed it in his wonderful Cosmos. In his
words,



Suppose that, by chance, among the distant ancestors of this crab, one arose that
resembled, even dlightly, a human face. Even before the battle of Danno-ura, fishermen
may have been reluctant to eat such a crab. In throwing it back, they set in motion an
evolutionary process. . . Asthe generations passed, of crabs and fishermen alike, the
crabs with patterns that most resembled a samurai face survived preferentially until
eventually there was produced not just a human face, not just a Japanese face, but the
visage of afierce and scowling samurai.

It'salovely theory, too good to die easily, and the meme has indeed replicated itself through the canon. |
even found a website where you can vote on whether the theory is true (31 per cent of 1,331 voters),
whether the photographs are fakes (15 per cent), whether Japanese craftsmen carve the shells to look that
way (6 per cent), whether the resemblance is just a coincidence (38 per cent), or even whether the crabs
really are manifestations of drowned samurai warriors (an amazing 10 per cent). Scientific truths are not,
of course, decided by plebiscite, and | voted only because | was otherwise not alowed to see the voting
figures. I'm afraid | voted with the killjoys. | think, on balance, that the resemblance is probably a
coincidence. Not because, as one authoritative sceptic has pointed out, the ridges and grooves on the
crab’ s back actually signify underlying muscle attachments. Even on the Huxley/Sagan theory, the
superstitious fishermen would have to have begun by noticing some kind of original resemblance,
however dight, and a symmetrical pattern of muscle attachments is exactly the kind of thing that would
have provided that initial resemblance. | am more impressed by the same sceptic’s observation that these
crabs are too small to be worth eating anyway. According to him, all crabs of that size would have been
thrown back, whether or not their backs resembled human faces, although | have to say that this more
telling source of scepticism had alarge bite taken out of it when | was taken out to dinner in Tokyo and
my host ordered, for all the company, adish of crabs. They were much larger than Heikea, and they were
thickly encrusted in stout, calcified carapaces, but that didn’t stop this superman picking up whole crabs,
one by one, and biting into them like an apple, with a crunching sound that seemed to presage hideously
bleeding gums. A crab as small as Heikea would be a doddle to such a gastronomic champion. He would
surely swallow it whole without batting an eyelid.

My main reason for scepticism about the Huxley/Sagan theory is that the human brain is demonstrably
eager to see facesin random patterns, as we know from scientific evidence, on top of the numerous
legends about faces of Jesus, or the Virgin Mary, or Mother Teresa, being seen on slices of toast, or
pizzas, or patches of damp on awall. This eagernessis enhanced if the pattern departs from randomness
in the specific direction of being symmetrical. All crabs (except hermit crabs) are symmetrical anyway. |
reluctantly suspect that the resemblance of Helkea to a samurai warrior is no more than an accident,
much as | would like to believe it has been enhanced by natural selection.

Never mind. There are plenty of other examples not involving humans, where animal ‘fishermen’, asit
were, ‘throw back’ (or don't seein the first place) would-be food because of a resemblance to something
sinister, and where the resemblance is certainly not due to chance. If you were a bird, out hunting
caterpillarsin the forest, what would you do if you were suddenly confronted with a snake? Leap back
startled, would be my guess, and then give it awide berth. Well, there is a caterpillar — to be precise, the
rear end of a caterpillar —that bears an unmistakable resemblance to a snake. It istruly alarming if you
are frightened of snakes— as | shamefacedly confess | am. | even think | might be reluctant to pick this
animal up, despite knowing perfectly well that it isin fact a harmless caterpillar. (A picture of this
extraordinary creature appears on colour page 7.) | have the same problem with picking up wasp-
mimicking or bee-mimicking hoverflies, even though | can see, from their possession of only one pair of
wings, that they are stingless flies. These are among avast list of animals that gain protection because
they look like something else: something inedible like a pebble, atwig or afrond of seaweed, or
something positively nasty like a snake or awasp or the glaring eyes of a possible predator.

Have bird eyes, then, been breeding insects for their resemblance to unpalatable or venomous models?
There' s one sense in which we surely have to answer yes. What, after all, is the difference between this
and peahens breeding peacocks for beauty, or humans breeding dogs or roses? Mainly, peahens are
breeding positively for something attractive, by approaching it, while the caterpillar-hunting birds are
breeding negatively for something repellent, by avoiding it. Right then, here' s another example, and in



this case the ‘breeding’ is positive, even though the selector doesn’t benefit from its choice. Far fromiit.

Deep-sea angler fish sit on the bottom of the sea, waiting patiently for prey.* Like many deep-seafish,
anglers are spectacularly ugly by our standards. Maybe by fish standards too, athough it probably
doesn’t matter because, down where they live, it istoo dark to see much anyway. Like other denizens of
the deep sea, female angler fish often make their own light — or rather, they have special receptaclesin
which they house bacteria which make light for them. Such * bioluminescence’ isn't bright enough to
reflect any detail, but it is bright enough to attract other fish. A spine which, in anormal fish, would be
just one of theraysin afin, becomes elongated and stiffened to make afishing rod. In some species the
‘rod’ issolong and flexible that you'd call it aline rather than arod. And on the end of the fishing rod or
lineis—what else? —abait, or lure. The baits vary from species to species, but they always resemble
small food items: perhaps aworm, or asmall fish, or just a nondescript but temptingly jiggling morsel.
Often the bait is actually luminous: another natural neon sign, and in this case the message being flashed
is‘come and eat me'. Small fish are indeed tempted. They approach closeto the bait. And it isthe last
thing they do for, at that moment, the angler opens her huge maw and the prey is engulfed with the
inrush of water.

Now, would we say that the small prey fish are ‘breeding for’ more and more appealing lures, just as
peahens breed for more appealing peacocks, and horticulturalists breed for more appealing roses? It's
hard to see why not. In the case of the roses, the most attractive blooms are the ones deliberately chosen
for breeding by the gardener. Much the same is true of peacocks chosen by peahens. It is possible that the
peahens are not aware that they are choosing, whereas the rose-growers are. But that doesn’'t seem avery
important distinction under the circumstances. Slightly more compelling is a distinction between the
angler fish example and the other two. The prey fish are indeed choosing the most ‘ attractive’ angler fish
for breeding, viathe indirect route of choosing them for survival by feeding them! Anglers with
unattractive lures are more likely to starve to death and therefore less likely to breed. And the small prey
fish are indeed doing the ‘ choosing’. But they are choosing with their lives! What we are homing in on
here is true natural selection, and we are reaching the end of the progressive seduction that is this chapter.

Here' s the progression laid out.

1 Humans deliberately choose attractive roses, sunflowers etc. for breeding, thereby preserving the
genes that produce the attractive features. Thisis called artificial selection, it’s something humans have
known about since long before Darwin, and everybody understands that it is powerful enough to turn
wolves into chihuahuas and to stretch maize cobs from inches to feet.

2 Peahens (we don’t know whether consciously and deliberately, but let’ s guess not) choose attractive
peacocks for breeding, again thereby preserving attractive genes. Thisis called sexual selection, and
Darwin discovered it, or at least clearly recognized it and named it.

3 Small prey fish (definitely not deliberately) choose attractive angler fish for survival, by feeding the
most attractive ones with their own bodies, thereby inadvertently choosing them for breeding and
passing on, and therefore preserving, the genes that produce the attractive features. Thisis called — yes,
we' ve finally got there — natural selection, and it was Darwin’s greatest discovery.

Darwin’s specia genius realized that nature could play the role of selecting agent. Everybody knew
about artificial selection,* or at least everybody with any experience of farms or gardens, dog shows or
dovecotes. But it was Darwin who first spotted that you don’t have to have a choosing agent. The choice
can be made automatically by survival — or failure to survive. Survival counts, Darwin realized, because
only survivors reproduce and pass on the genes (Darwin didn’t use the word) that hel ped them to survive.

| chose the angler fish as my example, because this can still be represented as an agent using its eyes to
choose that which survives. But we have reached the point in our argument — Darwin’s point —where we
no longer need to talk about a choosing agent at al. Move now from angler fish to, say, tuna or tarpon,
fish that actively pursue their prey. By no sensible stretch of language or imagination could we claim that
the prey ‘choose’ which tarpon survive by being eaten. What we can say, however, is that the tarpon that
are better equipped to catch prey, for whatever reason — fast swimming muscles, keen eyes, etc. —will be



the ones that survive, and therefore the ones that reproduce and pass on the genes that made them
successful. They are ‘chosen’ by the very act of staying alive, whereas another tarpon that was, for
whatever reason, less well equipped would not survive. So, we can add a fourth step to our list.

4 Without any kind of choosing agent, those individuals that are ‘ chosen’ by the fact that they happen to
pOSSess superior equipment to survive are the most likely to reproduce, and therefore to pass on the
genes for possessing superior equipment. Therefore every gene pool, in every species, tends to become
filled with genes for making superior equipment for survival and reproduction.

Notice how all-encompassing natural selection is. The other examples | have mentioned, steps 1, 2 and 3
and lots of others, can all be wrapped up in natural selection, as specia cases of the more general
phenomenon. Darwin worked out the most general case of a phenomenon that people already knew about
in restricted form. Hitherto, they had known about it only in the special case of artificial selection. The
general case isthe non-random survival of randomly varying hereditary equipment. It doesn’t matter how
the non-random survival comes about. It can be deliberate, explicitly intentional choice by an agent (as
with humans choosing pedigree greyhounds for breeding); it can be inadvertent choice by an agent
without explicit intention (as with peahens choosing peacocks for breeding); it can be inadvertent choice
which the chooser — with a hindsight that is granted to us but not the chooser itself —would prefer not to
have made (as with prey fish choosing to approach an angler fish’s lure); or it can be something that we
wouldn’t recognize as choice at all, as when atarpon survives by virtue of, say, an obscure biochemical
advantage buried deep within its muscles, which givesit an extra burst of speed when pursuing prey.
Darwin himself said it beautifully, in a favourite passage from On the Origin of Species.

It may be said that natural selection isdaily and hourly scrutinising, throughout the
world, every variation, even the slightest; rgjecting that which is bad, preserving and
adding up all that is good; silently and insensibly working, whenever and wherever
opportunity offers, at the improvement of each organic being in relation to its organic
and inorganic conditions of life. We see nothing of these low changes in progress,
until the hand of time has marked the long lapse of ages, and then so imperfect is our
view into long past geological ages, that we see only that the forms of life are now
different from what they formerly were.

| have here quoted, asis my usual practice, the first edition of Darwin’s masterpiece. An interesting
interpolation found its way into later editions: ‘It may metaphorically be said that natural selectionis
daily and hourly . .. (emphasis added). Y ou might think that ‘It may be said . . . was cautious enough.
But in 1866 Darwin received a letter from Wallace, co-discoverer of natural selection, suggesting that an
even higher hedge against misunderstanding was regrettably necessary.

My dear Darwin, — | have been so repeatedly struck by the utter inability of numbers of
intelligent personsto see clearly, or at al, the self-acting and necessary effects of
Natural Selection, that | am led to conclude that the term itself, and your mode of
illustrating it, however clear and beautiful to many of us, are yet not the best adapted to
impress it on the general naturalist public.

Wallace went on to quote a French author called Janet, who was evidently, unlike Wallace and Darwin, a
deeply muddled individual:

| seethat he considers your weak point to be that you do not see that ‘ thought and
direction are essential to the action of Natural Selection.” The same objection has been
made a score of times by your chief opponents, and | have heard it as often stated
myself in conversation. Now, | think this arises almost entirely from your choice of the
term Natural Selection, and so constantly comparing it in its effects to man’s selection,
and also to your so frequently personifying nature as ‘ selecting’, as ‘preferring’ . . .
etc., etc. To the few thisis as clear as daylight, and beautifully suggestive, but to many
it isevidently a stumbling-block. | wish, therefore, to suggest to you the possibility of
entirely avoiding this source of misconception in your great work, and also in future



editions of the *Origin,” and | think it may be done without difficulty and very
effectually by adopting Spencer’sterm . . . ‘Survival of the Fittest.” Thistermisthe
plain expression of the fact; ‘Natural Selection’ isametaphorical expressionof it . . .

Wallace had a point. Unfortunately, Spencer’ sterm ‘ Survival of the Fittest’ raises problems of its own,
which Wallace couldn’t have foreseen, and | won't go into them here. In spite of Wallace'swarning, |
prefer to follow Darwin’s own strategy of introducing natural selection via domestication and artificial
selection. | liketo think that Monsieur Janet might have got the point this time around. But | did have
another reason, too, for following Darwin’slead, and it is agood one. The ultimate test of a scientific
hypothesis is experiment. Experiment specifically means that you don’t just wait for nature to do
something, and passively observe it and see what it correlates with. Y ou go in there and do something.
Y ou manipulate. Y ou change something, in a systematic way, and compare the result with a‘ control’
that lacks the change, or you compare it with adifferent change.

Experimental interference is of enormous importance, because without it you can never be sure that a
correlation you observe has any causal significance. This can be illustrated by the so-called ‘ church
clocksfallacy’. The clocksin the towers of two neighbouring churches chime the hours, but St A’sa
little before St B’s. A Martian visitor, noting this, might infer that St A’s chime caused St B’ s to chime.
We, of course, know better, but the only real test of the hypothesis would be experimentally to ring the St
A’s chime at random times rather than once per hour. The Martian’s prediction (which would of course
be disproved in this case) isthat St B’s clock will still chimeimmediately after St A’s. It isonly
experimental manipulation that can determine whether an observed correlation truly indicates causation.

If your hypothesisis that the non-random survival of random genetic variation has important
evolutionary consequences, the experimental test of the hypothesis would have to be a deliberate human
intervention. Go in and manipulate which variant survives and which doesn’t. Go in there and choose, as
a human breeder, which kinds of individuals get to reproduce. And that, of course, is artificial selection.
Artificial selection is not just an analogy for natural selection. Artificial selection constitutes atrue
experimental — as opposed to observational — test of the hypothesis that selection causes evolutionary
change.

Most of the known examples of artificial selection —for example, the manufacture of the various breeds
of dog — are observed with the hindsight of history, rather than being deliberate tests of predictions under
experimentally controlled conditions. But proper experiments have been done, and the results have
always been as expected from the more anecdotal results on dogs, cabbages and sunflowers. Hereisa
typical example, an especially good one because agronomists at the Illinois Experimental Station began
the experiment rather along time ago, in 1896 (Generation 1 in the graph). The diagram above shows the
oil content in maize seeds of two different artificially selected lines, one selected for high oil yield, and
the other for low oil yield. Thisis atrue experiment because we are comparing the results of two
deliberate manipulations or interventions. Evidently the difference is dramatic, and it increases. It seems
likely that both the upward trend and the downward trend would eventually level off: the low-yielding
line because you can’t drop below zero oil content, and the high-yielding line for reasons that are nearly
asplain.
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Here' s afurther laboratory demonstration of the power of artificial selection, which isinstructivein
another way. The diagram overleaf shows some seventeen generations of rats, artificially selected for
resistance to tooth decay. The measure being plotted is the time, in days, that the rats were free of dental
caries. At the start of the experiment, the typical period free of tooth decay was about 100 days. After
only a dozen or so generations of systematic selection against caries, the decay-free period was about
four times as long, or even more. Once again, a separate line was selected to evolve in the opposite
direction: in this case the experiments systematically bred for susceptibility to tooth decay.
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Two lines of rats selected for high and low resistance to tooth decay

The example offers an opportunity to cut our teeth on natural selection thinking. Indeed, this discussion
of rat teeth will be the first of three such excursionsinto natural selection proper, which we are now
equipped to undertake. In the other two, as with the rats, we shall revisit creatures already met along the
‘primrose path’ from domestication, namely dogs and flowers.

RATS’ TEETH

Why, if it is so easy to improve the teeth of rats by artificial selection, did natural selection apparently
make such a poor job of it in thefirst place? Surely there is no benefit in tooth decay. Why, if artificia
selection is capable of reducing it, didn’t natural selection do the same job long ago? | can think of two
answers, both instructive.

Thefirst answer isthat the original population that the human selectors used as their raw material
consisted not of wild rats but of domesticated |aboratory-bred white rats. It could be said that |ab rats are
feather-bedded, like modern humans, shielded from the cutting edge of natural selection. A genetic
tendency to tooth decay would significantly reduce reproductive prospects in the wild, but might make
no difference in alaboratory colony where the living is easy, and the decision on who breeds and who
does not is taken by humans, with no eye to survival.

That’ s the first answer to the question. The second answer is more interesting, for it carries an important
lesson about natural selection, aswell as artificial selection. It isthe lesson of trade-offs, and we have



already adverted to it when talking about pollination strategies in plants. Nothing is free, everything
comes with a price tag. It might seem obvious that tooth decay isto be avoided at al costs, and | do not
doubt that dental caries significantly shortenslife in rats. But let’ s think for a moment about what must
happen in order to increase an animal’ s resistance to tooth decay. | don’t know the details, but | am
confident that it will be costly, and that isall | need to assume. Let us supposeit is achieved by a
thickening of the wall of the tooth, and this requires extra calcium. It is not impossible to find extra
calcium, but it has to come from somewhere, and it is not free. Calcium (or whatever the limiting
resource might be) is not floating around in the air. It has to come into the body viafood. And it is
potentially useful for other things apart from teeth. The body has something we could call acalcium
economy. Calcium is needed in bone, and it is needed in milk. (I’'m assuming it is calcium we are talking
about. Evenif it is not calcium, there must be some costly limiting resource, and the argument will work
just aswell, whatever the limiting resourceis. I’ [l continue to use calcium for the sake of argument.) An
individual rat with extra strong teeth might well tend to live longer than arat with rotten teeth, al other
things being equal. But all other things are not equal, because the calcium needed to strengthen the teeth
had to come from somewhere, say, bones. A rival individual whose genes did not predispose it to take
calcium away from bones might consequently survive longer, because of its superior bones and in spite
of its bad teeth. Or therival individual might be better qualified to rear children because she makes more
calcium-rich milk. As economists are fond of quoting from Robert Heinlein, there’ s no such thing asa
free lunch. My rat exampleis hypothetical, but it is safe to say that, for economic reasons, there must be
such athing as arat whose teeth are too perfect. Perfection in one department must be bought, in the
form of a sacrifice in another department.

The lesson appliesto al living creatures. We can expect bodies to be well equipped to survive, but this
does not mean they should be perfect with respect to any one dimension. An antelope might run faster,
and be more likely to escape aleopard, if itslegs were alittle longer. But arival antelope with longer
legs, although it might be better equipped to outsprint a predator, has to pay for itslong legsin some
other department of the body’s economy. The materials needed to make the extra bone and muscle in the
longer legs have to be taken from somewhere else, so the longer-legged individual is more likely to die
for reasons other than predation. Or it may even be more likely to die from predation because its longer
legs, although they can run faster when intact, are more likely to break, in which caseit can’'trun at al. A
body is a patchwork of compromises. | shall return to this point in the chapter on arms races.

What happens under domestication is that animals are artificially shielded from many of the risks that
shorten the lives of wild animals. A pedigree dairy cow may yield prodigious quantities of milk, but its
pendulously cumbersome udder would seriously impede it in any attempt to outrun alion. Thoroughbred
horses are superb runners and jumpers, but their legs are vulnerable to injury during races, especially
over jumps, which suggests that artificial selection has pushed them into a zone that natural selection
would not have tolerated. Moreover, Thoroughbreds thrive only on arich diet supplied by humans.
Whereas Britain’s native ponies, for example, flourish on pasture, racehorses don’t prosper unless they
are fed amuch richer diet of grains and supplements —which they would not find in the wild. Again, I’ll
return to such mattersin the arms race chapter.

DOGS AGAIN

Having finally reached the topic of natural selection, we can turn back to the example of dogs for some
other important lessons. | said that they are domesticated wolves, but | need to qualify thisin the light of
afascinating theory of the evolution of the dog, which has again been most clearly articulated by
Raymond Coppinger. Theideais that the evolution of the dog was not just a matter of artificial selection.
It was at |east as much a case of wolves adapting to the ways of man by natural selection. Much of the
initial domestication of the dog was self- domestication, mediated by natural, not artificial, selection.

L ong before we got our hands on the chiselsin the artificial selection toolbox, natural selection had
already sculpted wolves into self-domesticated ‘village dogs without any human intervention. Only later
did humans adopt these village dogs and transmogrify them, separately and comprehensively, into the
rainbow spectrum of breeds that today grace (if grace is the word) Crufts and similar pageants of canine
achievement and beauty (if beauty is the word).

Coppinger points out that when domestic animals break free and go feral for many generations, they



usually revert to something close to their wild ancestor. We might expect feral dogs, therefore, to become
rather wolf-like. But this doesn’t happen. Instead, dogs left to go feral seem to become the ubiquitous
‘village dogs' — ‘pye-dogs’ — that hang around human settlements al over the third world. This
encourages Coppinger’ s belief that the dogs on which human breeders finally went to work were wolves
no longer. They had already changed themselves into dogs: village dogs, pye-dogs, perhaps dingos.

Real wolves are pack hunters. Village dogs are scavengers that frequent middens and rubbish dumps.
Wolves scavenge too, but they are not temperamentally suited to scavenging human rubbish because of
their long ‘flight distance’. If you see an animal feeding, you can measure its flight distance by seeing
how close it will let you approach before fleeing. For any given speciesin any given situation, there will
be an optimal flight distance, somewhere between too risky or foolhardy at the short end, and too flighty
or risk-averse at the long end. Individuals that take off too late when danger threatens are more likely to
be killed by that very danger. Less obvioudly, there is such athing as taking off too soon. Individuals that
are too flighty never get a square meal, because they run away at the first hint of danger on the horizon. It
Is easy for usto overlook the dangers of being too risk-averse. We are puzzled when we see zebras or
antelopes calmly grazing in full view of lions, keeping no more than awary eye on them. We are
puzzled, because our own risk aversion (or that of our safari guide) keeps us firmly inside the Land
Rover even though we have no reason to think thereis alion within miles. Thisis because we have
nothing to set against our fear. We are going to get our square meals back at the safari lodge. Our wild
ancestors would have had much more sympathy with the risk-taking zebras. Like the zebras, they had to
balance the risk of being eaten against the risk of not eating. Sure, the lion might attack; but, depending
on the size of your troop, the odds were that it would catch another member of it rather than you. And if
you never ventured on to the feeding grounds, or down to the water hole, you' d die anyway, of hunger or
thirst. It is the same lesson of economic trade-offs that we have already met, twice.*

The bottom line of that digression is that the wild wolf, like any other animal, will have an optimal flight
distance, nicely poised — and potentially flexible — between too bold and too flighty. Natural selection
will work on the flight distance, moving it one way or the other along the continuum if conditions change
over evolutionary time. If a plenteous new food source in the form of village rubbish dumps enters the
world of wolves, that is going to shift the optimum point towards the shorter end of the flight distance
continuum, in the direction of reluctance to flee when enjoying this new bounty.

We can imagine wild wolves scavenging on a rubbish tip on the edge of avillage. Most of them, fearful
of men throwing stones and spears, have avery long flight distance. They sprint for the safety of the
forest as soon as a human appears in the distance. But afew individuals, by genetic chance, happen to
have a dlightly shorter flight distance than the average. Their readiness to take slight risks — they are
brave, shall we say, but not foolhardy — gains them more food than their more risk-averse rivals. Asthe
generations go by, natural selection favours a shorter and shorter flight distance, until just before it
reaches the point where the wolves really are endangered by stone-throwing humans. The optimum flight
distance has shifted because of the newly available food source.

Something like this evolutionary shortening of the flight distance was, in Coppinger’ s view, the first step
in the domestication of the dog, and it was achieved by natural selection, not artificial selection.
Decreasing flight distance is a behavioural measure of what might be called increasing tameness. At this
stage in the process, humans were not deliberately choosing the tamest individuals for breeding. At this
early stage, the only interactions between humans and these incipient dogs were hostile. If wolves were
becoming domesticated it was by self-domestication, not deliberate domestication by people. Deliberate
domestication came later.

We can get an idea of how tameness, or anything else, can be sculpted — naturally or artificially — by
looking at a fascinating experiment of modern times, on the domestication of Russian silver foxes for use
in the fur trade. It is doubly interesting because of the lessons it teaches us, over and above what Darwin
knew, about the domestication process, about the ‘ side-effects’ of selective breeding, and about the
resemblance, which Darwin well understood, between artificial and natural selection.

The silver fox isjust acolour variant, valued for its beautiful fur, of the familiar red fox, Vulpes vulpes.
The Russian geneticist Dimitri Belyaev was employed to run afox fur farm in the 1950s. He was later
sacked because his scientific genetics conflicted with the anti-scientific ideology of Lysenko, the
charlatan biologist who managed to capture the ear of Stalin and so take over, and largely ruin, all of



Soviet genetics and agriculture for some twenty years. Belyaev retained his love of foxes, and of true
Lysenko-free genetics, and he was later able to resume his studies of both, as director of an Institute of
Geneticsin Siberia.

Wild foxes are tricky to handle, and Belyaev set out deliberately to breed for tameness. Like any other
animal or plant breeder of histime, his method was to exploit natural variation (no genetic engineering in
those days) and choose, for breeding, those males and females that came closest to the ideal he was
seeking. In selecting for tameness, Belyaev could have chosen, for breeding, those dogs and bitches that
most appealed to him, or looked at him with the cutest facial expressions. That might well have had the
desired effect on the tameness of future generations. More systematically than that, however, he used a
measure that was pretty close to the ‘flight distance’ | just mentioned in connection with wild wolves, but
adapted for cubs. Belyaev and his colleagues (and successors, for the experimental program continued
after his death) subjected fox cubs to standardized tests in which an experimenter would offer a cub food
by hand, while trying to stroke or fondle it. The cubs were classified into three classes. Class |11 cubs
were those that fled from or bit the person. Class |1 cubs would allow themselves to be handled, but
showed no positive responsiveness to the experimenters. Class | cubs, the tamest of all, positively
approached the handlers, wagging their tails and whining. When the cubs grew up, the experimenters
systematically bred only from this tamest class.

After amere six generations of this selective breeding for tameness, the foxes had changed so much that
the experimenters felt obliged to name a new category, the * domesticated elite’ class, which were ‘ eager
to establish human contact, whimpering to attract attention and sniffing and licking experimenters like
dogs'. At the beginning of the experiment, none of the foxes were in the elite class. After ten generations
of breeding for tameness, 18 per cent were ‘€elite’; after twenty generations, 35 per cent; and after thirty
to thirty-five generations, ‘ domesticated elite’ individual s constituted between 70 and 80 per cent of the
experimental population.

Such results are perhaps not too surprising, except for the astonishing magnitude and speed of the effect.
Thirty-five generations would pass unnoticed on the geological timescale. Even more interesting,
however, were the unexpected side-effects of the selective breeding for tameness. These were truly
fascinating and genuinely unforeseen. Darwin, the dog-lover, would have been entranced. The tame
foxes not only behaved like domestic dogs, they looked like them. They lost their foxy pelage and
became piebald black and white, like Welsh collies. Their foxy prick ears were replaced by doggy floppy
ears. Thelr tails turned up at the end like adog’s, rather than down like afox’s brush. The females came
on heat every six months like a bitch, instead of every year like avixen. According to Belyaev, they even
sounded like dogs.




Belayev with hisfoxes, asthey turn tame—and doglike

These dog-like features were side-effects. Belyaev and his team did not deliberately breed for them, only
for tameness. Those other dog-like characteristics seemingly rode on the evolutionary coattails of the
genes for tameness. To geneticists, thisis not surprising. They recognize a widespread phenomenon
called ‘pleiotropy’, whereby genes have more than one effect, seemingly unconnected. The stressis on
the word ‘ seemingly’. Embryonic development is a complicated business. Aswe learn more about the
details, that ‘ seemingly unconnected’ turnsinto ‘ connected by a route that we now understand, but didn’t
before’. Presumably genes for floppy ears and piebald coats are pleiotropically linked to genes for
tameness, in foxes aswell asin dogs. Thisillustrates a generally important point about evolution. When
you notice a characteristic of an animal and ask what its Darwinian survival valueis, you may be asking
the wrong question. It could be that the characteristic you have picked out is not the one that matters. It
may have ‘come along for the ride’, dragged along in evolution by some other characteristic to which it
is pleiotropically linked.

The evolution of the dog, then, if Coppinger isright, was not just a matter of artificial selection, but a
complicated mixture of natural selection (which predominated in the early stages of domestication) and
artificial selection (which came to the fore more recently). The transition would have been seamless,
which again goes to emphasize the similarity — as Darwin recognized — between artificial and natural
selection.

FLOWERS AGAIN

Let’snow, in the third of our warm-up forays into natural selection, move on to flowers and pollinators
and see something of the power of natural selection to drive evolution. Pollination biology furnishes us
with some pretty amazing facts, and the high point of wondrousness is reached in the orchids. No wonder
Darwin was so keen on them; no wonder he wrote the book | have already mentioned, The Various
Contrivances by which Orchids are Fertilised by Insects. Some orchids, such as the ‘ magic bullet’
Madagascar ones we met earlier, give nectar, but others have found a way to bypass the costs of feeding
pollinators, by tricking them instead. There are orchids that resemble femal e bees (or wasps or flies) well
enough to fool males into attempting to copulate with them. To the extent that such mimics resemble
females of one particular insect species, to that extent will males of those species serve as magic bullets,
going from flower to flower of just the one orchid species. Even if the orchid resembles *any old bee
rather than one species of bee, the beesthat it fools will still be ‘fairly magic’ bullets. If you or | wereto
look closely at afly orchid or abee orchid (see colour page 5), we would be able to tell that it was not a

real insect; but we would be fooled at a casual glance out of the corner of our eye. And even looking at it
head-on, | would say the bee orchid in the picture (h) is pretty clearly more of abumble-bee orchid than a
honey-bee orchid. Insects have compound eyes, which are not so acute as our camera eyes, and the
shapes and colours of insect-mimicking orchids, reinforced by seductive scents that mimic those of
female insects, are more than capable of tricking males. By the way, it is quite probable that the mimicry
Is enhanced when seen in the ultraviolet range, from which we are cut off.

The so-called spider orchid, Brassia (colour page 5 (k)), achieves pollination by a different kind of

deception. The females of various species of solitary wasp (‘ solitary’ because they don’t live socially in
large nests like the familiar autumn pests, called yellowjackets by Americans) capture spiders, sting them
to paralyse them, and lay their eggs on them as aliving food supply for their larvae. Spider orchids
resemble spiders sufficiently to fool female wasps into attempting to sting them. In the process they pick
up pollinia— masses of pollen grains produced by the orchids. When they move on to try to sting another
spider orchid, the pollinia are transferred. By the way, | can’t resist adding the exactly backwards case of
the spider Epicadus heterogaster, which mimics an orchid. Insects come to the ‘flower’ in search of
nectar, and are promptly eaten by it.

Some of the most astonishing orchids that practise this seduction trick are to be found in Western
Australia. Various species in the genus Drakaea are known as hammer orchids. Each specieshas a
special relationship with a particular species of wasp of the type called thynnids. Part of the flower bears
a crude resemblance to an insect, duping the male thynnid wasp into attempting to mate with it. So far in
my description, Drakaea is not dramatically different from other insect-mimicking orchids. But Drakaea



has aremarkable extratrick up its sleeve: the fake ‘wasp’ is borne on the end of ahinged ‘arm’, with a
flexible ‘elbow’. Y ou can clearly see the hinge in the picture (colour page 5 (g)). The fluttering
movement of the wasp gripping the dummy wasp causes the ‘elbow’ to bend, and the wasp is dashed
repeatedly back and forth like a hammer against the other side of the flower —let’s call it the anvil —
where it keepsits sexual parts. The pollinia are dislodged and stick to the wasp, who eventually
extricates himself and flies off, sadder but apparently no wiser: he goes on to repeat the performance on
another hammer orchid, where he and the pollinia he bears are duly dashed against the anvil, so that his
cargo finds its destined refuge on the female organs of the flower. | showed afilm of this astounding
performance in one of my Royal Institution Christmas L ectures for Children, and it can be seen in the
recording of the lecture called ‘ The Ultraviolet Garden'’.

In the same lecture | discussed the ‘ bucket orchids' of South America, which achieve pollination in an
equally remarkable but rather different way. They too have specialized pollinators, not wasps but small
bees, of the group called Euglossine. Again, these orchids provide no nectar. But the orchids don’t fool
the bees into mating with them either. Instead, they provide avital piece of assistance for male bees,
without which the bees would be unable to attract real females.

These little bees, which live only in South America, have a strange habit. They go to elaborate lengths to
collect fragrant, or anyway smelly, substances, which they store in special containers attached to their
enlarged hind legs. In different species these smelly substances can come from flowers, from dead wood,
or even from faeces. It seems that they use the gathered perfumes to attract, or otherwise court, females.
Many insects use particular scents to appeal to the opposite sex, and most of them manufacture the
perfumes in special glands. Female silk moths, for example, attract males from an astonishingly long
distance by releasing a unique scent, which they manufacture and which males detect — in minute traces
from literally miles away — with their antennae. In the case of Euglossine bees, it isthe males that use
scent. And, unlike the female moths, they don’t synthesize their own perfume but use the smelly
ingredients that they have collected, not as pure substances but as carefully concocted blends which they
put together like expert perfumiers. Each species mixes a characteristic cocktail of substances gathered
from various sources. And there are some species of Euglossine bee that positively need, for
manufacturing their characteristic species scent, substances that are supplied only by flowers of
particular species of the orchid genus Coryanthes — bucket orchids. The common name of Euglossine
beesis ‘orchid bees'.

What an intricate picture of mutual dependence. The orchids need the Euglossine bees, for the usual
‘magic bullet’ reasons. And the bees need the orchids, for the rather weirder reason that they can't attract
femal e bees without substances that are either impossible or at least too hard to find except through the
good offices of bucket orchids. But the way in which pollination is achieved is even weirder still, and it
superficially makes the bee look more like a victim than a cooperating partner.

A male Euglossine bee is attracted to the orchids by the smell of the substances that he needs in order to
manufacture his sexual perfumes. He alights on the rim of the bucket and starts to scrape the waxy
perfume into the special scent pocketsin hislegs. But the rim of the bucket is dlippery underfoot — and
there’sareason for this. The bee fallsinto the bucket, which isfilled with liquid, in which he swims. He
cannot climb up the slippery sides of the bucket. There is only one escape route, and thisis a special bee-
sized hole in the side of the bucket (not visible in the picture that appears on colour page 4). Heis guided
by ‘ stepping stones' to the hole and starts to crawl through it. It' s atight fit, and it becomes even tighter
asthe ‘jaws (these you can seein the picture: they look like the chuck of alathe or electric drill) contract
and trap him. While heis held in their grip, they glue two polliniato his back. The glue takes awhile to
set, after which the jaws again relax and release the bee, who flies off, complete with pollinia on his
back. Still in search of the precious ingredients for his perfumery, the bee lands on another bucket orchid
and the process repeats itself. Thistime, however, as the bee struggles through the hole in the bucket, the
pollinia are scraped off, and they fertilize the stigma of this second orchid.

The intimate relationship between flowers and their pollinatorsis alovely example of what is called co-
evolution — evolution together. Co-evolution often occurs between organisms that have something to
gain from each other, partnerships in which each side contributes something to the other, and both gain
from the cooperation. Another beautiful example isthe set of relationships that have grown up around
coral reefs, independently in many different parts of the world, between cleaner fish and larger fish. The



cleaners belong to several different species, and some are not even fish at all but shrimps — a nice case of
convergent evolution. Cleaning, among coral-reef fish, is awell-established way of life, like hunting or
grazing or anteating among mammals. Cleaners make their living by picking parasites off the bodies of
their larger ‘clients'. That the clients benefit has been elegantly demonstrated by removing al the
cleaners from an experimental area of reef, whereupon the health of lots of species of fish declines. |
have discussed the cleaning habit elsewhere, so will say no more here.

Co-evolution also occurs between species that don’t benefit from each other’s presence, like predators
and prey, or parasites and hosts. These kinds of co-evolution are sometimes called ‘armsraces’ and |
postpone discussing them to Chapter 12.

NATURE AS THE SELECTING AGENT

L et me draw this chapter, and the previous one, to a conclusion. Selection —in the form of artificial
selection by human breeders — can turn a pye-dog into a Pekinese, or awild cabbage into a cauliflower,
in afew centuries. The difference between any two breeds of dog gives us arough idea of the quantity of
evolutionary change that can be achieved in less than a millennium. The next question we should ask is,
how many millennia do we have available to us in accounting for the whole history of life? If we imagine
the sheer quantity of difference that separates a pye-dog from a peke, which took only afew centuries of
evolution, how much longer is the time that separates us from the beginning of evolution or, say, from
the beginning of the mammals? Or from the time when fish emerged on to the land? The answer is that
life began not just centuries ago but tens of millions of centuries ago. The measured age of our planet is
about 4.6 billion years, or about 46 million centuries. The time that has elapsed since the common
ancestor of al today’s mammals walked the Earth is about two million centuries. A century seems a
pretty long time to us. Can you imagine two million centuries, laid end to end? The time that has elapsed
since our fish ancestors crawled out of the water on to the land is about three and a half million centuries:
that isto say, about twenty thousand times as long as it took to make all the different —really very
different — breeds of dogs from the common ancestor that they all share.

Hold in your head an approximate picture of the quantity of difference between a peke and a pye-dog.
We aren’t talking precise measurements here: it would do just as well to think about the difference
between any one breed of dog and any other, for that is on average double the amount of change that has
been wrought, by artificial selection, from the common ancestor. Bear in mind this order of evolutionary
change, and then extrapolate backwards twenty thousand times as far into the past. It becomes rather

easy to accept that evolution could accomplish the amount of change that it took to transform afish into a
human.

But all this presupposes that we know the age of the Earth, and of the various landmark pointsin the
fossi| record. Thisisabook about evidence, so | can't just assert dates but must justify them. How,
actually, do we know the age of any particular rock? How do we know the age of afossil? How do we
know the age of the Earth? How, for that matter, do we know the age of the universe? We need clocks,
and clocks are the subject of the next chapter.



CHAPTER 4 SILENCE AND SLOW TIME

IF the history-deniers who doubt the fact of evolution are ignorant of biology, those who think the world
began less than ten thousand years ago are worse than ignorant, they are deluded to the point of
perversity. They are denying not only the facts of biology but those of physics, geology, cosmology,
archaeology, history and chemistry as well. This chapter is about how we know the ages of rocks and the
fossils embedded in them. It presents the evidence that the timescale on which life has operated on this
planet is measured not in thousands of years but in thousands of millions of years.

Remember, evolutionary scientists are in the position of detectives who come late to the scene of a crime.
To pinpoint when things happened, we depend upon traces left by time-dependent processes — clocks, in
abroad sense. One of the first things a detective does when investigating a murder is ask a doctor or
pathologist to estimate the time of death. Much follows from this information, and in detective fiction an
almost mystical reverence is accorded to the pathologist’s estimate. The ‘time of death’ is a baseline fact,
an inerrant pivot around which more or less far-fetched speculations by the detective revolve. But that
estimate s, of course, subject to error, an error that can be measured and can be quite large. The

pathol ogist uses various time-dependent processes to estimate the time of death: the body cools at a
characteristic rate, rigor mortis setsin at a particular time, and so on. These are the rather crude ‘ clocks
available to the investigator of amurder. The clocks available to the evolutionary scientist are potentially
much more accurate — in proportion to the timescale involved, of course, not more accurate to the nearest
hour! The analogy to a precision clock is more persuasive for a Jurassic rock in the hands of a geologist
than it isfor a cooling corpse in the hands of a pathologist.

Man-made clocks work on timescales that are very short by evolutionary standards — hours, minutes,
seconds — and the time-dependent processes they use are fast: the swinging of a pendulum, the swivelling
of ahairspring, the oscillation of acrystal, the burning of a candle, the draining of awater vessel or an
hourglass, the rotation of the earth (registered by a sundial). All clocks exploit some process that occurs
at a steady and known rate. A pendulum swings at avery constant rate, which depends upon its length
but not, at least in theory, on the amplitude of the swing or the mass of the bob on the end. Grandfather
clocks work by linking a pendulum to an escapement which advances a toothed wheel, step by step; the
rotation is then geared down to the speed of rotation of an hour hand, a minute hand and a second hand.
Watches with hairspring wheels work in asimilar way. Digital watches exploit an electronic equivalent
of a pendulum, the oscillation of certain kinds of crystals when supplied with energy from a battery.
Water clocks and candle clocks are much less accurate, but they were useful before the invention of
event-counting clocks. They depend not on counting things, as a pendulum clock or a digital watch does,
but on measuring some quantity. Sundials are inaccurate ways of telling the time.* But the rotation of the
earth, which is the time-dependent process on which they rely, is accurate on the timescale of the slower
clock that we call the calendar. Thisis because on that timescale it is no longer a measuring clock (a
sundial measures the continuously varying angle of the sun) but a counting clock (counting day/night
cycles).

Both counting clocks and measuring clocks are available to us on the immensely slow timescale of
evolution. But to investigate evolution we don’t need just a clock that tells the present time, as a sundial
does, or awatch. We need something more like a stopwatch that can be reset. Our evolutionary clock
needs to be zeroed at some point, so that we can calculate the elapsed time since a starting point, to give
us, for example, the absolute age of some object such as arock. Radioactive clocks for dating igneous
(volcanic) rocks are conveniently zeroed at the moment the rock is formed by the solidification of molten
lava

Fortunately, a variety of zero-able natural clocksisavailable. Thisvariety is agood thing, because we
can use some clocks to check the accuracy of other clocks. Even more fortunately, they sensitively cover
an astonishingly wide range of timescales, and we need this too because evolutionary timescales span
seven or eight orders of magnitude. It’s worth spelling out what this means. An order of magnitude
means something precise. A change of one order of magnitude is one multiplication (or division) by ten.
Since we use adecimal system,* the order of magnitude of a number is a count of the number of zeroes,



before or after the decimal point. So a range of eight orders of magnitude constitutes a hundred
millionfold. The second hand of awatch rotates 60 times as fast as the minute hand and 720 times as fast
as the hour hand, so the three hands cover arange which isless than three orders of magnitude. Thisis
tiny compared to the eight orders of magnitude spanned by our repertoire of geological clocks.
Radioactive decay clocks are available for short timescales as well, even down to fractions of a second;
but for evolutionary purposes, clocks that can measure centuries or perhaps decades are about the fastest
we need. Thisfast end of the spectrum of natural clocks — tree rings and carbon dating — is useful for
archaeological purposes, and for dating specimens on the sort of timescale that covers the domestication
of the dog or the cabbage. At the other end of the scale, we need natural clocks that can time hundreds of
millions, even billions, of years. And, praise be, nature has provided us with just the wide range of clocks
that we need. What' s more, their ranges of sensitivity overlap with each other, so we can use them as
checks on each other.

TREE RINGS

A tree-ring clock can be used to date a piece of wood, say abeam in a Tudor house, with astonishing
accuracy, literally to the nearest year. Here’ s how it works. First, as most people know, you can age a
newly felled tree by counting ringsin its trunk, assuming that the outermost ring represents the present.
Rings represent differential growth in different seasons of the year —winter or summer, dry season or wet
season — and they are especially pronounced at high latitudes, where there is a strong difference between
seasons. Fortunately, you don’t actually have to cut the tree down in order to age it. Y ou can peek at its
rings without killing it, by boring into the middle of atree and extracting a core sample. But just counting
rings doesn’t tell you in which century your house beam was alive, or your Viking longship’s mast. If
you want to pin down the date of old, long-dead wood you need to be more subtle. Don't just count rings,
look at the pattern of thick and thin rings.

Just as the existence of rings signifies seasonal cycles of rich and poor growth, so some years are better
than others, because the weather varies from year to year: there are droughts that retard growth, and
bumper years that accelerate it; there are cold years and hot years, even years of freak EI Nifios or
Krakatoa-type catastrophes. Good years, from the tree' s point of view, produce wider rings than bad
years. And the pattern of wide and narrow ringsin any one region, caused by a particular trademark
sequence of good years and bad years, is sufficiently characteristic — afingerprint that labels the exact
yearsin which the rings were laid down — to be recognizable from tree to tree.

Dendrochronol ogists measure rings on recent trees, where the exact date of every ring is known by
counting backwards from the year in which the tree is known to have been felled. From these
measurements, they construct a reference collection of ring patterns, to which you can compare the ring
patterns of an archaeological sample of wood whose date you want to know. So you might get the report:
‘This Tudor beam contains a signature sequence of rings that matches a sequence from the reference
collection, which is known to have been laid down in the years 1541 to 1547. The house was therefore
built after AD 1547.

All very well, but not many of today’ s trees were alive in Tudor times, let alone in the stone age or
beyond. There are some trees — bristlecone pines, some giant redwoods — that live for millennia, but most
trees used for timber are felled when they are younger than a century or so. How, then, do we build up
the reference collection of rings for more ancient times? For times so distant that not even the oldest
surviving bristlecone pine goes back that far? | think you’' ve already guessed the answer. Overlaps. A
strong rope may be 100 yards long, yet no single fibre within it reaches more than a fraction of that total.
To use the overlap principle in dendrochronology, you take the reference fingerprint patterns whose date
Is known from modern trees. Then you identify afingerprint from the old rings of modern trees and seek
the same fingerprint from the younger rings of long-dead trees. Then you look at the fingerprints from
the older rings of those same long-dead trees, and look for the same pattern in the younger rings of even
older trees. And so on. Y ou can daisychain your way back, theoretically for millions of years using
petrified forests, although in practice dendrochronology is only used on archaeological timescales over
some thousands of years. And the amazing thing about dendrochronology is that, theoretically at least,
you can be accurate to the nearest year, even in a petrified forest 100 million years old. Y ou could
literally say that thisring in a Jurassic fossil tree was laid down exactly 257 years later than this other



ring in another Jurassic tree! If only there were enough petrified forests to daisychain your way back
continuously from the present, you could say that thistreeis not just of late Jurassic age: it was alivein
exactly 151,432,657 Bc! Unfortunately, we don’t have an unbroken chain, and dendrochronology in
practice takes us back only about 11,500 years. It is nevertheless a tantalizing thought that, if only we
could find enough petrified forests, we could date to the nearest year over atimespan of hundreds of

millions of years.
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How dendrochronology works

Treerings are not quite the only system that promises total accuracy to the nearest year. Varves are
layers of sediment laid down in glacial lakes. Like tree rings, they vary seasonally and from year to year,
so theoretically the same principle can be used, with the same degree of accuracy. Coral reefs, too, have
annual growth rings, just like trees. Fascinatingly, these have been used to detect the dates of ancient
earthquakes. Tree rings too, by the way, tell us the dates of earthquakes. Most of the other dating systems
that are available to us, including al the radioactive clocks that we actually use over timescales of tens of
millions, hundreds of millions or billions of years, are accurate only within an error range that is
approximately proportional to the timescale concerned.

RADIOACTIVE CLOCKS

Let’s now turn to radioactive clocks. There are quite alot of them to choose from, and, as| said, they
blessedly cover the gamut from centuries to thousands of millions of years. Each one has its own margin
of error, which isusually about 1 per cent. So if you want to date arock which is billions of years old,
you must be satisfied with an error of plus or minus tens of millions of years. If you want to date a rock
hundreds of millions of years old, you must be satisfied with an error of millions. To date arock that is
only tens of millions of years old, you must allow for an error of plus or minus hundreds of thousands of
years.

To understand how radioactive clocks work, we first need to understand what is meant by a radioactive
isotope. All matter is made up of elements, which are usually chemically combined with other elements.
There are about 100 elements, slightly more if you count elements that are only ever detected in
laboratories, dightly fewer if you count only those elements that are found in nature. Examples of
elements are carbon, iron, nitrogen, aluminium, magnesium, fluorine, argon, chlorine, sodium, uranium,
lead, oxygen, potassium and tin. The atomic theory, which | think everybody accepts, even creationists,
tells us that each element has its own characteristic atom, which is the smallest particle into which you
can divide an element without it ceasing to be that element. What does an atom look like, say an atom of
lead, or copper, or carbon? Well, it certainly looks nothing like lead or copper or carbon. It doesn’t ook
like anything, because it istoo small to form any kind of image on your retina, even with an ultra-
powerful microscope. We can use analogies or models to help us visualize an atom. The most famous
model was proposed by the great Danish physicist Niels Bohr. The Bohr model, which is now rather out
of date, isaminiature solar system. The role of the sun is played by the nucleus, and around it orbit the
electrons, which play the role of planets. Aswith the solar system, ailmost all the mass of the atom is
contained in the nucleus (‘sun’), and aimost all the volume is contained in the empty space that separates



the electrons (* planets') from the nucleus. Each electron is tiny compared with the nucleus, and the space
between them and the nucleus is huge compared with the size of either. A favourite analogy portrays the
nucleus as afly in the middle of a sports stadium. The nearest neighbouring nucleus is another fly, in the
middle of an adjacent stadium. The electrons of each atom are buzzing about in orbit around their
respective flies, smaller than the tiniest gnats, too small to be seen on the same scale as the flies. When
we look at asolid lump of iron or rock, we are ‘really’ looking at what is almost entirely empty space. It
looks and feels solid and opaque because our sensory systems and brains find it convenient to treat it as
solid and opaque. It is convenient for the brain to represent arock as solid because we can’t walk through
it. “*Solid’ is our way of experiencing things that we can’'t walk through or fall through, because of the

el ectromagnetic forces between atoms. ‘ Opague’ is the experience we have when light bounces off the
surface of an object, and none of it goes through.

Three kinds of particle enter into the makeup of an atom, at least as envisaged in the Bohr model.
Electrons we have already met. The other two, vastly larger than electrons but still tiny compared with
anything we can imagine or experience with our senses, are called protons and neutrons, and they are
found in the nucleus. They are almost the same size as each other. The number of protonsisfixed for any
given element and equal to the number of electrons. This number is called the atomic number. It is
uniquely characteristic of an element, and there are no gapsin the list of atomic numbers — the famous
periodic table.* Every number in the sequence corresponds to exactly one, and only one, element. The

element with 1 for its atomic number is hydrogen, 2 is helium, 3 lithium, 4 beryllium, 5 boron, 6 carbon,
7 nitrogen, 8 oxygen, and so on up to high numbers like 92, which is the atomic number of uranium.

Protons and electrons carry an electric charge, of opposite sign —we call one of them positive and the
other negative by arbitrary convention. These charges are important when elements form chemical
compounds with each other, mostly mediated by electrons. The neutrons in an atom are bound into the
nucleus together with the protons. Unlike protons they carry no charge, and they play no role in chemical
reactions. The protons, neutrons and electrons in any one element are exactly the same as those in every
other element. There is no such thing as a gold-flavoured proton or a copper-flavoured electron or a
potassium-flavoured neutron. A proton is a proton is a proton, and what makes a copper atom copper is
that there are exactly 29 protons (and exactly 29 electrons). What we ordinarily think of as the nature of
copper isamatter of chemistry. Chemistry is adance of electrons. It isall about the interactions of atoms
viatheir electrons. Chemical bonds are easily broken and remade, because only electrons are detached or
exchanged in chemical reactions. The forces of attraction within atomic nuclei are much harder to break.
That’ swhy ‘splitting the atom’ has such a menacing ring to it — but it can happen, in ‘nuclear’ as
opposed to chemical reactions, and radioactive clocks depend upon it.

Electrons have negligible mass, so the total mass of an atom, its ‘mass number’, is equal to the combined
number of protons and neutrons. It is usually rather more than double the atomic number, because there
are usually afew more neutrons than protons in a nucleus. Unlike the number of protons, the number of
neutrons in an atom is not diagnostic of an element. Atoms of any given element can come in different
versions called isotopes, which have differing numbers of neutrons, but always the same number of
protons. Some elements, such as fluorine, have only one naturally occurring isotope. The atomic number
of fluorineis 9 and its mass number is 19, from which you can deduce that it has 9 protons and 10
neutrons. Other elements have lots of isotopes. Lead has five commonly occurring isotopes. All have the
same number of protons (and electrons), namely 82, which is the atomic number of lead, but the mass
numbers range between 202 and 208. Carbon has three naturally occurring isotopes. Carbon-12 is the
common one, with the same number of neutrons as protons: 6. There’s also carbon-13, which istoo short-
lived to bother with, and carbon-14 which is rare but not too rare to be useful for dating relatively young
organic samples, as we shall see.

Now for the next important background fact. Some isotopes are stable, others unstable. Lead-202 is an
unstable isotope; lead-204, lead-206, |ead-207 and lead-208 are stable isotopes. ‘Unstable’ means that
the atoms spontaneously decay into something else, at a predictable rate, though not at predictable
moments. The predictability of the rate of decay isthe key to all radiometric clocks. Another word for
‘unstable’ is‘radioactive’ . There are several kinds of radioactive decay, which offer possibilities for
useful clocks. For our purposesit isn’t important to understand them, but | explain them here to show the
magnificent level of detall that physicists have achieved in working out such things. Such detail casts a



sardonic light on the desperate attempts of creationists to explain away the evidence of radioactive
dating, and keep the Earth young like Peter Pan.

All these kinds of instability involve neutrons. In one kind, a neutron turns into a proton. This means that
the mass number stays the same (since protons and neutrons have the same mass) but the atomic number
goes up by one, so the atom becomes a different element, one step higher in the periodic table. For
example, sodium-24 turnsitself into magnesium-24. In another kind of radioactive decay, exactly the
reverse happens. A proton turnsinto a neutron. Again, the mass number stays the same, but this time the
atomic number decreases by one, and the atom changes into the next element down in the periodic table.
A third kind of radioactive decay has the same result. A stray neutron happensto hit a nucleus and
knocks out one proton, taking its place. Again, there’ s no change in mass number; again, the atomic
number goes down by one, and the atom turns into the next element down in the periodic table. There's
also amore complicated kind of decay in which an atom g ects a so-called alpha particle. An alpha
particle consists of two protons and two neutrons stuck together. This means that the mass number goes
down by four and the atomic number goes down by two. The atom changes to whichever element istwo
below it in the periodic table. An example of aphadecay isthe change of the very radioactive isotope
uranium-238 (with 92 protons and 146 neutrons) to thorium-234 (with 90 protons and 144 neutrons).

Now we approach the nub of the whole matter. Every unstable or radioactive isotope decays at its own
characteristic rate which is precisely known. Moreover, some of these rates are vastly slower than others.
In all cases the decay is exponential. Exponential means that if you start with, say, 100 grams of a
radioactive isotope, it is not the case that afixed amount, say 10 grams, turns into another element in a
given time. Rather, afixed proportion of whatever isleft turns into the second element. The favoured
measure of decay rate isthe ‘half-life’. The half-life of aradioactive isotope is the time taken for half of
its atoms to decay. The half-life is the same, no matter how many atoms have already decayed —that is
what exponential decay means. Y ou will appreciate that, with such successive halvings, we never really
know when there is none left. However, we can say that after a sufficient time has elapsed — say ten half-
lives — the number of atoms that remainsis so small that, for practical purposes, it has all gone. For
example, the half-life of carbon-14 is between 5,000 and 6,000 years. For specimens older than about
50,000-60,000 years, carbon dating is useless, and we need to turn to a slower clock.

The half-life of rubidium-87 is 49 billion years. The half-life of fermium-244 is 3.3 milliseconds. Such
startling extremes serve to illustrate the stupendous range of clocks available. Although carbon-15's half-
life of 2.4 seconds istoo short for settling evolutionary questions, carbon-14's half-life of 5,730 yearsis
just right for dating on the archaeological timescale, and we' [l come to it presently. An isotope much
used on the evolutionary timescale is potassium-40, with its half-life of 1.26 billion years, and I’m going
to use it as my example, to explain the whole idea of aradioactive clock. It is often called the potassium
argon clock, because argon-40 (one lower in the periodic table) is one of the elementsto which
potassium-40 decays (the other, resulting from a different kind of radioactive decay, is calcium-40, one
higher in the periodic table). If you start with some quantity of potassium-40, after 1.26 billion years half
of the potassium-40 will have decayed to argon-40. That’s what half-life means. After another 1.26
billion years, half of what remains (a quarter of the original) will have decayed, and so on. After a shorter
time than 1.26 billion years, a proportionately smaller quantity of the original potassium will have
decayed. So, imagine that you start with some quantity of potassium-40 in an enclosed space with no
argon-40. After afew hundreds of millions of years have elapsed, a scientist comes upon the same
enclosed space and measures the relative proportions of potassium-40 and argon-40. From this
proportion — regardless of the absolute quantities involved — knowing the half-life of potassium-40’'s
decay and assuming there was no argon to begin with, one can estimate the time that has elapsed since
the process started — since the clock was ‘ zeroed', in other words. Notice that we must know the ratio of
parent (potassium-40) to daughter (argon-40) isotopes. Moreover, as we saw earlier in the chapter, it is
necessary that our clock has the facility to be zeroed. But what does it mean to speak of aradioactive
clock’s being ‘ zeroed' ? The process of crystallization gives it meaning.

Like al the radioactive clocks used by geologists, potassium/ argon timing works only with so-called
igneous rocks. Named after the Latin for fire, igneous rocks are solidified from molten rock —
underground magma in the case of granite, lava from volcanoes in the case of basalt. When molten rock
solidifies to form granite or basalt, it does so in the form of crystals. These are normally not big,
transparent crystals like those of quartz, but crystals that are too small to ook like crystals to the naked



eye. The crystals are of various types, and several of these, such as some micas, contain potassium
atoms. Among these are atoms of the radioactive isotope potassium-40. When a crystal is newly formed,
at the moment when molten rock solidifies, there is potassium-40 but no argon. The clock is‘zeroed’ in
the sense that there are no argon atoms in the crystal. Asthe millions of years go by, the potassium-40
slowly decays and, one by one, atoms of argon-40 replace potassium-40 atomsin the crystal. The
accumulating quantity of argon-40 is a measure of the time that has elapsed since the rock was formed.
But, for the reason | have just explained, this quantity is meaningful only if expressed as the ratio of
potassium-40 to argon-40. When the clock was zeroed, the ratio was 100 per cent in favour of potassium-
40. After 1.26 billion years, the ratio will be 50-50. After another 1.26 billion years, half of the
remaining potassium-40 will have been converted to argon-40, and so on. Intermediate proportions
signify intermediate times since the crystal clock was zeroed. So geologists, by measuring the ratio
between potassium-40 and argon-40 in a piece of igneous rock that they pick up today, can tell how long
ago therock first crystallized out of its molten state. Igneous rocks typically contain many different
radioactive isotopes, not just potassium-40. A fortunate aspect of the way igneous rocks solidify is that
they do so suddenly — so that all the clocks in a given piece of rock are zeroed simultaneoudly.

Only igneous rocks provide radioactive clocks, but fossils are almost never found in igneous rock.
Fossils are formed in sedimentary rocks like limestone and sandstone, which are not solidified lava. They
are layers of mud or silt or sand, gradually laid down on the floor of a sea or |ake or estuary. The sand or
mud becomes compacted over the ages and hardens as rock. Corpses that are trapped in the mud have a
chance of fossilizing. Even though only a small proportion of corpses actually do fossilize, sedimentary
rocks are the only rocks that contain any fossils worth speaking of.

Sedimentary rocks unfortunately cannot be dated by radioactivity. Presumably the individual particles of
silt or sand that go to make sedimentary rocks contain potassium-40 and other radioactive isotopes, and
therefore could be said to contain radioactive clocks; but unfortunately these clocks are no use to us
because they are not properly zeroed, or are zeroed at different times from each other. The particles of
sand that are compacted to make sandstone may originally have been ground down from igneous rocks,
but the igneous rocks from which they were ground all solidified at different times. Every grain of sand
has a clock zeroed at its own time, and that time was probably long before the sedimentary rock formed
and entombed the fossil we are trying to date. So, from a timekeeping point of view, sedimentary rock is
amess. It can't be used. The best we can do —and it is a pretty good best —is to use the dates of igneous
rocks that are found near sedimentary rock, or embedded in it.

To date afossil, you don't literally need to find it sandwiched between two slabs of igneous rock,
although that is a neat way to illustrate the principle. The actual method used is more refined than that.
Recognizably similar layers of sedimentary rock occur al over the world. Long before radioactive dating
was discovered, these layers had been identified and given names: names like Cambrian, Ordovician,
Devonian, Jurassic, Cretaceous, Eocene, Oligocene, Miocene. Devonian sediments are recognizably
Devonian, not only in Devon (the county in south-west England that gave them their name) but in other
parts of the world. They are recognizably similar to each other, and they contain similar lists of fossils.
Geologists have long known the order in which these named sediments were laid down. It’ s just that,
before the advent of radioactive clocks, we didn’'t know when they were laid down. We could arrange
them in order because — obviously — older sediments tend to lie beneath younger sediments. Devonian
sediments, for example, are older than Carboniferous (named after the coal which is frequently found in
Carboniferous layers) and we know this because, in those parts of the world where the two layers
coincide, the Devonian layer lies underneath the Carboniferous layer (the exceptionsto thisrule occur in
places where we can tell, from other evidence, that the rocks have been tilted aslant, or even turned
upside down). We aren’t usually fortunate enough to find a complete run of layers, al the way from
Cambrian at the bottom up to Recent at the top. But because the layers are so recognizable, you can work
out their relative ages by daisychaining and jigsawing your way around the world.

So, long before we knew how old fossils were, we knew the order in which they were laid down, or at
least the order in which the named sediments were laid down. We knew that Cambrian fossils, the world
over, were older than Ordovician ones, which were older than Silurian; then came Devonian, then
Carboniferous, Permian, Triassic, Jurassic, Cretaceous, and so on. And within these major named layers,
geologists aso distinguish sub-regions. upper Jurassic, middle Jurassic, lower Jurassic, and so on.



The named strata are usually identified by the fossils they contain. And we are going to use the ordering
of the fossils as evidence for evolution! Isthat in danger of turning into a circular argument? Certainly
not. Think about it. Cambrian fossils are a characteristic assemblage, unmistakably recognizable as
Cambrian. For the moment we are using a characteristic assemblage 