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'Who should read this book? Everyone interested in the universe and their place in
it.'
Jeffrey R. Baylis, Animal Behaviour

Our genes made us. We animals exist for their preservation and are nothing more
than their throwaway survival machines. The world of the selfish gene is one of
savage competition, ruthless exploitation, and deceit. But what of the acts of
apparent altruism found in nature-the bees who commit suicide when they sting to
protect the hive, or the birds who risk their lives to warn the flock of an approaching
hawk? Do they contravene the fundamental law of gene selfishness? By no means:
Dawkins shows that the selfish gene is also the subtle gene. And he holds out the
hope that our species-alone on earth-has the power to rebel against the designs of
the selfish gene. This book is a call to arms. It is both

manual and manifesto, and it grips like a thriller.

The Selfish Gene, Richard Dawkins's brilliant first book and still his most famous, is
an international bestseller in thirteen languages. For this new edition there are two
major new chapters.

'learned, witty, and very well written...exhilaratingly good.'
Sir Peter Medawar, Spectator

Richard Dawkins is a Lecturer in Zoology at Oxford University and a Fellow of Mew
College, and the author of The Blind Watchmaker.
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Preface to 1976 edition

This book should be read almost as though it were science fiction. It is designed to
appeal to the imagination. But it is not science fiction: it is science. Cliche or not,
'stranger than fiction' expresses exactly how I feel about the truth. We are survival
machines-robot vehicles blindly programmed to preserve the selfish molecules
known as genes. This is a truth which still fills me with astonishment. Though I have
known it for years, I never seem to get fully used to it. One of my hopes is that I
may have some success in astonishing others.

Three imaginary readers looked over my shoulder while I was writing, and I now
dedicate the book to them. First the general reader, the layman. For him I have
avoided technical jargon almost totally, and where I have had to use specialized
words I have defined them. I how wonder why we don't censor most of our jargon
from learned journals too. I have assumed that the layman has no special
knowledge, but I have not assumed that he is stupid. Anyone can popularize science
if he oversimplifies. I have worked hard to try to popularize some subtle and
complicated ideas in non-mathematical language, without losing their essence. I do
not know how far I have succeeded in this, nor how far I have succeeded in another
of my ambitions: to try to make the book as entertaining and gripping as its subject
matter deserves. I have long felt that biology ought to seem as exciting as a mystery
story, for a mystery story is exactly what biology is. I do not dare to hope that I
have conveyed more than a tiny fraction of the excitement which the subject has to
offer.

My second imaginary reader was the expert. He has been a harsh critic, sharply
drawing in his breath at some of my analogies and figures of speech. His favourite
phrases are with the exception of; 'but on the other hand'; and 'ugh'. I listened to
him attentively, and even completely rewrote one chapter entirely for his benefit, but
in the end I have had to tell the story my way. The expert will still not be totally
happy with the way I put things. Yet my greatest hope is that even he will find
something new here; a new way of looking at familiar ideas perhaps; even
stimulation of new ideas of his own. If this is too high an aspiration, may I at least
hope that the book will entertain him on a train.'

The third reader I had in mind was the student, making the transition from layman
to expert. If he still has not made up his mind what field he wants to be an expert in,
I hope to encourage him to give my own field of zoology a second glance. There is a
better reason for studying zoology than its possible 'usefulness', and the general
likeableness of animals. This reason is that we animals are the most complicated and
perfectly-designed pieces of machinery in the known universe. Put it like that, and it
is hard to see why anybody studies anything else! For the student who has already
committed himself to zoology, I hope my book may have some educational value. He
is having to work through the original papers and technical books on which my
treatment is based. If he finds the original sources hard to digest, perhaps my non-
mathematical interpretation may help, as an introduction and adjunct.

There are obvious dangers in trying to appeal to three different kinds of reader. I can
only say that I have been very conscious of these dangers, but that they seemed to
be outweighed by the advantages of the attempt.



I am an ethologist, and this is a book about animal behaviour. My debt to the
ethological tradition in which I was trained will be obvious. In particular, Niko
Tinbergen does not realize the extent of his influence on me during the twelve years
I worked under him at Oxford. The phrase 'survival machine’, though not actually his
own, might well be. But ethology has recently been invigorated by an invasion of
fresh ideas from sources not conventionally regarded as ethological. This book is
largely based on these new ideas. Their originators are acknowledged in the
appropriate places in the text; the dominant figures are G. C. Williams, J. Maynard
Smith, W. D. Hamilton, and R. L. Trivers.

Various people suggested titles for the book, which I have gratefully used as chapter
titles: 'Immortal Coils', John Krebs; 'The Gene Machine', Desmond Morris;
'Genesmanship’, Tim Glutton-Brock and Jean Dawkins, independently with apologies
to Stephen Potter. Imaginary readers may serve as targets for pious hopes and
aspirations, but they are of less practical use than real readers and critics. I am
addicted to revising, and Marian Dawkins has been subjected to countless drafts and
redrafts of every page. Her considerable knowledge of the biological literature and
her understanding of theoretical issues, together with her ceaseless encouragement
and moral support, have been essential to me.

John Krebs too read the whole book in draft. He knows more about the subject than
I do, and he has been generous and unstinting with his advice and suggestions.
Glenys Thomson and Walter Bodmer criticized my handling of genetic topics kindly
but firmly. I fear that my revision may still not fully satisfy them, but I hope they will
find it somewhat improved. I am most grateful for their time and patience. John
Dawkins exercised an unerring eye for misleading phraseology, and made excellent
constructive suggestions for re-wording. I could not have wished for a more suitable
'intelligent layman' than Maxwell Stamp. His perceptive spotting of an important
general flaw in the style of the first draft did much for the final version. Others who
constructively criticized particular chapters, or otherwise gave expert advice, were
John Maynard Smith, Desmond Morris, Tom Maschler, Nick Blurton Jones, Sarah
Kettlewell, Nick Humphrey, Tim Glutton-Brock, Louise Johnson, Christopher Graham,
Geoff Parker, and Robert Trivers. Pat Searle and Stephanie Verhoeven not only typed
with skill, but encouraged me by seeming to do so with enjoyment. Finally, I wish to
thank Michael Rodgers of Oxford University Press who, in addition to helpfully
criticizing the manuscript, worked far beyond the call of duty in attending to all
aspects of the production of this book.

RICHARD DAWKINS



Preface to 1989 edition

In the dozen years since The Selfish Gene was published its central message has
become textbook orthodoxy. This is paradoxical, but not in the obvious way. It is not
one of those books that was reviled as revolutionary when published, then steadily
won converts until it ended up so orthodox that we now wonder what the fuss was
about. Quite the contrary. From the outset the reviews were gratifyingly favourable
and it was not seen, initially, as a controversial book. Its reputation for
contentiousness took years to grow until, by now, it is widely regarded as a work of
radical extremism. But over the very same years as the book's reputation for
extremism has escalated, its actual content has seemed less and less extreme, more
and more the common currency.

The selfish gene theory is Darwin's theory, expressed in a way that Darwin did not
choose but whose aptness, I should like to think, he would instantly have recognized
and delighted in. It is in fact a logical outgrowth of orthodox neo-Darwinism, but
expressed as a novel image. Rather than focus on the individual organism, it takes a
gene's-eye view of nature. It is a different way of seeing, not a different theory. In
the opening pages of The Extended Phenotype, I explained this using the metaphor
of the Necker cube.

Necker Cube

This is a two-dimensional pattern of ink on paper, but it is perceived as a
transparent, three-dimensional cube. Stare at it for a few seconds and it will change
to face in a different direction. Carry on staring and it will flip back to the original
cube. Both cubes are equally compatible with the two-dimensional data on the
retina, so the brain happily alternates between them. Neither is more correct than
the other. My point was that there are two ways of looking at natural selection, the
gene's angle and that of the individual. If properly understood they are equivalent;
two views of the same truth. You can flip from one to the other and it will still be the
same neo-Darwinism.

I now think that this metaphor was too cautious. Rather than propose a new theory
or unearth a new fact, often the most important contribution a scientist can make is
to discover a new way of seeing old theories or facts. The Necker cube model is
misleading because it suggests that the two ways of seeing are equally good. To be
sure, the metaphor gets it partly right: 'angles’, unlike theories, cannot be judged by
experiment; we cannot resort to our familiar criteria of verification and falsification.
But a change of vision can, at its best, achieve something loftier than a theory. It
can usher in a whole climate of thinking, in which many exciting and testable
theories are born, and unimagined facts laid bare. The Necker cube metaphor misses
this completely. It captures the idea of a flip in vision, but fails to do justice to its
value. What we are talking about is not a flip to an equivalent view but, in extreme
cases, a transfiguration.



I hasten to disclaim any such status for my own modest contributions. Nevertheless,
it is for this kind of reason that I prefer not to make a clear separation between
science and its 'popularization’. Expounding ideas that have hitherto appeared only in
the technical literature is a difficult art. It requires insightful new twists of language
and revealing metaphors. If you push novelty of language and metaphor far enough,
you can end up with a new way of seeing. And a new way of seeing, as I have just
argued, can in its own right make an original contribution to science. Einstein himself
was no mean popularizer, and I've often suspected that his vivid metaphors did more
than just help the rest of us. Didn't they also fuel his creative genius.'

The gene's-eye view of Darwinism is implicit in the writings of R. A. Fisher and the
other great pioneers of neo-Darwinism in the early thirties, but was made explicit by
W. D. Hamilton and G. C. Williams in the sixties. For me their insight had a visionary
quality. But I found their expressions of it too laconic, not full-throated enough. I
was convinced that an amplified and developed version could make everything about
life fall into place, in the heart as well as in the brain. I would write a book extolling
the gene's-eye view of evolution. It should concentrate its examples on social
behaviour, to help correct the unconscious group-selectionism that then pervaded
popular Darwinism. I began the book in 1972 when power-cuts resulting from
industrial strife interrupted my laboratory research. The blackouts unfortunately
(from one point of view) ended after a mere two chapters, and I shelved the project
until I had a sabbatical leave in 1975. Meanwhile the theory had been extended,
notably by John Maynard Smith and Robert Trivers. I now see that it was one of
those mysterious periods in which new ideas are hovering in the air. I wrote The
Selfish Gene in something resembling a fever of excitement.

When Oxford University Press approached me for a second edition they insisted that
a conventional, comprehensive, page by page revision was inappropriate. There are
some books that, from their conception, are obviously destined for a string of
editions, and The Selfish Gene was not one of them. The first edition borrowed a
youthful quality from the times in which it was written. There was a whiff of
revolution abroad, a streak of Wordsworth's blissful dawn. A pity to change a child of
those times, fatten it with new facts or wrinkle it with complications and cautions.
So, the original text should stand, warts, sexist pronouns and all. Notes at the end
would cover corrections, responses and developments. And there should be entirely
new chapters, on subjects whose novelty in their own time would carry forward the
mood of revolutionary dawn. The result was Chapters 12 and 13. For these I took my
inspiration from the two books in the field that have most excited me during the
intervening years: Robert Axelrod's The Evolution of Cooperation, because it seems
to offer some sort of hope for our future; and my own The Extended Phenotype
because for me it dominated those years and because-for what that is worth-it is
probably the finest thing I shall ever write.

The tide 'Nice guys finish first' is borrowed from the BBC Horizon television
programme that I presented in 1985. This was a fifty-minute documentary on game-
theoretic approaches to the evolution of cooperation, produced by Jeremy Taylor.
The making of this film, and another. The Blind Watchmaker, by the same producer,
gave me a new respect for his profession. At their best. Horizon producers (some of
their programmes can be seen in America, often repackaged under the name Nova)
turn themselves into advanced scholarly experts on the subject in hand. Chapter 12
owes more than just its title to my experience of working closely with Jeremy Taylor
and the Horizon team, and I am grateful.



I recently learned a disagreeable fact: there are influential scientists in the habit of
putting their names to publications in whose composition they have played no part.
Apparently some senior scientists claim joint authorship of a paper when all that they
have contributed is bench space, grant money and an editorial read-through of the
manuscript. For all I know, entire scientific reputations may have been built on the
work of students and colleagues! I don't know what can be done to combat this
dishonesty. Perhaps journal editors should require signed testimony of what each
author contributed. But that is by the way. My reason for raising the matter here is
to make a contrast. Helena Cronin has done so much to improve every line-every
word-that she should, but for her adamant refusal, be named as joint author of all
the new portions of this book. I am deeply grateful to her, and sorry that my
acknowledgment must be limited to this. I also thank Mark Ridley, Marian Dawkins
and Alan Grafen for advice and for constructive criticism of particular sections.
Thomas Webster, Hilary McGlynn and others at Oxford University Press cheerfully
tolerated my whims and procrastinations.
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WHY ARE PEOPLE?

Intelligent life on a planet comes of age whenrgtfworks out the reason for its own
existence. If superior creatures from space et @arth, the first question they will ask,
in order to assess the level of our civilizatian,'Have they discovered evolution yet?'
Living organisms had existed on earth, without dsreswing why, for over three
thousand million years before the truth finally ceast on one of them. His name was
Charles Darwin. To be fair, others had had inkliogghe truth, but it was Darwin who
first put together a coherent and tenable accoinhy we exist. Darwin made it
possible for us to give a sensible answer to thi@gas child whose question heads this
chapter. We no longer have to resort to supemstitiben faced with the deep problems:
Is there a meaning to life." What are we for? Weaban? After posing the last of these
guestions, the eminent zoologist G. G. Simpsontghts: 'The point | want to make
now is that all attempts to answer that questidoreel859 are worthless and that we
will be better off if we ignore them completely.’

Today the theory of evolution is about as much dpeatoubt as the theory that the earth
goes round the sun, but the full implications of\dia's revolution have yet to be widely
realized. Zoology is still a minority subject iniversities, and even those who choose to
study it often make their decision without appréogits profound philosophical
significance. Philosophy and the subjects knowh@amanities' are still taught almost as
if Darwin had never lived. No doubt this will cham time. In any case, this book is not
intended as a general advocacy of Darwinism. lastieavill explore the consequences
of the evolution theory for a particular issue. plyrpose is to examine the biology of
selfishness and altruism.

Apart from its academic interest, the human impureeof this subject is obvious. It
touches every aspect of our social lives, our Ig\and hating, fighting and cooperating,
giving and stealing, our greed and our generos$itgse are claims that could have been
made for Lorenz's On Aggression, Ardrey's The Sd@matract, and Eibl-Eihesfeldt's
Love and Hate. The trouble with these books istieit authors got it totally and utterly
wrong. They got it wrong because they misunderstamd evolution works. They made
the erroneous assumption that the important thireyolution is the good of the species
(or the group) rather than the good of the indiaidior the gene). It is ironic that Ashley
Montagu should criticize Lorenz as a 'direct dedesn of the "nature red in tooth and
claw" thinkers of the nineteenth century ...". Asmitlerstand Lorenz's view of evolution,
he would be very much at one with Montagu in réfecthe implications of Tennyson's



famous phrase. Unlike both of them, I think 'nat@ in tooth and claw' sums up our
modern understanding of natural selection admirably

Before beginning on my argument itself, | want xplain briefly what sort of an
argument it is, and what sort of an argumentios If we were told that a man had lived
a long and prosperous life in the world of Chicggngsters, we would be entitled to
make some guesses as to the sort of man he wasigkieexpect that he would have
gualities such as toughness, a quick trigger fingied the ability to attract loyal friends.
These would not be infallible deductions, but yan cmmake some inferences about a
man's character if you know something about thelitimms in which he has survived and
prospered. The argument of this book is that wd,adinother animals, are machines
created by our genes. Like successful Chicago garsg®ur genes have survived, in
some cases for millions of years, in a highly cotitipe world. This entities us to expect
certain qualities in our genes. | shall argue ghptedominant quality to be expected in a
successful gene is ruthless selfishness. This gfishness will usually give rise to
selfishness in individual behaviour. However, assiall see, there are special
circumstances in which a gene can achieve its @liisls goals best by fostering a
limited form of altruism at the level of individuahimals. 'Special’ and 'limited’ are
important words in the last sentence. Much as wghtiwish to believe otherwise,
universal love and the welfare of the specieswablae are concepts that simply do not
make evolutionary sense.

This brings me to the first point | want to makeabwhat this book is not. | am not
advocating a morality based on evolution. | ammsgyiow things have evolved. | am not
saying how we humans morally ought to behave ekstthis, because | know | am in
danger of being misunderstood by those peoplép@lhumerous, who cannot distinguish
a statement of belief in what is the case fromdameacy of what ought to be the case.
My own feeling is that a human society based sinoplyhe gene's law of universal
ruthless selfishness would be a very nasty soaiemshich to live. But unfortunately,
however much we may deplore something, it doestoqt it being true. This book is
mainly intended to be interesting, but if you woektract a moral from it, read it as a
warning. Be warned that if you wish, as | do, tdda society in which individuals
cooperate generously and unselfishly towards a comgood, you can expect little help
from biological nature. Let us try to teach gengyoand altruism, because we are born
selfish. Let us understand what our own selfisregaare up to, because we may then at
least have the chance to upset their designs, borgdhat no other species has ever
aspired to.

As a corollary to these remarks about teaching,atfallacy- incidentally a very common
one-to suppose that genetically inherited traiéskgr definition fixed and unmodifiable.
Our genes may instruct us to be selfish, but wenateecessarily compelled to obey
them all our lives. It may just be more difficult iearn altruism than it would be if we
were genetically programmed to be altruistic. Amangnals, man is uniquely
dominated by culture, by influences learned andledrdown. Some would say that
culture is so important that genes, whether setirshot, are virtually irrelevant to the
understanding of human nature. Others would digadrall depends where you stand in



the debate over 'nature versus nurture' as detemsiof human attributes. This brings
me to the second thing this book is not: it isaoadvocacy of one position or another in
the nature/nurture controversy. Naturally | haveopmion on this, but | am not going to
express it, except insofar as it is implicit in thew of culture that | shall present in the
final chapter. If genes really turn out to be tigtarelevant to the determination of
modern human behaviour, if we really are unique ragreanimals in this respect, it is, at
the very least, still interesting to inquire abthé rate to which we have so recently
become the exception. And if our species is naa®ptional as we might like to think,

it is even more important that we should studyrtlie.

The third thing this book is not is a descriptivea@unt of the detailed behaviour of man
or of any other particular animal species. | sha# factural details as only illustrative
examples. | shall not be saying: 'If you look a behaviour of baboons you will find it
to be selfish; therefore the chances are that hurehaviour is selfish also'. The logic of
my 'Chicago gangster' argument is quite differéns. this. Humans and baboons have
evolved by natural selection. If you look at theyvmatural selection works, it seems to
follow that anything that has evolved by naturaésgon should be selfish. Therefore we
must expect that when we go and look at the bebawabbaboons, humans, and all other
living creatures, we shall find it to be selfishwie find that our expectation is wrong, if
we observe that human behaviour is truly altrujgtien we shall be faced with
something puzzling, something that needs explaining

Before going any further, we need a definition. éatity, such as a baboon, is said to be
altruistic if it behaves in such a way as to ineseanother such entity's welfare at the
expense of its own. Selfish behaviour has exab#yopposite effect. 'Welfare' is defined
as 'chances of survival', even if the effect omadife and death prospects is so small as
to seem negligible. One of the surprising consegeef the modem version of the
Darwinian theory is that apparently trivial tinyflurences on survival probability can

have a major impact on evolution. This is becadgbheoenormous time available for
such influences to make themselves felt.

It is important to realize that the above defimsaof altruism and selfishness are
behavioural, not subjective. | am not concerne@ meth the psychology of motives. |
am not going to argue about whether people whousehbruistically are ‘really’ doing it
for secret or subconscious selfish motives. Mayleg tire and maybe they aren't, and
maybe we can never know, but in any case thattisvhat this book is about. My
definition is concerned only with whether the effetan act is to lower or raise the
survival prospects of the presumed altruist andstheival prospects of the presumed
beneficiary.

It is a very complicated business to demonstrageetfects of behaviour on long-term
survival prospects. In practice, when we applydégnition to real behaviour, we must
qualify it with the word 'apparently’. An appargmdlitruistic act is one that looks,
superficially, as if it must tend to make the aktumore likely (however slightly) to die,
and the recipient more likely to survive. It oftemns out on closer inspection that acts of
apparent altruism are really selfishness in disgu@nce again, | do not mean that the



underlying motives are secretly selfish, but that teal effects of the act on survival
prospects are the reverse of what we originallyi¢no.

| am going to give some examples of apparentlyssedind apparently altruistic
behaviour. It is difficult to suppress subjectiabiis of thought when we are dealing
with our own species, so | shall choose examptas ther animals instead. First some
miscellaneous examples of selfish behaviour bwiddal animals.

Blackheaded gulls nest in large colonies, the nestsy only a few feet apart. When the
chicks first hatch out they are small and defersseénd easy to swallow. It is quite
common for a gull to wait until a neighbour's baskurned, perhaps while it is away
fishing, and then pounce on one of the neighbahitsks and swallow it whole. It
thereby obtains a good nutritious meal, withoutith@¥o go to the trouble of catching a
fish, and without having to leave its own nest ut@cted.

More well known is the macabre cannibalism of fear@iaying mantises. Mantises are
large carnivorous insects. They normally eat smallgects such as flies, but they will
attack almost anything that moves. When they nthgemale cautiously creeps up on the
female, mounts her, and copulates. If the fematie e chance, she will eat him,
beginning by biting his head off, either as thearialapproaching, or immediately after
he mounts, or after they separate. It might seest sensible for her to wait until
copulation is over before she starts to eat hint.tBelloss of the head does not seem to
throw the rest of the male's body off its sexuatist Indeed, since the insect head is the
seat of some inhibitory nerve centres, it is pdedihat the female improves the male's
sexual performance by eating his head. If so,ishes added benefit. The primary one is
that she obtains a good meal.

The word 'selfish* may seem an understatemenuidr extreme cases as cannibalism,
although these fit well with our definition. Perlsape can sympathize more directly with
the reported cowardly behaviour of emperor pengimrke Antarctic. They have been
seen standing on the brink of the water, hesitdigfgre diving in, because of the danger
of being eaten by seals. If only one of them waililek in, the rest would know whether
there was a seal there or not. Naturally nobodytsvimbe the guinea pig, so they wait,
and sometimes even try to push each other in.

More ordinarily, selfish behaviour may simply catsf refusing to share some valued
resource such as food, territory, or sexual pastridéow for some examples of apparently
altruistic behaviour. The stinging behaviour of karbees is a very effective defence
against honey robbers. But the bees who do thgisgrare kamikaze fighters. In the act
of stinging, vital internal organs are usually towt of the body, and the bee dies soon
afterwards. Her suicide mission may have saveddhmny's vital food stocks, but she
herself is not around to reap the benefits. Bydmfinition this is an altruistic behavioural
act. Remember that we are not talking about consamotives. They may or may not be
present, both here and in the selfishness exantpleshey are irrelevant to our
definition.



Laying down one's life for one's friends is obvilgualtruistic, but so also is taking a
slight risk for them. Many small birds, when thegs flying predator such as a hawk,
give a characteristic 'alarm call’, upon which wiele flock takes appropriate evasive
action. There is indirect evidence that the birwives the alarm call puts itself in
special danger, because it attracts the predatteistion particularly to itself. This is
only a slight additional risk, but it neverthelsgems, at least at first sight, to qualify as
an altruistic act by our definition.

The commonest and most conspicuous acts of aniinaikan are done by parents,
especially mothers, towards their children. They inaubate them, either in nests or in
their own bodies, feed them at enormous cost tmsledves, and take great risks in
protecting them from predators. To take just ongi@dar example, many ground-
nesting birds perform a so-called 'distraction igpwhen a predator such as a fox
approaches. The parent bird limps away from thg hetding out one wing as though it
were broken. The predator, sensing easy preyras laway from the nest containing the
chicks. Finally the parent bird gives up its pregand leaps into the air just in time to
escape the fox's jaws. It has probably saved fin@liits nestlings, but at some risk to
itself.

| am not trying to make a point by telling stori€&hosen examples are never serious
evidence for any worthwhile generalization. Thaseiss are simply intended as
illustrations of what | mean by altruistic and sdifbehaviour at the level of individuals.
This book will show how both individual selfishnemsd individual altruism are
explained by the fundamental law that | am caltjege selfishness. But first | must deal
with a particular erroneous explanation for altmyi$ecause it is widely known, and
even widely taught in schools.

This explanation is based on the misconceptionithave already mentioned, that living
creatures evolve to do things ‘for the good ofgjecies’ or ‘for the good of the group'. It
is easy to see how this idea got its start in lgipldviuch of an animal'’s life is devoted to
reproduction, and most of the acts of altruistit-sacrifice that are observed in nature
are performed by parents towards their young. &agpion of the species' is a common
euphemism for reproduction, and it is undeniabtpasequence of reproduction. It
requires only a slight over-stretching of logicdeduce that the ‘function’ of reproduction
is 'to' perpetuate the species. From this it isabiwtrther short false step to conclude that
animals will in general behave in such a way davtour the perpetuation of the species.
Altruism towards fellow members of the species ssanfollow.

This line of thought can be put into vaguely Damaimterms. Evolution works by natural
selection, and natural selection means the diftexlesurvival of the ‘fittest'. But are we
talking about the fittest individuals, the fitteates, the fittest species, or what.' For some
purposes this does not greatly matter, but wheaneédalking about altruism it is
obviously crucial. If it is species that are commpgin what Darwin called the struggle

for existence, the individual seems best regardeal@awn in the game, to be sacrified
when the greater interest of the species as a whqleres it. To put it in a slightly more
respectable way, a group, such as a species @uigbion within a species, whose



individual members are prepared to sacrifice théwasdor the welfare of the group,
maybe less likely to go extinct than a rival graupose individual members place their
own selfish interests first. Therefore the worlddmes populated mainly by groups
consisting of self-sacrificing individuals. Thisttse theory of ‘group selection’, long
assumed to be true by biologists not familiar wiité details of evolutionary theory,
brought out into the open in a famous book by WAMgnne-Edwards, and popularized
by Robert Ardrey in The Social Contract. The orthwodlternative is normally called
‘individual selection’, although | personally pretie speak of gene selection.

The quick answer of the 'individual selectionisttie argument just put might go
something like this. Even in the group of altruiskere will almost certainly be a
dissenting minority who refuse to make any saaifi€there is just one selfish rebel,
prepared to exploit the altruism of the rest, thenby definition, is more likely than they
are to survive and have children. Each of thederm will tend to inherit his selfish
traits. After several generations of this natuedéstion, the "altruistic group' will be over-
run by selfish individuals, and will be indistingtiable from the selfish group. Even if
we grant the improbable chance existence initiaflgure altruistic groups without any
rebels, it is very difficult to see what is to stglfish individuals migrating in from
neighbouring selfish groups, and, by inter-marrjag@taminating the purity of the
altruistic groups.

The individual-selectionist would admit that growjzsindeed die out, and that whether
or not a group goes extinct may be influenced leylhaviour of the individuals in that
group. He might even admit that if only the indivéds in a group had the gift of

foresight they could see that in the long run tbhe&in best interests lay in restraining their
selfish greed, to prevent the destruction of thelelgroup. How many times must this
have been said in recent years to the working jgeoipBritain? But group extinction is a
slow process compared with the rapid cut and trolstdividual competition. Even

while the group is going slowly and inexorably ddw selfish individuals prosper in

the short term at the expense of altruists. Theeris of Britain may or may not be
blessed with foresight, but evolution is blind be future.

Although the group-selection theory now commanitis support within the ranks of
those professional biologists who understand eiwiuit does have great intuitive
appeal. Successive generations of zoology studeatsurprised, when they come up
from school, to find that it is not the orthodoximtcof view. For this they are hardly to be
blamed, for in the Nuffield Biology Teachers' Guideitten for advanced level biology
schoolteachers in Britain, we find the followinlgr higher animals, behaviour may take
the form of individual suicide to ensure the sualief the species.' The anonymous
author of this guide is blissfully ignorant of tfeet that he has said something
controversial. In this respect he is in Nobel Pigening company. Konrad Lorenz, in
On Aggression, speaks of the 'species preservingtibns of aggressive behaviour, one
of these functions being to make sure that onlyfittesst individuals are allowed to
breed. This is a gem of a circular argument, baitphint | am making here is that the
group selection idea is so deeply ingrained thaehp, like the author of the Nuffield



Guide, evidently did not realize that his staterme@antravened orthodox Darwinian
theory.

| recently heard a delightful example of the sahmeg on an otherwise excellent B.B.C.
television programme about Australian spiders. '€kpert’ on the programme observed
that the vast majority of baby spiders end up ay for other species, and she then went
on to say: 'Perhaps this is the real purpose aof éxéstence, as only a few need to
survive in order for the species to be preserved'

Robert Ardrey, in The Social Contract, used thaugrselection theory to account for the
whole of social order in general. He clearly seas s a species that has strayed from
the path of animal righteousness. Ardrey at leashid homework. His decision to
disagree with orthodox theory was a conscious ane for this he deserves credit.

Perhaps one reason for the great appeal of th@gelection theory is that it is
thoroughly in tune with the moral and political & that most of us share. We may
frequently behave selfishly as individuals, bubur more idealistic moments we honour
and admire those who put the welfare of others. fi&e get a bit muddled over how
widely we want to interpret the word 'others’, thbuOften altruism within a group goes
with selfishness between groups. This is a badisade unionism. At another level the
nation is a major beneficiary of our altruisticfsscrifice, and young men are expected
to die as individuals for the greater glory of thmuntry as a whole. Moreover, they are
encouraged to kill other individuals about whomhmag is known except that they
belong to a different nation. (Curiously, peaceetiappeals for individuals to make some
small sacrifice in the rate at which they incredmr standard of living seem to be less
effective than war-time appeals for individualdag down their lives.)

Recently there has been a reaction against rauialisl patriotism, and a tendency to
substitute the whole human species as the objemtrdiellow feeling. This humanist
broadening of the target of our altruism has aeragsting corollary, which again seems to
buttress the 'good of the species' idea in evaiuiidie politically liberal, who are
normally the most convinced spokesmen of the speastldc, now often have the greatest
scorn for those who have gone a little further ideming their altruism, so that it

includes other species. If | say that | am morergdted in preventing the slaughter of
large whales than | am in improving housing cowdisi for people, | am likely to shock
some of my friends.

The feeling that members of one's own species despecial moral consideration as
compared with members of other species is old aegp.dKilling people outside war is
the most seriously regarded crime ordinarily corntenit The only thing more strongly
forbidden by our culture is eating people (evaihdy are already dead). We enjoy eating
members of other species, however. Many of us klfiiim judicial execution of even

the most horrible human criminals, while we chelgrfcountenance the shooting without
trial of fairly mild animal pests. Indeed we killembers of other harmless species as a
means of recreation and amusement. A human fogttsno more human feeling than
an amoeba, enjoys a reverence and legal protefetiom excess of those granted to an



adult chimpanzee. Yet the chimp feels and thinksaatording to recent experimental
evidence-may even be capable of learning a forhuofan language. The foetus belongs
to our own species, and is instantly accorded sppdvileges and rights because of it.
Whether the ethic of 'speciesism’, to use RichamdeRs term, can be put on a logical
footing any more sound than that of 'racism’, hdbknow. What | do know is that it has
no proper basis in evolutionary biology.

The muddle in human ethics over the level at whittuism is desirable-family, nation,
race, species, or all living tilings-is mirrored éyarallel muddle in biology over the
level at which altruism is to be expected accordmthe theory of evolution. Even the
group-selectionist would not be surprised to finghmbers of rival groups being nasty to
each other: in this way, like trade unionists dd&ws, they are favouring their own
group in the struggle for limited resources. Burtlit is worth asking how the group-
selectionist decides which level is the importamé.df selection goes on between groups
within a species, and between species, why shoulat ialso go on between larger
groupings? Species are grouped together into gegenara into orders, and orders into
classes. Lions and antelopes are both memberg afdhs Mammalia, as are we. Should
we then not expect lions to refrain from killingtalopes, 'for the good of the mammals'?
Surely they should hunt birds or reptiles insteadayrder to prevent the extinction of the
class. But then, what of the need to perpetuatavtisde phylum of vertebrates?

It is all very well for me to argue by reductio allsurdum, and to point to the difficulties
of the group-selection theory, but the apparerdterce of individual altruism still has to
be explained. Ardrey goes so far as to say thatmselection is the only possible
explanation for behaviour such as 'storting' infMBon's gazelles. This vigorous and
conspicuous leaping in front of a predator is agails to bird alarm calls, in that it seems
to warn companions of danger while apparently mglthe predator's attention to the
stotter himself. We have a responsibility to explstotting Tommies and all similar
phenomena, and this is something | am going toifataer chapters.

Before that | must argue for my belief that thetlvesy to look at evolution is in terms of
selection occurring at the lowest level of allthins belief | am heavily influenced by G.
C. Williams's great book Adaptation and NaturakeSebn. The central idea | shall make
use of was foreshadowed by A. Weismann in pre-gays at the turn of the century-his
doctrine of the 'continuity of the germ-plasm’'h&B argue that the fundamental unit of
selection, and therefore of self-interest, is hetdpecies, nor the group, nor even,
strictly, the individual. It is the gene, the uoftheredity. To some biologists this may
sound at first like an extreme view. | hope whegythee in what sense | mean it they will
agree that it is, in substance, orthodox, evenisféxpressed in an unfamiliar way. The
argument takes time to develop, and we must begheabeginning, with the very origin
of life itself.



THE REPLICATORS

In the beginning was simplicity. It is difficult engh explaining how even a simple
universe began. | take it as agreed that it woelé\uen harder to explain the sudden
springing up, fully armed, of complex order-life,abeing capable of creating life.
Darwin's theory of evolution by natural selectisrsatisfying because it shows us a way
in which simplicity could change into complexitygu unordered atoms could group
themselves into ever more complex patterns urgy #nded up manufacturing people.
Darwin provides a solution, the only feasible oadas suggested, to the deep problem of
our existence. | will try to explain the great them a more general way than is
customary, beginning with the time before evolutitself began.

Darwin's 'survival of the fittest' is really a spdcase of a more general law of survival
of the stable. The universe is populated by sttthgs. A stable thing is a collection of
atoms that is permanent enough or common enoudésterve a name. It may be a
unique collection of atoms, such as the Matterhtbrat, lasts long enough to be worth
naming. Or it may be a class of entities, suchaasdrops, that come into existence at a
sufficiently high rate to deserve a collective naeeen if any one of them is short-lived.
The things that we see around us, and which wé thfias needing explanation-rocks,
galaxies, ocean waves-are all, to a greater oellesdent, stable patterns of atoms. Soap
bubbles tend to be spherical because this is &estahfiguration for thin films filled

with gas. In a spacecraft, water is also stabkphrerical globules, but on earth, where
there is gravity, the stable surface for standiagewis flat and horizontal. Salt crystals
tend to be cubes because this is a stable wayc&fmasodium and chloride ions
together. In the sun the simplest atoms of allybgdn atoms, are fusing to form helium
atoms, because in the conditions that prevail ttiexdnelium configuration is more
stable. Other even more complex atoms are beimgefdrin stars all over the universe,
ever since soon after the 'big bang' which, acogrth the prevailing theory, initiated the
universe. This is originally where the elementsoanworld came from.

Sometimes when atoms meet they link up togethehé@mical reaction to form
molecules, which may be more or less stable. Sualbcules can be very large. A crystal
such as a diamond can be regarded as a singleutelagroverbially stable one in this
case, but also a very simple one since its inteatwahic structure is endlessly repeated.
In modern living organisms there are other largéeades which are highly complex,
and their complexity shows itself on several levélse haemoglobin of our blood is a
typical protein molecule. It is built up from chaiof smaller molecules, amino acids,
each containing a few dozen atoms arranged in@sgreattern. In the haemoglobin
molecule there are 574 amino acid molecules. Taesarranged in four chains, which



twist around each other to form a globular threaatisional structure of bewildering
complexity. A model of a haemoglobin molecule lookiher like a dense thornbush. But
unlike a real thornbush it is not a haphazard apprate pattern but a definite invariant
structure, identically repeated, with not a twig adwist out of place, over six thousand
million million million times in an average humandy. The precise thornbush shape of
a protein molecule such as haemoglobin is stablledrsense that two chains consisting
of the same sequences of amino acids will tend,tliko springs, to come to rest in
exactly the same three-dimensional coiled pattdaemoglobin thornbushes are
springing into their 'preferred’ shape in your badla rate of about four hundred million
million per second, and others are being destrayelde same rate.

Haemoglobin is a modern molecule, used to illusttaé principle that atoms tend to fall
into stable patterns. The point that is relevané i that, before the coming of life on
earth, some rudimentary evolution of molecules @dwdve occurred by ordinary
processes of physics and chemistry. There is nd tehink of design or purpose or
directedness. If a group of atoms in the preseheaergy falls into a stable pattern it
will tend to stay that way. The earliest form ofural selection was simply a selection of
stable forms and a rejection of unstable ones.éltsemo mystery about this. It had to
happen by definition.

From this, of course, it does not follow that yan@xplain the existence of entities as
complex as man by exactly the same principles em dwn. It is no good taking the

right number of atoms and shaking them togethdr soime external energy till they
happen to fall into the right pattern, and out dréglam! You may make a molecule
consisting of a few dozen atoms like that, but & ie@nsists of over a thousand million
million million million atoms. To try to make a mayou would have to work at your
biochemical cocktail-shaker for a period so longt tine entire age of the universe would
seem like an eye-blink, and even then you wouldsnoteed. This is where Darwin's
theory, in its most general form, comes to theues®arwin's theory takes over from
where the story of the slow building up of molesuleaves off.

The account of the origin of life that | shall gisenecessarily speculative; by definition,
nobody was around to see what happened. Thereramnalaer of rival theories, but they
all have certain features in common. The simpliedount | shall give is probably not
too far from the truth.

We do not know what chemical raw materials werendbat on earth before the coming
of life, but among the plausible possibilities ar&ter, carbon dioxide, methane, and
ammonia: all simple compounds known to be preseratdeast some of the other planets
in our solar system. Chemists have tried to imitlatechemical conditions of the young
earth. They have put these simple substancedasladnd supplied a source of energy
such as ultraviolet light or electric sparks-actdi simulation of primordial lightning.

After a few weeks of this, something interestingssially found inside the flask: a weak
brown soup containing a large number of moleculesenrcomplex than the ones
originally put in. In particular, amino acids haween found-the building blocks of
proteins, one of the two great classes of bioldgiwalecules. Before these experiments



were done, naturally-occurring amino acids wouldehlaeen thought of as diagnostic of
the presence of life. If they had been detectedayMars, life on that planet would have
seemed a near certainty. Now, however, their exist@eed imply only the presence of a
few simple gases in the atmosphere and some vasasanlight, or thundery weather.
More recently, laboratory simulations of the cheahmonditions of earth before the
coming of life have yielded organic substancesedgtiurines and pyrimidines. These are
building blocks of the genetic molecule, DNA itself

Processes analogous to these must have giverm tilse primeval soup’ which biologists
and chemists believe constituted the seas some tilvfeur thousand million years ago.
The organic substances became locally concentiag¢eldaps in drying scum round the
shores, or in tiny suspended droplets. Under thteduinfluence of energy such as
ultraviolet light from the sun, they combined itéoger molecules. Nowadays large
organic molecules would not last long enough todiced: they would be quickly
absorbed and broken down by bacteria or otherdicieatures. But bacteria and the rest
of us are late-comers, and in those days largenargaolecules could drift unmolested
through the thickening broth.

At some point a particularly remarkable moleculesa@med by accident. We will call it
the Replicator. It may not necessarily have beerbtggest or the most complex
molecule around, but it had the extraordinary priypef being able to create copies of
itself This may seem a very unlikely sort of acat® happen. So it was. It was
exceedingly improbable. In the lifetime of a mdnngs that are that improbable can be
treated for practical purposes as impossible. Ehahy you will never win a big prize

on the football pools. But in our human estimatewlwat is probable and what is not, we
are not used to dealing in hundreds of millionge#rs. If you filled in pools coupons
every week for a hundred million years you wouldyéely win several jackpots.

Actually a molecule that makes copies of itselias as difficult to imagine as it seems at
first, and it only had to arise once. Think of tieelicator as a mould or template.
Imagine it as a large molecule consisting of a demphain of various sorts of building
block molecules. The small building blocks wereratantly available in the soup
surrounding the replicator. Now suppose that eadllibg block has an affinity for its
own kind. Then whenever a building block from authe soup lands up next to a part of
the replicator for which it has an affinity, it Wiend to stick there. The building blocks
that attach themselves in this way will automatyché arranged in a sequence that
mimics that of the replicator itself. It is easgthto think of them joining up to form a
stable chain just as in the formation of the omadjireplicator. This process could continue
as a progressive stacking up, layer upon layess iBhinow crystals are formed. On the
other hand, the two chains might split apart, incvttase we have two replicators, each
of which can go on to make further copies.

A more complex possibility is that each buildingdk has affinity not for its own kind,
but reciprocally for one particular other kind.



Then the replicator would act as a template noafordentical copy, but for a kind of
'negative’, which would in its turn re-make an éxapy of the original positive. For our
purposes it does not matter whether the originalaation process was positive-negative
or positive-positive, though it is worth remarkitigat the modem equivalents of the first
replicator, the DNA molecules, use positive-negateplication. What does matter is that
suddenly a new kind of 'stability’ came into therddoPreviously it is probable that no
particular kind of complex molecule was very aburtda the soup, because each was
dependent on building blocks happening to falluklinto a particular stable
configuration. As soon as the replicator was bomust have spread its copies rapidly
throughout the seas, until the smaller buildingcklmolecules became a scarce resource,
and other larger molecules were formed more anckmaoely.

So we seem to arrive at a large population of idahteplicas. But now we must

mention an important property of any copying pracéss not perfect. Mistakes will
happen. | hope there are no misprints in this bbakjf you look carefully you may find
one or two. They will probably not seriously digttire meaning of the sentences,
because they will be 'first generation’ errors. iBwgine the days before printing, when
books such as the Gospels were copied by handcAlies, however careful, are bound
to make a few errors, and some are not abovdewitful 'improvement'. If they all
copied from a single master original, meaning wawdtbe greatly perverted. But let
copies be made from other copies, which in their twere made from other copies, and
errors will start to become cumulative and seridMs.tend to regard erratic copying as a
bad thing, and in the case of human documentshand to think of examples where
errors can be described as improvements. | sughessholars of the Septuagint could
at least be said to have started something big wWenmistranslated the Hebrew word
for 'young woman' into the Greek word for 'virgicdming up with the prophecy: '‘Behold
a virgin shall conceive and bear a son .. ." Anyvesywe shall see, erratic copying in
biological replicators can in a real sense give tisimprovement, and it was essential for
the progressive evolution of life that some ermwese made. We do not know how
accurately the original replicator molecules mddsrtcopies. Their modem descendants,
the DNA molecules, are astonishingly faithful comgzhwith the most high-fidelity

human copying process, but even they occasionakemmistakes, and it is ultimately
these mistakes that make evolution possible. Pigltlab original replicators were far
more erratic, but in any case we may be sure tistbkes were made, and these mistakes
were cumulative.

As mis-copyings were made and propagated, the gahs®up became filled by a
population not of identical replicas, but of sevewrieties of replicating molecules, all
‘descended’ from the same ancestor. Would sometiearhave been more numerous
than others? Almost certainly yes. Some varietiesldvhave been inherently more
stable than others. Certain molecules, once formed|d be less likely than others to
break up again. These types would become relatrwatyerous in the soup, not only as a
direct logical consequence of their 'longevity't also because they would have a long
time available for making copies of themselves.IRafors of high longevity would
therefore tend to become more numerous and, dirggstbeing equal, there would have
been an 'evolutionary trend’ towards greater loitga@vthe population of molecules.



But other things were probably not equal, and agropinoperty of a replicator variety that
must have had even more importance in spreadihgoitigh the population was speed of
replication or ‘fecundity’. If replicator moleculettype A make copies of themselves on
average once a week while those of type B makeesagfithemselves once an hour, it is
not difficult to see that pretty soon type A molkesuare going to be far outhnumbered,
even if they 'live’ much longer than B moleculekeiie would therefore probably have
been an 'evolutionary trend' towards higher ‘fedyhdf molecules in the soup. A third
characteristic of replicator molecules which wob&Ve been positively selected is
accuracy of replication. If molecules of type X agde Y last the same length of time
and replicate at the same rate, but A makes akeista average every tenth replication
while Y makes a mistake only every hundredth reypian, Y will obviously become
more numerous. The A contingent in the populatase$ not only the errant ‘children’
themselves, but also all their descendants, aotyabtential.

If you already know something about evolution, yoay find something slightly
paradoxical about the last point. Can we recornhieidea that copying errors are an
essential prerequisite for evolution to occur, wiita statement that natural selection
favours high copying-fidelity? The answer is thi#haugh evolution may seem, in some
vague sense, a 'good thing', especially since éharproduct of it, nothing actually
‘wants' to evolve. Evolution is something that hexqpg willy-nilly, in spite of all the

efforts of the replicators (and nowadays of theeggmo prevent it happening. Jacques
Monod made this point very well in his Herbert Spamecture, after wryly remarking:
'‘Another curious aspect of the theory of evoluimthat everybody thinks he understands
it!"

To return to the primeval soup, it must have becpomulated by stable varieties of
molecule; stable in that either the individual nooikes lasted a long time, or they
replicated rapidly, or they replicated accurat&lyolutionary trends toward these three
kinds of stability took place in the following sensf you had sampled the soup at two
different times, the later sample would have caor@dia higher proportion of varieties
with high longevity/fecundity/copying-fidelity. Thiis essentially what a biologist means
by evolution when he is speaking of living creasji@nd the mechanism is the same-
natural selection.

Should we then call the original replicator molesuliving'? Who cares? | might say to
you 'Darwin was the greatest man who has ever'jiaed you might say ‘No, Newton
was', but | hope we would not prolong the argum&he point is that no conclusion of
substance would be affected whichever way our aeguinvas resolved. The facts of the
lives and achievements of Newton and Darwin rernatally unchanged whether we
label them 'great’ or not. Similarly, the storytloé replicator molecules probably
happened something like the way | am telling igarelless of whether we choose to call
them 'living'. Human suffering has been caused imx#oo many of us cannot grasp that
words are only tools for our use, and that the rpeesence in the dictionary of a word
like 'living' does not mean it necessarily haset@r to something definite in the real



world. Whether we call the early replicators liviagnot, they were the ancestors of life;
they were our founding fathers.

The next important link in the argument, one thatidn himself laid stress on (although
he was talking about animals and plants, not méésgis competition. The primeval
soup was not capable of supporting an infinite neindd replicator molecules. For one
thing, the earth's size is finite, but other limgifactors must also have been important. In
our picture of the replicator acting as a temptatenould, we supposed it to be bathed in
a soup rich in the small building block molecules@ssary to make copies. But when the
replicators became numerous, building blocks maselbeen used up at such a rate that
they became a scarce and precious resource. Diffeagieties or strains of replicator
must have competed for them. We have consideref@thers that would have increased
the numbers of favoured kinds of replicator. We gaw see that less-favoured varieties
must actually have become less numerous becausengetition, and ultimately many

of their lines must have gone extinct. There was@ggle for existence among replicator
varieties. They did not know they were struggliogyorry about it; the struggle was
conducted without any hard feelings, indeed witHeatings of any kind. But they were
struggling, in the sense that any mis-copying teatilted in a new higher level of
stability, or a new way of reducing the stabilifyrivals, was automatically preserved and
multiplied. The process of improvement was cumuéatiVays of increasing stability and
of decreasing rivals' stability became more elaieoaad more efficient. Some of them
may even have 'discovered' how to break up molesafleval varieties chemically, and
to use the building blocks so released for makivagy town copies. These proto-
carnivores simultaneously obtained food and remaasdpeting rivals. Other replicators
perhaps discovered how to protect themselves,rastiemically, or by building a

physical wall of protein around themselves. Thig/ihave been how the first living cells
appeared. Replicators began not merely to existobeonstruct for themselves
containers, vehicles for their continued existefdde replicators that survived were the
ones that built survival machines for themselves/in. The first survival machines
probably consisted of nothing more than a proteativat. But making a living got
steadily harder as new rivals arose with betterrante effective survival machines.
Survival machines got bigger and more elaborate tla@ process was cumulative and
progressive.

Was there to be any end to the gradual improvemehte techniques and artifices used
by the replicators to ensure their own continuairothe world? There would be plenty
of time for improvement. What weird engines of g@kservation would the millennia
bring forth? Four thousand million years on, whaswo be the fate of the ancient
replicators? They did not die out, for they aret pagsters of the survival arts. But do not
look for them floating loose in the sea; they gapehat cavalier freedom long ago. Now
they swarm in huge colonies, safe inside giganmedering robots, sealed off from the
outside world, communicating with it by tortuouslirect routes, manipulating it by
remote control. They are in you and in me; theyi@e us, body and mind; and their
preservation is the ultimate rationale for our eetise. They have come a long way, those
replicators. Now they go by the name of genes,vemdre their survival machines.
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IMMORTAL COILS

We are survival machines, but ‘we' does not mestrpgople. It embraces all animals,
plants, bacteria, and viruses. The total numbeuofival machines on earth is very
difficult to count and even the total number of@ps is unknown. Taking just insects
alone, the number of living species has been estirat around three million, and the
number of individual insects may be a million nafli million.

Different sorts of survival machine appear veryie@ion the outside and in their internal
organs. An octopus is nothing like a mouse, antl bog quite different from an oak tree.
Yet in their fundamental chemistry they are ratim@form, and, in particular, the
replicators that they bear, the genes, are bagitelsame kind of molecule in all of us-
from bacteria to elephants. We are all survival mraes for the same kind of replicator-
molecules called DNA-but there are many differeaysvof making a living in the world,
and the replicators have built a vast range of mma&shto exploit them. A monkey is a
machine that preserves genes up trees, a fismachine that preserves genes in the
water; there is even a small worm that preservasga German beer mats. DNA works
in mysterious ways.

For simplicity | have given the impression that raodgenes, made of DNA, are much
the same as the first replicators in the primewaps It does not matter for the argument,
but this may not really be true. The original reptors may have been a related kind of
molecule to DNA, or they may have been totallyeafidint. In the latter case we might say
that their survival machines must have been saredater stage by DNA. If so, the
original replicators were utterly destroyed, fortrece of them remains in modern
survival machines. Along these lines, A. G. Cai@mith has made the intriguing
suggestion that our ancestors, the first replisatmay have been not organic molecules
at all, but inorganic crystals- minerals, littlésof clay. Usurper or not, DNA is in
undisputed charge today, unless, as | tentativedgast in Chapter 11, a new seizure of
power is now just beginning.

A DNA molecule is a long chain of building bloclssnall molecules called nucleotides.
Just as protein molecules are chains of amino as@d®NA molecules are chains of
nucleotides. A DNA molecule is too small to be sdairt its exact shape has been
ingeniously worked out by indirect means. It cotssif a pair of nucleotide chains
twisted together in an elegant spiral; the 'dodigiex’; the '‘immortal coil'. The nucleotide
building blocks come in only four different kindshose names may be shortened to A,
T, C, and G. These are the same in all animalptrds. What differs is the order in
which they are strung together. A G building bléckn a man is identical in every



particular to a G building block from a snail. Bboé sequence of building blocks in a
man is not only different from that in a snailidtalso different-though less so-from the
sequence in every other man (except in the speasa of identical twins).

Our DNA lives inside our bodies. It is not concanéd in a particular part of the body,
but is distributed among the cells. There are abdbbusand million million cells

making up an average human body, and, with somepérns which we can ignore,
every one of those cells contains a complete céplyad body's DNA. This DNA can be
regarded as a set of instructions for how to malkedy, writteninthe A, T, C, G
alphabet of the nucleotides. It is as though, ergvoom of a gigantic building, there
was a book-case containing the architect's planthéentire building. The 'book-case' in
a cell is called the nucleus. The architect's ptango 46 volumes in man-the number is
different in other species. The 'volumes' are datleromosomes. They are visible under
a microscope as long threads, and the genes angsiut along them in order. It is not
easy, indeed it may not even be meaningful, tod#ewihere one gene ends and the next
one begins. Fortunately, as this chapter will shibvg, does not matter for our purposes.

| shall make use of the metaphor of the architgttiss, freely mixing the language of

the metaphor with the language of the real thiviglume' will be used interchangeably
with chromosome. 'Page’ will provisionally be usg@rchangeably with gene, although
the division between genes is less clear-cut tharivision between the pages of a book.
This metaphor will take us quite a long way.

When it finally breaks down | shall introduce otlmeetaphors. Incidentally, there is of
course no 'architect’. The DNA instructions haverbassembled by natural selection.

DNA molecules do two important things. Firstly theyplicate, that is to say they make
copies of themselves. This has gone on nonstopsaves the beginning of life, and the
DNA molecules are now very good at it indeed. Asdult, you consist of a thousand
million million cells, but when you were first cosiwed you were just a single cell,
endowed with one master copy of the architect's9l@his cell divided into two, and
each of the two cells received its own copy ofglans. Successive divisions took the
number of cells up to 4, 8, 16, 32, and so ontngobillions. At every division the DNA
plans were faithfully copied, with scarcely any takes.

It is one thing to speak of the duplication of DNBut if the DNA is really a set of plans
for building a body, how are the plans put intogtie? How are they translated into the
fabric of the body? This brings me to the seconplartant thing DNA does. It indirectly
supervises the manufacture of a different kind ofaoule-protein. The haemoglobin
which was mentioned in the last chapter is justex@mple of the enormous range of
protein molecules. The coded message of the DNAtenrin the four-letter nucleotide
alphabet, is translated in a simple mechanical iwyanother alphabet. This is the
alphabet of amino acids which spells out proteitetudes.

Making proteins may seem a far cry from making dybdut it is the first small step in
that direction. Proteins not only constitute mu€the physical fabric of the body; they



also exert sensitive control over all the chemjrakesses inside the cell, selectively
turning them on and off at precise times and irtigeeplaces. Exactly how this
eventually leads to the development of a babysi®ey which it will take decades,
perhaps centuries, for embryologists to work ouwtt. iBis a fact that it does. Genes do
indirectly control the manufacture of bodies, ané influence is strictly one way:
acquired characteristics are not inherited. No endtow much knowledge and wisdom
you acquire during your life, not one jot will bagsed on to your children by genetic
means. Each new generation starts from scratctod Is the genes' way of preserving
the genes unaltered.

The evolutionary importance of the fact that gec@m#rol embryonic development is
this: it means that genes are at least partly resple for their own survival in the future,
because their survival depends on the efficienah@tbodies in which they live and
which they helped to build. Once upon a time, redtselection consisted of the
differential survival of replicators floating free the primeval soup. Now, natural
selection favours replicators that are good atdmgl survival machines, genes that are
skilled in the art of controlling embryonic devetopnt. In this, the replicators are no
more conscious or purposeful than they ever wee.Sme old processes of automatic
selection between rival molecules by reason of fbegevity, fecundity, and copying-
fidelity, still go on as blindly and as inevitalag they did in the far-off days. Genes have
no foresight. They do not plan ahead. Genes jestsmme genes more so than others,
and that is all there is to it. But the qualitibattdetermine a gene's longevity and
fecundity are not so simple as they were. Not lpng way.

In recent years-the last six hundred million otls®+eplicators have achieved notable
triumphs of survival-machine technology such asmiuscle, the heart, and the eye
(evolved several times independently). Before ttiegty radically altered fundamental
features of their way of life as replicators, whiolist be understood if we are to proceed
with the argument.

The first thing to grasp about a modern replic&dhat it is highly gregarious. A

survival machine is a vehicle containing not jus¢ @ene but many thousands. The
manufacture of a body is a cooperative venturaiol sntricacy that it is almost
impossible to disentangle the contribution of oraayfrom that of another. A given gene
will have many different effects on quite differgrdrts of the body. A given part of the
body will be influenced by many genes, and theati any one gene depends on
interaction with many others. Some genes act asemgsnes controlling the operation of
a cluster of other genes. In terms of the analagy,given page of the plans makes
reference to many different parts of the buildiaggd each page makes sense only in
terms of cross-references to numerous other pages.

This intricate inter-dependence of genes may makewonder why we use the word
‘gene’ at all. Why not use a collective noun ldene complex'? The answer is that for
many purposes that is indeed quite a good ideaif Bugt look at things in another way, it
does make sense too to think of the gene complériag divided up into discrete
replicators or genes. This arises because of taeqrhenon of sex. Sexual reproduction



has the effect of mixing and shuffling genes. Theans that any one individual body is
just a temporary vehicle for a short-lived combimaiof genes. The combination of
genes that is any one individual may be short-lieed the genes themselves are
potentially very long-lived. Their paths constanthpss and recross down the
generations. One gene maybe regarded as a unduihvétes through a large number of
successive individual bodies. This is the centrgliment that will be developed in this
chapter. It is an argument that some of my mogtaeted colleagues obstinately refuse to
agree with, so you must forgive me if | seem tolatit! First | must briefly explain the
facts of sex.

| said that the plans for building a human bodysrelt out in 46 volumes. In fact this
was an over-simplification. The truth is ratherdsiz. The 46 chromosomes consist of 23
pairs of chromosomes. We might say that, filed aimaihe nucleus of every cell, are two
alternative sets of 23 volumes of plans. Call théatume 1a and 1b, Volume 2a and
Volume 2b etc., down to Volume 23a and Volume Z3bcourse the identifying

numbers | use for volumes and, later, pages, asdyparbitrary.

We receive each chromosome intact from one ofwargarents, in whose testis or ovary
it was assembled. Volumes 1a, 2a, 3a, ... camefreay the father. Volumes 1b, 2b,
3b,... came from the mother. It is very difficuitpractice, but in theory you could look
with a microscope at the 46 chromosomes in anyobgeur cells, and pick out the 23
that came from your father and the 23 that camm fyour mother.

The paired chromosomes do not spend all their Ibgsically in contact with each

other, or even near each other. In what sensediteetiney 'paired'? In the sense that each
volume coming originally from the father can beated, page for page, as a direct
alternative to one particular volume coming origiyw&rom the mother. For instance,
Page 6 of Volume 13a and Page 6 of Volume 13b nfugtit be 'about’ eye colour;
perhaps one says 'blue’ while the other says 'brown

Sometimes the two alternative pages are identicalin other cases, as in our example of
eye colour, they differ. If they make contradictngcommendations’, what does the body
do? The answer varies. Sometimes one reading pgewedr the other. In the eye colour
example just given, the person would actually Hanesvn eyes: the instructions for
making blue eyes would be ignored in the buildihthe body, though this does not stop
them being passed on to future generations. A teatas ignored in this way is called
recessive. The opposite of a recessive gene isndat gene. The gene for brown eyes
is dominant to the gene for blue eyes. A persorbhaseyes only if both copies of the
relevant page are unanimous in recommending bles. &jore usually when two
alternative genes are not identical, the resudbiee kind of compromise-the body is

built to an intermediate design or something conebyalifferent.

When two genes, like the brown eye and the bluegeye, are rivals for the same slot on
a chromosome, they are called alleles of each ddwerour purposes, the word allele is
synonymous with rival. Imagine the volumes of atetts' plans as being loose-leaf
binders, whose pages can be detached and inteegthabgery Volume 13 must have a



Page 6, but there are several possible Page 6& wbidd go in the binder between Page
5 and Page 7. One version says 'blue eyes', armisible version says 'brown eyes’;
there may be yet other versions in the populattdarge which spell out other colours
like green. Perhaps there are half a dozen alieenalleles sitting in the Page 6 position
on the 13 th chromosomes scattered around the gtiogpulas a whole. Any given person
only has two Volume 13 chromosomes. Therefore heheae a maximum of two alleles
in the Page 6 slot. He may, like a blue-eyed pensawe two copies of the same allele, or
he may have any two alleles chosen from the haédalternatives available in the
population at large.

You cannot, of course, literally go and choose ygrnies from a pool of genes available
to the whole population. At any given time all tienes are tied up inside individual
survival machines. Our genes are doled out to aerateption, and there is nothing we
can do about this. Nevertheless, there is a senshich, in the long term, the genes of
the population in general can be regarded as agmwleThis phrase is in fact a technical
term used by geneticists. The gene pool is a wdrilbvabstraction because sex mixes
genes up, albeit in a carefully organized way.drtipular, something like the detaching
and interchanging of pages and wads of pages foosetleaf binders really does go on,
as we shall presently see.

| have described the normal division of a cell it@ new cells, each one receiving a
complete copy of all 46 chromosomes. This normkidiesion is called mitosis. But
there is another kind of cell division called méod his occurs only in the production of
the sex cells; the sperms or eggs. Sperms andaeggsmique among our cells in that,
instead of containing 46 chromosomes, they cortaiyn 23. This is, of course, exactly
half of 46-convenient when they fuse in sexuallfedtion to make a new individual!
Meiosis is a special kind of cell division, takiptace only in testicles and ovaries, in
which a cell with the full double set of 46 chrorooees divides to form sex cells with the
single set of 23 (all the time using the human nerslfor illustration).

A sperm, with its 23 chromosomes, is made by thetmelivision of one of the ordinary
46-chromosome cells in the testicle. Which 23 arteiqto any given sperm cell? It is
clearly important that a sperm should not get gunst old 23 chromosomes: it mustn't end
up with two copies of Volume 13 and none of VolubTe It would theoretically be
possible for an individual to endow one of his spevith chromosomes which came,
say, entirely from his mother; that is Volume 1b, 2b,..., 23b. In this unlikely event, a
child conceived by the sperm would inherit half genes from her paternal grandmother,
and none from her paternal grandfather. But in tlaistkind of gross, whole-
chromosome distribution does not happen. The teuthther more complex. Remember
that the volumes (chromosomes) are to be thougas tdose-leaf binders. What happens
is that, during the manufacture of the sperm, sipglges, or rather multi-page chunks,
are detached and swapped with the correspondintksHtom the alternative volume.

So, one particular sperm cell might make up itsuvfze 1 by taking the first 65 pages
from Volume 1a, and pages 66 to the end from VolaimeThis sperm cell's other 22
volumes would be made up in a similar way. Theeetarery sperm cell made by an
individual is unique, even though all his spermseasbled their 23 chromosomes from



bits of the same set of 46 chromosomes. Eggs alle ma similar way in ovaries, and
they too are all unique.

The real-life mechanics of this mixing are fairlgMunderstood. During the manufacture
of a sperm (or egg), bits of each paternal chromasphysically detach themselves and
change places with exactly corresponding bits demal chromosome. (Remember that
we are talking about chromosomes that came origifr@m the parents of the individual
making the sperm, i.e., from the paternal grandyaref the child who is eventually
conceived by the sperm). The process of swappitsgobchromosome is called crossing
over. It is very important for the whole argumehthos book. It means that if you got out
your microscope and looked at the chromosomesermdyour own sperms (or eggs if
you are female) it would be a waste of time tryioagdentify chromosomes that

originally came from your father and chromosomes thriginally came from your
mother. (This is in marked contrast to the casardinary body cells (see page 25). Any
one chromosome in a sperm would be a patchworlgsaim of maternal genes and
paternal genes.

The metaphor of the page for the gene starts aklmewn here. In a loose-leaf binder a
whole page may be inserted, removed or exchanggadadb a fraction of a page. But the
gene complex is just a long string of nucleotideels, not divided into discrete pages in
an obvious way at all. To be sure, there are spsgmbols for end of PROTEIN CHAIN
MESSAGE and START OF PROTEIN CHAIN MESSAGE writti@rthe same four-
letter alphabet as the protein messages themséivestween these two punctuation
marks are the coded instructions for making onéeprolf we wish, we can define a
single gene as a sequence of nucleotide lettarg hetween a start and an end symbol,
and coding for one protein chain. The word cistnas been used for a unit defined in
this way, and some people use the word gene irgegeably with cistron. But crossing-
over does not respect boundaries between cist8pliss may occur within cistrons as
well as between them. It is as though the archst@tans were written out, not on
discrete pages, but on 46 rolls of ticker tapetr@mns are not of fixed length. The only
way to tell where one cistron ends and the nexinsagould be to read the symbols on
the tape, looking for end of message and startesfsaige symbols. Crossing-over is
represented by taking matching paternal and mdte&pes, and cutting and exchanging
matching portions, regardless of what is writtertloem.

In the title of this book the word gene means nsihgle cistron but something more
subtle. My definition will not be to everyone'stigsout there is no universally agreed
definition of a gene. Even if there were, thereathing sacred about definitions. We can
define a word how we like for our own purposesyvpted we do so clearly and
unambiguously. The definition | want to use conresifG. C. Williams. A gene is
defined as any portion of chromosomal material geaentially lasts for enough
generations to serve as a unit of natural selechiothe words of the previous chapter, a
gene is a replicator with high copying-fidelity. @ong-fidelity is another way of saying
longevity-in-the-form-of-copies and | shall abbreeé this simply to longevity. The
definition will take some justifying.



On any definition, a gene has to be a portiondiramosome. The question is, how big
a portion-how much of the ticker tape? Imagine sexquence of adjacent code-letters on
the tape. Call the sequence a genetic unit. It idgha sequence of only ten letters within
one cistron; it might be a sequence of eight anstrd@t might start and end in mid-cistron.
It will overlap with other genetic units. It wilhclude smaller units, and it will form part
of larger units. No matter how long or short itfa, the purposes of the present
argument, this is what we are calling a genetit. unis just a length of chromosome, not
physically differentiated from the rest of the am@some in any way.

Now comes the important point. The shorter a genatit is, the longer-in generations-it
is likely to live. In particular, the less likelyis to be split by any one crossing-over.
Suppose a whole chromosome is, on average, likaipntlergo one cross-over every time
a sperm or egg is made by meiotic division, ansl ¢hoss-over can happen anywhere
along its length. If we consider a very large genetit, say half the length of the
chromosome, there is a 50 per cent chance thamibevill be split at each meiosis. If the
genetic unit we are considering is only 1 per aérihe length of the chromosome, we
can assume that it has only a 1 per cent chanigeid split in any one meiotic division.
This means that the unit can expect to survivaflarge number of generations in the
individual's descendants. A single cistron is §kiel be much less than 1 per cent of the
length of a chromosome. Even a group of severghteiuring cistrons can expect to live
many generations before being broken up by crossieg

The average life-expectancy of a genetic unit aarveniently be expressed in
generations, which can in turn be translated ietary. If we take a whole chromosome as
our presumptive genetic unit, its life story lafsisonly one generation. Suppose it is
your chromosome number 8a, inherited from youreath was created inside one of
your father's testicles, shortly before you wereagived. It had never existed before in
the whole history of the world. It was created bg meiotic shuffling process, forged by
the coming together of pieces of chromosome froor yaternal grandmother and your
paternal grandfather. It was placed inside onequéar sperm, and it was unique. The
sperm was one of several millions, a vast armadmypfessels, and together they sailed
into your mother. This particular sperm (unless goeia non-identical twin) was the only
one of the flotilla which found harbour in one afuy mother's eggs-that is why you
exist. The genetic unit we are considering, youogtosome number 8a, set about
replicating itself along with all the rest of yogenetic material. Now it exists, in
duplicate form, all over your body. But when yowmwur turn come to have children, this
chromosome will be destroyed when you manufactggs éor sperms). Bits of it will be
interchanged with bits of your maternal chromosammber 8b. In any one sex cell, a
new chromosome number 8 will be created, perhapebthan the old one, perhaps
‘worse', but, barring a rather improbable coinctgmefinitely different, definitely
unique. The life-span of a chromosome is one gépera

What about the life-span of a smaller genetic wway; 1/100 of the length of your
chromosome 8a? This unit too came from your fattetrjt very probably was not
originally assembled in him. Following the earlieasoning, there is a 99 per cent chance
that he received it intact from one of his two pdse Suppose it was from his mother,



your paternal grandmother. Again, there is a 9pat chance that she inherited it intact
from one of her parents. Eventually, if we trace &imcestry of a small genetic unit back
far enough, we will come to its original creatot.9dme stage it must have been created
for the first time inside a testicle or an ovaryooke of your ancestors.

Let me repeat the rather special sense in whioh lising the word ‘create’. The smaller
sub-units which make up the genetic unit we aresiciening may well have existed long
before. Our genetic unit was created at a particutament only in the sense that the
particular arrangement of sub-units by which defined did not exist before that
moment. The moment of creation may have occurrée gecently, say in one of your
grandparents. But if we consider a very small genetit, it may have been first
assembled in a much more distant ancestor, pedrmppe-like pre-human ancestor.
Moreover, a small genetic unit inside you may gqust as far into the future, passing
intact through a long line of your descendants.

Remember too that an individual's descendants itoteshot a single line but a
branching line. Whichever of your ancestors it wé&® 'created' a particular short length
of your chromosome 8a, he or she very likely hasyhtther descendants besides you.
One of your genetic units may also be present ur gecond cousin. It may be present in
me, and in the Prime Minister, and in your dogvierall share ancestors if we go back
far enough. Also the same small unit might be ab$eninseveral times independently by
chance: if the unit is small, the coincidence istoo improbable. But even a close
relative is unlikely to share a whole chromosom#hwou. The smaller a genetic unit is,
the more likely it is that another individual sharethe more likely it is to be represented
many times over in the world, in the form of copies

The chance coming together, through crossing-@fgeviously existing sub-units is
the usual way for a new genetic unit to be fornfatbther way-of great evolutionary
importance even though it is rare-is called pointation. A point mutation is an error
corresponding to a single misprinted letter in akbdt is rare, but clearly the longer a
genetic unit is, the more likely it is to be alitey a mutation somewhere along its
length.

Another rare kind of mistake or mutation which raportant long-term consequences is
called inversion. A piece of chromosome detaclsedfiat both ends, turns head over
heels, and reattaches itself in the inverted pmsitin terms of the earlier analogy, this
would necessitate some renumbering of pages. Smeetportions of chromosomes do
not simply invert, but become reattached in a cetaby different part of the
chromosome, or even join up with a different chreome altogether. This corresponds
to the transfer of a wad of pages from one volumaniother. The importance of this kind
of mistake is that, though usually disastrousait occasionally lead to the close linkage
of pieces of genetic material which happen to weell together. Perhaps two cistrons
which have a beneficial effect only when they aséthlpresent-they complement or
reinforce each other in some way-will be brougbselto each other by means of
inversion. Then natural selection may tend to fatba new 'genetic unit' so formed, and



it will spread through the future population. ljpsssible that gene complexes have, over
the years, been extensively rearranged or 'ediite¢lis kind of way.

One of the neatest examples of this concerns teqrhenon known as mimicry. Some
butterflies taste nasty. They are usually brightig distinctively coloured, and birds
learn to avoid them by their ‘warning' marks. Nawen species of butterfly that do not
taste nasty cash in. They mimic the nasty onesy @heborn looking like them in colour
and shape (but not taste). They frequently fool fwumaturalists, and they also fool
birds. A bird who has once tasted a genuinely nlastierfly tends to avoid all butterflies
that look the same. This includes the mimics, andenes for mimicry are favoured by
natural selection. That is how mimicry evolves.

There are many different species of 'nasty’ bugtarid they do not all look alike. A
mimic cannot resemble all of them: it has to comitaeélf to one particular nasty species.
In general, any particular species of mimic is ecgist at mimicking one particular
nasty species. But there are species of mimicdb@mething very strange. Some
individuals of the species mimic one nasty spe@#ser individuals mimic another. Any
individual who was intermediate or who tried to marboth would soon be eaten; but
such intermediates are not born. Just as an ingivid either definitely male or

definitely female, so an individual butterfly mirsieither one nasty species or the other.
One butterfly may mimic species A while his broth@mics species B.

It looks as though a single gene determines whethéndividual will mimic species A
or species B. But how can a single gene deterntirteeamultifarious aspects of
mimicry-colour, shape, spot pattern, rhythm oflitigy The answer is that one gene in the
sense of a cistron probably cannot. But by the nscious and automatic 'editing'
achieved by inversions and other accidental rega@aents of genetic material, a large
cluster of formerly separate genes has come togetlaetight linkage group on a
chromosome. The whole cluster behaves like a sopghe-indeed, by our definition it
now is a single gene-and it has an 'allele’ wisateally another cluster. One cluster
contains the cistrons concerned with mimicking sgged,; the other those concerned
with mimicking species B. Each cluster is so rasgiit up by crossing-over that an
intermediate butterfly is never seen in nature,tbay do very occasionally turn up if
large numbers of butterflies are bred in the latuoya

| am using the word gene to mean a genetic unitisremall enough to last for a large
number of generations and to be distributed aramitide form of many copies. This is
not a rigid all-or-nothing definition, but a kind fading-out definition, like the definition
of 'big' or 'old". The more likely a length of chmosome is to be split by crossing-over, or
altered by mutations of various kinds, the lespidlifies to be called a gene in the sense
in which I am using the term. A cistron presumaipalifies, but so also do larger units.
A dozen cistrons may be so close to each otherabmamosome that for our purposes
they constitute a single long-lived genetic unheTbutterfly mimicry cluster is a good
example. As the cistrons leave one body and eim¢enéxt, as they board sperm or egg
for the journey into the next generation, theyldey to find that the little vessel
contains their close neighbours of the previousagey old shipmates with whom they



sailed on the long odyssey from the bodies of distacestors. Neighbouring cistrons on
the same chromosome form a tightly-knit troupera¥¢lling companions who seldom
fail to get on board the same vessel when meiosis ¢omes around.

To be strict, this book should be called not ThiiSeCistron nor The Selfish
Chromosome, but The slightly selfish big bit of @mosome and the even more selfish
little bit of chromosome. To say the least thiaas a catchy tide so, defining a gene as a
little bit of chromosome which potentially lasts foany generations, | call the book The
Selfish Gene.

We have now arrived back at the point we left atehd of Chapter i. There we saw that
selfishness is to be expected in any entity thaedes the title of a basic unit of natural
selection. We saw that some people regard theespasithe unit of natural selection,
others the population or group within the speces| yet others the individual. | said that

| preferred to think of the gene as the fundamamtélof natural selection, and therefore
the fundamental unit of self-interest. What | haosv done is to define the gene in such a
way that | cannot really help being right!

Natural selection in its most general form meaesdifferential survival of entities.
Some entities live and others die but, in ordettiies selective death to have any impact
on the world, an additional condition must be ri@tch entity must exist in the form of
lots of copies, and at least some of the entitiastrne potentially capable of surviving-in
the form of copies-for a significant period of ewtdbnary time. Small genetic units have
these properties: individuals, groups, and spatwasot. It was the great achievement of
Gregor Mendel to show that hereditary units catréated in practice as indivisible and
independent particles. Nowadays we know that thaslittle too simple. Even a cistron is
occasionally divisible and any two genes on theeselmomosome are not wholly
independent. What | have done is to define a gergeumit which, to a high degree,
approaches the ideal of indivisible particulaten@sgene is not indivisible, but it is
seldom divided. It is either definitely presentdefinitely absent in the body of any given
individual. A gene travels intact from grandparengrandchild, passing straight through
the intermediate generation without being mergetl wiher genes. If genes continually
blended with each other, natural selection as we unaderstand it would be impossible.
Incidentally, this was proved in Darwin's lifetimend it caused Darwin great worry since
in those days it was assumed that heredity wasrallslg process. Mendel's discovery
had already been published, and it could have egsbarwin, but alas he never knew
about it: nobody seems to have read it until yaées Darwin and Mendel had both died.
Mendel perhaps did not realize the significanchisfiindings, otherwise he might have
written to Darwin.

Another aspect of the particulateness of the getigait it does not grow senile; it is no
more likely to die when it is a million years olthih when it is only a hundred. It leaps
from body to body down the generations, manipuépbiody after body in its own way
and for its own ends, abandoning a succession dfirtwodies before they sink in
senility and death.



The genes are the immortals, or rather, they diratkas genetic entities that come
close to deserving the title. We, the individualseal machines in the world, can expect
to live a few more decades. But the genes in thgdw@ave an expectation of life that
must be measured not in decades but in thousanddsidliions of years.

In sexually reproducing species, the individuabis large and too temporary a genetic
unit to qualify as a significant unit of naturalesstion. The group of individuals is an
even larger unit. Genetically speaking, individuatsl groups are like clouds in the sky
or dust-storms in the desert. They are temporagyeagtions or federations. They are not
stable through evolutionary time. Populations nasf & long while, but they are
constantly blending with other populations andasarig their identity. They are also
subject to evolutionary change from within. A pagidn is not a discrete enough entity
to be a unit of natural selection, not stable amthuy enough to be 'selected' in
preference to another population.

An individual body seems discrete enough whilasts$, but alas, how long is that? Each
individual is unique. You cannot get evolution ®fexting between entities when there is
only one copy of each entity! Sexual reproduct®nat replication. Just as a population
is contaminated by other populations, so an indi&@ posterity is contaminated by that
of his sexual partner. Your children are only halfi, your grandchildren only a quarter
you. In a few generations the most you can hopesfaarge number of descendants,
each of whom bears only a tiny portion of you-a fgames-even if a few do bear your
surname as well.

Individuals are not stable things, they are fleggt@hromosomes too are shuffled into
oblivion, like hands of cards soon after they arald But the cards themselves survive
the shuffling. The cards are the genes. The gamasat destroyed by crossing-over, they
merely change partners and march on. Of coursenttaegh on. That is their business.
They are the replicators and we are their survivathines. When we have served our
purpose we are cast aside. But genes are denikgeslogical time: genes are forever.

Genes, like diamonds, are forever, but not quittkhénsame way as diamonds. It is an
individual diamond crystal that lasts, as an umattepattern of atoms. DNA molecules
don't have that kind of permanence. The life of ang physical DNA molecule is quite
short-perhaps a matter of months, certainly notentioain one lifetime. But a DNA
molecule could theoretically live on in the formanfpies of itself for a hundred million
years. Moreover, just like the ancient replicatarthe primeval soup, copies of a
particular gene may be distributed all over thel@orhe difference is that the modern
versions are all neatly packaged inside the baafissirvival machines.

What | am doing is emphasizing the potential neamortality of a gene, in the form of
copies, as its defining property. To define a ggmea single cistron is good for some
purposes, but for the purposes of evolutionarymhé@meeds to be enlarged. The extent
of the enlargement is determined by the purpogkeoflefinition. We want to find the
practical unit of natural selection. To do this megin by identifying the properties that a
successful unit of natural selection must haveéhénterms of the last chapter, these are



longevity, fecundity, and copying-fidelity. We theimply define a 'gene’ as the largest
entity which, at least potentially, has these proge. The gene is a long-lived replicator,
existing in the form of many duplicate copiesslnhot infinitely long-lived. Even a
diamond is not literally everlasting, and evensdron can be cut in two by crossing-over.
The gene is defined as a piece of chromosome whishificiently short for it to last,
potentially, for long enough for it to function asignificant unit of natural selection.

Exactly how long is 'long enough'? There is no teard fast answer. It will depend on
how severe the natural selection 'pressure’ ist ifhan how much more likely a 'bad'
genetic unit is to die than its ‘good’ allele. Tisis matter of quantitative detail which
will vary from example to example. The largest picat unit of natural selection-the
gene-will usually be found to lie somewhere ongbale between cistron and
chromosome.

It is its potential immortality that makes a gengoad candidate as the basic unit of
natural selection. But now the time has come wsstthe word ‘potential’. A gene can
live for a million years, but many new genes doean make it past their first
generation. The few new ones that succeed do $l§ pacause they are lucky, but
mainly because they have what it takes, and thanmthey are good at making survival
machines. They have an effect on the embryonicldpreent of each successive body in
which they find themselves, such that that bodylittle bit more likely to live and
reproduce than it would have been under the intleast the rival gene or allele. For
example, a 'good' gene might ensure its survivaébging to endow the successive
bodies in which it finds itself with long legs, whi help those bodies to escape from
predators. This is a particular example, not aensi@ one. Long legs, after all, are not
always an asset. To a mole they would be a handraher than bog ourselves down in
details, can we think of any universal qualitiesttive would expect to find in all good
(i.e. long-lived) genes? Conversely, what are ttopg@rties that instantly mark a gene out
as a 'bad’, short-lived one? There might be segecd universal properties, but there is
one that is particularly relevant to this bookthe gene level, altruism must be bad and
selfishness good. This follows inexorably from definitions of altruism and
selfishness. Genes are competing directly withr thléeles for survival, since their alleles
in the gene pool are rivals for their slot on theotcnosomes of future generations. Any
gene that behaves in such a way as to increaseitsurvival chances in the gene pool
at the expense of its alleles will, by definitidaytologously, tend to survive. The gene is
the basic unit of selfishness.

The main message of this chapter has now beem sBe| have glossed over some
complications and hidden assumptions. The firstgaration has already been briefly
mentioned. However independent and free genes maytheir journey through the
generations, they are very much not free and inutiga@ agents in their control of
embryonic development. They collaborate and intaraimextricably complex ways,

both with each other, and with their external eomiment. Expressions like ‘gene for long
legs' or ‘gene for altruistic behaviour' are coneenfigures of speech, but it is important
to understand what they mean. There is no genehwgimgle-handedly builds a leg, long
or short. Building a leg is a multi-gene coopermt@nterprise. Influences from the



external environment too are indispensable: aftelegs are actually made of food! But
there may well be a single gene which, other thbgjag equal, tends to make legs
longer than they would have been under the inflaeidhe gene's allele.

As an analogy, think of the influence of a ferglizsay nitrate, on the growth of wheat.
Everybody knows that wheat plants grow bigger ephesence of nitrate than in its
absence. But nobody would be so foolish as to cthaty on its own, nitrate can make a
wheat plant. Seed, soil, sun, water, and variouerals are obviously all necessary as
well. But if all these other factors are held canstand even if they are allowed to vary
within limits, addition of nitrate will make the \elat plants grow bigger. So it is with
single genes in the development of an embryo. Eamicydevelopment is controlled by
an interlocking web of relationships so complex thia had best not contemplate it. No
one factor, genetic or environmental, can be camnsitlas the single 'cause’ of any part of
a baby. All parts of a baby have a near infinitenber of antecedent causes. But a
difference between one baby and another, for examglifference in length of leg, might
easily be traced to one or a few simple antecediéfietences, either in environment or in
genes. It is differences that matter in the contigetstruggle to survive; and it is
genetically-controlled differences that matter violetion.

As far as a gene is concerned, its alleles adegslly rivals, but other genes are just a
part of its environment, comparable to temperatia@g, predators, or companions. The
effect of the gene depends on its environmenttlaisdncludes other genes. Sometimes a
gene has one effect in the presence of a partiotit@r gene, and a completely different
effect in the presence of another set of compagées. The whole set of genes in a
body constitutes a kind of genetic climate or backgd, modifying and influencing the
effects of any particular gene.

But now we seem to have a paradox. If building laybia such an intricate cooperative
venture, and if every gene needs several thousHrfddow genes to complete its task,
how can we reconcile this with my picture of indiale genes, springing like immortal
chamois from body to body down the ages: the frarammelled, and self-seeking
agents of life? Was that all nonsense? Not at alay have got a bit carried away with
the purple passages, but | was not talking nonsamnskthere is no real paradox. We can
explain this by means of another analogy.

One oarsman on his own cannot win the Oxford andi€@ge boat race. He needs eight
colleagues. Each one is a specialist who alwagsrsa particular part of the boat-bow or
stroke or cox etc. Rowing the boat is a cooperatergure, but some men are
nevertheless better at it than others. Supposaehduas to choose his ideal crew from a
pool of candidates, some specializing in the bositpm, others specializing as cox, and
S0 on. Suppose that he makes his selection asvilEvery day he puts together three
new trial crews, by random shuffling of the candédafor each position, and he makes
the three crews race against each other. After so@e&s of this it will start to emerge
that the winning boat often tends to contain theesandividual men. These are marked
up as good oarsmen. Other individuals seem congligte be found in slower crews,
and these are eventually rejected. But even anamaisigly good oarsman might



sometimes be a member of a slow crew, either beaaiuse inferiority of the other
members, or because of bad luck-say a strong alwaensl. It is only on average that the
best men tend to be in the winning boat.

The oarsmen are genes. The rivals for each séla inoat are alleles potentially capable
of occupying the same slot along the length ofrartlosome. Rowing fast corresponds
to building a body which is successful at survivilige wind is the external environment.
The pool of alternative candidates is the gene.pa®far as the survival of any one body
is concerned, all its genes are in the same boatyM good gene gets into bad company,
and finds itself sharing a body with a lethal geslich kills the body off in childhood.
Then the good gene is destroyed along with the Bestthis is only one body, and
replicas of the same good gene live on in otherdsoghich lack the lethal gene. Many
copies of good genes are dragged under becausbdbpgn to share a body with bad
genes, and many perish through other forms afick] say when their body is struck by
lightning. But by definition luck, good and badrilses at random, and a gene that is
consistently on the losing side is not unluckys i bad gene.

One of the qualities of a good oarsman is teamwbekability to fit in and cooperate

with the rest of a crew. This may be just as imguaires strong muscles. As we saw in the
case of the butterflies, natural selection may anscmusly 'edit' a gene complex by
means of inversions and other gross movement¢®bbchromosome, thereby bringing
genes that cooperate well together into closekelingroups. But there is also a sense in
which genes which are in no way linked to each ropigsically can be selected for their
mutual compatibility. A gene that cooperates wethwnost of the other genes that it is
likely to meet in successive bodies, i.e. the geéméise whole of the rest of the gene pool,
will tend to have an advantage.

For example, a number of attributes are desirabémiefficient carnivore's body, among
them sharp cutting teeth, the right kind of intestior digesting meat, and many other
things. An efficient herbivore, on the other hanéeds flat grinding teeth, and a much
longer intestine with a different kind of digestigleemistry. In a herbivore gene pool, any
new gene that conferred on its possessors sharpeaatiag teeth would not be very
successful. This is not because meat-eating isstsally a bad idea, but because you
cannot efficiently eat meat unless you also haeeitfht sort of intestine, and all the
other attributes of a meat-eating way of life. Gefor sharp, meat-eating teeth are not
inherently bad genes. They are only bad genegéena-pool that is dominated by genes
for herbivorous qualities.

This is a subtle, complicated idea. It is compkchabecause the 'environment' of a gene
consists largely of other genes, each of whictsadfibeing selected for its ability to
cooperate with its environment of other genes. Asl@yy adequate to cope with this
subtle point does exist, but it is not from everydaperience. It is the analogy with
human 'game theory', which will be introduced ira@ter 5 in connection with
aggressive contests between individual animalserefore postpone further discussion of
this point until the end of that chapter, and netiar the central message of this one. This
is that the basic unit of natural selection is begarded not as the species, nor as the



population, nor even as the individual, but as semall unit of genetic material which it
is convenient to label the gene.

The cornerstone of the argument, as given eawias,the assumption that genes are
potentially immortal, while bodies and all otheglher units are temporary. This
assumption rests upon two facts: the fact of sesembduction and crossing-over, and
the fact of individual mortality. These facts aredeniably true. But this does not stop us
asking why they are true. Why do we and most atherival machines practise sexual
reproduction? Why do our chromosomes cross ove?w&ry do we not live for ever?

The question of why we die of old age is a comple®, and the details are beyond the
scope of this book. In addition to particular rees@®ome more general ones have been
proposed. For example, one theory is that sem#jpyesents an accumulation of
deleterious copying errors and other kinds of gigamaage which occur during the
individual's lifetime. Another theory, due to Seter Medawar, is a good example of
evolutionary thinking in terms of gene selectioreddwar first dismisses traditional
arguments such as: 'Old individuals die as anfaaltimism to the rest of the species,
because if they stayed around when they were toepie to reproduce, they would
clutter up the world to no good purpose.' As Medapaants out, this is a circular
argument, assuming what it sets out to prove, nathat old animals are too decrepit to
reproduce. It is also a naive group-selection ecigs-selection kind of explanation,
although that part of it could be rephrased mospeetably. Medawar's own theory has a
beautiful logic. We can build up to it as follows.

We have already asked what are the most genenéluédts of a 'good’ gene, and we
decided that 'selfishness' was one of them. Buih@n@eneral quality that successful
genes will have is a tendency to postpone the d#dtieir survival machines at least
until after reproduction. No doubt some of your gio8 and great-uncles died in
childhood, but not a single one of your ancestais Aincestors just don't die young!

A gene that makes it possessors die is calledhallgene. A semi-lethal gene has some
debilitating effect, such that it makes death frotimer causes more probable. Any gene
exerts its maximum effect on bodies at some pdati@tage of life, and lethals and
semilethals are not exceptions. Most genes exeirtitifluence during foetal life, others
during childhood, other during young adulthoodepthin middle age, and yet others in
old age. (Reflect that a caterpillar and the bfiftérturns into have exactly the same set
of genes.) Obviously lethal genes will tend to émoved from the gene pool. But
equally obviously a late-acting lethal will be matable in the gene pool than an early-
acting lethal. A gene that is lethal in an oldedypmay still be successful in the gene
pool, provided its lethal effect does not showlitaatil after the body has had time to do
at least some reproducing. For instance, a genenade old bodies develop cancer
could be passed on to numerous offspring becaesadividuals would reproduce
before they got cancer. On the other hand, a detertade young adult bodies develop
cancer would not be passed on to very many offgpeind a gene that made young
children develop fatal cancer would not be passetb@ny offspring at all. According to
this theory then, senile decay is simply a by-pobdi the accumulation in the gene pool



of late-acting lethal and semi-lethal genes, wihiatie been allowed to slip through the
net of natural selection simply because they desdating.

The aspect that Medawar himself emphasizes isthattion will favour genes that have
the effect of postponing the operation of othahdégenes, and it will also favour genes
that have the effect of hastening the effect ofdygenes. It may be that a great deal of

evolution consists of genetically-controlled chamgethe time of onset of gene activity.

It is important to notice that this theory does neéd to make any prior assumptions
about reproduction occurring only at certain ageding as a starting assumption that all
individuals were equally likely to have a childeatty age, the Medawar theory would
quickly predict the accumulation in the gene pddhte-acting deleterious genes, and the
tendency to reproduce less in old age would fold@wa secondary consequence.

As an aside, one of the good features of this thesathat it leads us to some rather
interesting speculations. For instance it followsi it that if we wanted to increase the
human life span, there are two general ways in lvhie could do it. Firstly, we could
ban reproduction before a certain age, say forfierASome centuries of this the
minimum age limit would be raised to fifty, and@o. It is conceivable that human
longevity could be pushed up to several centuryethis means. | cannot imagine that
anyone would seriously want to institute such acgol

Secondly we could try to 'fool’ genes into thinkithgt the body they are sitting in is
younger than it really is. In practice this woul@an identifying changes in the internal
chemical environment of a body that take placerduageing. Any of these could be the
‘cues’ that 'turn on' late-acting lethal genessiBwlating the superficial chemical
properties of a young body it might be possiblerevent the turning on of late-acting
deleterious genes. The interesting point is thatribal signals of old age need not in any
normal sense be deleterious in themselves. Farinst suppose that it incidentally
happens to be a fact that a substance S is mocemwated in the bodies of old
individuals than of young individuals. S in itsalight be quite harmless, perhaps some
substance in the food which accumulates in the lowdy time. But automatically, any
gene that just happened to exert a deleterioustaeffehe presence of S, but which
otherwise had a good effect, would be positivelgded in the gene pool, and would in
effect be a gene 'for' dying of old age. The cuogl simply be to remove S from the
body.

What is revolutionary about this idea is that 8lfts only a 'label for old age. Any
doctor who noticed that high concentrations ofr&lé#l to lead to death, would probably
think of S as a kind of poison, and would rackbrgins to find a direct causal link
between S and bodily malfunctioning. But in theecabour hypothetical example, he
might be wasting his time!

There might also be a substance Y a 'label’ fottyouthe sense that it was more
concentrated in young bodies than in old ones. @Qgedn, genes might be selected that
would have good effects in the presence of Y butkivould be deleterious in its



absence. Without having any way of knowing what § are-there could be many such
substances-we can simply make the general preditttat the more you can simulate or
mimic the properties of a young body in an old dreyever superficial these properties
may seem, the longer should that old body live.

| must emphasize that these are just speculatiasedon the Medawar theory. Although
there is a sense in which the Medawar theory Idlgicaust have some truth in it, this
does not mean necessarily that it is the rightamation for any given practical example
of senile decay. What matters for present purpissémt the gene-selection view of
evolution has no difficulty in accounting for trentlency of individuals to die when they
get old. The assumption of individual mortality, ielinlay at the heart of our argument in
this chapter, is justifiable within the frameworktbe theory.

The other assumption | have glossed over, thdtegkistence of sexual reproduction
and crossing-over, is more difficult to justify.dSsing-over does not always have to
happen. Male fruit-flies do not do it. There iseng that has the effect of suppressing
crossing-over in females as well. If we were toeldra population of flies in which this
gene was universal, the chromosome in a 'chromogmoliewould become the basic
indivisible unit of natural selection. In fact,vife followed our definition to its logical
conclusion, a whole chromosome would have to bardsgl as one 'gene’.

Then again, alternatives to sex do exist. Femalerdlies can bear live, fatherless,
female offspring, each one containing all the gesfes mother. (Incidentally, an
embryo in her mother's 'womb' may have an evenlsnehbryo inside her own womb.
So a greenfly female may give birth to a daughter & grand-daughter simultaneously,
both of them being equivalent to her own identteahs.) Many plants propagate
vegetatively by sending out suckers. In this casenight prefer to speak of growth
rather than of reproduction; but then, if you thatout it, there is rather little distinction
between growth and non-sexual reproduction anysiage both occur by simple mitotic
cell division. Sometimes the plants produced byetatye reproduction become
detached from the 'parent'’. In other cases, féamte elm trees, the connecting suckers
remain intact. In fact an entire elm wood mightrégarded as a single individual.

So, the question is: if greenflies and elm treestdio it, why do the rest of us go to such
lengths to mix our genes up with somebody elsdmdeve make a baby? It does seem
an odd way to proceed. Why did sex, that bizarregrsion of straightforward
replication, ever arise in the first place? Whahiesgood of sex?

This is an extremely difficult question for the éwtonist to answer. Most serious
attempts to answer it involve sophisticated mathealareasoning. | am frankly going to
evade it except to say one thing. This is tha¢asti some of the difficulty that theorists
have with explaining the evolution of sex resutts the fact that they habitually think
of the individual as trying to maximize the numbéhis genes that survive. In these
terms, sex appears paradoxical because it iselficient’ way for an individual to
propagate her genes: each child has only 50 p¢wo€éme individual's genes, the other
50 per cent being provided by the sexual partfi@enly, like a greenfly, she would bud-



off children who were exact replicas of herselk sfould pass 100 per cent of her genes
on to the next generation in the body of everydchihis apparent paradox has driven
some theorists to embrace group-selectionism, sineeelatively easy to think of group-
level advantages for sex. As W. F. Bodmer has satlgiput it, sex ‘facilitates the
accumulation in a single individual of advantageougations which arose separately in
different individuals.'

But the paradox seems less paradoxical if we fotloevargument of this book, and treat
the individual as a survival machine built by arsHived confederation of long-lived
genes. 'Efficiency’ from the whole individual's poof view is then seen to be irrelevant.
Sexuality versus non-sexuality will be regarde@masttribute under single-gene control,
just like blue eyes versus brown eyes. A genestxuality manipulates all the other
genes for its own selfish ends. So does a genadssing-over. There are even genes-
called mutators-that manipulate the rates of capgmors in other genes. By definition,
a copying error is to the disadvantage of the gemeh is miscopied. But if it is to the
advantage of the selfish mutator gene that indilcge mutator can spread through the
gene pool. Similarly, if crossing-over benefitsemg for crossing-over, that is a sufficient
explanation for the existence of crossing-over. Arsgxual, as opposed to non-sexual,
reproduction benefits a gene for sexual reprodogtimat is a sufficient explanation for
the existence of sexual reproduction. Whether oitrienefits all the rest of an
individual's genes is comparatively irrelevant. is&em the selfish gene's point of view,
sex is not so bizarre after all.

This comes perilously close to being a circulauargnt, since the existence of sexuality
is a precondition for the whole chain of reasortimag leads to the gene being regarded as
the unit of selection. | believe there are wayssifaping from the circularity, but this

book is not the place to pursue the question. Sestse That much is true. Itis a
consequence of sex and crossing-over that the gerditic unit or gene can be regarded
as the nearest thing we have to a fundamentalperdient agent of evolution.

Sex is not the only apparent paradox that becoasssduzzling the moment we learn to
think in selfish gene terms. For instance, it appd#aat the amount of DNA in organisms
is more than is strictly necessary for buildingnthex large fraction of the DNA is never
translated into protein. From the point of viewtlod individual organism this seems
paradoxical. If the 'purpose’ of DNA is to supeevibe building of bodies, it is surprising
to find a large quantity of DNA which does no suleimg. Biologists are racking their
brains trying to think what useful task this appdiyesurplus DNA is doing. But from the
point of view of the selfish genes themselves,ghemno paradox. The true 'purpose’ of
DNA is to survive, no more and no less. The sintphesy to explain the surplus DNA is
to suppose that it is a parasite, or at best albasut useless passenger, hitching a ride
in the survival machines created by the other DNA.

Some people object to what they see as an exchsgeme-centred view of evolution.
After all, they argue, it is whole individuals wittl their genes who actually live or die. |
hope | have said enough in this chapter to showthiese is really no disagreement here.
Just as whole boats win or lose races, it is indegigiduals who live or die, and the



immediate manifestation of natural selection isriyeglways at the individual level. But
the long-term consequences of non-random individeath and reproductive success are
manifested in the form of changing gene frequenaise gene pool. With reservations,
the gene pool plays the same role for the modeaiicegors as the primeval soup did for
the original ones. Sex and chromosomal crossingHoaee the effect of preserving the
liquidity of the modern equivalent of the soup. Bese of sex and crossing-over the gene
pool is kept well stirred, and the genes partiahyffled. Evolution is the process by
which some genes become more numerous and otBsrsuenerous in the gene pool. It
is good to get into the habit, whenever we arengyo explain the evolution of some
characteristic, such as altruistic behaviour, &fragourselves simply: 'what effect will
this characteristic have on frequencies of genélsdrgene pool?' At times, gene
language gets a bit tedious, and for brevity anttlaess we shall lapse into metaphor.
But we shall always keep a sceptical eye on ouaphelrs, to make sure they can be
translated back into gene language if necessary.

As far as the gene is concerned, the gene pooe$ighe new sort of soup where it makes
its living. All that has changed is that nowadaysakes its living by cooperating with
successive groups of companions drawn from the geakin building one mortal
survival machine after another. It is to survivalahines themselves, and the sense in
which genes may be said to control their behavithat, we turn in the next chapter.
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THE GENE MACHINE

Survival machines began as passive receptaclésd@enes, providing little more than
walls to protect them from the chemical warfarehir rivals and the ravages of
accidental molecular bombardment. In the early dlagg 'fed' on organic molecules
freely available in the soup. This easy life caman end when the organic food in the
soup, which had been slowly built up under the getge influence of centuries of
sunlight, was all used up. A major branch of sua/imachines, now called plants, started
to use sunlight directly themselves to build up par molecules from simple ones, re-
enacting at much higher speed the synthetic presesfshe original soup. Another
branch, now known as animals, 'discovered' howxpdo#t the chemical labours of the
plants, either by eating them, or by eating otmemals. Both main branches of survival
machines evolved more and more ingenious tricksdease their efficiency in their
various ways of life, and new ways of life were ttonally being opened up. Sub-
branches and sub-sub-branches evolved, each oalirex a particular specialized
way of making a living: in the sea, on the groundhe air, underground, up trees, inside
other living bodies. This sub-branching has givea to the immense diversity of
animals and plants which so impresses us today.

Both animals and plants evolved into many-celledié®, complete copies of all the
genes being distributed to every cell. We do navkmhen, why, or how many times
independently, this happened. Some people use etephor of a colony, describing a
body as a colony of cells. | prefer to think of ey as a colony of genes, and of the
cell as a convenient working unit for the chemiodustries of the genes.

Colonies of genes they maybe but, in their behayioadies have undeniably acquired
an individuality of their own. An animal moves asa@ordinated whole, as a unit.
Subjectively | feel like a unit, not a

colony. This is to be expected. Selection has featgenes that cooperate with others.
In the fierce competition for scarce resourcesherelentless struggle to eat other
survival machines, and to avoid being eaten, thrarst have been a premium on central
coordination rather than anarchy within the comnhbioay. Nowadays the intricate
mutual co-evolution of genes has proceeded to anaxtent that the communal nature
of an individual survival machine is virtually uegnizable. Indeed many biologists do
not recognize it, and will disagree with me.

Fortunately for what journalists would call thee@dibility' of the rest of this book, the
disagreement is largely academic. Just as it ism¢enient to talk about quanta and
fundamental particles when we discuss the workaigscar, so it is often tedious and



unnecessary to keep dragging genes in when wesdisloa behaviour of survival
machines. In practice it is usually convenientaspproximation, to regard the
individual body as an agent 'trying' to increaseriimbers of all its genes in future
generations. | shall use the language of convenidduless otherwise stated, 'altruistic
behaviour' and 'selfish behaviour' will mean bebavdirected by one animal body
toward another.

This chapter is about behaviour-the trick of rapiovement which has been largely
exploited by the animal branch of survival machirfegmals became active go-getting
gene vehicles: gene machines. The characterisbelwdviour, as biologists use the term,
is that it is fast. Plants move, but very slowlyh&4 seen in highly speeded-up film,
climbing plants look like active animals. But mpsint movement is really irreversible
growth. Animals, on the other hand, have evolvegisagt moving hundreds of thousands
of times faster. Moreover, the movements they naakaeversible, and repeatable an
indefinite number of times.

The gadget that animals evolved to achieve rapidement was the muscle. Muscles are
engines which, like the steam engine and the iatermmbustion engine, use energy
stored in chemical fuel to generate mechanical mmave. The difference is that the
immediate mechanical force of a muscle is geneiatédtk form of tension, rather than
gas pressure as in the case of the steam andahtemmbustion engines. But muscles are
like engines in that they often exert their forcecords, and levers with hinges. In us the
levers are known as bones, the cords as tendoisharinges as joints. Quite a lot is
known about the exact molecular ways in which massalork, but | find more

interesting the question of how muscle contractemastimed.

Have you ever watched an artificial machine of saomplexity, a knitting or sewing
machine, a loom, an automatic bottling factoryadray baler? Motive power comes

from somewhere, an electric motor say, or a tra@at much more baffling is the
intricate timing of the operations. Valves open ahdt in the right order, steel fingers
deftly tie a knot round a hay bale, and then dttjus right moment a knife shoots out and
cuts the string. In many artificial machines timisgachieved by that brilliant invention
the cam. This translates simple rotary motion antmmplex rhythmic pattern of
operations by means of an eccentric or specialpsti wheel. The principle of the
musical box is similar. Other machines such astbam organ and the pianola use paper
rolls or cards with holes punched in a pattern.@Rég there has been a trend towards
replacing such simple mechanical timers with eteutr ones. Digital computers are
examples of large and versatile electronic dewdash can be used for generating
complex timed patterns of movements. The basic corapt of a modern electronic
machine like a computer is the semiconductor, atiwla familiar form is the transistor.

Survival machines seem to have bypassed the carhaminched card altogether. The
apparatus they use for timing their movements har®nm common with an electronic
computer, although it is strictly different in fuenthental operation. The basic unit of
biological computers, the nerve cell or neuroneealy nothing like a transistor in its
internal workings. Certainly the code in which rengs communicate with each other



seems to be a little bit like the pulse codes gitdi computers, but the individual
neurone is a much more sophisticated data-proaessihthan the transistor. Instead of
just three connections with other components, g@lsineurone may have tens of
thousands. The neurone is slower than the tramsizibit has gone much further in the
direction of miniaturization, a trend which has doated the electronics industry over
the past two decades. This is brought home byatietthat there are some ten thousand
million neurones in the human brain: you could packy a few hundred transistors into
a skull.

Plants have no need of the neurone, because théyegdiving without moving around,
but it is found in the great majority of animal gps. It may have been 'discovered' early
in animal evolution, and inherited by all groupsjtanay have been rediscovered several
times independently.

Neurones are basically just cells, with a nuclewds @aromosomes like other cells. But
their cell walls are drawn out in long, thin, wiike projections. Often a neurone has one
particularly long 'wire' called the axon. Althoutite width of an axon is microscopic, its
length may be many feet: there are single axonstwhin the whole length of a giraffe's
neck. The axons are usually bundled together gk timulti-stranded cables called nerves.
These lead from one part of the body to anothewyicey messages, rather like trunk
telephone cables. Other neurones have short aandsgre confined to dense
concentrations of nervous tissue called gangliawben they are very large, brains.
Brains may be regarded as analogous in functi@omaputers. They are analogous in
that both types of machine generate complex patiroutput, after analysis of complex
patterns of input, and after reference to storéatmation.

The main way in which brains actually contributefie success of survival machines is
by controlling and coordinating the contractionsmfscles. To do this they need cables
leading to the muscles, and these are called metwes. But this leads to efficient
preservation of genes only if the timing of musmatractions bears some relation to the
timing of events in the outside world. It is impeomt to contract the jaw muscles only
when the jaws contain something worth biting, amddntract the leg muscles in running
patterns only when there is something worth runmowgards or away from. For this
reason, natural selection favoured animals thadrecequipped with sense organs,
devices which translate patterns of physical eventise outside world into the pulse
code of the neurones. The brain is connected teghse organs-eyes, ears, taste-buds,
etc.-by means of cables called sensory nerveswbhiengs of the sensory systems are
particularly baffling, because they can achieveniare sophisticated feats of pattern-
recognition than the best and most expensive matemeachines; if this were not so, all
typists would be redundant, superseded by speecumezing machines, or machines for
reading handwriting. Human typists will be neededmany decades yet.

There may have been a time when sense organs canataethmore or less directly with

muscles; indeed, sea anemones are not far fromstttes today, since for their way of life
it is efficient. But to achieve more complex andiract relationships between the timing
of events in the outside world and the timing ofscular contractions, some kind of



brain was needed as an intermediary. A notableravaas the evolutionary ‘'invention’
of memory. By this device, the timing of muscle tantions could be influenced not
only by events in the immediate past, but by eventse distant past as well. The
memory, or store, is an essential part of a digitmhputer too. Computer memories are
more reliable than human ones, but they are lgsacoaus, and enormously less
sophisticated in their techniques of informatiotriewal.

One of the most striking properties of survival-tmae behaviour is its apparent
purposiveness. By this | do not just mean thageinss to be well calculated to help the
animal's genes to survive, although of course itasn talking about a closer analogy to
human purposeful behaviour. When we watch an arisealching' for food, or for a
mate, or for a lost child, we can hardly help imipgto it some of the subjective feelings
we ourselves experience when we search. Thesenolaglé 'desire’ for some object, a
'mental picture' of the desired object, an ‘aiméaod in view'. Each one of us knows,
from the evidence of our own introspection, thateast in one modern survival
machine, this purposiveness has evolved the propericall ‘consciousness'. | am not
philosopher enough to discuss what this meandpbwinately it does not matter for our
present purposes because it is easy to talk abachines that behave as if motivated by
a purpose, and to leave open the question whdtbgractually are conscious. These
machines are basically very simple, and the prlasipf unconscious purposive
behaviour are among the commonplaces of enginesciegce. The classic example is
the Watt steam governor.

The fundamental principle involved is called negafieedback, of which there are
various different forms. In general what happernhis The 'purpose machine’, the
machine or thing that behaves as if it had a consgpurpose, is equipped with some
kind of measuring device which measures the disgcrepbetween the current state of
things, and the 'desired’ state. It is built infrsaavay that the larger this discrepancy is,
the harder the machine works. In this way the nraehiill automatically tend to reduce
the discrepancy-this is why it is called negatiedback-and it may actually come to rest
if the 'desired’ state is reached. The Watt gowernasists of a pair of balls which are
whirled round by a steam engine. Each ball is enetid of a hinged arm. The faster the
balls fly round, the more does centrifugal forcslpthe arms towards a horizontal
position, this tendency being resisted by gravitye arms are connected to the steam
valve feeding the engine, in such a way that thamttends to be shut off when the arms
approach the horizontal position. So, if the engjaes too fast, some of its steam will be
shut off, and it will tend to slow down. If it sl@down too much, more steam will
automatically be fed to it by the valve, and itlsjpeed up again. Such purpose machines
often oscillate due to over-shooting and time-lagsl it is part of the engineer's art to
build in supplementary devices to reduce the aamihs.

The 'desired’ state of the Watt governor is a paler speed of rotation. Obviously it does
not consciously desire it. The 'goal’' of a maclsng@mply defined as that state to which

it tends to return. Modern purpose machines usensiins of basic principles like
negative feedback to achieve much more complelillg' behaviour. Guided missiles,

for example, appear to search actively for thegeag and when they have it in range they



seem to pursue it, taking account of its evasivstsnand turns, and sometimes even
‘predicting’ or 'anticipating' them. The detailshofv this is done are not worth going
into. They involve negative feedback of variousdanfeed-forward', and other
principles well understood by engineers and nowkmto be extensively involved in the
working of living bodies. Nothing remotely approauconsciousness needs to be
postulated, even though a layman, watching its rmply deliberate and purposeful
behaviour, finds it hard to believe that the messsl not under the direct control of a
human pilot.

It is a common misconception that because a machide as a guided missile was
originally designed and built by conscious manntiienust be truly under the immediate
control of conscious man. Another variant of tlaliacy is ‘computers do not really play
chess, because they can only do what a human ope&l$ them'. It is important that we
understand why this is fallacious, because it #fear understanding of the sense in
which genes can be said to 'control’ behaviour. @der chess is quite a good example
for making the point, so | will discuss it briefly.

Computers do not yet play chess as well as hunamgnasters, but they have reached
the standard of a good amateur. More strictly, sivmuld say programs have reached the
standard of a good amateur, for a chess-playingrano is not fussy which physical
computer it uses to act out its skills. Now, wisathe role of the human programmer?
First, he is definitely not manipulating the congrurom moment to moment, like a
puppeteer pulling strings. That would be just cimgatHe writes the program, puts it in
the computer, and then the computer is on its dkare is no further human intervention,
except for the opponent typing in his moves. Dbesprogrammer perhaps anticipate all
possible chess positions, and provide the compuitara long list of good moves, one

for each possible contingency? Most certainly hetause the number of possible
positions in chess is so great that the world waolahe to an end before the list had been
completed. For the same reason, the computer caossibly be programmed to try out
'in its head' all possible moves, and all posditllew-ups, until it finds a winning
strategy. There are more possible games of chasghlre are atoms in the galaxy. So
much for the trivial non-solutions to the problefipoogramming a computer to play
chess. Itis in fact an exceedingly difficult prefm, and it is hardly surprising that the
best programs have still not achieved grand masagus.

The programmer’s actual role is rather more lilee tf a father teaching his son to play
chess. He tells the computer the basic moves ajdhee, not separately for every
possible starting position, but in terms of moreremmically expressed rules. He does not
literally say-in plain English 'bishops move iniagbnal’, but he does say-something
mathematically equivalent, such as, though morfligri'New coordinates of bishop are
obtained from old coordinates, by adding the saomstant, though not necessarily with
the same sign, to both old x coordinate and oldorainate.' Then he might program in
some ‘advice', written in the same sort of mathemaladr logical language, but
amounting in human terms to hints such as 'daantelg/our king unguarded', or useful
tricks such as ‘forking' with the knight. The ditaire intriguing, but they would take us
too far afield. The important point is this. Wheisiactually playing, the computer is on



its own, and can expect no help from its mastdrtbd programmer can do is to set the
computer up beforehand in the best way possibld, avproper balance between lists of
specific knowledge, and hints about strategiestadniques.

The genes too control the behaviour of their swvmachines, not directly with their
fingers on puppet strings, but indirectly like tmmputer programmer. All they can do is
to set it up beforehand; then the survival macksran its own, and the genes can only sit
passively inside. Why are they so passive? Whyt dlogy grab the reins and take charge
from moment to moment? The answer is that theyaaecause of time-lag problems.
This is best shown by another analogy, taken froense fiction. A for Andromeda by
Fred Hoyle and John Elliot is an exciting storyd aike all good science fiction, it has
some interesting scientific points lying behindStrangely, the book seems to lack
explicit mention of the most important of these arging points. It is left to the reader's
imagination. | hope the authors will not mind ggell it out here.

There is a civilization 200 light-years away, i ttonstellation of Andromeda. They
want to spread their culture to distant worlds. Hmst to do it? Direct travel is out of the
guestion. The speed of light imposes a theoretipper limit to the rate at which you can
get from one place to another in the universe,raadhanical considerations impose a
much lower limit in practice. Besides, there may lo@ all that many worlds worth going
to, and how do you know which direction to go ir@di® is a better way of
communicating with the rest of the universe, siiicgou have enough power to
broadcast your signals in all directions rathenthaam them in one direction, you can
reach a very large number of worlds (the numbereing as the square of the distance
the signal travels). Radio waves travel at the gmédight, which means the signal takes
200 years to reach earth from Andromeda. The teowiith this sort of distance is that
you can never hold a conversation. Even if youdlist the fact that each successive
message from earth would be transmitted by pe@pgarated from each other by twelve
generations, it would be just plain wasteful t@waipt to converse over such distances.

This problem will soon arise in earnest for usakes about four minutes for radio waves
to travel between earth and Mars. There can beoobtdhat spacemen will have to get
out of the habit of conversing in short alternatsegtences, and will have to use long
soliloquies or monologues, more like letters thanversations. As another example,
Roger Payne has pointed out that the acoustidseecdd¢a have certain peculiar properties,
which mean that the exceedingly loud 'song’ of saales could theoretically be heard
all the way round the world, provided the whaless\at a certain depth. It is not known
whether they actually do communicate with eachrober very great distances, but if
they do they must be in much the same predicansean astronaut on Mars. The speed
of sound in water is such that it would take neaslg hours for the song to travel across
the Atlantic Ocean and for a reply to return. |gesf this as an explanation for the fact
that some whales deliver a continuous soliloquyheut repeating themselves, for a full
eight minutes. They then go back to the beginnint®song and repeat it all over again,
many times over, each complete cycle lasting abmit minutes.



The Andromedans of the story did the same thingceSthere was no point in waiting for
a reply, they assembled everything they wantecydrgo one huge unbroken message,
and then they broadcast it out into space, ovemaerd again, with a cycle time of
several months. Their message was very different that of the whales, however. It
consisted of coded instructions for the building @nogramming of a giant computer. Of
course the instructions were in no human languagiealmost any code can be broken by
a skilled cryptographer, especially if the designarthe code intended it to be easily
broken. Picked up by the Jodrell Bank radio telps¢cthe message was eventually
decoded, the computer built, and the program rte.résults were nearly disastrous for
mankind, for the intentions of the Andromedans weeuniversally altruistic, and the
computer was well on the way to dictatorship owerworld before the hero eventually
finished it off with an axe.

From our point of view, the interesting questioimisvhat sense the Andromedans could
be said to be manipulating events on Earth. Theynedirect control over what the
computer did from moment to moment; indeed theyr@agossible way of even
knowing the computer had been built, since thermédgion would have taken 200 years
to get back to them. The decisions and actione@tomputer were entirely its own. It
could not even refer back to its masters for gdnmoizcy instructions. All its instructions
had to be built-in in advance, because of the iabie 200 year barrier. In principle, it
must have been programmed very much like a chessAgl computer, but with greater
flexibility and capacity for absorbing local infoation. This was because the program
had to be designed to work not just on earth, hudroy world possessing an advanced
technology, any of a set of worlds whose detaileaddions the Andromedans had no
way of knowing.

Just as the Andromedans had to have a computartinte take day-to-day decisions for
them, our genes have to build a brain. But the gane not only the Andromedans who
sent the coded instructions; they are also theuosbns themselves. The reason why
they cannot manipulate our puppet strings dirdstihe same: time-lags. Genes work by
controlling protein synthesis. This is a powerfidyof manipulating the world, but it is
slow. It takes months of patiently pulling protsimings to build an embryo. The whole
point about behaviour, on the other hand, is thiatfast. It works on a time-scale not of
months but of seconds and fractions of secondse8vng happens in the world, an owl
flashes overhead, a rustle in the long grass ey, and in milliseconds nervous
systems crackle into action, muscles leap, and sna®life is saved-or lost. Genes don't
have reaction-times like that. Like the Andromedaine genes can only do their best in
advance by building a fast executive computertentselves, and programming it in
advance with rules and 'advice' to cope with asyneaentualities as they can 'anticipate’.
But life, like the game of chess, offers too maiffedent possible eventualities for all of
them to be anticipated. Like the chess programthergenes have to 'instruct' their
survival machines not in specifics, but in the gahstrategies and tricks of the living
trade.

As J. Z. Young has pointed out, the genes havetiomn a task analogous to prediction.
When an embryo survival machine is being built,dbaagers and problems of its life lie



in the future. Who can say what carnivores croualtimg for it behind what bushes, or
what fleet-footed prey will dart and zig-zag acrdasgath? No human prophet, nor any
gene. But some general predictions can be madar Behr genes can safely predict that
the future of their unborn survival machine is gpin be a cold one. They do not think of
it as a prophecy, they do not think at all: thest jouild in a thick coat of hair, because
that is what they have always done before in prevlmodies, and that is why they still
exist in the gene pool. They also predict thatgiwind is going to be snowy, and their
prediction takes the form of making the coat of kdiite and therefore camouflaged. If
the climate of the Arctic changed so rapidly tlnet baby bear found itself born into a
tropical desert, the predictions of the genes wbeldvrong, and they would pay the
penalty. The young bear would die, and they ingide

Prediction in a complex world is a chancy busin&s®ry decision that a survival
machine takes is a gamble, and it is the businegsres to program brains in advance so
that on average they take decisions that pay . durrency used in the casino of
evolution is survival, strictly gene survival, dot many purposes individual survival is a
reasonable approximation. If you go down to theawable to drink, you increase your
risk of being eaten by predators who make theingj\urking for prey by water-holes. If
you do not go down to the water-hole you will ewetlty die of thirst. There are risks
whichever way you turn, and you must take the dacithat maximizes the long-term
survival chances of your genes. Perhaps the bésyp®to postpone drinking until you
are very thirsty, then go and have one good loimkdo last you a long time. That way
you reduce the number of separate visits to themaadle, but you have to spend a long
time with your head down when you finally do drifdternatively the best gamble

might be to drink little and often, snatching qugikps of water while running past the
water-hole. Which is the best gambling strategyeties on all sorts of complex things,
not least the hunting habit of the predators, witelf is evolved to be maximally
efficient from their point of view. Some form of wgé&ing up of the odds has to be done.
But of course we do not have to think of the angvaad making the calculations
consciously. All we have to believe is that thasgividuals whose genes build brains in
such a way that they tend to gamble correctly ara direct result more likely to survive,
and therefore to propagate those same genes.

We can carry the metaphor of gambling a littleHart A gambler must think of three
main quantities, stake, odds, and prize. If theeois very large, a gambler is prepared to
risk a big stake. A gambler who risks his all asirgle throw stands to gain a great deal.
He also stands to lose a great deal, but on avéiigbestake gamblers are no better and
no worse off than other players who play for lowmmings with low stakes. An analogous
comparison is that between speculative and safsstovs on the stock market. In some
ways the stock market is a better analogy tharsmoabecause casinos are deliberately
rigged in the bank's favour (which means, stridthat high-stake players will on average
end up poorer than low-stake players; and low-spddgers poorer than those who do not
gamble at all. But this is for a reason not germanaur discussion). Ignoring this, both
high-stake play and low-stake play seem reasonAbdethere animal gamblers who play
for high stakes, and others with a more consergggame? In Chapter 9 we shall see that
it is often possible to picture males as high-staigh-risk gamblers, and females as safe



investors, especially in polygamous species in whales compete for females.
Naturalists who read this book maybe able to tloih&pecies that can be described as
high-stake high-risk players, and other specieslay a more conservative game. | now
return to the more general theme of how genes npa&dictions’ about the future.

One way for genes to solve the problem of makirggligtions in rather unpredictable
environments is to build in a capacity for learnikigre the program may take the form
of the following instructions to the survival maehi 'Here is a list of things defined as
rewarding: sweet taste in the mouth, orgasm, reidperature, smiling child. And here is
a list of nasty things: various sorts of pain, r@jempty stomach, screaming child. If
you should happen to do something that is followgdne of the nasty things, don't do it
again, but on the other hand repeat anything shflowed by one of the nice things.’
The advantage of this sort of programming is thgteatly cuts down the number of
detailed rules that have to be built into the erdiprogram; and it is also capable of
coping with changes in the environment that couldhave been predicted in detail. On
the other hand, certain predictions have to be rsalileln our example the genes are
predicting that sweet taste in the mouth, and eangase going to be 'good’ in the sense
that eating sugar and copulating are likely to éedficial to gene survival. The
possibilities of saccharine and masturbation ateanticipated according to this example;
nor are the dangers of over-eating sugar in our@mwent where it exists in unnatural
plenty.

Learning-strategies have been used in some chagsygplcomputer programs. These
programs actually get better as they play agaimstam opponents or against other
computers. Although they are equipped with a rgnerof rules and tactics, they also
have a small random tendency built into their denigprocedure. They record past
decisions, and whenever they win a game they $jigintrease the weighting given to
the tactics that preceded the victory, so that time they are a little bit more likely to
choose those same tactics again.

One of the most interesting methods of predictirgftiture is simulation. If a general
wishes to know whether a particular military plaiii e better than alternatives, he has a
problem in prediction. There are unknown quantitiethe weather, in the morale of his
own troops, and in the possible countermeasurdseatnemy. One way of discovering
whether it is a good plan is to try and see, bist indesirable to use this test for all the
tentative plans dreamed up, if only because thplgugd young men prepared to die ‘for
their country' is exhaustible, and the supply adgdble plans is very large. It is better to
try the various plans out in dummy runs rather timagieadly earnest. This may take the
form of full-scale exercises with 'Northland' figig 'Southland' using blank ammunition,
but even this is expensive in time and materia¢sslwastefully, war games may be
played, with tin soldiers and little toy tanks begshuffled around a large map.

Recently, computers have taken over large partiseo§imulation function, not only in
military strategy, but in all fields where predanti of the future is necessary, fields like
economics, ecology, sociology, and many others.tébtlenique works like this. A model
of some aspect of the world is set up in the coepthis does not mean that if you



unscrewed the lid you would see a little miniatdoenmy inside with the same shape as
the object simulated. In the chess-playing compiliigre is no 'mental picture' inside the
memory banks recognizable as a chess board wightenand pawns sitting on it. The
chess board and its current position would be sgpried by lists of electronically coded
numbers. To us a map is a miniature scale modelpairt of the world, compressed into
two dimensions. In a computer, a map might altérabt be represented as a list of
towns and other spots, each with two numbers-itisitle and longitude. But it does not
matter how the computer actually holds its modehefworld in its head, provided that it
holds it in a form in which it can operate on ilamipulate it, do experiments with it, and
report back to the human operators in terms whiely tan understand. Through the
technique of simulation, model battles can be wolost, simulated airliners fly or crash,
economic policies lead to prosperity or to ruinelch case the whole process goes on
inside the computer in a tiny fraction of the timevould take in real life. Of course there
are good models of the world and bad ones, and tiegood ones are only
approximations. No amount of simulation can predicctly what will happen in reality,
but a good simulation is enormously preferablelimditrial and error. Simulation could
be called vicarious trial and error, a term unfoatiely pre-empted long ago by rat
psychologists.

If simulation is such a good idea, we might exgbat survival machines would have
discovered it first. After all, they invented maaofythe other techniques of human
engineering long before we came on the scenepthesing lens and the parabolic
reflector, frequency analysis of sound waves, seordrol, sonar, buffer storage of
incoming information, and countless others withgarames, whose details don't matter.
What about simulation? Well, when you yourself hawfficult decision to make
involving unknown quantities in the future, you g in for a form of simulation. You
imagine what would happen if you did each of therahtives open to you. You set up a
model in your head, not of everything in the wobdi of the restricted set of entities
which you think may be relevant. You may see thandly in your mind's eye, or you
may see and manipulate stylized abstractions o the either case it is unlikely that
somewhere laid out in your brain is an actual gpatiodel of the events you are
imagining. But, just as in the computer, the dstaflhow your brain represents its model
of the world are less important than the fact thatable to use it to predict possible
events. Survival machines that can simulate thedusre one jump ahead of survival
machines who can only learn on the basis of oviaitand error. The trouble with overt
trial is that it takes time and energy. The troukith overt error is that it is often fatal.
Simulation is both safer and faster.

The evolution of the capacity to simulate seemsaiee culminated in subjective
consciousness. Why this should have happenednsetohe most profound mystery
facing modern biology. There is no reason to supplat electronic computers are
conscious when they simulate, although we havenaitahat in the future they may
become so. Perhaps consciousness arises wheraths bimulation of the world
becomes so complete that it must include a modiself. Obviously the limbs and body
of a survival machine must constitute an important of its simulated world;
presumably for the same kind of reason, the sinwulatself could be regarded as part of



the world to be simulated. Another word for thigyhtiindeed be 'self-awareness’, but |
don't find this a fully satisfying explanation diet evolution of consciousness, and this is
only partly because it involves an infinite regrdgbere is a model of the model, why
not a model of the model of the model...?

Whatever the philosophical problems raised by donsoess, for the purpose of this
story it can be thought of as the culmination okaolutionary trend towards the
emancipation of survival machines as executivedi@titakers from their ultimate
masters, the genes. Not only are brains in chargeealay-to-day running of survival-
machine affairs, they have also acquired the ghiditpredict the future and act
accordingly. They even have the power to rebelresjahe dictates of the genes, for
instance in refusing to have as many children eg &éne able to. But in this respect man
is a very special case, as we shall see.

What has all this to do with altruism and selfisssfel am trying to build up the idea that
animal behaviour, altruistic or selfish, is unds tontrol of genes in only an indirect,
but still very powerful, sense. By dictating theywgrvival machines and their nervous
systems are built, genes exert ultimate power bebaviour. But the moment-to-moment
decisions about what to do next are taken by tineonis system. Genes are the primary
policy-makers; brains are the executives. But asisrbecame more highly developed,
they took over more and more of the actual poliegisions, using tricks like learning
and simulation in doing so. The logical conclusiotthis trend, not yet reached in any
species, would be for the genes to give the surmzechine a single overall policy
instruction: do whatever you think best to keeplixe.

Analogies with computers and with human decisidingare all very well. But now we
must come down to earth and remember that evolirifect occurs step-by-step,
through the differential survival of genes in theng pool. Therefore, in order for a
behaviour pattern-altruistic or selfish-to evolitas necessary that a gene 'for' that
behaviour should survive in the gene pool more essfally than a rival gene or allele
for some different behaviour. A gene for altruigighaviour means any gene that
influences the development of nervous systemsah auvay as to make them likely to
behave altruistically. Is there any experimentadlence for the genetic inheritance of
altruistic behaviour? No, but that is hardly susprg, since little work has been done on
the genetics of any behaviour. Instead, let meytailabout one study of a behaviour
pattern which does not happen to be obviouslyiatto) but which is complex enough to
be interesting. It serves as a model for how atimbehaviour might be inherited.

Honey bees suffer from an infectious disease cétlebrood. This attacks the grubs in
their cells. Of the domestic breeds used by beaeltsgpome are more at risk from foul
brood than others, and it turns out that the diffiee between strains is, at least in some
cases, a behavioural one. There are so-callediggrains which quickly stamp out
epidemics by locating infected grubs, pulling thieam their cells and throwing them out
of the hive. The susceptible strains are susceptietause they do not practise this
hygienic infanticide. The behaviour actually invedvin hygiene is quite complicated.
The workers have to locate the cell of each digkgsgb, remove the wax cap from the



cell, pull out the larva, drag it through the dobthe hive, and throw it on the rubbish
tip.

Doing genetic experiments with bees is quite a dmaed business for various reasons.
Worker bees themselves do not ordinarily reprodand,so you have to cross a queen of
one strain with a drone (= male) of the other, tiiah look at the behaviour of the
daughter workers. This is what W. C. Rothenbuhiér e found that all first-generation
hybrid daughter hives were non-hygienic: the betwavof their hygienic parent seemed
to have been lost, although as things turned @ubyfgienic genes were still there but
were recessive, like human genes for blue eyesnRaoghenbuhler 'back-crossed' first-
generation hybrids with a pure hygienic strain {agd course using queens and drones),
he obtained a most beautiful result. The daughtestfell into three groups. One group
showed perfect hygienic behaviour, a second shawdd/gienic behaviour at all, and

the third went half way. This last group uncapgeelwax cells of diseased grubs, but
they did not follow through and throw out the laev&othenbuhler surmised that there
might be two separate genes, one gene for uncapgidgone gene for throwing-out.
Normal hygienic strains possess both genes, subleeptrains possess the alleles-rivals-
of both genes instead. The hybrids who only weffinMag presumably possessed the
uncapping gene (in double dose) but not the thrgwaut gene. Rothenbuhler guessed
that his experimental group of apparently totaliy+hygienic bees might conceal a
subgroup possessing the throwing-out gene, butletalshow it because they lacked the
uncapping gene. He confirmed this most elegantlgelyoving caps himself. Sure
enough, half of the apparently non-hygienic beesetipon showed perfectly normal
throwing-out behaviour.

This story illustrates a number of important poitsch came up in the previous

chapter. It shows that it can be perfectly propesgeak of a 'gene for behaviour so-and-
so' even if we haven't the faintest idea of theribal chain of embryonic causes leading
from gene to behaviour. The chain of causes coegd &urn out to involve learning. For
example, it could be that the uncapping gene exsreffect by giving bees a taste for
infected wax. This means they will find the eatafghe wax caps covering disease-
victims rewarding, and will therefore tend to repieaEven if this is how the gene works,
it is still truly a gene for uncapping provided thather things being equal, bees
possessing the gene end up by uncapping, and bepessessing the gene do not uncap.

Secondly it illustrates the fact that genes 'coafgein their effects on the behaviour of
the communal survival machine. The throwing-outegesnuseless unless it is
accompanied by the uncapping gene and vice vertah¥ genetic experiments show
equally clearly that the two genes are in princigplie separable in their journey through
the generations. As far as their useful work iscemned you can think of them as a single
cooperating unit, but as replicating genes theywaoefree and independent agents.

For purposes of argument it will be necessary &xslate about genes ‘for' doing all sorts
of improbable things. If | speak, for example, dfygothetical gene 'for saving
companions from drowning’, and you find such a ephincredible, remember the story
of the hygienic bees. Recall that we are not tglkihout the gene as the sole antecedent



cause of all the complex muscular contractionss@gnintegrations, and even conscious
decisions, that are involved in saving somebodmfdsowning. We are saying nothing
about the question of whether learning, experieacenvironmental influences enter
into the development of the behaviour. All you h&aweoncede is that it is possible for a
single gene, other things being equal and lotsleéroessential genes and environmental
factors being present, to make a body more likelyave somebody from drowning than
its allele would. The difference between the twoagemay turn out at bottom to be a
slight difference in some simple quantitative vlaléa The details of the embryonic
developmental process, interesting as they magredrrelevant to evolutionary
considerations. Konrad Lorenz has put this poirit.we

The genes are master programmers, and they areaprogng for their lives. They are
judged according to the success of their prograneeping with all the hazards that life
throws at their survival machines, and the judgéésruthless judge of the court of
survival. We shall come later to ways in which genevival can be fostered by what
appears to be altruistic behaviour. But the obviogs priorities of a survival machine,
and of the brain that takes the decisions forrd,iadividual survival and reproduction.
All the genes in the 'colony' would agree abouséhgriorities. Animals therefore go to
elaborate lengths to find and catch food; to abaishg caught and eaten themselves; to
avoid disease and accident; to protect themsetees @infavourable climatic conditions;
to find members of the opposite sex and persuagta tbh mate; and to confer on their
children advantages similar to those they enjoyntieves. | shall not give examples-if
you want one just look carefully at the next witdraal that you see. But | do want to
mention one particular kind of behaviour becausesknadl need to refer to it again when
we come to speak of altruism and selfishness. ishtse behaviour that can be broadly
labelled communication. A survival machine may aiel $0 have communicated with
another one when it influences its behaviour orstlage of its nervous system. This is not
a definition | should like to have to defend forywéng, but it is good enough for present
purposes. By influence | mean direct causal infb@gefExamples of communication are
numerous: song in birds, frogs, and crickets;waigging and hackle-raising in dogs;
‘grinning’ in chimpanzees; human gestures and kEgguA great number of survival-
machine actions promote their genes' welfare istlydy influencing the behaviour of
other survival machines. Animals go to great leagthmake this communication
effective. The songs of birds enchant and mystifycessive generations of men. | have
already referred to the even more elaborate andemgss song of the humpback whale,
with its prodigious range, its frequencies spanmnirggwhole of human hearing from
subsonic rumblings to ultrasonic squeaks. Moleketis amplify their song to stentorian
loudness by singing down in a burrow which theyetaly dig in the shape of a double
exponential horn, or megaphone. Bees dance inahetd give other bees accurate
information about the direction and distance oftdfoa feat of communication rivalled
only by human language itself.

The traditional story of ethologists is that comneation signals evolve for the mutual
benefit of both sender and recipient. For instababy chicks influence their mother's
behaviour by giving high piercing cheeps when theylost or cold. This usually has the
immediate effect of summoning the mother, who lghdschick back to the main clutch.



This behaviour could be said to have evolved fotuallbenefit, in the sense that natural
selection has favoured babies that cheep whenatteelpst, and also mothers that
respond appropriately to the cheeping.

If we wish to (it is not really necessary), we cagard signals such as the cheep call as
having a meaning, or as carrying information: in

this case 'l am lost.' The alarm call given by s$iniatls, which | mentioned in Chapter i,
could be said to convey the information There ak." Animals who receive this
information and act on it are benefited. Theretbeeinformation can be said to be true.
But do animals ever communicate false informatamthey ever tell lies?

The notion of an animal telling a lie is open tsunderstanding, so | must try to forestall
this. | remember attending a lecture given by Beatnd Allen Gardner about their
famous 'talking' chimpanzee Washoe (she uses Aare8gn Language, and her
achievement is of great potential interest to gttslef language). There were some
philosophers in the audience, and in the discussi@n the lecture they were much
exercised by the question of whether Washoe calild tie. | suspected that the
Gardners thought there were more interesting thimgalk about, and | agreed with
them. In this book | am using words like 'deceawsd ‘lie’ in a much more
straightforward sense than those philosophers. Weeg interested in conscious
intention to deceive. | am talking simply about imgvan effect functionally equivalent to
deception. If a bird used the 'There is a hawkiaigvhen there was no hawk, thereby
frightening his colleagues away, leaving him toahtheir food, we might say he had
told a lie. We would not mean he had deliberatetgnded consciously to deceive. All
that is implied is that the liar gained food at ttker birds' expense, and the reason the
other birds flew away was that they reacted tditr&s cry in a way appropriate to the
presence of a hawk.

Many edible insects, like the butterflies of theyous chapter, derive protection by
mimicking the external appearance of other distakte stinging insects. We ourselves
are often fooled into thinking that yellow and tKastriped hover-flies are wasps. Some
bee-mimicking flies are even more perfect in tligiception. Predators too tell lies.
Angler fish wait patiently on the bottom of the sbkending in with the background. The
only conspicuous part is a wriggling worm-like peeaf flesh on the end of a long
fishing rod', projecting from the top of the hesidhen a small prey fish comes near, the
angler will dance its worm-like bait in front ofdHittle fish, and lure it down to the
region of the angler's own concealed mouth. Sugdenpens its jaws, and the little fish
is sucked in and eaten. The angler is telling ,aelploiting the little fish's tendency to
approach wriggling worm-like objects. He is sayiHgre is a worm’, and any little fish
who 'believes' the lie is quickly eaten.

Some survival machines exploit the sexual desifeshers. Bee orchids induce bees to
copulate with their flowers, because of their styoesemblance to female bees. What the
orchid has to gain from this deception is pollioatifor a bee who is fooled by two
orchids will incidentally carry pollen from one tioe other. Fireflies (which are really



beetles) attract their mates by flashing lightdhatm. Each species has its own particular
dot-dash flashing pattern, which prevents confubietween species, and consequent
harmful hybridization. Just as sailors look outtloe flash patterns of particular
lighthouses, so fireflies seek the coded flashepast of their own species. Females of the
genus Photuris have 'discovered' that they camhales of the genus Photinus if they
imitate the flashing code of a Photinus femalesThey do, and when a Photinus male is
fooled by the lie into approaching, he is summazdyen by the Photuris female. Sirens
and Lorelei spring to mind as analogies, but Cémmisn will prefer to think of the
wreckers of the old days, who used lanterns tostrps on to the rocks, and then
plundered the cargoes that spilled out of the wseck

Whenever a system of communication evolves, treeadnays the danger that some will
exploit the system for their own ends. Brought spve have been on the 'good of the
species' view of evolution, we naturally think ficf liars and deceivers as belonging to
different species: predators, prey, parasitessansh. However, we must expect lies and
deceit, and selfish exploitation of communicatioratise whenever the interests of the
genes of different individuals diverge. This wilclude individuals of the same species.
As we shall see, we must even expect that childi#meceive their parents, that
husbands will cheat on wives, and that brother Malto brother.

Even the belief that animal communication signaigioally evolve to foster mutual
benefit, and then afterwards become exploited bigwvotent parties, is too simple. It
may well be that all animal communication contanslement of deception right from
the start, because all animal interactions invalvieast some conflict of interest. The
next chapter introduces a powerful way of thinkadgput conflicts of interest from an
evolutionary point of view.
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AGGRESSION: STABILITY AND THE SELFISH
MACHINE

This chapter is mostly about the much-misunderstopit of aggression. We shall
continue to treat the individual as a selfish maehprogrammed to do whatever is best
for its genes as a whole. This is the languag®o¥enience. At the end of the chapter
we return to the language of single genes.

To a survival machine, another survival machinei¢viis not its own child or another
close relative) is part of its environment, likeoak or a river or a lump of food. It is
something that gets in the way, or something thathe exploited. It differs from a rock
or a river in one important respect: it is inclinedit back. This is because it too is a
machine that holds its immortal genes in trustierfuture, and it too will stop at

nothing to preserve them. Natural selection favgerses that control their survival
machines in such a way that they make the bestfubeir environment. This includes
making the best use of other survival machined) bbthe same and of different species.

In some cases survival machines seem to impingerrattle on each others' lives. For
instance moles and blackbirds do not eat each,atrete with each other, or compete
with each other for living space. Even so, we nmasttreat them as completely insulated.
They may compete for something, perhaps earthworiis.does not mean you will ever
see a mole and a blackbird engaged in a tug obweara worm; indeed a blackbird may
never set eyes on a mole in its life. But if yoy®d out the population of moles, the
effect on blackbirds might be dramatic, althouglodld not hazard a guess as to what the
details might be, nor by what tortuously indiremtites the influence might travel.

Survival machines of different species influenceheather in a variety of ways. They

may be predators or prey, parasites or hosts, citonsefor some scarce resource. They
may be exploited in special ways, as for instanbembees are used as pollen carriers by
flowers.

Survival machines of the same species tend to iggpim each others' lives more
directly. This is for many reasons. One is thaf tied population of one's own species
may be potential mates, and potentially hard-warkind exploitable parents to one's
children. Another reason is that members of theessppecies, being very similar to each
other, being machines for preserving genes indhgeskind of place, with the same kind
of way of life, are particularly direct competitd all the resources necessary for life.



To a blackbird, a mole may be a competitor, big rot nearly so important a competitor
as another blackbird. Moles and blackbirds may atmfor worms, but blackbirds and
blackbirds compete with each other for worms amcef@rything else. If they are
members of the same sex, they may also competedting partners. For reasons that
we shall see, it is usually the males who compétie @ach other for females. This means
that a male might benefit his own genes if he dmesething detrimental to another male
with whom he is competing.

The logical policy for a survival machine might tbfore seem to be to murder its rivals,
and then, preferably, to eat them. Although muedet cannibalism do occur in nature,
they are not as common as a naive interpretatidheoelfish gene theory might predict.
Indeed Konrad Lorenz, in On Aggression, stressesdbtrained and gentlemanly nature
of animal fighting. For him the notable thing abanimal fights is that they are formal
tournaments, played according to rules like thddgoging or fencing. Animals fight

with gloved fists and blunted foils. Threat andfbtake the place of deadly earnest.
Gestures of surrender are recognized by victors, than refrain from dealing the killing
blow or bite that our naive theory might predict.

This interpretation of animal aggression as beasgrained and formal can be disputed.
In particular, it is certainly wrong to condemn potd Homo sapiens as the only species
to kill his own kind, the only inheritor of the mkaof Cain, and similar melodramatic
charges. Whether a naturalist stresses the violenite restraint of animal aggression
depends partly on the kinds of animals he is usedatching, and partly on his
evolutionary preconceptions-Lorenz is, after alg@od of the species' man. Even if it
has been exaggerated, the gloved fist view of drfigias seems to have at least some
truth. Superficially this looks like a form of alism. The selfish gene theory must face
up to the difficult task of explaining it. Why isthat animals do not go all out to kill rival
members of their species at every possible oppibytun

The general answer to this is that there are @ssteell as benefits resulting from
outright pugnacity, and not only the obvious castsme and energy. For instance,
suppose that B and C are both my rivals, and | éapp meet B. It might seem sensible
for me as a selfish individual to try to kill hiBut wait. C is also my rival, and C is also
B's rival. By killing B, | am potentially doing aogd turn to C by removing one of his
rivals. | might have done better to let B live, Bese he might then have competed or
fought with C, thereby benefiting me indirectly.el'moral of this simple hypothetical
example is that there is no obvious merit in indmemately trying to Kill rivals. In a

large and complex system of rivalries, removing owa from the scene does not
necessarily do any good: other rivals may be mkedylto benefit from his death than
oneself. This is the kind of hard lesson that heendearned by pest-control officers. You
have a serious agricultural pest, you discoverageay to exterminate it and you
gleefully do so, only to find that another pestéfés from the extermination even more
than human agriculture does, and you end up wdfsban you were before.

On the other hand, it might seem a good plan tpddilat least fight with, certain
particular rivals in a discriminating way. If Bas elephant seal in possession of a large



harem full of females, and if I, another elepha#lscan acquire his harem by killing
him, I might be well advised to attempt to do sat Bere are costs and risks even in
selectivity pugnacity. It is to B's advantage ghti back, to defend his valuable property.
If | start a fight, | am just as likely to end upat! as he is. Perhaps even more so. He
holds a valuable resource, that is why | wantgbtfhim. But why does he hold it?
Perhaps he won it in combat. He has probably be#terther challengers before me. He
is probably a good fighter. Even if | win the figlmd gain the harem, | may be so badly
mauled in the process that | cannot enjoy the lsnéfiso, fighting uses up time and
energy. These might be better conserved for the higing. If | concentrate on feeding
and on keeping out of trouble for a time, | shatlwg bigger and stronger. I'll fight him
for the harem in the end, but | may have a betiance of winning eventually if | wait,
rather than rush in now.

This subjective soliloquy is just a way of pointiagt that the decision whether or not to
fight should ideally be preceded by a complexni€éenscious, 'cost-benefit' calculation.
The potential benefits are not all stacked up ensitde of fighting, although undoubtedly
some of them are. Similarly, during a fight, eaattital decision over whether to
escalate the fight or cool it has costs and benefitich could, in principle, be analysed.
This has long been realized by ethologists in aigagprt of way, but it has taken J.
Maynard Smith, not normally regarded as an ethstogp express the idea forcefully and
clearly. In collaboration with G. R. Price and G.Parker, he uses the branch of
mathematics known as Game Theory. Their elegaasidan be expressed in words
without mathematical symbols, albeit at some aosigour.

The essential concept Maynard Smith introducesasdf the evolutionarily stable
strategy, an idea that he traces back to W. D. Hamand R. H. MacArthur. A 'strategy’
is a pre-programmed behavioural policy. An exangble strategy is: 'Attack opponent;

if he flees pursue him; if he retaliates run awlys important to realize that we are not
thinking of the strategy as being consciously wdrkat by the individual. Remember
that we are picturing the animal as a robot sutvivachine with a pre-programmed
computer controlling the muscles. To write thetsigg out as a set of simple instructions
in English is just a convenient way for us to thailout it. By some unspecified
mechanism, the animal behaves as if he were faligwhese instructions.

An evolutionarily stable strategy or ESS is defimsdca strategy which, if most members
of a population adopt it, cannot be bettered bgltarnative strategy. It is a subtle and
important idea. Another way of putting it is to dagt the best strategy for an individual
depends on what the majority of the populationdmieg. Since the rest of the population
consists of individuals, each one trying to maxerigs own success, the only strategy
that persists will be one which, once evolved, caie bettered by any deviant
individual. Following a major environmental chartgere may be a brief period of
evolutionary instability, perhaps even oscillatinrthe population. But once an ESS is
achieved it will stay: selection will penalize dation from it.

To apply this idea to aggression, consider one aymard Smith's simplest hypothetical
cases. Suppose that there are only two sorts latirfig) strategy in a population of a



particular species, named hawk and dove. (The nashesto conventional human usage
and have no connection with the habits of the biris whom the names are derived:
doves are in fact rather aggressive birds.) Anwiddal of our hypothetical population

is classified as a hawk or a dove. Hawks alway# f&ag hard and as unrestrainedly as
they can, retreating only when seriously injuredv&s merely threaten in a dignified
conventional way, never hurting anybody. If a hdigkts a dove the dove quickly runs
away, and so does not get hurt. If a hawk fightawk they go on until one of them is
seriously injured or dead. If a dove meets a dal®dy gets hurt; they go on posturing
at each other for a long time until one of theragior decides not to bother any more, and
therefore backs down. For the time being, we asdhatehere is no way in which an
individual can tell, in advance, whether a par@culval is a hawk or a dove. He only
discovers this by fighting him, and he has no mgnodpast fights with particular
individuals to guide him.

Now as a purely arbitrary convention we allot cstdats 'points'. Say 50 points for a
win, O for losing, -100 for being seriously injureahd -10 for wasting time over a long
contest. These points can be thought of as benegtti convertible into the currency of
gene survival. An individual who scores high paimteo has a high average 'pay-off, is
an individual who leaves many genes behind hinméngene pool. Within broad limits
the actual numerical values do not matter for tinayasis, but they help us to think about
the problem.

The important thing is that we are not interested/inether hawks will tend to beat doves
when they fight them. We already know the answehab: hawks will always win. We
want to know whether either hawk or dove is an etvoharily stable strategy. If one of
them is an ESS and the other is not, we must expatthe one which is the ESS will
evolve. It is theoretically possible for there ®tiwo ESSs. This would be true if,
whatever the majority strategy of the populatiopgened to be, whether hawk or dove,
the best strategy for any given individual wasditofv suit. In this case the population
would tend to stick at whichever one of its twdbostestates it happened to reach first.
However, as we shall now see, neither of thesestvadegies, hawk or dove, would in
fact be evolutionarily stable on its own, and weudt therefore not expect either of them
to evolve. To show this we must calculate averagegifs.

Suppose we have a population consisting entireoogs.

Whenever they fight, nobody gets hurt. The contestsist of prolonged ritual
tournaments, staring matches perhaps, which erydwdrén one rival backs down. The
winner then scores 50 points for gaining the reseur dispute, but he pays a penalty of -
10 for wasting time over a long staring match, @mres 40 in all. The loser also is
penalized -10 points for wasting time. On averagg,one individual dove can expect to
win half his contests and lose half. Thereforeawsrage pay-off per contest is the
average of +40 and - 10, which is +15. Therefoveryindividual dove in a population

of doves seems to be doing quite nicely.



But now suppose a mutant hawk arises in the papualabince he is the only hawk
around, every fight he has is against a dove. Halkays beat doves, so he scores +50
every fight, and this is his average pay-off. Hpgs an enormous advantage over the
doves, whose net pay-off is only +15. Hawk gendbkrapidly spread through the
population as a result. But now each hawk can ngdocount on every rival he meets
being a dove. To take an extreme example, if tekigeene spread so successfully that
the entire population came to consist of hawkdfighits would now be hawk fights.
Things are now very different. When hawk meets hawile of them is seriously injured,
scoring -100, while the winner scores +50. Eachkhiava population of hawks can
expect to win half his fights and lose half hidhligy His average expected pay-off per
fight is therefore half-way between +50 and -108ich is - 25. Now consider a single
dove in a population of hawks. To be sure, he ladidss fights, but on the other hand he
never gets hurt. His average pay-off is 0 in a petpan of hawks, whereas the average
pay-off for a hawk in a population of hawks is -Pmve genes will therefore tend to
spread through the population.

The way | have told the story it looks as if thesi# be a continuous oscillation in the
population. Hawk genes will sweep to ascendan@n,ths a consequence of the hawk
majority, dove genes will gain an advantage ance@age in numbers until once again
hawk genes start to prosper, and so on. Howewveegeid not be an oscillation like this.
There is a stable ratio of hawks to doves. Foptméicular arbitrary points system we are
using, the stable ratio, if you work it out, tuimst to be 5/12 doves to 7/12 hawks. When
this stable ratio is reached, the average payeoffidwks is exactly equal to the average
pay-off for doves. Therefore selection does nobtaeither one of them over the other.
If the number of hawks in the population startedrift upwards so that the ratio was no
longer 7/12 doves would start to gain an extra athge, and the ratio would swing back
to the stable state. Just as we shall find thdestsx ratio to be 50:50, so the stable hawk
to dove ratio in this hypothetical example is Trbeither case, if there are oscillations
about the stable point, they need not be very langs.

Superficially, this sounds a little like group selen, but it is really nothing of the kind.

It sounds like group selection because it enaldds think of a population as having a
stable equilibrium to which it tends to return wheksturbed. But the ESS is a much more
subtle concept than group selection. It has nottordp with some groups being more
successful than others. This can be nicely illtsttaising the arbitrary points system of
our hypothetical example. The average pay-off tondividual in a stable population
consisting of 7/12 hawks and 5/12 doves, turnd@be 6 1/4. This is true whether the
individual is a hawk or a dove. Now 6 1/4 is muekd than the average pay-off for a
dove in a population of doves (15). If only everglipavould agree to be a dove, every
single individual would benefit. By simple groudesgion, any group in which all
individuals mutually agree to be doves would benfiare successful than a rival group
sitting at the ESS ratio. (As a matter of factpagpiracy of nothing but doves is not quite
the most successful possible group. In a groupistmg of 1/6 hawks and 5/6 doves, the
average pay-off per contest is 16 2/3. This istlost successful possible conspiracy, but
for present purposes we can ignore it. A simpliedave conspiracy, with its average
pay-off for each individual of 15, is far better fvery single individual than the ESS



would be.) Group selection theory would therefaredct a tendency to evolve towards
an all-dove conspiracy, since a group that conthan@/12 proportion of hawks would be
less successful. But the trouble with conspira@gen those that are to everybody's
advantage in the long run, is that they are opabtse. It is true that everybody does
better in an all-dove group than he would in an §&%ip. But unfortunately, in
conspiracies of doves, a single hawk does so egtyewell that nothing could stop the
evolution of hawks. The conspiracy is thereforerizbto be broken by treachery from
within. An ESS is stable, not because it is paldidy good for the individuals
participating in it, but simply because it is imneuo treachery from within.

It is possible for humans to enter into pacts ersparacies that are to every individual's
advantage, even if these are not stable in thede88e. But this is only possible because
every individual uses his conscious foresight, igrable to see that it is in his own long-
term interests to obey the rules of the pact. Emdruman pacts there is a constant
danger that individuals will stand to gain so mutkhe short term by breaking the pact
that the temptation to do so will be overwhelmiRgrhaps the best example of this is
price-fixing. It is in the long-term interests df mdividual garage owners to standardize
the price of petrol at some artificially high vallrice rings, based on conscious
estimation of long-term best interests, can surfaveyuite long periods. Every so often,
however, an individual gives in to the temptatiomtake a quick killing by cutting his
prices. Immediately, his neighbours follow suitdanwave of price cutting spreads over
the country. Unfortunately for the rest of us, te@scious foresight of the garage owners
then reasserts itself, and they enter into a néve{ixing pact. So, even in man, a
species with the gift of conscious foresight, pactsonspiracies based on long-term best
interests teeter constantly on the brink of cokagse to treachery from within. In wild
animals, controlled by the struggling genes, éisn more difficult to see ways in which
group benefit or conspiracy strategies could pbgsolve. We must expect to find
evolutionarily stable strategies everywhere.

In our hypothetical example we made the simpleragsion that any one individual was
either a hawk or a dove. We ended up with an ewwlatily stable ratio of hawks to
doves. In practice, what this means is that astailo of hawk genes to dove genes
would be achieved in the gene pool. The genetittieal term for this state is stable
polymorphism. As far as the maths are concernedxaaotly equivalent ESS can be
achieved without polymorphism as follows. If everglividual is capable of behaving
either like a hawk or like a dove in each particdantest, an ESS can be achieved in
which all individuals have the same probabilitypehaving like a hawk, namely 7/12 in
our particular example. In practice this would mézat each individual enters each
contest having made a random decision whetherhaugeon this occasion like a hawk
or like a dove; random, but with a 7:5 bias in fawof hawk. It is very important that the
decisions, although biased towards hawk, shouldba&om in the sense that a rival has
no way of guessing how his opponent is going takiehn any particular contest. It is no
good, for instance, playing hawk seven fights mow, then dove five fights in a row and
so on. If any individual adopted such a simple sega, his rivals would quickly catch
on and take advantage. The way to take advantagesioiple sequence strategist is to
play hawk against him only when you know he is gdimplay dove.



The hawk and dove story is, of course, naively gmipis a 'model’, something that does
not really happen in nature, but which helps usnderstand things that do happen in
nature. Models can be very simple, like this omel still be useful for understanding a
point, or getting an idea. Simple models can bbakited and gradually made more
complex. If all goes well, as they get more comgley come to resemble the real world
more. One way in which we can begin to develophthwk and dove model is to
introduce some more strategies. Hawk and doveatrtha only possibilities. A more
complex strategy which Maynard Smith and Priceoithiced is called Retaliator.

A retaliator plays like a dove at the beginningewéry fight. That is, he does not mount
an all-out savage attack like a hawk, but has aeatonal threatening match. If his
opponent attacks him, however, he retaliates.herowvords, a retaliator behaves like a
hawk when he is attacked by a hawk, and like a ddwen he meets a dove. When he
meets another retaliator he plays like a dove.tAlisgor is a conditional strategist. His
behaviour depends on the behaviour of his opponent.

Another conditional strategist is called Bully. Ally goes around behaving like a hawk
until somebody hits back. Then he immediately raway. Yet another conditional
strategist is Prober-retaliator. A prober-retaliasobasically like a retaliator, but he
occasionally tries a brief experimental escalatibthe contest. He persists in this hawk-
like behaviour if his opponent does not fight bad€kon the other hand, his opponent
does fight back he reverts to conventional thraatelike a dove. If he is attacked, he
retaliates just like an ordinary retaliator.

If all the five strategies | have mentioned areéar loose upon one another in a computer
simulation, only one of them, retaliator, emerge®wolutionarily stable. Prober-
retaliator is nearly stable. Dove is not stableduse a population of doves would be
invaded by hawks and bullies. Hawk is not stabéeaise a population of hawks would
be invaded by doves and bullies. Bully is not stabkecause a population of bullies
would be invaded by hawks. In a population of ratats, no other strategy would
invade, since there is no other strategy that beéer than retaliator itself. However,
dove does equally well in a population of retaliatd his means that, other things being
equal, the numbers of doves could slowly drift umisaNow if the numbers of doves
drifted up to any significant extent, prober-regdrs (and, incidentally, hawks and
bullies) would start to have an advantage, sineg tto better against doves than
retaliators do. Prober-retaliator itself, unlikemkaand bully, is almost an ESS, in the
sense that, in a population of prober-retaliatondy one other strategy, retaliator, does
better, and then only slightly. We might expecgréfore, that a mixture of retaliators and
prober-retaliators would tend to predominate, wighhaps even a gentle oscillation
between the two, in association with an oscillatiothe size of a small dove minority.
Once again, we don't have to think in terms of lgmporphism in which every individual
always plays one strategy or another. Each indatidauld play a complex mixture
between retaliator, prober-retaliator, and dove.



This theoretical conclusion is not far from whatuatly happens in most wild animals.
We have in a sense explained the 'gloved fist'@dsgeanimal aggression. Of course the
details depend on the exact numbers of ‘pointst@gadafor winning, being injured,
wasting time, and so on. In elephant seals the pozwinning may be near-monopoly
rights over a large harem of females. The payafifinning must therefore be rated as
very high. Small wonder that fights are vicious &mel probability of serious injury is
also high. The cost of wasting time should presuynlad regarded as small in
comparison with the cost of being injured and taedjit of winning. For a small bird in
a cold climate, on the other hand, the cost of wgdime may be paramount. A great tit
when feeding nestlings needs to catch an averageeoprey per thirty seconds. Every
second of daylight is precious. Even the compagatishort time wasted in a hawk
/hawk fight should perhaps be regarded as morewsethan the risk of injury to such a
bird. Unfortunately, we know too little at presémtassign realistic numbers to the costs
and benefits of various outcomes in nature. We rnestareful not to draw conclusions
that result simply from our own arbitrary choicenoimbers. The general conclusions
which are important are that ESSs will tend to eepthat an ESS is not the same as the
optimum that could be achieved by a group conspiraied that common sense can be
misleading.

Another kind of war game that Maynard Smith hassabered is the ‘'war of attrition'.
This can be thought of as arising in a speciesrtee¢r engages in dangerous combat,
perhaps a well-armoured species in which injunyeisy unlikely. All disputes in this
species are settled by conventional posturing. itesi always ends in one rival or the
other backing down. To win, all you have to dotans your ground and glare at the
opponent until he finally turns tail. Obviously aaimal can afford to spend infinite time
threatening; there are important things to be ddsewhere. The resource he is
competing for may be valuable, but it is not irtighy valuable. It is only worth so much
time and, as at an auction sale, each individyadapared to spend only so much on it.
Time is the currency of this two-bidder auction.

Suppose all such individuals worked out in advaaaectly how much time they thought
a particular kind of resource, say a female, waglw@ mutant individual who was
prepared to go on just a little bit longer wouldiays win. So the strategy of maintaining
a fixed bidding limit is unstable. Even if the valaf the resource can be very finely
estimated, and all individuals bid exactly the tigalue, the strategy is unstable. Any
two individuals bidding according to this maximutresegy would give up at exactly the
same instant, and neither would get the resouteedlild then pay an individual to give
up right at the start rather than waste any timepimests at all. The important difference
between the war of attrition and a real auctioe sslafter all, that in the war of attrition
both contestants pay the price but only one of theta the goods. In a population of
maximum bidders, therefore, a strategy of givinqauthe beginning would be successful
and would spread through the population. As a apunsece of this some benefit would
start to accrue to individuals who did not giveingnediately, but waited for a few
seconds before giving up. This strategy would pagmplayed against the immediate
retreaters who now predominate in the populati@e@ion would then favour a



progressive extension of the giving-up time uritdnce more approached the maximum
allowed by the true economic worth of the resowntder dispute.

Once again, by using words, we have talked oursehte picturing an oscillation in a
population. Once again, mathematical analysis shbatshis is not correct. There is an
evolutionarily stable strategy, which can be exgedsas a mathematical formula, but in
words what it amounts to is this. Each individuaég on for an unpredictable time.
Unpredictable on any particular occasion, thabug,averaging the true value of the
resource. For example, suppose the resource Ig veatth five minutes of display. At
the ESS, any patrticular individual may go on forenthan five minutes or he may go on
for less than five minutes, or he may even go orexactly five minutes. The important
thing is that his opponent has no way of knowing hang he is prepared to persist on
this particular occasion.

Obviously, it is vitally important in the war oftation that individuals should give no
inkling of when they are going to give up. Anybaalljo betrayed, by the merest flicker
of a whisker, that he was beginning to think obthing in the sponge, would be at an
instant disadvantage. If, say, whisker-flickerirepppened to be a reliable sign that retreat
would follow within one minute, there would be awsimple winning strategy: if your
opponent's whiskers flicker, wait one more minuegiardless of what your own previous
plans for giving up might have been. If your oppatreewhiskers have not yet flickered,
and you are within one minute of the time when ydend to give up anyway, give up
immediately and don't waste any more time. Nevekélr your own whiskers.' So natural
selection would quickly penalize whisker-flickeringd any analogous betrayals of
future behaviour. The poker face would evolve.

Why the poker face rather than out-and-out lies@elagain, because lying is not stable.
Suppose it happened to be the case that the nyagbitdividuals raised their hackles
only when they were truly intending to go on foreay long time in the war of attrition.
The obvious counterploy would evolve: individualsudd give up immediately when an
opponent raised his hackles. But now, liars miggatt $0 evolve. Individuals who really
had no intention of going on for a long time wotddse their hackles on every occasion,
and reap the benefits of easy and quick victorylidmenes would spread. When liars
became the majority, selection would now favouivittials who called their bluff.
Therefore liars would decrease in numbers agaithdrwar of attrition, telling lies is no
more evolutionarily stable than telling the trutline poker face is evolutionarily stable.
Surrender, when it finally comes, will be sudded anpredictable.

So far we have considered only what Maynard Snatls symmetric' contests. This
means we have assumed that the contestants atieatlénall respects except their
fighting strategy. Hawks and doves are assumee &gbally strong, to be equally well
endowed with weapons and with armour, and to havegaial amount to gain from
winning. This is a convenient assumption to makeafoodel, but it is not very realistic.
Parker and Maynard Smith went on to consider asymwer@ntests. For example, if
individuals vary in size and fighting ability, aedch individual is capable of gauging a



rival's size in comparison to his own, does thiscfthe ESS that emerges? It most
certainly does.

There seem to be three main sorts of asymmetryfifidteve have just met: individuals
may differ in their size or fighting equipment. $adly, individuals may differ in how
much they have to gain from winning. For instancel male, who has not long to live
anyway, might have less to lose if he is injuremhtla young male with the bulk of his
reproductive life ahead of him.

Thirdly, it is a strange consequence of the théloay a purely arbitrary, apparently
irrelevant, asymmetry can give rise to an ESSesihcan be used to settle contests
quickly. For instance it will usually be the cabattone contestant happens to arrive at
the location of the contest earlier than the ot@ail them 'resident' and 'intruder’
respectively. For the sake of argument, | am assgitmat there is no general advantage
attached to being a resident or an intruder. Asha see, there are practical reasons
why this assumption may not be true, but that istim@ point. The point is that even if
there were no general reason to suppose that nsidave an advantage over intruders,
an ESS depending on the asymmetry itself wouldkedylto evolve. A simple analogy is
to humans who settle a dispute quickly and witliosi$ by tossing a coin.

The conditional strategy: 'If you are the residattiack; if you are the intruder, retreat’,
could be an ESS. Since the asymmetry is assumael adbitrary, the opposite strategy:
'If resident, retreat; if intruder, attack' couldabe stable. Which of the two ESSs is
adopted in a particular population would dependavbith one happens to reach a
majority first. Once a majority of individuals i¢aging one of these two conditional
strategies, deviants from it are penalized. Hebgealefinition, it is an ESS.

For instance, suppose all individuals are playiegident wins, intruder runs away'. This
means they will win half their fights and lose hiléir fights. They will never be injured
and they will never waste time, since all dispaesinstantly settled by arbitrary
convention. Now consider a new mutant rebel. Suppesplays a pure hawk strategy,
always attacking and never retreating. He will wimen his opponent is an intruder.
When his opponent is a resident he will run a graleof injury. On average he will
have a lower pay-off than individuals playing acting to the arbitrary rules of the ESS.
A rebel who tries the reverse convention 'if restdein away, if intruder attack’, will do
even worse. Not only will he frequently be injurée, will also seldom win a contest.
Suppose, though, that by some chance events indilggblaying this reverse convention
managed to become the majority. In this case Htetegy would then become the stable
norm, and deviation from it would be penalized. Gawably, if we watched a population
for many generations we would see a series of aotaslips from one stable state to
the other.

However, in real life, truly arbitrary asymmetrigobably do not exist. For instance,
residents probably tend to have a practical adgentaer intruders. They have better
knowledge of local terrain. An intruder is perhapsre likely to be out of breath because
he moved into the battle area, whereas the reswianthere all the time. There is a more



abstract reason why, of the two stable statesrelglent wins, intruder retreats’, one is
the more probable in nature. This is that the ¥estrategy, 'intruder wins, resident
retreats' has an inherent tendency to self-destnittis what Maynard Smith would call
a paradoxical strategy. In any population sittinthes paradoxical ESS, individuals
would always be striving never to be caught aslesgs: they would always be trying to
be the intruder in any encounter. They could oglyieve this by ceaseless, and
otherwise pointless, moving around! Quite apanmnftbe costs in time and energy that
would be incurred, this evolutionary trend wouléljtself, tend to lead to the category
'resident’ ceasing to exist. In a population sttt the other stable state, ‘resident wins,
intruder retreats’, natural selection would faviogiividuals who strove to be residents.
For each individual, this would mean holding oratparticular piece of ground, leaving
it as little as possible, and appearing to 'defénd's is now well known, such behaviour
is commonly observed in nature, and goes by theerafrtterritorial defence'.

The neatest demonstration | know of this form dideoural asymmetry was provided

by the great ethologist Niko Tinbergen, in an ekxpent of characteristically ingenious
simplicity. He had a fish-tank containing two mateklebacks. The males had each built
nests, at opposite ends of the tank, and eachdiedethe territory

around his own nest. Tinbergen placed each ofwbentales in a large glass test-tube,
and he held the two tubes next to each other anched the males trying to fight each
other through the glass. Now comes the intereséaglt. When he moved the two tubes
into the vicinity of male A's nest, male A assuna@dattacking posture, and male B
attempted to retreat. But when he moved the twedulto male B's territory, the tables
were turned. By simply moving the two tubes frone @md of the tank to the other,
Tinbergen was able to dictate which male attackebivehich retreated. Both males were
evidently playing the simple conditional stratetfyresident, attack; if intruder, retreat.'

Biologists often ask what the biological 'advant@é territorial behaviour are.
Numerous suggestions have been made, some of wilidke mentioned later. But we
can now see that the very question may be supedlukerritorial 'defence’ may simply
be an ESS which arises because of the asymmaéingenof arrival that usually
characterizes the relationship between two indaisland a patch of ground.

Presumably the most important kind of non-arbit@symmetry is in size and general
fighting ability. Large size is not necessarily alyg the most important quality needed to
win fights, but it is probably one of them. If tregger of two fighters always wins, and if
each individual knows for certain whether he igdaror smaller than his opponent, only
one strategy makes any sense: 'lf your opponéatgsr than you, run away. Pick fights
with people smaller than you are.’ Things are angite complicated if the importance of
size is less certain. If large size confers ond)ight advantage, the strategy | have just
mentioned is still stable. But if the risk of inyuils serious there may also be a second,
‘paradoxical strategy'. This is: 'Pick fights witdople larger than you are and run away
from people smaller than you are'! It is obviousyihis is called paradoxical. It seems
completely counter to common sense. The reas@nibe stable is this. In a population
consisting entirely of paradoxical strategists,awhbever gets hurt. This is because in



every contest one of the participants, the larglerays runs away. A mutant of average
size who plays the 'sensible’ strategy of pickingmaller opponents is involved in a
seriously escalated fight with half the people reeta. This is because, if he meets
somebody smaller than him, he attacks; the smaltividual fights back fiercely,
because he is playing paradoxical; although theiknstrategist is more likely to win
than the paradoxical one, he still runs a substhrnsk of losing and of being seriously
injured. Since the majority of the population aegguloxical, a sensible strategist is more
likely to be injured than any single paradoxicahtgist.

Even though a paradoxical strategy can be stabteprobably only of academic interest.
Paradoxical fighters will only have a higher averaay-off if they very heavily out-
number sensible ones. It is hard to imagine howdtate of affairs could ever arise in the
first place. Even if it did, the ratio of sensibtesparadoxicals in the population only has
to drift a little way towards the sensible sidedrvefreaching the 'zone of attraction’ of the
other ESS, the sensible one. The zone of attrattitre set of population ratios at which,
in this case, sensible strategists have the adyantece a population reaches this zone,
it will be sucked inevitably towards the sensildigbée point. It would be exciting to find
an example of a paradoxical ESS in nature, buubtd we can really hope to do so. (I
spoke too soon. After | had written this last seoé Professor Maynard Smith called my
attention to the following description of the belwawr of the Mexican social spider,
Oecobius civitas, by J. W. Burgess: 'If a spidetisturbed and driven out of its retreat, it
darts across the rock and, in the absence of anvvacavice to hide in, may seek refuge in
the hiding place of another spider of the sameispelf the other spider is in residence
when the intruder enters, it does not attack brtsdaut and seeks a new refuge of its
own. Thus once the first spider is disturbed treeess of sequential displacement from
web to web may continue for several seconds, a#esing a majority of the spiders in
the aggregation to shift from their home refuganaalien one (Social Spiders, Scientific
American, March 1976).

What if individuals retain some memory of the omeoof past fights? This depends on
whether the memory is specific or general. Cricketge a general memory of what
happened in past fights. A cricket that has regemtin a large number of fights becomes
more hawkish. A cricket that has recently had atpstreak becomes more dovish. This
was neatly shown by R. D. Alexander. He used a hrdeet to beat up real crickets.
After this treatment the real crickets became nli@egy to lose fights against other real
crickets. Each cricket can be thought of as cotistapdating his own estimate of his
fighting ability, relative to that of an averagelvidual in his population. If animals such
as crickets, who work with a general memory of figsits, are kept together in a closed
group for a time, a kind of dominance hierarchlksly to develop. An observer can
rank the individuals in order. Individuals lowerthre order tend to give in to individuals
higher in the order. There is no need to suppaaetiie individuals recognize each other.
All that happens is that individuals who are acoostd to winning become even more
likely to win, while individuals who are accustomi@dosing become steadily more
likely to lose. Even if the individuals started Wwinning or losing entirely at random,

they would tend to sort themselves out into a raraer. This incidentally has the effect
that the number of serious fights in the group gedlg¢t dies down.



| have to use the phrase 'kind of dominance hiaggrbecause many people reserve the
term dominance hierarchy for cases in which indigidrecognition is involved. In these
cases, memory of past fights is specific rathen tqeneral. Crickets do not recognize
each other as individuals, but hens and monkey# gou are a monkey, a monkey who
has beaten you in the past is likely to beat yaihénfuture. The best strategy for an
individual is to be relatively dovish towards awlividual who has previously beaten him.
If a batch of hens who have never met before daredoced to each other, there is
usually a great deal of fighting. After a time fighting dies down. Not for the same
reason as in the crickets, though. In the caskeohéns it is because each individual
'learns her place’ relative to each other individUhis is incidentally good for the group
as a whole. As an indicator of this it has beeicedtthat in established groups of hens,
where fierce fighting is rare, egg production ighter than in groups of hens whose
membership is continually being changed, and irctvifights are consequently more
frequent. Biologists often speak of the biologiadVantage or ‘function’' of dominance
hierarchies as being to reduce overt aggressitmeigroup. However, this is the wrong
way to put it. A dominance hierarchy perse canmosdid to have a 'function’ in the
evolutionary sense, since it is a property of aigranot of an individual. The individual
behaviour patterns that manifest themselves ifidtme of dominance hierarchies when
viewed at the group level may be said to have fanst It is, however, even better to
abandon the word 'function’ altogether, and toktlaibout the matter in terms of ESSs in
asymmetric contests where there is individual radam and memory.

We have been thinking of contests between membehe same species. What about
inter-specific contests? As we saw earlier, membedsfferent species are less direct
competitors than members of the same specieshisoretason we should expect fewer
disputes between them over resources, and our &@tjeecis borne out. For instance,
robins defend territories against other robins,rmitagainst great tits. One can draw a
map of the territories of different individual rolsiin a wood and one can superimpose a
map of the territories of individual great tits.elterritories of the two species overlap in
an entirely indiscriminate way. They might as wal on different planets.

But there are other ways in which the interestsidividuals from different species

conflict very sharply. For instance a lion wantg#t an antelope's body, but the antelope
has very different plans for its body. This is notmally regarded as competition for a
resource, but logically it is hard to see why Adte resource in question is meat. The

lion genes 'want' the meat as food for their swavimachine. The antelope genes want the
meat as working muscle and organs for their sulvhachine. These two uses for the
meat are mutually incompatible, therefore thereoisflict of interest.

Members of one's own species are made of meaWhg.is cannibalism relatively rare?
As we saw in the case of black-headed gulls, adigltsometimes eat the young of their
own species. Yet adult carnivores are never teeka actively pursuing other adults of
their own species with a view to eating them. Wht?rnWe are still so used to thinking in
terms of the 'good of the species' view of evolutizat we often forget to ask perfectly
reasonable questions like: 'Why don't lions huhepotions?' Another good question of a



type which is seldom asked is: 'Why do antelopesamay from lions instead of hitting
back?'

The reason lions do not hunt lions is that it woubdl be an ESS for them to do so. A
cannibal strategy would be unstable for the sarasom as the hawk strategy in the
earlier example. There is too much danger of iaiah. This is less likely to be true in
contests between members of different species,hwhiavhy so many prey animals run
away instead of retaliating. It probably stems ioad}y from the fact that in an
interaction between two animals of different spgdthere is a built-in asymmetry which
is greater than that between members of the saewtesp Whenever there is strong
asymmetry in a contest, ESSs are likely to be ¢mmdil strategies dependent on the
asymmetry. Strategies analogous to 'if smalleraway; if larger, attack' are very likely
to evolve in contests between members of diffespeties because there are so many
available asymmetries. Lions and antelopes hawhegba kind of stability by
evolutionary divergence, which has accentuateatiggnal asymmetry of the contest in
an ever-increasing fashion. They have become higtaijcient in the arts of,
respectively, chasing, and running away. A mutatelape that adopted a 'stand and
fight' strategy against lions would be less sudoédisan rival antelopes disappearing
over the horizon.

| have a hunch that we may come to look back onmention of the ESS concept as
one of the most important advances in evolutiotlaepry since Darwin. It is applicable
wherever we find conflict of interest, and that mealmost everywhere. Students of
animal behaviour have got into the habit of talkatgput something called 'social
organization'. Too often the social organizatiomajecies is treated as an entity in its
own right, with its own biological 'advantage'. Arample | have already given is that of
the 'dominance hierarchy'. | believe it is posstbléiscern hidden group-selectionist
assumptions lying behind a large number of thestants that biologists make about
social organization. Maynard Smith's concept ofE&S will enable us, for the first time,
to see clearly how a collection of independentiseintities can come to resemble a
single organized whole. | think this will be truetronly of social organizations within
species, but also of 'ecosystems' and ‘commurtbesisting of many species. In the
long term, | expect the ESS concept to revolutietie science of ecology.

We can also apply it to a matter that was defein@d Chapter 3, arising from the
analogy of oarsmen in a boat (representing genasody) needing a good team spirit.
Genes are selected, not as 'good' in isolationa®gbod at working against the
background of the other genes in the gene poobdgene must be compatible with,
and complementary to, the other genes with whdmastto share a long succession of
bodies. A gene for plant-grinding teeth is a goedegin the gene pool of a herbivorous
species, but a bad gene in the gene pool of avcaimis species.

It is possible to imagine a compatible combinatbgenes as being selected together as
a unit. In the case of the butterfly mimicry exampf Chapter 3, this seems to be exactly
what happened. But the power of the ESS concepatdt can now enable us to see how



the same kind of result could be achieved by selegiurely at the level of the
independent gene. The genes do not have to ballmkéhe same chromosome.

The rowing analogy is really not up to explainihgstidea. The nearest we can come to it
is this. Suppose it is important in a really susb@screw that the rowers should
coordinate their activities by means of speechp8se further that, in the pool of
oarsmen at the coach's disposal, some speak oglisEand some speak only German.
The English are not consistently better or worseers than the Germans. But because of
the importance of communication, a mixed crew teiid to win fewer races than either a
pure English crew or a pure German crew.

The coach does not realize this. All he does ifflehlis men around, giving credit
points to individuals in winning boats, marking dowdividuals in losing boats. Now if
the pool available to him just happens to be doteshéy Englishmen it follows that any
German who gets into a boat is likely to cause lbse, because communications break
down. Conversely, if the pool happened to be dotethby Germans, an Englishman
would tend to cause any boat in which he found Blhte lose. What will emerge as the
overall best crew will be one of the two stabldestepure English or pure German, but
not mixed. Superficially it looks as though the do# selecting whole language groups
as units. This is not what he is doing. He is s&lgdndividual oarsmen for their
apparent ability to win races. It so happens thaténdency for an individual to win
races depends on which other individuals are ptesehe pool of candidates. Minority
candidates are automatically penalized, not becdeseare bad rowers, but simply
because they are minority candidates. Similarky,féct that genes are selected for
mutual compatibility does not necessarily mean axehto think of groups of genes as
being selected as units, as they were in the dabe dutterflies. Selection at the low
level of the single gene can give the impressiosetéction at some higher level.

In this example, selection favours simple confoymilore interestingly, genes may be
selected because they complement each other.nhs @frthe analogy, suppose an ideally
balanced crew would consist of four right-handers ®ur left-handers. Once again
assume that the coach, unaware of this fact, sdbicdly on 'merit’. Now if the pool of
candidates happens to be dominated by right-hanaleysndividual left-hander will tend
to be at an advantage: he is likely to cause aay ibavhich he finds himself to win, and
he will therefore appear to be a good oarsman. &sely, in a pool dominated by left-
handers, a right-hander would have an advantage.ig kimilar to the case of a hawk
doing well in a population of doves, and a dovendawvell in a population of hawks. The
difference is that there we were talking aboutraxtéons between individual bodies-
selfish machines-whereas here we are talking, Blogg, about interactions between
genes within bodies.

The coach's blind selection of ‘good' oarsmenledtl in the end to an ideal crew
consisting of four left-handers and four righthaisdé will look as though he selected
them all together as a complete, balanced unitdlif more parsimonious to think of him
as selecting at a lower level, the level of theepehdent candidates. The evolutionarily
stable state (‘strategy’ is misleading in this ext)tof four left-handers and four right-



handers will emerge simply as a consequence ofdeel-selection on the basis of
apparent merit.

The gene pool is the long-term environment of theeg ‘Good' genes are blindly selected
as those that survive in the gene pool. This isartbeory; it is not even an observed fact:
it is a tautology. The interesting question is winaikes a gene good. As a first
approximation | said that what makes a gene gotikisibility to build efficient survival
machines-bodies. We must now amend that staterfileatgene pool will become an
evolutionarily stable set of genes, defined asreegmol that cannot be invaded by any
new gene. Most new genes that arise, either bytrontar reassortment or immigration,
are quickly penalized by natural selection: thel@wonarily stable set is restored.
Occasionally a new gene does succeed in invadageh it succeeds in spreading
through the gene pool. There is a transitionalgaeaf instability, terminating in a new
evolutionarily stable set-a little bit of evolutitvas occurred. By analogy with the
aggression strategies, a population might have mhareone alternative stable point, and
it might occasionally flip from one to another. Bressive evolution may be not so much
a steady upward climb as a series of discrete $tepsstable plateau to stable plateau. It
may look as though the population as a whole isbiely like a single self-regulating

unit. But this illusion is produced by selectionrgpon at the level of the single gene.
Genes are selected on 'merit'. But merit is judgethe basis of performance against the
background of the evolutionarily stable set whiglhie current gene pool.

By focussing on aggressive interactions betweenevindividuals, Maynard Smith was
able to make things very clear. It is easy to tlohktable ratios of hawk bodies and dove
bodies, because bodies are large things which weea But such interactions between
genes sitting in different bodies are only thedtfiphe iceberg. The vast majority of
significant interactions between genes in the eiaharily stable set-the gene pool-go on
within individual bodies. These interactions ariiclilt to see, for they take place within
cells, notably the cells of developing embryos. Mfgkgrated bodies exist because they
are the product of an evolutionarily stable setadfish genes.

But | must return to the level of interactions beén whole animals which is the main
subject of this book. For understanding aggressisas convenient to treat individual
animals as independent selfish machines. This ntwdaeks down when the individuals
concerned are close relatives-brothers and sisteusins, parents and children. This is
because relatives share a substantial proportitimeafgenes. Each selfish gene therefore
has its loyalties divided between different bodiEss is explained in the next chapter.



GENESMANSHIP

What is the selfish gene? It is not just one sipdigsical bit of DNA. Just as in the
primeval soup, it is all replicas of a particulardf DNA, distributed throughout the
world. If we allow ourselves the licence of talkialgout genes as if they had conscious
aims, always reassuring ourselves that we coufskate our sloppy language back into
respectable terms if we wanted to, we can askulestipn, what is a single selfish gene
trying to do? It is trying to get more numeroushe gene pool. Basically it does this by
helping to program the bodies in which it find®itso survive and to reproduce. But
now we are emphasizing that 'it' is a distributgdrecy, existing in many different
individuals at once. The key point of this chapgethat a gene might be able to assist
replicas of itself that are sitting in other bodiéso, this would appear as individual
altruism but it would be brought about by geneisketfess.

Consider the gene for being an albino in man. ¢h $averal genes exist that can give rise
to albinism, but | am talking about just one ofrthét is recessive; that is, it has to be
present in double dose in order for the persoretarbalbino. This is true of about 1 in
20,000 of us. But it is also present, in singleedas about 1 in 70 of us, and these
individuals are not albinos. Since it is distrikdite many individuals, a gene such as the
albino gene could, in theory, assist its own sialin the gene pool by programming its
bodies to behave altruistically towards other aldmodies, since these are known to
contain the same gene. The albino gene shoulditeltpappy if some of the bodies that
it inhabits die, provided that in doing so theyphether bodies containing the same gene
to survive. If the albino gene could make one bibdies save the lives of 10 albino
bodies, then even the death of the altruist is gropinpensated by the increased
numbers of albino genes in the gene pool.

Should we then expect albinos to be especially tmi@ach other? Actually the answer is
probably no. In order to see why not, we must teraly abandon our metaphor of the
gene as a conscious agent, because in this canbedomes positively misleading. We
must translate back into respectable, if more landed terms. Albino genes do not
really 'want' to survive or to help other albinmgs. But if the albino gene just happened
to cause its bodies to behave altruistically towanther albinos, then automatically,
willy-nilly, it would tend to become more numerousthe gene pool as a result. But, in
order for this to happen, the gene would have t@ hao independent effects on bodies.
Not only must it confer its usual effect of a vegle complexion. It must also confer a
tendency to be selectively altruistic towards imdlinals with a very pale complexion.
Such a double-effect gene could, if it existedyé®y successful in the population.



Now it is true that genes do have multiple effeats| emphasized in Chapter 3. It is
theoretically possible that a gene could arise Wwhmnferred an externally visible 'label’,
say a pale skin, or a green beard, or anythingmonsus, and also a tendency to be
specially nice to bearers of that conspicuous ldbed possible, but not particularly

likely. Green beardedness is just as likely toilveeld to a tendency to develop ingrowing
toenails or any other trait, and a fondness foegteeards is just as likely to go together
with an inability to smell freesias. It is not vgrgobable that one and the same gene
would produce both the right label and the right sbaltruism. Nevertheless, what may
be called the Green Beard Altruism Effect is a tegoal possibility.

An arbitrary label like a green beard is just orsy/w which a gene might 'recognize’
copies of itself in other individuals. Are thereyasther ways? A particularly direct
possible way is the following. The possessor oéléniistic gene might be recognized
simply by the fact that he does altruistic actgehe could prosper in the gene pool if it
'said’ the equivalent of: 'Body, if A is drowning a result of trying to save someone else
from drowning, jump in and rescue A.' The reasacthsaigene could do well is that there
is a greater than average chance that A contagnsaime life-saving altruistic gene. The
fact that A is seen to be trying to rescue someladsly is a label, equivalent to a green
beard. It is less arbitrary than a green bearditlstitl seems rather implausible. Are
there any plausible ways in which genes might gaze' their copies in other
individuals?

The answer is yes. It is easy to show that closgéives-kin-have a greater than average
chance of sharing genes. It has long been cleathisamust be why altruism by parents
towards their young is so common. What R. A. FisheB. S. Haldane, and especially
W. D. Hamilton realized, was that the same appbesther close relations-brothers and
sisters, nephews and nieces, close cousins. ffdividual dies in order to save ten close
relatives, one copy of the kin-altruism gene mayolsg but a larger number of copies of
the same gene is saved.

‘A larger number' is a bit vague. So is ‘closetieda’. We can do better than that, as
Hamilton showed. His two papers of 1964 are ambegrost important contributions to
social ethology ever written, and | have never bedgle to understand why they have
been so neglected by ethologists (his hame doesveotappear in the index of two
major text-books of ethology, both published in QR Fortunately there are recent signs
of a revival of interest in his ideas. Hamiltongpprs are rather mathematical, but it is
easy to grasp the basic principles intuitively hwiit rigorous mathematics, though at the
cost of some over-simplification. The thing we wemtalculate is the probability, or
odds, that two individuals, say two sisters, slaparticular gene.

For simplicity | shall assume that we are talkibgat genes that are rare in the gene pool
as a whole. Most people share 'the gene for noglkee albino’, whether they are related
to each other or not. The reason this gene is sormm is that in nature albinos are less
likely to survive than non-albinos because, formegke, the sun dazzles them and makes
them relatively unlikely to see an approaching pted We are not concerned with



explaining the prevalence in the gene pool of salmhously 'good’ genes as the gene for
not being an albino. We are interested in explagire success of genes specifically as a
result of their altruism. We can therefore assunag, tat least in the early stages of this
process of evolution, these genes are rare. Nowrtpertant point is that even a gene
that is rare in the population as a whole is commithin a family. | contain a number of
genes that are rare in the population as a whoteyau also contain genes that are rare
in the population as a whole. The chance that vile bantain the same rare genes is very
small indeed. But the chances are good that mgrgisntains a particular rare gene that |
contain, and the chances are equally good thatgistar contains a rare gene in common
with you. The odds are in this case exactly 50gget, and it is easy to explain why.

Suppose you contain one copy of the gene G. You hawe received it either from your
father or from your mother (for convenience we naglect various infrequent
possibilities-that G is a new mutation, that bodluryparents had it, or that either of your
parents had two copies of it). Suppose it was Yailner who gave you the gene. Then
every one of his ordinary body cells contained ooy of G. Now you will remember
that when a man makes a sperm he doles out hajehiss to it. There is therefore a 50
per cent chance that the sperm that begot yowr sesteived the gene G. If, on the other
hand, you received G from your mother, exactly &reeasoning shows that half of her
eggs must have contained G; once again, the chaneé&® per cent that your sister
contains G. This means that if you had 100 brothatssisters, approximately 50 of
them would contain any particular rare gene thatgantain. It also means that if you
have 100 rare genes, approximately 50 of themratteei body of any one of your
brothers or sisters.

You can do the same kind of calculation for anyrdegf kinship you like. An important
relationship is that between parent and childoli y\ave one copy of gene H, the chance
that any particular one of your children has B@sper cent, because half your sex cells
contain H, and any particular child was made froma of those sex cells. If you have one
copy of gene J, the chance that your father aldaJha 50 per cent, because you received
half your genes from him, and half from your moth&sr convenience we use an index
of relatedness, which expresses the chance ofalggng shared between two relatives.
The relatedness between two brothers is 1/2, $ialféhe genes possessed by one
brother will be found in the other. This is an ag® figure: by the luck of the meiotic
draw, it is possible for particular pairs of brath& share more or fewer genes than this.
The relatedness between parent and child is alexgstly 1/2.

It is rather tedious going through the calculatitmosn first principles every time, so here
is a rough and ready rule for working out the edakess between any two individuals A
and B. You may find it useful in making your widly in interpreting apparent
resemblances in your own family. It works for athple cases, but breaks down where
incestuous mating occurs, and in certain insestsjeashall see.

First identify all the common ancestors of A and=Br instance, the common ancestors
of a pair of first cousins are their shared gratigfaand grandmother. Once you have
found a common ancestor, it is of course logictlig that all his ancestors are common



to A and B as well. However, we ignore all but thest recent common ancestors. In this
sense, first cousins have only two common ancedfdssis a lineal descendant of A, for
instance his great grandson, then A himself isdbimmon ancestor' we are looking for.

Having located the common ancestor(s) of A andoBntthe generation distance as
follows. Starting at A, climb up the family treetilryou hit a common ancestor, and then
climb down again to B. The total number of stepshgtree and then down again is the
generation distance. For instance, if A is B's enttie generation distance is 3. The
common ancestor is A's father (say) and B's grahefaStarting at A you have to climb
up one generation in order to hit the common ance$hen to get down to B you have
to descend two generations on the other side. Tdrerthe generation distanceis 1 + 2 =
3.

Having found the generation distance between ABami a particular common ancestor,
calculate that part of their relatedness for whiekt ancestor is responsible. To do this,
multiply 1/2 by itself once for each step of thengeation distance. If the generation
distance is 3, this means calculate 1/2 x 1/2 xIitBe generation distance via a
particular ancestor is equal to g steps, the podiaelatedness due to that ancestor is
(1/2) to the power g.

But this is only part of the relatedness betweeamA B. If they have more than one
common ancestor we have to add on the equivalgmtefifor each ancestor. It is usually
the case that the generation distance is the sama#l tommon ancestors of a pair of
individuals. Therefore, having worked out the rethitess between A and B due to any
one of the ancestors, all you have to do in pragido multiply by the number of
ancestors. First cousins, for instance, have tvmoncon ancestors, and the generation
distance via each one is 4. Therefore their refesslis 1/8.

If A is Bs greatgrandchild, the generation distaiscg and the number of common
‘ancestors' is 1 (B himself), so the relatedned#8isGenetically speaking, your first
cousin is equivalent to a great grandchild. Sirtylarou are just as likely to 'take after'
your uncle (relatedness = 1/4) as after your giathéf (relatedness = 1/4).

For relationships as distant as third cousin (1) 128 are getting down near the baseline
probability that a particular gene possessed byilAoe shared by any random individual
taken from the population. A third cousin is natffam being equivalent to any old

Tom, Dick, or Harry as far as an altruistic genedacerned. A second cousin
(relatedness = 1/32) is only a little bit specaafirst cousin somewhat more so (1/8). Full
brothers and sisters, and parents and childreveaiyespecial (1/2), and identical twins
(relatedness = 1) just as special as oneself. Sraeid aunts, nephews and nieces,
grandparents and grandchildren, and half brothealshalf sisters, are intermediate with a
relatedness of 3.

Now we are in a position to talk about genes forditruism much more precisely. A
gene for suicidally saving five cousins would netbme more numerous in the
population, but a gene for saving five brotherseorfirst cousins would. The minimum
requirement for a suicidal altruistic gene to becgssful is that it should save more than



two siblings (or children or parents), or more tii@umr half-siblings (or uncles, aunts,
nephews, nieces, grandparents, grandchildren)poe than eight first cousins, etc. Such
a gene, on average, tends to live on in the badieaough individuals saved by the
altruist to compensate for the death of the altitsglf.

If an individual could be sure that a particulargm® was his identical twin, he should be
exactly as concerned for his twin's welfare ashfsrown. Any gene for twin altruism is
bound to be carried by both twins, therefore if dies heroically to save the other the
gene lives on. Nine-banded armadillos are bornlittest of identical quadruplets. As far
as | know, no feats of heroic self-sacrifice haeerreported for young armadillos, but it
has been pointed out that some strong altruisrefisitely to be expected, and it would
be well worth somebody's while going out to Southeica to have a look.

We can now see that parental care is just a speasal of kin altruism. Genetically
speaking, an adult should devote just as mucharadattention to its orphaned baby
brother as it does to one of its own childrenrdlatedness to both infants is exactly the
same, 1/2. In gene selection terms, a gene fosibigr altruistic behaviour should have
just as good a chance of spreading through thelat@u as a gene for parental altruism.
In practice, this is an over-simplification for 1@ss reasons which we shall come to
later, and brotherly or sisterly care is nothikglso common in nature as parental care.
But the point | am making here is that there ifhima special genetically speaking about
the parent/child relationship as against the brogister relationship. The fact that
parents actually hand on genes to children, btersislo not hand on genes to each other
is irrelevant, since the sisters both receive idahteplicas of the same genes from the
same parents.

Some people use the term kin selection to distsigthis kind of natural selection from
group selection (the differential survival of grelijand individual selection (the
differential survival of individuals). Kin selecticaccounts for within-family altruism;
the closer the relationship, the stronger the selecThere is nothing wrong with this
term, but unfortunately it may have to be abanddyesrhuse of recent gross misuses of
it, which are likely to muddle and confuse bioldgi®r years to come. E. O. Wilson, in
his otherwise admirable Sociobiology: The New Sgsib, defines kin selection as a
special case of group selection. He has a diagriaithvelearly shows that he thinks of it
as intermediate between 'individual selection’, 'gnalip selection’ in the conventional
sense-the sense that | used in Chapter 1. Now gr@eption-even by Wilson's own
definition-means the differential survival of graupf individuals. There is, to be sure, a
sense in which a family is a special kind of groBpt the whole point of Hamilton's
argument is that the distinction between family and-family is not hard and fast, but a
matter of mathematical probability. It is no parHamilton's theory that animals should
behave altruistically towards all 'members of thmily', and selfishly to everybody else.
There are no definite lines to be drawn betweeriljaamd non-family. We do not have
to decide whether, say, second cousins should @suimiside the family group or outside
it: we simply expect that second cousins should/té as likely to receive altruism as
offspring or siblings. Kin selection is emphatigatiot a special case of group selection.
It is a special consequence of gene selection.



There is an even more serious shortcoming in Wisoefinition of kin selection. He
deliberately excludes offspring: they don't counkian! Now of course he knows
perfectly well that offspring are kin to their pats, but he prefers not to invoke the
theory of kin selection in order to explain alttiascare by parents of their own offspring.
He is, of course, entitled to define a word howehwetikes, but this is a most confusing
definition, and | hope that Wilson will changentfuture editions of his justly influential
book. Genetically speaking, parental care and brégister altruism evolve for exactly
the same reason: in both cases there is a goodelizeat the altruistic gene is present in
the body of the beneficiary.

| ask the general reader's indulgence for thie ldtatribe, and return hastily to the main
story. So far, | have over-simplified somewhat, &nsl now time to introduce some
gualifications. | have talked in elemental termswicidal genes for saving the lives of
particular numbers of kin of exactly known relategs. Obviously, in real life, animals
cannot be expected to count exactly how many wesatihey are saving, nor to perform
Hamilton's calculations in their heads even if thag some way of knowing exactly who
their brothers and cousins were. In real life,aarsuicide and absolute 'saving' of life
must be replaced by statistical risks of death;soon and other people's. Even a third
cousin may be worth saving, if the risk to yourseNery small. Then again, both you
and the relative you are thinking of saving arengdp die one day in any case. Every
individual has an 'expectation of life' which anuaey could calculate with a certain
probability of error. To save the life of a relaiwho is soon going to die of old age has
less of an impact on the gene pool of the futuam tio save the life of an equally close
relative who has the bulk of his life ahead of him.

Our neat symmetrical calculations of relatednes® i@ be modified by messy actuarial
weightings. Grandparents and grandchildren havegtgmlly speaking, equal reason to
behave altruistically to each other, since theyeli#4 of each other's genes. But if the
grandchildren have the greater expectation of ¢jgames for grandparent to grandchild
altruism have a higher selective advantage thargygar grandchild to grandparent
altruism. It is quite possible for the net benefibssisting a young distant relative to
exceed the net benefit of assisting an old closgive. (Incidentally, it is not, of course,
necessarily the case that grandparents have a&skagectation of life than
grandchildren. In species with a high infant-matyalate, the reverse may be true.)

To extend the actuarial analogy, individuals cathmeight of as life-insurance
underwriters. An individual can be expected to siva risk a certain proportion of his
own assets in the life of another individual. Heeinto account his relatedness to the
other individual, and also whether the individusahi'good risk’ in terms of his life
expectancy compared with the insurer's own. Syrigd should say 'reproduction
expectancy' rather than 'life expectancy’, or te\sn more strict, 'general capacity to
benefit own genes in the future expectancy'. Theorder for altruistic behaviour to
evolve, the net risk to the altruist must be I&sstthe net benefit to the recipient
multiplied by the relatedness. Risks and beneétgehto be calculated in the complex
actuarial way | have outlined.



But what a complicated calculation to expect a maovival machine to do, especially in
a hurry! Even the great mathematical biologist.JSBHaldane (in a paper of 1955 in
which he anticipated Hamilton by postulating theegid of a gene for saving close
relatives from drowning) remarked:'... on the tvaga@sions when | have pulled possibly
drowning people out of the water (at an infiniteaimsk to myself) | had no time to
make such calculations.' Fortunately, however, asi&he well knew, it is not necessary
to assume that survival machines do the sums amrsgiin their heads. Just as we may
use a slide rule without appreciating that we mreffect, using logarithms, so an animal
may be pre-programmed in such a way that it behaséfsit had made a complicated
calculation.

This is not so difficult to imagine as it appeathen a man throws a ball high in the air
and catches it again, he behaves as if he haddsalset of differential equations in
predicting the trajectory of the ball. He may neitknow nor care what a differential
equation is, but this does not affect his skillhatite ball. At some subconscious level,
something functionally equivalent to the mathenatoalculations is going on. Similarly,
when a man takes a difficult decision, after wenghiip all the pros and cons, and all the
consequences of the decision that he can imagiis, doing the functional equivalent of
a large 'weighted sum' calculation, such as a ceenpoight perform.

If we were to program a computer to simulate a rhedevival machine making
decisions about whether to behave altruistically,slvould probably proceed roughly as
follows. We should make a list of all the altermatthings the animal might do. Then for
each of these alternative behaviour patterns wgrano a weighted sum calculation. All
the various benefits will have a plus sign; all tisi&s will have a minus sign; both
benefits and risks will be weighted by being muiég by the appropriate index of
relatedness before being added up. For simpliogyan, to begin with, ignore other
weightings, such as those for age and health. Singedividual's 'relatedness' with
himself is 1 (i.e. he has 100 per cent of his o@ngg-obviously), risks and benefits to
himself will not be devalued at all, but will bevgn their full weight in the calculation.
The whole sum for any one of the alternative betarvpatterns will look like this: Net
benefit of behaviour pattern = Benefit to self sIRio self +1/2 Benefit to brother - 1/2
Risk to brother + 1/2 Benefit to other brother2 Risk to other brother + 1/8 Benefit to
first cousin - 1/8 Risk to first cousin + \ Bendbtchild - \ Risk to child + etc.

The result of the sum will be a number called taelbenefit score of that behaviour
pattern. Next, the model animal computes the edgmtaum for each alternative
behaviour pattern in his repertoire. Finally hea$es to perform the behaviour pattern
which emerges with the largest net benefit. Eveil ifthe scores come out negative, he
should still choose the action with the highest,dhe least of evils. Remember that any
positive action involves consumption of energy &ng, both of which could have been
spent doing other things. If doing nothing emer@eshe 'behaviour' with the highest net
benefit score, the model animal will do nothingréless a very over-simplified example,
this time expressed in the form of a subjectivéd@mly rather than a computer
simulation. I am an animal who has found a clumpight mushrooms. After taking



account of their nutritional value, and subtractsognething for the slight risk that they
might be poisonous, | estimate that they are wethinits each (the units are arbitrary
pay-offs as in the previous chapter). The mushroamaso big | could eat only three of
them. Should | inform anybody else about my finglgiving a 'food call'? Who is within
earshot? Brother B (his relatedness to me is 2)sindC (relatedness to me = 1/8), and D
(no particular relation: his relatedness to meoimea small number which can be treated
as zero for practical purposes). The net beneditesto me if | keep quiet about my find
will be +6 for each of the three mushrooms | d&f ts +18 in all. My net benefit score if
| give the food call needs a bit of figuring. Thghg mushrooms will be shared equally
between the four of us. The pay-off to me fromtthie that | eat myself will be the full
+6 units each, that is +12 in all. But | shall aig some pay-off when my brother and
cousin eat their two mushrooms each, because aftmsed genes. The actual score
comesto (1x12) +(1/2 x 12) + (1/8 x 12) + (@A) = + 19.5. The corresponding net
benefit for the selfish behaviour was +18: it d@se-run thing, but the verdict is clear. |
should give the food call; altruism on my part wbur this case pay my selfish genes.

| have made the simplifying assumption that theviddial animal works out what is best
for his genes. What really happens is that the genébecomes filled with genes that
influence bodies in such a way that they behavéthey had made such calculations.

In any case the calculation is only a very prelanynfirst approximation to what it
ideally should be. It neglects many things, inahgihe ages of the individuals
concerned. Also, if | have just had a good meathab| can only find room for one
mushroom, the net benefit of giving the food call e greater than it would be if | was
famished. There is no end to the progressive nefergs of the calculation that could be
achieved in the best of all possible worlds. Bat tiée is not lived in the best of all
possible worlds. We cannot expect real animalake every last detail into account in
coming to an optimum decision. We shall have tealisr, by observation and
experiment in the wild, how closely real animaltualy come to achieving an ideal
cost-benefit analysis.

Just to reassure ourselves that we have not betmmoarried away with subjective
examples, let us briefly return to gene languagéng bodies are machines programmed
by genes that have survived. The genes that havered have done so in conditions that
tended on average to characterize the environnighe®pecies in the past. Therefore
‘estimates’ of costs and benefits are based ongxasrience’, just as they are in human
decision-making. However, experience in this casethe special meaning of gene
experience or, more precisely, conditions of pasiegsurvival. (Since genes also endow
survival machines with the capacity to learn, s@ost-benefit estimates could be said to
be taken on the basis of individual experience elt M50 long as conditions do not
change too drastically, the estimates will be gestilmates, and survival machines will
tend to make the right decisions on average. Itiitams change radically, survival
machines will tend to make erroneous decisions tlagid genes will pay the penalty. Just
so; human decisions based on outdated informagioah tio be wrong.



Estimates of relatedness are also subject to anmuncertainty. In our over-simplified
calculations so far, we have talked as if survimachines know who is related to them,
and how closely. In real life such certain knowledgoccasionally possible, but more
usually the relatedness can only be estimated asemage number. For example,
suppose that A and B could equally well be eittadf brothers or full brothers. Their
relatedness is either 1/4 or 1/2, but since weal&know whether they are half or full
brothers, the effectively usable figure is the ager, 1. If it is certain that they have the
same mother, but the odds that they have the sattmerfare only 1 in 10, then it is 90 per
cent certain that they are half brothers, and 10gm certain that they are full brothers,
and the effective relatedness is 1/10 x 1/2 + 8/161 = 0.275.

But when we say something like ‘it" is 90 per aartain, what 'it' are we referring to? Do
we mean a human naturalist after a long field sta®0 per cent certain, or do we mean
the animals are 90 per cent certain? With a blilck these two may amount to nearly the
same thing. To see this, we have to think how alsimaght actually go about estimating
who their close relations are.

We know who our relations are because we are b@lcause we give them names,
because we have formal marriages, and becausewsenndten records and good
memories. Many social anthropologists are preo@zlpiith 'kinship' in the societies
which they study. They do not mean real genetislip, but subjective and cultural
ideas of kinship. Human customs and tribal riteaisymonly give great emphasis to
kinship; ancestor worship is widespread, familyigdtions and loyalties dominate much
of life. Blood-feuds and inter-clan warfare areilyasterpretable in terms of Hamilton's
genetic theory. Incest taboos testify to the gkeathip-consciousness of man, although
the genetical advantage of an incest taboo is mgtioi do with altruism; it is presumably
concerned with the injurious effects of recessigres which appear with inbreeding.
(For some reason many, anthropologists do notlhiseexplanation.)

How could wild animals 'know' who their kin are,inrother words, what behavioural
rules could they follow which would have the indireffect of making them seem to
know about kinship? The rule 'be nice to your ref&’ begs the question of how
relations are to be recognized in practice. Anirhalge to be given by their genes a
simple rule for action, a rule that does not ineohl-wise cognition of the ultimate
purpose of the action, but a rule that works nénadelss, at least in average conditions.
We humans are familiar with rules, and so poweafelthey that if we are small minded
we obey a rule itself, even when we can see péyfeetl that it is not doing us, or
anybody else, any good. For instance, some orthddas and Muslims would starve
rather than break their rule against eating porkatgimple practical rules could animals
obey which, under normal conditions, would haveititiérect effect of benefiting their
close relations?

If animals had a tendency to behave altruisticaiyards individuals who physically
resembled them, they might indirectly be doingrtkei a bit of good. Much would
depend on details of the species concerned. Sude aould, in any case, only lead to
'right’ decisions in a statistical sense. If caonds$ changed, for example if a species



started living in much larger groups, it could leadvrong decisions. Conceivably, racial
prejudice could be interpreted as an irrationalegalization of a kin-selected tendency to
identify with individuals physically resembling asedf, and to be nasty to individuals
different in appearance.

In a species whose members do not move around rauglhose members move around
in small groups, the chances may be good thatamjom individual you come across is
fairly close kin to you. In this case the rule fdee to any member of the species whom
you meet' could have positive survival value, ia slense that a gene predisposing its
possessors to obey the rule might become more musér the gene pool. This may be
why altruistic behaviour is so frequently reportedroops of monkeys and schools of
whales. Whales and dolphins drown if they are Howed to breathe air. Baby whales,
and injured individuals who cannot swim to the aocef have been seen to be rescued and
held up by companions in the school. It is not knavhether whales have ways of
knowing who their close relatives are, but it isgble that it does not matter. It may be
that the overall probability that a random memkfeghe school is a relation is so high
that the altruism is worth the cost. Incidentalhgre is at least one well-authenticated
story of a drowning human swimmer being rescued fyld dolphin. This could be
regarded as a misfiring of the rule for saving diowg members of the school. The rule's
‘definition’ of a member of the school who is dramgnmight be something like: 'A long
thing thrashing about and choking near the surface.

Adult male baboons have been reported to risk thveis defending the rest of the troop
against predators such as leopards. It is quitegtrle that any adult male has, on
average, a fairly large number of genes tied ugthier members of the troop. A gene that
'says’, in effect: 'Body, if you happen to be aunlahale, defend the troop against
leopards', could become more numerous in the geoke Before leaving this often-
guoted example, it is only fair to add that at tease respected authority has reported
very different facts. According to her, adult mades the first over the horizon when a
leopard appears.

Baby chicks feed in family clutches, all followitigeir mother. They have two main
calls. In addition to the loud piercing cheep whid¢tave already mentioned, they give
short melodious twitters when feeding. The cheegséch have the effect of summoning
the mother's aid, are ignored by the other chitks. twitters, however, are attractive to
chicks. This means that when one chick finds fasdwitters attract other chicks to the
food as well: in the terms of the earlier hypottatiexample, the twitters are 'food calls'.
As in that case, the apparent altruism of the chazn easily be explained by kin
selection. Since, in nature, the chicks would béullbrothers and sisters, a gene for
giving the food twitter would spread, provided tust to the twitterer is less than half
the net benefit to the other chicks. As the beneshared out between the whole clutch,
which normally numbers more than two, it is nofidiflt to imagine this condition being
realized. Of course the rule misfires in domestitaom situations when a hen is made to
sit on eggs not her own, even turkey or duck eBgsneither the hen nor her chicks can
be expected to realize this. Their behaviour has Ishaped under the conditions that
normally prevail in nature, and in nature strangeesnot normally found in your nest.



Mistakes of this sort may, however, occasionallggen in nature. In species that live in
herds or troops, an orphaned youngster may be edibgta strange female, most
probably one who has lost her own child. Monkeyehiats sometimes use the word
‘aunt’ for an adopting female. In most cases tiseme evidence that she really is an aunt,
or indeed any kind of relative: if monkey-watchemre as gene-conscious as they might
be, they would not use an important word like ‘asmtuncritically. In most cases we
should probably regard adoption, however touchimgay seem, as a misfiring of a built-
in rule. This is because the generous female isgdloer own genes no good by caring for
the orphan. She is wasting time and energy whiehcshild be investing in the lives of
her own kin, particularly future children of her owt is presumably a mistake that
happens too seldom for natural selection to hasthéved' to change the rule by making
the maternal instinct more selective. In many casgshe way, such adoptions do not
occur, and an orphan is left to die.

There is one example of a mistake which is so eérthat you may prefer to regard it
not as a mistake at all, but as evidence agaiastetiish gene theory. This is the case of
bereaved monkey mothers who have been seen tadtehly from another female, and
look after it. | see this as a double mistake, esithe adopter not only wastes her own
time; she also releases a rival female from thddmuof child-rearing, and frees her to
have another child more quickly. It seems to matecal example which deserves some
thorough research. We need to know how often ipbap; what the average relatedness
between adopter and child is likely to be; and vithatattitude of the real mother of the
child is - it is, after all, to her advantage that child should be adopted; do mothers
deliberately try to deceive naive young females edopting their children? (It has also
been suggested that adopters and baby-snatchdrsheigefit by gaining valuable
practice in the art of child -rearing.)

An example of a deliberately engineered misfirihghe maternal instinct is provided by
cuckoos, and other 'brood-parasites’-birds thatHay eggs in somebody else's nest.
Cuckoos exploit the rule built into bird parenBe 'nice to any small bird sitting in the
nest that you built." Cuckoos apart, this rule wdkrmally have the desired effect of
restricting altruism to immediate kin, becauseappens to be a fact that nests are so
isolated from each other that the contents of youm nest are almost bound to be your
own chicks. Adult herring gulls do not recognizeittown eggs, and will happily sit on
other gull eggs, and even crude wooden dummiée#e are substituted by a human
experimenter. In nature, egg recognition is notartgnt for gulls, because eggs do not
roll far enough to reach the vicinity of a neighbsunest, some yards away. Gulls do,
however, recognize their own chicks: chicks, unkkgs, wander, and can easily end up
near the nest of a neighbouring adult, often watialfresults, as we saw in Chapter 1.

Guillemots, on the other hand, do recognize them eggs by means of the speckling
pattern, and actively discriminate in favour ofrthevhen incubating. This is presumably
because they nest on flat rocks, where there @éget of eggs rolling around and getting
muddled up. Now, it might be said, why do they leotto discriminate and sit only on
their own eggs? Surely if everybody saw to it gfa sat on somebody's egg, it would



not matter whether each particular mother wasgittin her own or somebody else's.
This is the argument of a group selectionist. daasider what would happen if such a
group baby-sitting circle did develop. The averalggch size of the guillemot is one.

This means that if the mutual baby-sitting ciradéa work successfully, every adult

would have to sit on an average of one egg. Nowasgp somebody cheated, and refused
to sit on an egg. Instead of wasting time sittstgg could spend her time laying more
eggs. And the beauty of the scheme is that the,atiere altruistic, adults would look
after them for her. They would go on faithfully gfoeg the rule 'If you see a stray egg
near your nest, haul it in and sit on it.' So teagfor cheating the system would spread
through the population, and the nice friendly balifing circle would break down.

'‘Well', it might be said, 'what if the honest birésaliated by refusing to be blackmailed,
and resolutely decided to sit on one egg and oméyemg? That should foil the cheaters,
because they would see their own eggs lying odhemocks with nobody incubating
them. That should soon bring them into line." Alagjould not. Since we are postulating
that the sitters are not discriminating one egghfemother, if the honest birds put into
practice this scheme for resisting cheating, thgsdigat ended up being neglected would
be just as likely to be their own eggs as thosh@theaters. The cheaters would still
have the advantage, because they would lay moseagbhave more surviving children.
The only way an honest guillemot could beat theatdrs would be to discriminate
actively in favour of her own eggs. That is, toseheing altruistic and look after her
own interests.

To use the language of Maynard Smith, the altwestioption 'strategy’ is not an
evolutionarily stable strategy. It is unstablehe sense that it can be bettered by a rival
selfish strategy of laying more than one's fairsha eggs, and then refusing to sit on
them. This latter selfish strategy is in its turrstable, because the altruistic strategy
which it exploits is unstable, and will disapp€eHne only evolutionarily stable strategy
for a guillemot is to recognize its own egg, artcegclusively on its own egg, and this is
exactly what happens.

The song-bird species that are parasitized by amsgkave fought back, not in this case
by learning the appearance of their own eggs, pualiscriminating instinctively in

favour of eggs with the species-typical markingac8 they are not in danger of being
parasitized by members of their own species, theffective. But the cuckoos have
retaliated in their turn by making their eggs manel more like those of the host species
in colour, size, and markings. This is an example lee, and it often works. The result of
this evolutionary arms race has been a remarkafeqiion of mimicry on the part of
the cuckoo eggs. We may suppose that a proportionakoo eggs and chicks are ‘found
out', and those that are not found out are the wheslive to lay the next generation of
cuckoo eggs. So genes for more effective deceppoead through the cuckoo gene pool.
Similarly, those host birds with eyes sharp endiegtietect any slight imperfection in the
cuckoo eggs' mimicry are the ones that contributstrto their own gene pool. Thus
sharp and sceptical eyes are passed on to theigaegration. This is a good example of
how natural selection can sharpen up active diseation, in this case discrimination
against another species whose members are doimdpése to foil the discriminators.



Now let us return to the comparison between an afgriestimate’ of its kinship with
other members of its group, and the corresponditighate of an expert field naturalist.
Brian Bertram has spent many years studying thiedpyoof lions in the Serengeti
National Park. On the basis of his knowledge oirttepproductive habits, he has
estimated the average relatedness between indisigua typical lion pride. The facts
that he uses to make his estimates are thingghigeA typical pride consists of seven
adult females who are its more permanent membedstveo adult males who are
itinerant. About half the adult females give biaha batch at the same time, and rear
their cubs together so that it is difficult to telhich cub belongs to whom. The typical
litter size is three cubs. The fathering of littershared equally between the adult males
in the pride. Young females remain in the pride esplace old females who die or leave.
Young males are driven out when adolescent. Wheyghow up, they wander around
from pride to pride in small related gangs or paargd are unlikely to return to their
original family.

Using these and other assumptions, you can se# thatld be possible to compute an
average figure for the relatedness of two indivigdiam a typical lion pride. Bertram
arrives at a figure of 0.22 for a pair of randorcihpsen males, and 0.15 for a pair of
females. That is to say, males within a pride arawerage slightly less close than half
brothers, and females slightly closer than firstsins.

Now, of course, any particular pair of individuatgght be full brothers, but Bertram had
no way of knowing this, and it is a fair bet thia¢ tions did not know it either. On the
other hand, the average figures that Bertram estilrare available to the lions
themselves

in a certain sense. If these figures really arectfgor an average lion pride, then any
gene that predisposed males to behave towardsrotiles as if they were nearly half
brothers would have positive survival value. Anpgehat went too far and made males
behave in a friendly way more appropriate to futitbers would on average be
penalized, as would a gene for not being friendigugh, say treating other males like
second cousins. If the facts of lion life are astiBen says, and, just as important, if they
have been like that for a large number of genemnatithen we may expect that natural
selection will have favoured a degree of altruigprapriate to the average degree of
relatedness in a typical pride. This is what | miedmen | said that the kinship estimates
of animal and of good naturalist might end up rathe same.

So we conclude that the 'true’ relatedness magdseitportant in the evolution of
altruism than the best estimate of relatednessathiatals can get. This fact is probably a
key to understanding why parental care is so muateroommon and more devoted than
brother/sister altruism in nature, and also whyrats may value themselves more highly
even than several brothers. Briefly, what | amsgys that, in addition to the index of
relatedness, we should consider something likaaexi of ‘certainty’. Although the
parent/ child relationship is no closer genetic#tign the brother/sister relationship, its



certainty is greater. It is normally possible torbhech more certain who your children are
than who your brothers are. And you can be moreicestill who you yourself are!

We considered cheaters among guillemots, and wklghee more to say about liars and
cheaters and exploiters in following chapters. imoald where other individuals are
constantly on the alert for opportunities to expkin-selected altruism, and use it for
their own ends, a survival machine has to consider it can trust, who it can be really
sure of. If B is really my baby brother, then | gltbcare for him up to half as much as |
care for myself, and fully as much as | care foramyn child. But can | be as sure of him
as | can of my own child? How do | know he is mypyparother?

If C is my identical twin, then | should care famrhtwice as much as | care for any of my
children, indeed | should value his life no lesstimy own. But can | be sure of him? He
looks like me to be sure, but it could be that ust happen to share the genes for facial
features. No, | will not give up my life for himgbause although it is possible that he
bears 100 per cent of my genes, | absolutely kimatItcontain 100 per cent of my
genes, so | am worth more to me than he is. | @awofity individual that any one of my
selfish genes can be sure of. And although ideafigne for individual selfishness could
be displaced by a rival gene for altruisticallyisgvat least one identical twin, two
children or brothers, or at least four grandchitdetc., the gene for individual selfishness
has the enormous advantage of certainty of indalidientity. The rival kin-altruistic
gene runs the risk of making mistakes of idengither genuinely accidental, or
deliberately engineered by cheats and parasitesh@/efore must expect individual
selfishness in nature, to an extent greater thardame predicted by considerations of
genetic relatedness alone.

In many species a mother can be more sure of hargythan a father can. The mother
lays the visible, tangible egg, or bears the cl8lde has a good chance of knowing for
certain the bearers of her own genes. The pooerfagmuch more vulnerable to
deception. It is therefore to be expected thatdathvill put less effort than mothers into
caring for young. We shall see that there are at@sons to expect the same thing, in the
chapter on the Battle of the Sexes (Chapter 9)il&iyy maternal grandmothers can be
more sure of their grandchildren than paternal gmasthers can, and might be expected
to show more altruism than paternal grandmothérs i§ because they can be sure of
their daughter's children, but their son may hasenbcuckolded. Maternal grandfathers
are just as sure of their grandchildren as patepr@aldmothers are, since both can reckon
on one generation of certainty and one generatieameertainty. Similarly, uncles on the
mother's side should be more interested in theaneelif nephews and nieces than uncles
on the father's side, and in general should beagisitruistic as aunts are. Indeed in a
society with a high degree of marital infidelityatarnal uncles should be more altruistic
than 'fathers’ since they have more grounds fofi@@mce in their relatedness to the

child. They know that the child's mother is at tehgir half-sister. The ‘legal’ father
knows nothing. I do not know of any evidence begaon these predictions, but | offer
them in the hope that others may, or may startitmpfor evidence. In particular, perhaps
social anthropologists might have interesting thitaysay.



Returning to the fact that parental altruism is enoommon than fraternal altruism, it
does seem reasonable to explain this in termsecfdlntification problem'. But this does
not explain the fundamental asymmetry in the pachiit relationship itself. Parents care
more for their children than children do for thearents, although the genetic
relationship is symmetrical, and certainty of rethtess is just as great both ways. One
reason is that parents are in a better practicztipo to help their young, being older and
more competent at the business of living. Evenhély wanted to feed its parents, it is
not well equipped to do so in practice.

There is another asymmetry in the parent/childticahip which does not apply to the
brother/sister one. Children are always youngan thair parents. This often, though not
always means they have a longer expectation ofAdd emphasized above, expectation
of life is an important variable which, in the besull possible worlds, should enter into
an animal’s 'calculation’ when it is 'deciding’ Wiee to behave altruistically or not. In a
species in which children have a longer averageelipectancy than parents, any gene
for child altruism would be labouring under a digagtage. It would be engineering
altruistic self-sacrifice for the benefit of indduals who are nearer to dying of old age
than the altruist itself. A gene for parent altmjon the other hand, would have a
corresponding advantage as far as the life-expegt@nms in the equation were
concerned.

One sometimes hears it said that kin selectioii i&ay well as a theory, but there are
few examples of its working in practice. This @igim can only be made by someone
who does not understand what kin selection meams tflith is that all examples of
child-protection and parental care, and all assedibodily organs, milk-secreting
glands, kangaroo pouches, and so on, are exanfdles working in nature of the kin-
selection principle. The critics are of course flaaniwith the widespread existence of
parental care, but they fail to understand tha¢p@it care is no less an example of kin
selection than brother/sister altruism. When theythey want examples, they mean that
they want examples other than parental care, asdrite that such examples are less
common. | have suggested reasons why this mighbbecould have gone out of my
way to quote examples of brother/sister altruiserdhare in fact quite a few. But | don't
want to do this, because it would reinforce themeous idea (favoured, as we have seen,
by Wilson) that kin selection is specifically aboalationships other than the parent/
child relationship.



AL L 1LY ; W " L1

FAMILY PLANNING

It is easy to see why some people have wantedoerae parental care from the other
kinds of kin-selected altruism. Parental care |ditesan integral part of reproduction
whereas, for example, altruism toward a nephewoislirthink there really is an

important distinction hidden here, but that pedge mistaken what the distinction is.
They have put reproduction and parental care orswi®e and other sorts of altruism on
the other. But | wish to make a distinction betwbenging new individuals into the
world, on the one hand, and caring for existingwvittials on the other. | shall call these
two activities respectively child-bearing and ckalaking. An individual survival machine
has to make two quite different sorts of decisi@masing decisions and bearing decisions.
| use the word decision to mean unconscious siategve. The caring decisions are of
this form: "There is a child; its degree of relatesls to me is so and so; its chances of
dying if I do not feed it are such and such; shéded it?' Bearing decisions, on the other
hand, are like this: 'Shall | take whatever stepsn@cessary in order to bring a new
individual into the world; shall | reproduce?’ Tange extent, caring and bearing are
bound to compete with each other for an individutthe and other resources: the
individual may have to make a choice: 'Shall | darehis child or shall | bear a new
one?'

Depending on the ecological details of the speei@sous mixes of caring and bearing
strategies can be evolutionarily stable. The omgtthat cannot be evolutionarily stable
is a pure caring strategy. If all individuals deasgbthemselves to caring for existing
children to such an extent that they never broaglgtnew ones into the world, the
population would quickly become invaded by mutawlividuals who specialized in
bearing. Caring can only be evolutionarily statdgart of a mixed strategy-at least some
bearing has to go on.

The reason this error has grown up is largely his#b The evolutionary advantage of
parental care is so obvious that we did not haweatio for Hamilton to point it out It has
been understood ever since Darwin. When Hamiltonatestrated the genetic
equivalence of other relationships, and their etvhary significance, he naturally had to
lay stress on these other relationships. In pdaiche drew examples from the social
insects such as ants and bees, in which the sister/relationship is particularly
important, as we shall see in a later chaptervéleven heard people say that they
thought Hamilton's theory applied only to the sbrriaects!

If anybody does not want to admit that parenta¢ ¢éauian example of kin selection in
action, then the onus is on him to formulate a garibeory of natural selection that



predicts parental altruism, but that does not pteatruism between collateral kin. |
think he will fail.

The species with which we are most familiar-mamnaalg birds-tend to be great carers.
A decision to bear a new child is usually follow®sda decision to care for it. It is
because bearing and caring so often go togethmautice that people have muddled the
two things up. But from the point of view of thdfsgh genes there is, as we have seen,
no distinction in principle between caring for ldrother and caring for a baby son.
Both infants are equally closely related to yowdti have to choose between feeding
one or the other, there is no genetic reason whysyould choose your own son. But on
the other hand you cannot, by definition, bearlaydaother. You can only care for him
once somebody else has brought him into the worlthe last chapter we looked at how
individual survival machines ideally should decwleether to behave altruistically
towards other individuals who already exist. Irstbihapter we look at how they should
decide whether to bring new individuals into therido

It is over this matter that the controversy abguup selection’, which | mentioned in
Chapter 1, has chiefly raged. This is because WHatveards, who has been mainly
responsible for promulgating the idea of group&ede, did so in the context of a theory
of 'population regulation’. He suggested that iittlial animals deliberately and
altruistically reduce their birth rates for the goaf the group as a whole.

This is a very attractive hypothesis, becausestso well with what individual humans
ought to do. Mankind is having too many childreap&lation size depends upon four
things: births, deaths, immigrations and emigratidraking the world population as a
whole, immigrations and emigrations do not occad we are left with births and deaths.
So long as the average number of children per easparger than two surviving to
reproduce, the numbers of babies born will tenihdoease over the years at an ever-
accelerating rate. In each generation the populatnstead of going up by a fixed
amount, increases by something more like a fixeggntion of the size that it has
already reached. Since this size is itself gethigger, the size of the increment gets
bigger. If this kind of growth was allowed to go onchecked, a population would reach
astronomical proportions surprisingly quickly.

Incidentally, a thing that is sometimes not realieeen by people who worry about
population problems is that population growth dejseon when people have children, as
well as on how many they have. Since populationd te increase by a certain
proportion per generation, it follows that if yopege the generations out more, the
population will grow at a slower rate per year. Bars that read 'Stop at Two' could
equally well be changed to 'Start at Thirty'! Butany case, accelerating population
growth spells serious trouble.

We have probably all seen examples of the startlaigulations that can be used to bring
this home. For instance, the present populatidrath America is around 300 million,
and already many of them are under-nourished. fBheipopulation continued to
increase at the present rate, it would take lesms H0O0 years to reach the point where the



people, packed in a standing position, formed @ $nlman carpet over the whole area of
the continent. This is so, even if we assume tlebetvery skinny-a not unrealistic
assumption. In 1,000 years from now they wouldtbading on each other's shoulders
more than a million deep. By 2,000 years, the maiandf people, travelling outwards at
the speed of light, would have reached the eddgleedknown universe.

It will not have escaped you that this is a hyptdad calculation! It will not really

happen like that for some very good practical reas®he names of some of these
reasons are famine, plague, and war; or, if weuatey, birth control. It is no use
appealing to advances in agricultural science-tgreeolutions' and the like. Increases in
food production may temporarily alleviate the peoh| but it is mathematically certain
that they cannot be a long-term solution; indedd, the medical advances that have
precipitated the crisis, they may well make thebpgm worse, by speeding up the rate of
the population expansion. It is a simple logicathrthat, short of mass emigration into
space, with rockets taking off at the rate of salerillion per second, uncontrolled birth-
rates are bound to lead to horribly increased desi#ts. It is hard to believe that this
simple truth is not understood by those leaders foHmd their followers to use effective
contraceptive methods. They express a preferemcedtmral’ methods of population
limitation, and a natural method is exactly whaiytlare going to get. It is called
starvation.

But of course the unease that such long-term catiounls arouse is based on concern for
the future welfare of our species as a whole. Husfaome of them) have the conscious
foresight to see ahead to the disastrous consegsi@hover-population. It is the basic
assumption of this book that survival machinesanegal are guided by selfish genes,
who most certainly cannot be expected to see h@duture, nor to have the welfare of
the whole species at heart. This is where Wynnedgdsvparts company with orthodox
evolutionary theorists. He thinks there is a wayhich genuine altruistic birth-control
can evolve.

A point that is not emphasized in the writings oyie-Edwards, or in Ardrey's
popularization of his views, is that there is @y&abody of agreed facts that are not in
dispute. It is an obvious fact that wild animal plgtions do not grow at the astronomical
rates of which they are theoretically capable. Sones wild animal populations remain
rather stable, with birth-rates and death-rateghtyukeeping pace with each other. In
many cases, lemmings being a famous example, fhdatmn fluctuates widely, with
violent explosions alternating with crashes and eetinction. Occasionally the result is
outright extinction, at least of the populatioraitocal area. Sometimes, as in the case of
the Canadian lynx-where estimates are obtained thenmumbers of pelts sold by the
Hudson's Bay Company in successive years-the pibguiseems to oscillate
rhythmically. The one thing animal populations dx do is go on increasing indefinitely.

Wild animals almost never die of old age: starvatitisease, or predators catch up with
them long before they become really senile. Uetiently this was true of man too. Most
animals die in childhood, many never get beyoncetjg stage. Starvation and other

causes of death are the ultimate reasons why pamsacannot increase indefinitely. But



as we have seen for our own species, there is cessary reason why it ever has to come
to that. If only animals would regulate their birtites, starvation need never happen. It is
Wynne-Edwards's thesis that that is exactly whey tho. But even here there is less
disagreement than you might think from readingbuisk. Adherents of the selfish gene
theory would readily agree that animals do regulagg birth-rates. Any given species
tends to have a rather fixed clutch-size or liize: no animal has an infinite number of
children. The disagreement comes not over whetintertates are regulated. The
disagreement is over why they are regulated: byt wiacess of natural selection has
family-planning evolved? In a nutshell, the disagnent is over whether animal birth-
control is altruistic, practised for the good oé tiroup as a whole; or selfish, practised
for the good of the individual doing the reprodugihwill deal with the two theories in
order.

Wynne-Edwards supposed that individuals have fehidren than they are capable of,
for the benefit of the group as a whole. He recoghithat normal natural selection
cannot possibly give rise to the evolution of saftruism: the natural selection of lower-
than-average reproductive rates is, on the fadeg afcontradiction in terms. He therefore
invoked group selection, as we saw in Chapter toAding to him, groups whose
individual members restrain their own birth-rates lass likely to go extinct than rival
groups whose individual members reproduce so fiastthey endanger the food supply.
Therefore the world becomes populated by groupssifained breeders. The individual
restraint that Wynne-Edwards is suggesting amaanrdsgeneral sense to birth-control,
but he is more specific than this, and indeed campesith a grand conception in which
the whole of social life is seen as a mechanispopilation regulation. For instance,
two major features of social life in many speciéammmals are territoriality and
dominance hierarchies, already mentioned in Chdpter

Many animals devote a great deal of time and entergypparently defending an area of
ground which naturalists call a territory. The pberenon is very widespread in the
animal kingdom, not only in birds, mammals, andi fisut in insects and even sea-
anemones. The territory may be a large area of {@addvhich is the principal foraging
ground of a breeding pair, as in the case of rol@dmsin herring gulls for instance, it may
be a small area containing no food, but with a aegs centre. Wynne-Edwards believes
that animals who fight over territory are fightioger a token prize, rather than an actual
prize like a bit of food. In many cases femalesisefto mate with males who do not
possess a territory. Indeed it often happens tfanale whose mate is defeated and his
territory conquered promptly attaches herself touictor. Even in apparently faithful
monogamous species, the female may be wedded &bessrterritory rather than to him
personally.

If the population gets too big, some individuald wot get territories, and therefore will
not breed. Winning a territory is therefore, to WigrEdwards, like winning a ticket or
licence to breed. Since there is a finite numbeewftories available, it is as if a finite
number of breeding licences is issued. Individuady fight over who gets these
licences, but the total number of babies that thgufation can have as a whole is limited
by the number of territories available. In someesa$or instance in red grouse,



individuals do, at first sight, seem to show rastidbecause those who cannot win
territories not only do not breed; they also appeayive up the struggle to win a
territory. It is as though they all accepted thieswof the game: that if, by the end of the
competition season, you have not secured one afftiogal tickets to breed, you
voluntarily refrain from breeding and leave thekyones unmolested during the
breeding season, so that they can get on with gedjray the species.

Wynne-Edwards interprets dominance hierarchiessimaar way. In many groups of
animals, especially in captivity, but also in sotases in the wild, individuals learn each
other's identity, and they learn whom they can beatfight, and who usually beats
them. As we saw in Chapter 5, they tend to submtitoumt a struggle to individuals who
they 'know' are likely to beat them anyway. As sutea naturalist is able to describe a
dominance hierarchy or 'peck order' (so called bsea was first described for hens)-a
rank-ordering of society in which everybody knovis place, and does not get ideas
above his station. Of course sometimes real eafigbss do take place, and sometimes
individuals can win promotion over their former iradiate bosses. But we saw in
Chapter 5, the overall effect of the automatic sisBian by lower-ranking individuals is
that few prolonged fights actually take place, aadous injuries seldom occur.

Many people think of this as a 'good thing' in soraguely group-selectionist way.
Wynne-Edwards has an altogether more daring irg&pon. High-ranking individuals
are more likely to breed than low-ranking indivitsjaither because they are preferred
by females, or because they physically preventiamking males from getting near
females. Wynne-Edwards sees high social rank ahemnticket of entitlement to
reproduce. Instead of fighting directly over fensaleemselves, individuals fight over
social status, and then accept that if they deendtup high on the social scale they are
not entitled to breed. They restrain themselvesre/females are directly concerned,
though they may try even now and then to win higitetus, and therefore could be said
to compete indirectly over females. But, as indase of territorial behaviour, the result
of this Voluntary acceptance' of the rule that dmiyh-status males should breed is,
according to Wynne-Edwards, that populations dognotv too fast. Instead of actually
having too many children, and then finding out llaed way that it was a mistake,
populations use formal contests over status amidioigras a means of limiting their size
slightly below the level at which starvation itsatftually takes its toll.

Perhaps the most startling of Wynne-Edwards's idetiet of epideictic behaviour, a
word that he coined himself. Many animals spendeatgdeal of time in large flocks,
herds, or shoals. Various more or less common-geasens why such aggregating
behaviour should have been favoured by naturatsefehave been suggested, and | will
talk about some of them in Chapter 10. Wynne-Edw/arndea is quite different. He
proposes that when huge flocks of starlings masseting, or crowds of midges dance
over a gatepost, they are performing a censuseaf plopulation. Since he is supposing
that individuals restrain their birth-rates in theerests of the group as a whole, and have
fewer babies when the population density is higts, ieasonable that they should have
some way of measuring the population density. oisa thermostat needs a thermometer
as an integral part of its mechanism. For Wynne-&rd®, epideictic behaviour is



deliberate massing in crowds to facilitate popolagstimation. He is not suggesting
conscious population estimation, but an automadr@aus or hormonal mechanism
linking the individuals' sensory perception of ttensity of their population with their
reproductive systems.

| have tried to do justice to Wynne-Edwards's tigeeven if rather briefly. If | have
succeeded, you should now be feeling persuaded ieabn the face of it, rather
plausible. But the earlier chapters of this bootusth have prepared you to be sceptical to
the point of saying that, plausible as it may squhd evidence for Wynne-Edwards's
theory had better be good, or else. ... And unfately the evidence is not good. It
consists of a large number of examples which cbelthterpreted in his way, but which
could equally well be interpreted on more orthotskfish gene' lines.

Although he would never have used that name, thef ahchitect of the selfish gene
theory of family planning was the great ecologiswvid Lack. He worked especially on
clutch-size in wild birds, but his theories and dosions have the merit of being
generally applicable. Each bird species tends ve laaypical clutch size. For instance,
gannets and guillemots incubate one egg at a mifts three, great tits half a dozen or
more. There is variation in this: some swifts lajyyawo at a time, great tits may lay
twelve. It is reasonable to suppose that the numbeggs a female lays and incubates is
at least partly under genetic control, like anyeottharacteristic. That is say there may be
a gene for laying two eggs, a rival allele for tayithree, another allele for laying four,
and so on, although in practice it is unlikely soduite as simple as this. Now the selfish
gene theory requires us to ask which of these geilledsecome more numerous in the
gene pool. Superficially it might seem that theegéor laying four eggs is bound to have
an advantage over the genes for laying three orAwnoment's reflection shows that
this simple 'more means better' argument canntriulee however. It leads to the
expectation that five eggs should be better than ten better still, 100 even better, and
infinity best of all. In other words it leads logity to an absurdity. Obviously there are
costs as well as benefits in laying a large nunobeggs. Increased bearing is bound to
be paid for in less efficient caring. Lack's essgmmoint is that for any given species, in
any given environmental situation, there must begtimal clutch size. Where he differs
from Wynne-Edwards is in his answer to the questptimal from whose point of
view?'. Wynne-Edwards would say the important optimto which all individuals
should aspire, is the optimum for the group as aletH_ack would say each selfish
individual chooses the clutch size that maximibesrtumber of children she rears. If
three is the optimum clutch size for swifts, whastmeans, for Lack, is that any
individual who tries to rear four will probably eng with fewer children than rival, more
cautious individuals who only try to rear threeeTdbvious reason for this would be that
the food is so thinly spread between the four mthat few of them survive to
adulthood. This would be true both of the origiaidcation of yolk to the four eggs, and
of the food given to the babies after hatching.@dmg to Lack, therefore, individuals
regulate their clutch size for reasons that arehang but altruistic. They are not
practising birth-control in order to avoid over-&ifing the group's resources. They are
practising birth-control in order to maximize thenmber of surviving children they



actually have, an aim which is the very oppositéhat which we normally associate with
birth-control.

Rearing baby birds is a costly business. The mdthsito invest a large quantity of food
and energy in manufacturing eggs. Possibly withnhate's help, she invests a large
effort in building a nest to hold her eggs and @cothem. Parents spend weeks patiently
sitting on the eggs. Then, when the babies hatthloei parents work themselves nearly
to death fetching food for them, more or less nimp-svithout resting. As we have
already seen, a parent great tit brings an averhgee item of food to the nest every 30
seconds of daylight. Mammals such as ourselvesidaislightly different way, but the
basic idea of reproduction being a costly affapexially for the mother, is no less true.
It is obvious that if a parent tries to spreadlhmsited resources of food and effort among
too many children, she will end up rearing fewentlif she had set out with more modest
ambitions. She has to strike a balance betweelngeand caring. The total amount of
food and other resources which an individual female mated pair, can muster is the
limiting factor determining the number of childrérey can rear. Natural selection,
according to the Lack theory, adjusts initial clutize (litter size etc.) so as to take
maximum advantage of these limited resources.

Individuals who have too many children are pendlizet because the whole population
goes extinct, but simply because fewer of theildcan survive. Genes for having too
many children are just not passed on to the nexgérg¢ion in large numbers, because few
of the children bearing these genes reach adultitbet has happened in modern
civilized man is that family sizes are no longemited by the finite resources that the
individual parents can provide. If a husband anf@ Wwave more children than they can
feed, the state, which means the rest of the ptpaolasimply steps in and keeps the
surplus children alive and healthy. There is, ©t,faothing to stop a couple with no
material resources at all having and rearing peécas many children as the woman can
physically bear. But the welfare state is a vergataral thing. In nature, parents who
have more children than they can support do not In@any grandchildren, and their
genes are not passed on to future generationse Thao need for altruistic restraint in
the birth-rate, because there is no welfare stat@iure. Any gene for overindulgence is
promptly punished: the children containing thategetarve. Since we humans do not
want to return to the old selfish ways where wehetchildren of too-large families
starve to death, we have abolished the family@siteof economic self-sufficiency, and
substituted the state. But the privilege of guagadtsupport for children should not be
abused.

Contraception is sometimes attacked as 'unnatBlt is, very unnatural. The trouble

is, so is the welfare state. | think that most®believe the welfare state is highly
desirable. But you cannot have an unnatural webltag, unless you also have unnatural
birth-control, otherwise the end result will be erigeven greater than that which obtains
in nature. The welfare state is perhaps the grealiesistic system the animal kingdom
has ever known. But any altruistic system is inh#dyeunstable, because it is open to
abuse by selfish individuals, ready to exploitndividual humans who have more
children than they are capable of rearing are giyltao ignorant in most cases to be



accused of conscious malevolent exploitation. Phwarstitutions and leaders who
deliberately encourage them to do so seem to rsdres from suspicion.

Returning to wild animals, the Lack clutch-sizewargnt can be generalized to all the
other examples Wynne-Edwards uses: territorial ielna, dominance hierarchies, and
so on. Take, for instance, the red grouse thahbeha colleagues have worked on.
These birds eat heather, and they parcel out tloesmo territories containing apparently
more food than the territory owners actually ndedatly in the season they fight over
territories, but after a while the losers seemciteat that they have failed, and do not
fight any more. They become outcasts who nevetegetories, and by the end of the
season they have mostly starved to death. Onlyasrowners breed. That non-territory
owners are physically capable of breeding is shbwthe fact that if a territory owner is
shot his place is promptly filled by one of therfmr outcasts, who then breeds. Wynne-
Edwards's interpretation of this extreme territdoehaviour is, as we have seen, that the
outcasts 'accept’ that they have failed to gaiokat or licence to breed; they do not try
to breed.

On the face of it, this seems an awkward exampléhselfish gene theory to explain.
Why don't the outcasts try, try, and try againusta territory holder, until they drop
from exhaustion? They would seem to have nothirigde. But wait, perhaps they do
have something to lose. We have already seenfthaeiritory-holder should happen to
die, an outcast has a chance of taking his plaaktrerefore of breeding. If the odds of
an outcast's succeeding to a territory in this as@ygreater than the odds of his gaining
one by fighting, then it may pay him, as a selfigfividual, to wait in the hope that
somebody will die, rather than squander what lgtiergy he has in futile fighting. For
Wynne-Edwards, the role of the outcasts in theavelbf the group is to wait in the
wings as understudies, ready to step into the shioasy territory holder who dies or. the
main stage of group reproduction. We can now saietlis may also be their best
strategy purely as selfish individuals. As we saWhapter 4, we can regard animals as
gamblers. The best strategy for a gambler may sorestbe a wait-and-hope strategy,
rather than a bull-at-a-gate strategy.

Similarly, the many other examples where animajseapto 'accept’ non-reproductive
status passively can be explained quite easilyeelfish gene theory. The general
form of the explanation is always the same: théviddal's best bet is to restrain himself
for the moment, in the hope of better chanceserfuture. A seal who leaves the harem-
holders unmolested is not doing it for the goothefgroup. He is biding his time,
waiting for a more propitious moment. Even if thement never comes and he ends up
without descendants, the gamble might have paidhaftigh, with hindsight we can see
that for him it did not. And when lemmings floodtimeir millions away from the centre
of a population explosion, they are not doing ibrder to reduce the density of the area
they leave behind! They are seeking, every setitghof them, a less crowded place in
which to live. The fact that any particular one nfay to find it, and dies, is something
we can see with hindsight. It does not alter tkelilhood that to stay behind would have
been an even worse gamble.



It is a well-documented fact that overcrowding sbmes reduces birth-rates. This is
sometimes taken to be evidence for Wynne-Edwatlgstgy. It is nothing of the kind. It
is compatible with his theory, and it is also jastcompatible with the selfish gene
theory. For example, in one experiment mice wetdrpan outdoor enclosure with
plenty of food, and allowed to breed freely. Th@ulation grew up to a point, then
levelled off. The reason for the levelling-off texhout to be that the females became less
fertile as a consequence of over-crowding: theyfeagr babies. This kind of effect has
often been reported. Its immediate cause is ofdiact 'stress’, although giving it a name
like that does not of itself help to explain it.dny case, whatever its immediate cause
may be, we still have to ask about its ultimateg\wslutionary explanation. Why does
natural selection favour females who reduce thetih{pate when their population is
over-crowded?

Wynne-Edwards's answer is clear. Group selectieouis groups in which the females
measure the population and adjust their birth-ratethat food supplies are not over-
exploited. In the condition of the experiment,atreppened that food was never going to
be scarce, but the mice could not be expectedhtizegthat. They are programmed for
life in the wild, and it is likely that in naturabnditions over-crowding is a reliable
indicator of future famine.

What does the selfish gene theory say? Almost Bxdnet same thing, but with one
crucial difference. You will remember that, accoglio Lack, animals will tend to have
the optimum number of children from their own sifpoint of view. If they bear too
few or too many, they will end up rearing fewerrtlihey would have if they had hit on
just the right number. Now, ‘just the right numbetikely to be a smaller number in a
year when the population is overcrowded than iea yvhen the population is sparse.
We have already agreed that over-crowding is likelforeshadow famine. Obviously, if
a female is presented with reliable evidence tHatane is to be expected, it is in her
own selfish interests to reduce her own birth-rRigals who do not respond to the
warning signs in this way will end up rearing fevibabies, even if they actually bear
more. We therefore end up with almost exactly #raes conclusion as Wynne-Edwards,
but we get there by an entirely different type wablationary reasoning.

The selfish gene theory has no trouble even wtialéctic displays'. You will remember
that Wynne-Edwards hypothesized that animals delibly display together in large
crowds in order to make it easy for all the induads to conduct a census, and regulate
their birth-rates accordingly. There is no direatdence that any aggregations are in fact
epideictic, but just suppose some such evidence feend. Would the selfish gene
theory be embarrassed? Not a bit.

Starlings roost together in huge numbers. Supgagere shown, not only that over-
crowding in winter reduced fertility in the follong spring, but that this was directly due
to the birds' listening to each other's calls. iigimhbe demonstrated experimentally that
individuals exposed to a tape-recording of a demgkvery loud starling roost laid fewer
eggs than individuals exposed to a recording afiatgr, less dense, roost. By definition,



this would indicate that the calls of starlings sitiuted an epideictic display. The selfish
gene theory would explain it in much the same waif handled the case of the mice.

Again, we start from the assumption that genesiémng a larger family than you can
support are automatically penalized, and beconserniesmerous in the gene pool. The
task of an efficient egg-layer is one of predictimgat is going to be the optimum clutch
size for her, as a selfish individual, in the coghbreeding season. You will remember
from Chapter 4 the special sense in which we aregyuke word prediction. Now how
can a female bird predict her optimum clutch siétat variables should influence her
prediction? It may be that many species make alfprediction, which does not change
from year to year. Thus on average the optimunchlaize for a gannet is one. It is
possible that in particular bumper years for fisé true optimum for an individual might
temporarily rise to two eggs. If there is no waydannets to know in advance whether a
particular year is going to be a bumper one, wengaexpect individual females to take
the risk of wasting their resources on two eggssmis would damage their
reproductive success in an average year.

But there may be other species, perhaps starlimgghich it is in principle possible to
predict in winter whether the following spring isigg to yield a good crop of some
particular food resource. Country people have nomepld sayings suggesting that such
clues as the abundance of holly berries may be goedictors of the weather in the
coming spring. Whether any particular old wivek ia accurate or not, it remains
logically possible that there are such clues, datla good prophet could in theory adjust
her clutch size from year to year to her own adag@t Holly berries may be reliable
predictors or they may not but, as in the caséeftice, it does seem quite likely that
population density would be a good predictor. A &arstarling can in principle know
that, when she comes to feed her babies in thengpsmring, she will be competing for
food with rivals of the same species. If she canedwow estimate the local density of her
own species in winter, this could provide her vdthowerful means of predicting how
difficult it is going to be to get food for babiasxt spring. If she found the winter
population to be particularly high, her prudentipglfrom her own selfish point of view,
might well be to lay relatively few eggs: her esatmof her own optimum clutch size
would have been reduced.

Now the moment it becomes true that individualsradeicing their clutch size on the
basis of their estimate of population density, ilt immediately be to the advantage of
each selfish individual to pretend to rivals tha population is large, whether it really is
or not. If starlings are estimating population digethe volume of noise in a winter roost,
it would pay each individual to shout as loudlypassible, in order to sound more like
two starlings than one. This idea of animals préitamnto be several animals at once has
been suggested in another context by J. R. Kralosissnamed the Beau Geste Effect
after the novel in which a similar tactic was ubgd unit of the French Foreign Legion.
The idea in our case is to try to induce neighbaustarlings to reduce their clutch size
to a level lower than the true optimum. If you arstarling who succeeds in doing this, it
is to your selfish advantage, since you are reduitia numbers of individuals who do
not bear your genes. | therefore conclude that WylBdwards's idea of epideictic



displays may actually be a good idea: he may haea bight all along, but for the wrong
reasons. More generally, the Lack type of hypothisspowerful enough to account, in
selfish gene terms, for all evidence that mightrsé@ support the group-selection theory,
should any such evidence turn up.

Our conclusion from this chapter is that individpatents practise family planning, but
in the sense that they optimize their birth-ratgker than restrict them for public good.
They try to maximize the number of surviving chddrthat they have, and this means
having neither too many babies nor too few. Gehatrhake an individual have too
many babies tend not to persist in the gene pecklise children containing such genes
tend not to survive to adulthood.

So much, then, for quantitative considerationsaafify size. We now come on to
conflicts of interest within families. Will it alwe pay a mother to treat all her children
equally, or might she have favourites? Should #imailfy function as a single cooperating
whole, or are we to expect selfishness and degeptien within the family? Will all
members of a family be working towards the samemapn, or will they 'disagree' about
what the optimum is? These are the questions we tapswer in the next chapter. The
related question of whether there may be conflicht@rest between mates, we postpone
until Chapter 9.
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BATTLE OF THE GENERATIONS

Let us begin by tackling the first of the questiposed at the end of the last chapter.
Should a mother have favourites, or should shegbally altruistic towards all her
children? At the risk of being boring, | must ygaa throw in my customary warning.
The word 'favourite' carries no subjective connotet, and the word 'should’ no moral
ones. | am treating a mother as a machine prograhtongo everything in its power to
propagate copies of the genes which ride insidginice you and | are humans who know
what it is like to have conscious purposes, ibiswenient for me to use the language of
purpose as a metaphor in explaining the behavibswmwival machines.

In practice, what would it mean to say a mother &d&avourite child? It would mean she
would invest her resources unequally among hedhil The resources that a mother
has available to invest consist of a variety ofidisi. Food is the obvious one, together
with the effort expended in gathering food, sirfus tn itself costs the mother something.
Risk undergone in protecting young from predatsrarnother resource which the mother
can 'spend’ or refuse to spend. Energy and timetel@\o nest or home maintenance,
protection from the elements, and, in some spetias,spent in teaching children, are
valuable resources which a parent can allocatkitdren, equally or unequally as she
‘chooses'.

It is difficult to think of a common currency in vdh to measure all these resources that a
parent can invest. Just as human societies useynasreeuniversally convertible
currency which can be translated into food or lanthbouring time, so we require a
currency in which to measure resources that awichatl survival machine may invest in
another individual's life, in particular a childife. A measure of energy such as the
calorie is tempting, and some ecologists have @evibtemselves to the accounting of
energy costs in nature. This is inadequate thoogtause it is only loosely convertible
into the currency that really matters, the 'golhsiard’ of evolution, gene survival. R. L.
Trivers, in 1972, neatly solved the problem with boncept of Parental Investment
(although, reading between the close-packed lmas feels that Sir Ronald Fisher, the
greatest biologist of the twentieth century, meaaoth the same thing in 1930 by his
‘parental expenditure’).

Parental Investment (P.l.) is defined as 'any itmaest by the parent in an individual
offspring that increases the offspring's chanceuotiving (and hence reproductive
success) at the cost of the parent's ability teshin other offspring.' The beauty of
Trivers's parental investment is that it is measimeunits very close to the units that
really matter. When a child uses up some of itshecg milk, the amount of milk



consumed is measured not in pints, not in calobiesin units of detriment to other
children of the same mother. For instance, if ahmohas two babies, X and Y, and X
drinks one pint of milk, a major part of the Phat this pint represents is measured in
units of increased probability that Y will die besa he did not drink that pint. P.1. is
measured in units of decrease in life expectan®tladr children, born or yet to be born.
Parental investment is not quite an ideal measweause it overemphasizes the
importance of parentage, as against other geredéitanships. Ideally we should use a
generalized altruism investment measure. Individualay be said to invest in individual
B, when A increases it's chance of surviving, atdbst of A's ability to invest in other
individuals including herself, all costs being weied by the appropriate relatedness.
Thus a parent's investment in any one child shoddlly be measured in terms of
detriment to life expectancy not only of other dnéin, but also of nephews, nieces,
herself, etc. In many respects, however, thisssgauguibble, and Trivers's measure is
well worth using in practice.

Now any particular adult individual has, in her Whbfetime, a certain total quantity of
P.l1. available to invest in children (and otheatiles and in herself, but for simplicity we
consider only children). This represents the surlldhe food she can gather or
manufacture in a lifetime of work, all the risksesk prepared to take, and all the energy
and effort that she is able to put into the welfafrehildren. How should a young female,
setting out on her adult life, invest her life'saarces? What would be a wise investment
policy for her to follow? We have already seen fribia Lack theory that she should not
spread her investment too thinly among too manligam. That way she will lose too
many genes: she won't have enough grandchildreth®other hand, she must not
devote all her investment to too few children-sploibts. She may virtually guarantee
herself some grandchildren, but rivals who invaghie optimum number of children will
end up with more grandchildren. So much for evemdied investment policies. Our
present interest is in whether it could ever payagher to invest unequally among her
children, i.e. in whether she should have favosrite

The answer is that there is no genetic reason footaer to have favourites. Her
relatedness to all her children is the same, 1&2.dptimal strategy is to invest equally in
the largest number of children that she can retré@age when they have children of
their own. But, as we have already seen, someithagils are better life insurance risks
than others. An under-sized runt bears just as rahis mother's genes as his more
thriving litter mates. But his life expectationléss. Another way to put this is that he
needs more than his fair share of parental invastmest to end up equal to his brothers.
Depending on the circumstances, it may pay a mathesfuse to feed a runt, and
allocate all of his share of her parental investinteris brothers and sisters. Indeed it
may pay her to feed him to his brothers and sister® eat him herself, and use him to
make milk. Mother pigs do sometimes devour theungy but | do not know whether
they pick especially on runts.

Runts constitute a particular example. We can nsakee more general predictions about
how a mother's tendency to invest in a child mighaffected by his age. If she has a
straight choice between saving the life of onedchbil saving the life of another, and if the



one she does not save is bound to die, she shwefiel phe older one. This is because she
stands to lose a higher proportion of her life'eeptal investment if he dies than if his

little brother dies. Perhaps a better way to pistighthat if she saves the little brother she
will still have to invest some costly resourcesiim just to get him up to the age of the
big brother.

On the other hand, if the choice is not such &dif& or death choice, her best bet might
be to prefer the younger one. For instance, suplpeisdilemma is whether to give a
particular morsel of food to a little child or aglmne. The big one is likely to be more
capable of finding his own food unaided. Therefbshe stopped feeding him he would
not necessarily die. On the other hand, the latie who is too young to find food for
himself would be more likely to die if his motheavg the food to his big brother. Now,
even though the mother would prefer the little beotto die rather than the big brother,
she may still give the food to the little one, hesmthe big one is unlikely to die anyway.
This is why mammal mothers wean their childrerheathan going on feeding them
indefinitely throughout their lives. There cometsnae in the life of a child when it pays
the mother to divert investment from him into f@whildren. When this moment comes,
she will want to wean him. A mother who had somg wiknowing that she had had her
last child might be expected to continue to inaisher resources in him for the rest of
her life, and perhaps suckle him well into adulithadevertheless, she should 'weigh up'
whether it would not pay her more to invest in gienldren or nephews and nieces,
since although these are half as closely relaté@t@s her own children, their capacity
to benefit from her investment may be more tharbteothat of one of her own children.

This seems a good moment to mention the puzzliegp@menon known as the
menopause, the rather abrupt termination of a hueraale's reproductive fertility in
middle age. This may not have occurred too commonbur wild ancestors, since not
many women would have lived that long anyway. Bilif he difference between the
abrupt change of life in women and the gradualnff@diut of fertility in men suggests that
there is something genetically 'deliberate’ abbethenopause-that it is an ‘adaptation’. It
is rather difficult to explain. At first sight weight expect that a woman should go on
having children until she dropped, even if advaggiears made it progressively less
likely that any individual child would survive. Saly it would seem always worth trying?
But we must remember that she is also relatedrtgta@dchildren, though half as
closely.

For various reasons, perhaps connected with theaMadtheory of ageing , women in
the natural state became gradually less efficiehtiaging up children as they got older.
Therefore the life expectancy of a child of an widther was less than that of a child of a
young mother. This means that, if a woman had la emd a grandchild born on the
same day, the grandchild could expect to live lotigen the child. When a woman
reached the age where the average chance of eitthezithing adulthood was just less
than half the chance of each grandchild of the sageereaching adulthood, any gene for
investing in grandchildren in preference to childveould tend to prosper. Such a gene is
carried by only one in four grandchildren, wherteesrival gene is carried by one in two
children, but the greater expectation of life af irandchildren outweighs this, and the



‘grandchild altruism' gene prevails in the genel pdavoman could not invest fully in

her grandchildren if she went on having childremef own. Therefore genes for
becoming reproductively infertile in middle age &e® more numerous, since they were
carried in the bodies of grandchildren whose saivivas assisted by grandmotherly
altruism.

This is a possible explanation of the evolutioth& menopause in females. The reason
why the fertility of males tails off gradually rahthan abruptly is probably that males do
not invest so much as females in each individuédl @nyway. Provided he can sire
children by young women, it will always pay evewueaty old man to invest in children
rather than in grandchildren.

So far, in this chapter and in the last, we hawn sverything from the parent's point of
view, largely the mother's. We have asked whethegnis can be expected to have
favourites, and in general what is the best investrpolicy for a parent. But perhaps
each child can influence how much his parents inwelsim as against his brothers and
sisters. Even if parents do not ‘want' to show @i@ism among their children, could it be
that children grab favoured treatment for themset&/ould it pay them to do so? More
strictly, would genes for selfish grabbing amonddaren become more numerous in the
gene pool than rival genes for accepting no maaa tine's fair share? This matter has
been brilliantly analysed by Trivers, in a papefl®¥4 called Parent-Offspring Conflict.

A mother is equally related to all her childrenrband to be born. On genetic grounds
alone she should have no favourites, as we have Beshie does show favouritism it
should be based on differences in expectatiorf@fdepending on age and other things.
The mother, like any individual, is twice as clgsetlated’ to herself as she is to any of
her children. Other things being equal, this mehatshe should invest most of her
resources selfishly in herself, but other thingsrast equal. She can do her genes more
good by investing a fair proportion of her resosgroeher children. This is because these
are younger and more helpless than she is, andccdretherefore benefit more from each
unit of investment than she can herself. Genesf@sting in more helpless individuals
in preference to oneself can prevail in the gerd, mven though the beneficiaries may
share only a proportion of one's genes. This is aignals show parental altruism, and
indeed why they show any kind of kin-selected &tru

Now look at it from the point of view of a partiemlchild. He is just as closely related to
each of is brothers and sisters as his mothertlseto. The relatedness is 1/2 in all cases.
Therefore he 'wants' his mother to invest somesofésources in his brothers and sisters.
Genetically speaking, he is just as altruisticdigposed to them as his mother is. But
again, he is twice as closely related to himseliess to any brother or sister, and this

will dispose him to want his mother to invest imhinore than in any particular brother

or sister, other things being equal. In this cakerathings might indeed be equal. If you
and your brother are the same age, and both ar@asition to benefit equally from a

pint of mother's milk, you 'should’ try to grab radhan your fair share, and he should try
to grab more than his fair share. Have you everdchaditter of piglets squealing to be



first on the scene when the mother sow lies dowieed them? Or little boys fighting
over the last slice of cake? Selfish greed seembdmacterize much of child behaviour.

But there is more to it than this. If | am compgtimith my brother for a morsel of food,
and if he is much younger than me so that he doeigkfit from the food more than |
could, it might pay my genes to let him have it. &der brother may have exactly the
same grounds for altruism as a parent: in bothsga@sewe have seen, the relatedness is
1/2, and in both cases the younger individual cakerbetter use of the resource than the
elder. If | possess a gene for giving up food,ehsra 50 per cent chance that my baby
brother contains the same gene. Although the gaselbuble the chance of being in my
own body-100 per cent, it is in my body-my needhaf food maybe less than half as
urgent. In general, a child 'should’ grab more thiarshare of parental investment, but
only up to a point. Up to what point? Up to themavhere the resulting net cost to his
brothers and sisters, born and potentially to re kie just double the benefit of the
grabbing to himself.

Consider the question of when weaning should té&eep A mother wants to stop
suckling her present child so that she can prejoartde next one. The present child, on
the other hand, does not want to be weaned yeduseanilk is a convenient, trouble-free
source of food, and he does not want to have twug@and work for his living. To be
more exact, he does want eventually to go out amd ¥or his living, but only when he
can do his genes more good by leaving his motleertfy rear his little brothers and
sisters, than by staying behind himself. The o&dehild is, the less relative benefit does
he derive from each pint of milk. This is becausashbigger, and a pint of milk is
therefore a smaller proportion of his requiremant] also he is becoming more capable
of fending for himself if he is forced to. Theredowhen an old child drinks a pint that
could have been invested in a younger child, lhekimg relatively more parental
investment for himself than when a young child kisia pint. As a child grows older,
there will come a moment when it would pay his neotio stop feeding him, and invest
in a new child instead. Somewhat later there vaithe a time when the old child too
would benefit his genes most by weaning himselfs Ththe moment when a pint of
milk can do more good to the copies of his genasriay be present in his brothers and
sisters than it can to the genes that are presdmniniself.

The disagreement between mother and child is nabaalute one, but a quantitative
one, in this case a disagreement over timing. To#nen wants to go on suckling her
present child up to the moment when investmentrmrieaches his 'fair' share, taking
into account his expectation of life and how mulh bas already invested in him. Up to
this point there is no disagreement. Similarly hbmiother and child agree in not wanting
him to go on sucking after the point when the ¢oguture children is more than double
the benefit to him. But there is disagreement betwaother and child during the
intermediate period, the period when the childagigg more than his share as the
mother sees it, but when the cost to other childsestill less than double the benefit to
him.



Weaning time is just one example of a matter gbulis between mother and child. It
could also be regarded as a dispute between onedual and all his future unborn
brothers and sisters, with the mother taking thé gfeher future unborn children. More
directly there may be competition between conterauyorivals for her investment,
between litter mates or nest mates. Here, once aij@ mother will normally be anxious
to see fair play.

Many baby birds are fed in the nest by their parehlhey all gape and scream, and the
parent drops a worm or other morsel in the opentimotione of them. The loudness

with which each baby screams is, ideally, propodido how hungry he is. Therefore, if
the parent always gives the food to the loudestasuer, they should all tend to get their
fair share, since when one has had enough he etidaream so loudly. At least that is
what would happen in the best of all possible wayritlindividuals did not cheat. But in
the light of our selfish gene concept we must ekfeat individuals will cheat, will tell

lies about how hungry they are. This will escalafgarently rather pointlessly because it
might seem that if they are all lying by screamiiog loudly, this level of loudness will
become the norm, and will cease, in effect, to be.&lowever, it cannot de-escalate,
because any individual who takes the first stegieicreasing the loudness of his scream
will be penalized by being fed less, and is mdtelyi to starve. Baby bird screams do not
become infinitely loud, because of other considenat For example, loud screams tend
to attract predators, and they use up energy.

Sometimes, as we have seen, one member of aditkenunt, much smaller than the rest.
He is unable to fight for food as strongly as thstrand runts often die. We have
considered the conditions under which it would altyypay a mother to let a runt die.
We might suppose intuitively that the runt hims#ibuld go on struggling to the last, but
the theory does not necessarily predict this. Asmsas a runt becomes so small and weak
that his expectation of life is reduced to the paihere benefit to him due to parental
investment is less than half the benefit that Hraesinvestment could potentially confer
on the other babies, the runt should die gracefuily willingly. He can benefit his genes
most by doing so. That is to say, a gene that glvesnstruction 'Body, if you are very
much smaller than your litter-mates, give up tmegdle and die', could be successful in
the gene pool, because it has a 50 per cent cludib@ing in the body of each brother
and sister saved, and its chances of survivingerbody of the runt are very small
anyway. There should be a point of no return inddueer of a runt. Before he reaches
this point he should go on struggling. As soonasdaches it he should give up and
preferably let himself be eaten by his litter-mate$is parents.

| did not mention it when we were discussing Lathké&ory of clutch size, but the
following is a reasonable strategy for a parent vghandecided as to what is her
optimum clutch size for the current year. She mightone more egg than she actually
'thinks' is likely to be the true optimum. Thenthé year's food crop should turn out to be
a better one than expected, she will rear the ekifd. If not, she can cut her losses. By
being careful always to feed the young in the

same order, say in order of size, she sees tatibtie, perhaps a runt, quickly dies, and
not too much food is wasted on him, beyond theaihihvestment of egg yolk or



equivalent. From the mother's point of view, thigynbe the explanation of the runt
phenomenon. He represents the hedging of the metheds. This has been observed in
many birds.

Using our metaphor of the individual animal as evisial machine behaving as if it had
the 'purpose’ of preserving its genes, we caraatkit a conflict between parents and
young, a battle of the generations. The battlessldle one, and no holds are barred on
either side. A child will lose no opportunity ofedting. It will pretend to be hungrier
than it is, perhaps younger than it is, more ingéarthan it really is. It is too small and
weak to bully its parents physically, but it usgery psychological weapon at its
disposal: lying, cheating, deceiving, exploitinight up to the point where it starts to
penalize its relatives more than its genetic reia¢ss to them should allow. Parents, on
the other hand, must be alert to cheating and deggiand must try not to be fooled by
it. This might seem an easy task. If the pareniathat its child is likely to lie about
how hungry it is, it might employ the tactic of tkeg it a fixed amount and no more,
even though the child goes on screaming. One teowtth this is that the child may not
have been lying, and if it dies as a result oflv@hg fed the parent would have lost some
of its precious genes. Wild birds can die aftenpedtarved for only a few hours.

A. Zahavi has suggested a particularly diabolioaif of child blackmail: the child
screams in such a way as to attract predatorsedatedy to the nest. The child is 'saying'
'Fox, fox, come and get me.' The only way the pagzan stop it screaming is to feed it.
So the child gains more than its fair share of fdnd at a cost of some risk to itself. The
principle of this ruthless tactic is the same & tf the hijacker threatening to blow up
an aeroplane, with himself on board, unless hévesnga ransom. | am sceptical about
whether it could ever be favoured in evolution, betause it is too ruthless, but because
| doubt if it could ever pay the blackmailing balbie has too much to lose if a predator
really came. This is clear for an only child, whislthe case Zahavi himself considers.
No matter how much his mother may already havestaekin him, he should still value
his own life more than his mother values it, sishe has only half of his genes.
Moreover, the tactic would not pay even if the klaailer was one of a clutch of
vulnerable babies, all in the nest together, stheeblackmailer has a 50 per cent genetic
'stake’ in each of his endangered brothers aretsists well as a 100 per cent stake in
himself. | suppose the theory might conceivablyknibthe predominant predator had the
habit of only taking the largest nestling from andhen it might pay a smaller one to
use the threat of summoning a predator, since uldvoot be greatly endangering itself.
This is analogous to holding a pistol to your besth head rather than threatening to
blow yourself up.

More plausibly, the blackmail tactic might pay dpa&uckoo. As is well known, cuckoo
females lay one egg in each of several ‘fostetsSnaad then leave the unwitting foster-
parents, of a quite different species, to rearctiekoo young. Therefore a baby cuckoo
has no genetic stake in his foster brothers anersigSome species of baby cuckoo will
not have any foster brothers and sisters, foriatsinreason which we shall come to. For
the moment | assume we are dealing with one oftlspecies in which foster brothers
and sisters co-exist alongside the baby cuckoa bkiby cuckoo screamed loudly



enough to attract predators, it would have a ldbs$e-its life-but the foster mother would
have even more to lose, perhaps four of her yoliieguld therefore pay her to feed it
more than its share, and the advantage of thisetauckoo might outweigh the risk.

This is one of those occasions when it would bewoestranslate back into respectable
gene language, just to reassure ourselves thabwerfot become too carried away with
subjective metaphors. What does it really mearetaip the hypothesis that baby
cuckoos 'blackmail’ their foster parents by scregnredator, predator, come and get
me and all my little brothers and sisters'? In genes it means the following.

Cuckoo genes for screaming loudly became more muwmsen the cuckoo gene pool
because the loud screams increased the probahgityhe foster parents would feed the
baby cuckoos. The reason the foster parents resddndhe screams in this way was
that genes for responding to the screams had sgheadyh the gene pool of the foster-
species. The reason these genes spread was tiveduatifoster parents who did not
feed the cuckoos extra food, reared fewer of tbwm children-fewer than rival parents
who did feed their cuckoos extra. This was becauséators were attracted to the nest
by the cuckoo cries. Although cuckoo genes forstoéaming were less likely to end up
in the bellies of predators than

screaming genes, the non-screaming cuckoos pamgtéager penalty of not being fed
extra rations. Therefore the screaming genes spheadgh the cuckoo gene pool.

A similar chain of genetic reasoning, following tm@re subjective argument given
above, would show that although such a blackmaij@ge could conceivably spread
through a cuckoo gene pool, it is unlikely to sprd@ough the gene pool of an ordinary
species, at least not for the specific reasonitladiracted predators. Of course, in an
ordinary species there could be other reasonsfeaming genes to spread, as we have
already seen, and these would incidentally havetieet of occasionally attracting
predators. But here the selective influence of gtied would be, if anything, in the
direction of making the cries quieter. In the hypatical case of the cuckoos, the net
influence of predators, paradoxical as it soundssdt could be to make the cries louder.

There is no evidence, one way or the other, on dretuckoos, and other birds of
similar 'brood-parasitic' habit, actually employ thlackmail tactic. But they certainly do
not lack ruthlessness. For instance, there areyhguieles who, like cuckoos, lay their
eggs in the nests of other species. The baby hguigle is equipped with a sharp,
hooked beak. As soon as he hatches out, while $tédlislind, naked, and otherwise
helpless, he scythes and slashes his foster bsatinelrsisters to death: dead brothers do
not compete for food! The familiar British cuckochéeves the same result in a slightly
different way. It has a short incubation-time, aodhe baby cuckoo manages to hatch
out before its foster brothers and sisters. As smom hatches, blindly and mechanically,
but with devastating effectiveness, it throws theeoeggs out of the nest. It gets
underneath an egg, fitting it into a hollow inl@ck. Then it slowly backs up the side of
the nest, balancing the egg between its wing-stais topples the egg out on to the
ground. It does the same with all the other eggsl it has the nest, and therefore the
attention of its foster parents, entirely to itself



One of the most remarkable facts | have learng¢ddrpast year was reported from Spain
by F. Alvarez, L. Arias de Reyna, and H. Segurayllvere investigating the ability of
potential foster parents-potential victims of cuakdo detect intruders, cuckoo eggs or
chicks. In the course of their experiments they daghsion to introduce into magpie
nests the eggs and chicks of cuckoos, and, for adsgm, eggs and chicks of other
species such as swallows.

On one occasion they introduced a baby swallowamaeagpie's nest. The next day they
noticed one of the magpie eggs lying on the graumder the nest. It had not broken, so
they picked it up, replaced it, and watched. Whaytsaw is utterly remarkable. The
baby swallow, behaving exactly as if it was a babgkoo, threw the egg out. They
replaced the egg again, and exactly the same Hapgened. The baby swallow used the
cuckoo method of balancing the egg on its back eetwts wing-stubs, and walking
backwards up the side of the nest until the egglézpout.

Perhaps wisely, Alvarez and his colleagues madatempt to explain their astonishing
observation. How could such behaviour evolve insthvallow gene pool? It must
correspond to something in the normal life of alkama Baby swallows are not
accustomed to finding themselves in magpie nes$isy &re never normally found in any
nest except their own. Could the behaviour reprtesemvolved anti-cuckoo adaptation?
Has the natural selection been favouring a polfayoanter-attack in the swallow gene
pool, genes for hitting the cuckoo with his own peas? It seems to be a fact that
swallows' nests are not normally parasitized byoaos. Perhaps this is why. According
to this theory, the magpie eggs of the experimentldvbe incidentally getting the same
treatment, perhaps because, like cuckoo eggsatteglyigger than swallow eggs. But if
baby swallows can tell the difference between gdagg and a normal swallow egg,
surely the mother should be able to as well. Ia taise why is it not the mother who
ejects the cuckoo egg, since it would be so musleetor her to do so than the baby?
The same objection applies to the theory that #i®y/lswallow's behaviour normally
functions to remove addled eggs or other debrim fiite nest. Once again, this task could
be-and is-performed better by the parent. Thetfattthe difficult and skilled egg-
rejecting operation was seen to be performed bgakvand helpless baby swallow,
whereas an adult swallow could surely do it muchemeasily, compels me to the
conclusion that, from the parent's point of vielne baby is up to no good.

It seems to me just conceivable that the true emgdlan has nothing to do with cuckoos
at all. The blood may chill at the thought, but Iclilnis be what baby swallows do to
each other? Since the firstborn is going to comp&tte his yet unhatched brothers and
sisters for parental investment, it could be todugantage to begin his life by throwing
out one of the other eggs.

The Lack theory of clutch size considered the optinfrom the parent's point of view. If
| am a mother swallow, the optimum clutch-size fnomw point of view is, say five. But if
| am a baby swallow, the optimum clutch size asel is may well be a smaller number,
provided | am one of them! The parent has a cedaiaunt of parental investment,



which she 'wishes' to distribute even-handedly apfive young. But each baby wants
more than his allotted one fifth share. Unlike akmo, he does not want all of it, because
he is related to the other babies. But he does man¢ than one fifth. He can acquire a
1/4 share simply by tipping out one egg; a 1/3 shwrtipping out another. Translating
into gene language, a gene for fratricide coulcceorably spread through the gene pool,
because it has 100 per cent chance of being ibdtlg of the fratricidal individual, and
only a 50 per cent chance of being in the bodyi®¥lttim.

The chief objection to this theory is that it igyédifficult to believe that nobody would
have seen this diabolical behaviour if it reallgwaed. | have no convincing explanation
for this. There are different races of swallow iffestent parts of the world. It is known
that the Spanish race differs from, for example,Bhtish one, in certain respects. The
Spanish race has not been subjected to the sameed#gntensive observation as the
British one, and | suppose it is just conceivahb fratricide occurs but has been
overlooked.

My reason for suggesting such an improbable idebeafatricide hypothesis here is that
| want to make a general point. This is that thblass behaviour of a baby cuckoo is
only an extreme case of what must go on in anylfadaull brothers are more closely
related to each other than a baby cuckoo is toster brothers, but the difference is only
a matter of degree. Even if we cannot believe éoé&tight fratricide could evolve, there
must be numerous lesser examples of selfishnes®whe cost to the child, in the form
of losses to his brothers and sisters, is outweigim®re than two to one, by the benefit to
himself. In such cases, as in the example of wegitmme, there is a real conflict of
interest between parent and child.

Who is most likely to win this battle of the gen@vas? R. D. Alexander has written an
interesting paper in which he suggests that tteesegeneral answer to this question.
According to him the parent will always win. Nowtlis is the case, you have been
wasting

your time reading this chapter. If Alexander ishtignuch that is of interest follows. For
instance, altruistic behaviour could evolve, natdaese of benefit to the genes of the
individual himself, but solely because of benadihis parents' genes. Parental
manipulation, to use Alexander's term, becomedtamative evolutionary cause of
altruistic behaviour, independent of straightforev&ain selection. It is therefore important
that we examine Alexander's reasoning, and convoacgelves that we understand why
he is wrong. This should really be done mathemifyidaut we are avoiding explicit use
of mathematics in this book, and it is possiblgite an intuitive idea of what is wrong
with Alexander's thesis.

His fundamental genetic point is contained in tioWing abridged quotation. 'Suppose
that a juvenile ... cause(s) an uneven distribubioparental benefits in its own favor,
thereby reducing the mother's own overall repradactA gene which in this fashion
improves an individual's fithess when it is a jul@iannot fail to lower its fithess more
when it is an adult, for such mutant genes wilpbesent in an increased proportion of
the mutant individual's offspring.' The fact thdeRander is considering a newly mutated



gene is not fundamental to the argument. It isebétt think of a rare gene inherited from
one of the parents. 'Fitness' has the special isglhmeaning of reproductive success.
What Alexander is basically saying is this. A gém&t made a child grab more than his
fair share when he was a child, at the expenseésgidrent's total reproductive output,
might indeed increase his chances of surviving.lguvould pay the penalty when he
came to be a parent himself, because his own ehnildould tend to inherit the same
selfish gene, and this would reduce his overalicdépctive success. He would be hoist
with his own petard. Therefore the gene cannotesatcand parents must always win the
conflict.

Our suspicions should be immediately aroused lsyatgument, because it rests on the
assumption of a genetic asymmetry which is notydhére. Alexander is using the
words 'parent’ and 'offspring’ as though there avasdamental genetic difference
between them. As we have seen, although thereractiqal differences between parent
and child, for instance parents are older thardoél, and children come out of parents'
bodies, there is really no fundamental genetic asgtry. The relatedness is 50 per cent,
whichever way round you look at it. To illustratbat | mean, | am going to repeat
Alexander's words, but with ‘parent’, juveniledarther appropriate words reversed.
'Suppose that a parent has a gene that tendsge aateven distribution of parental
benefits. A gene which in this fashion improvesratividual's fithess when it is a parent
could not fail to have lowered its fithess more witevas a juvenile." We therefore reach
the opposite conclusion to Alexander, namely thatny parent/offspring conflict, the
child must win!

Obviously something is wrong here. Both argumeatghbeen put too simply. The
purpose of my reverse quotation is not to proveophgosite point to Alexander, but
simply to show that you cannot argue in that kihdrtificially asymmetrical way. Both
Alexander's argument, and my reversal of it, ethedugh looking at things from the
point of view of an individual - in Alexander's eashe parent, in my case, the child. |
believe this kind of error is all too easy to mak®en we use the technical term ‘fitness'.
This is why | have avoided using the word in the®k. There is really only one entity
whose point of view matters in evolution, and tiatity is the selfish gene. Genes in
juvenile bodies will be selected for their abilityoutsmart parental bodies; genes in
parental bodies will be selected for their abitdyoutsmart the young. There is no
paradox in the fact that the very same genes ssigedsoccupy a juvenile body and a
parental body. Genes are selected for their alhdityake the best use of the levers of
power at their disposal: they will exploit theiggtical opportunities. When a gene is
sitting in a juvenile body its practical opportued will be different from when it is
sitting in a parental body. Therefore its optimuatigy will be different in the two stages
in its body's life history. There is no reasonupose, as Alexander does, that the later
optimum policy should necessarily overrule theiearl

There is another way of putting the argument ag#itexander. He is tacitly assuming a
false asymmetry between the parent/child relatignsh the one hand, and the
brother/sister relationship on the other. You welnember that, according to Trivers, the
cost to a selfish child of grabbing more than hiare, the reason why he only grabs up to



a point, is the danger of loss of his brotherssiaters who each bear half his genes. But
brothers and sisters are only a special caseatiwe$ with a 50 per cent relatedness. The
selfish child's own future children are no more andess 'valuable' to him than his
brothers and sisters. Therefore the total netaogtabbing more than your fair share of
resources should really be measured, not onlysihdmthers and sisters, but also in lost
future offspring due to their selfishness amongrbelves. Alexander's point about the
disadvantage of juvenile selfishness spreadin@tw gwn children, thereby reducing
your own long-term reproductive output, is wellgéak but it simply means we must add
this in to the cost side of the equation. An indual child will still do well to be selfish

so long as the net benefit to him is at least thafnet cost to close relatives. But 'close
relatives' should be read as including, not justh®rs and sisters, but future children of
one's own as well. An individual should reckondwen welfare as twice as valuable as
that of his brothers, which is the basic assumpfiovers makes. But he should also
value himself twice as highly as one of his owrufatchildren. Alexander's conclusion
that there is a built-in advantage on the parsmds in the conflict of interests is not
correct.

In addition to his fundamental genetic point, Aledar also has more practical
arguments, stemming from undeniable asymmetrig@iseiparent/child relationship. The
parent is the active partner, the one who actuhibs the work to get the food, etc., and
is therefore in a position to call the tune. If farent decides to withdraw its labour,
there is not much that the child can do abouingesit is smaller, and cannot hit back.
Therefore the parent is in a position to impose&vits regardless of what the child may
want. This argument is not obviously wrong, sintéhis case the asymmetry that it
postulates is a real one. Parents really are higg@nger and more worldly-wise than
children. They seem to hold all the good cards.tBetyoung have a few aces up their
sleeves too. For example, it is important for a&pato know how hungry each of its
children is, so that it can most efficiently dol& ¢the food. It could of course ration the
food exactly equally between them all, but in testiof all possible worlds this would be
less efficient than a system of giving a little libre to those that could genuinely use it
best. A system whereby each child told the parent lhungry he was would be ideal for
the parent, and, as we have seen, such a systems sebave evolved. But the young are
in a strong position to lie, because they know 8ydmw hungry they are, while the
parent can only guess whether they are tellindrtith or not. It is almost impossible for
a parent to detect a small lie, although it migte through a big one.

Then again, it is of advantage to a parent to kmdwen a baby is happy, and it is a good
thing for a baby to be able to tell its parents whes happy. Signals like purring and
smiling may have been selected because they epaftdats to learn which of their

actions are most beneficial to their children. Shght of her child smiling, or the sound

of her kitten purring, is rewarding to a motherthie same sense as food in the stomach is
rewarding to a rat in a maze. But once it becomesthat a sweet smile or a loud purr

are rewarding, the child is in a position to usegmile or the purr in order to manipulate
the parent, and gain more than its fair share odngal investment.



There is, then, no general answer to the quesfiaro is more likely to win the battle of
the generations. What will finally emerge is a coompise between the ideal situation
desired by the child and that desired by the pateista battle comparable to that
between cuckoo and foster parent, not such a fleattée to be sure, for the enemies do
have some genetic interests in common-they areedynies up to a point, or during
certain sensitive times. However, many of the taatised by cuckoos, tactics of
deception and exploitation, may be employed byrarmgs own young, although the
parent's own young will stop short of the totafisbhess that is to be expected of a
cuckoo.

This chapter, and the next in which we discusslmfetween mates, could seem
horribly cynical, and might even be distressingptionan parents, devoted as they are to
their children, and to each other. Once again Itraogphasize that | am not talking about
conscious motives. Nobody is suggesting that obldteliberately and consciously
deceive their parents because of the selfish gsites them. And | must repeat that
when | say something like 'A child should lose ppartunity of cheating ... lying,
deceiving, exploiting...", | am using the word slibin a special way. | am not
advocating this kind of behaviour as moral or dase. | am simply saying that natural
selection will tend to favour children who do atthis way, and that therefore when we
look at wild populations we may expect to see dhgand selfishness within families.
The phrase 'the child should cheat' means thatsgliaetend to make children cheat
have an advantage in the gene pool. If there is@an moral to be drawn, it is that we
must teach our children altruism, for we cannoteexjit to be part of their biological
nature.
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BATTLE OF THE SEXES

If there is conflict of interest between parentd ahildren, who share 50 per cent of each
others' genes, how much more severe must be tlikctbetween mates, who are not
related to each other? All that they have in commsan50 per cent genetic shareholding
in the same children. Since father and mother atie interested in the welfare of
different halves of the same children, there magdiae advantage for both of them in
cooperating with each other in rearing those caidif one parent can get away with
investing less than his or her fair share of cagtbources in each child, however, he will
be better off, since he will have more to spenaibr children by other sexual partners,
and so propagate more of his genes. Each partnegheeefore be thought of as trying to
exploit the other, trying to force the other oneneest more. Ideally, what an individual
would 'like' (I don't mean physically enjoy, altlgtuhe might) would be to copulate with
as many members of the opposite sex as possiblentethe partner in each case to
bring up the children. As we shall see, this sthtaffairs is achieved by the males of a
number of species, but in other species the maéeslkdiged to share an equal part of the
burden of bringing up children. This view of sexpaltnership, as a relationship of
mutual mistrust and mutual exploitation, has basgssed especially by Trivers. It is a
comparatively new one to ethologists. We had uguilatught of sexual behaviour,
copulation, and the courtship that precedes i&saentially a cooperative venture
undertaken for mutual benefit, or even for the gobthe species!

Let us go right back to first principles, and inguinto the fundamental nature of
maleness and femaleness. In Chapter 3 we discasgadlity without stressing its basic
asymmetry. We simply accepted that some animalsaled male, and others female,
without asking what these words really meant. Boatns the essence of maleness?
What, at bottom, defines a female? We as mammalthgesexes defined by whole
syndromes of characteristics-possession of a peesing of the young, suckling by
means of special milk glands, certain chromosoemstiures, and so on. These criteria for
judging the sex of an individual are all very wielt mammals but, for animals and plants
generally, they are no more reliable than is theléacy to wear trousers as a criterion for
judging human sex. In frogs, for instance, neidet has a penis. Perhaps, then, the
words male and female have no general meaning. ateg\after all, only words, and if
we do not find them helpful for describing frogss are quite at liberty to abandon them.
We could arbitrarily divide frogs into Sex 1 anckSeif we wished. However, there is
one fundamental feature of the sexes which carsed to label males as males, and
females as females, throughout animals and pla@hts.is that the sex cells or ‘gametes'
of males are much smaller and more numerous tleagametes of females. This is true
whether we are dealing with animals or plants. @meip of individuals has large sex



cells, and it is convenient to use the word fenhaléhem. The other group, which it is
convenient to call male, has small sex cells. Tifferénce is especially pronounced in
reptiles and in birds, where a single egg celigsdmough and nutritious enough to feed a
developing baby for several weeks. Even in humahsye the egg is microscopic, it is
still many times larger than the sperm. As we sbed], it is possible to interpret all the
other differences between the sexes as stemminytfiis one basic difference.

In certain primitive organisms, for instance sommegdi, maleness and femaleness do not
occur, although sexual reproduction of a kind déeghe system known as isogamy the
individuals are not distinguishable into two sex@sybody can mate with anybody else.
There are not two different sorts of gametes-spemaseggs-but all sex cells are the
same, called isogametes. New individuals are forbyeithe fusion of two isogametes,
each produced by meiotic division. If we have thesgametes, A, B, and C,

A could fuse with B or C,

B could fuse with A or C.

The same is never true of normal sexual systerdsidfa sperm and it can fuse with B or
C, then B and C must be eggs and B cannot fuseQvith

When two isogametes fuse, both contribute equalbeusnof genes to the new

individual, and they also contribute equal amowift®od reserves. Sperms and eggs too
contribute equal numbers of genes, but eggs caomdrifar more in the way of food
reserves:

indeed, sperms make no contribution at all andgien@ly concerned with transporting
their genes as fast as possible to an egg. At tmeent of conception, therefore, the
father has invested less than his fair share5@eer cent) of resources in the offspring.
Since each sperm is so tiny, a male can affordakenmany millions of them every day.
This means he is potentially able to beget a vamyd number of children in a very short
period of time, using different females. This idyomossible because each new embryo is
endowed with adequate food by the mother in easé. Cehis therefore places a limit on
the number of children a female can have, but theler of children a male can have is
virtually unlimited. Female exploitation begins ber

Parker and others showed how this asymmetry mia¥e levolved from an originally
isogamous state of affairs. In the days when allce#ls were interchangeable and of
roughly the same size, there would have been sbatgust happened to be slightly
bigger than others. In some respects a big isogametld have an advantage over an
average-sized one, because it would get its emtififyto a good start by giving it a large
initial food supply. There might therefore have @@ evolutionary trend towards larger
gametes. But there was a catch. The evolutionoglisetes that were larger than was
strictly necessary would have opened the doorlfslsexploitation. Individuals who
produced smaller than average gametes could caplowided they could ensure that
their small gametes fused with extra-big ones. €hidd be achieved by making the
small ones more mobile, and able to seek out langs actively. The advantage to an
individual of producing small, rapidly moving garastwould be that he could afford to
make a larger number of gametes, and thereforel gmiéntially have more children.



Natural selection favoured the production of sdisd¢hat were small and that actively
sought out big ones to fuse with. So we can thirntkvo divergent sexual 'strategies'’
evolving. There was the large-investment or 'hdoséisttegy. This automatically opened
the way for a small-investment exploitative strgtggnce the divergence between the
two strategies had started, it would have continnednaway fashion. Medium-sized
intermediates would have been penalized, becaegedil not enjoy the advantages of
either of the two more extreme strategies. Theatgrk would have evolved smaller and
smaller size, and faster mobility. The honest amesld have evolved larger and larger
size, to compensate for the ever-smaller investoemtributed by the exploiters, and
they became immobile because they would alwaystiely chased by the exploiters
anyway. Each honest one would 'prefer' to fuse wtbther honest one. But the selection
pressure to lock out exploiters would have beerkesetnan the pressure on exploiters to
duck under the barrier: the exploiters had morede, and they therefore won the
evolutionary battle. The honest ones became eggstha exploiters became sperms.

Males, then, seem to be pretty worthless fellowsd, @ simple 'good of the species'’
grounds, we might expect that males would becosgrnemerous than females. Since
one male can theoretically produce enough sperrssrtace a harem of 100 females we
might suppose that females should outnumber malasimal populations by 100 to 1.
Other ways of putting this are that the male iseriexpendable’, and the female more
'valuable' to the species. Of course, looked ahftioe point of view of the species as a
whole, this is perfectly true. To take an extremanreple, in one study of elephant seals,
4 per cent of the males accounted for 88 per deait the copulations observed. In this
case, and in many others, there is a large sugblnachelor males who probably never
get a chance to copulate in their whole lives. thase extra males live otherwise normal
lives, and they eat up the population's food reserino less hungrily than other adults.
From a 'good of the species' point of view thisasribly wasteful; the extra males might
be regarded as social parasites. This is just are example of the difficulties that the
group selection theory gets into. The selfish géeery, on the other hand, has no
trouble in explaining the fact that the numbersnales and females tend to be equal,
even when the males who actually reproduce maydmeadl fraction of the total number.
The explanation was first offered by R. A. Fisher.

The problem of how many males and how many femaedorn is a special case of a
problem in parental strategy. Just as we discuseedptimal family size for an
individual parent trying to maximize her gene sualj we can also discuss the optimal
sex ratio. Is it better to entrust your preciousegeto sons or to daughters? Suppose a
mother invested all her resources in sons, anefibwer had none left to invest in
daughters: would she on average contribute motigetgene pool of the future than a
rival mother who invested in daughters? Do genegifeferring sons become more or
less numerous than genes for preferring daughWtsft Fisher showed is that under
normal circumstances the stable sex ratio is 50rbOrder to see why, we must first
know a little bit about the mechanics of sex deteation.

In mammals, sex is determined genetically as falol eggs are capable of developing
into either a male or a female. It is the spernas tlarry the sex-determining



chromosomes. Half the sperms produced by a maiemuae-producing, or X-sperms,
and half are male-producing, or Y-sperms. The tartssof sperms look alike. They
differ with respect to one chromosome only. A garemaking a father have nothing but
daughters could achieve its object by making hinmunfecture nothing but X-sperms. A
gene for making a mother have nothing but dauglet®ugl work by making her secrete a
selective spermicide, or by making her abort materyos. What we seek is something
equivalent to an evolutionarily stable strategy $E&lthough here, even more than in
the chapter on aggression, strategy is just adigfispeech. An individual cannot
literally choose the sex of his children. But gefaegending to have children of one sex
or the other are possible. If we suppose that gedes, favouring unequal sex ratios,
exist, are any of them likely to become more numstia the gene pool than their rival
alleles, which favour an equal sex ratio?

Suppose that in the elephant seals mentioned abaweatant gene arose that tended to
make parents have mostly daughters. Since thex@ sbortage of males in the
population, the daughters would have no troubldifig mates, and the daughter-
manufacturing gene could spread. The sex ratibarpppulation might then start to shift
towards a surplus of females. From the point ofwaé the good of the species, this
would be all right, because just a few males areegquapable of providing all the sperms
needed for even a huge surplus of females, as wedeen. Superficially, therefore, we
might expect the daughter-producing gene to gopoeeasliing until the sex ratio was so
unbalanced that the few remaining males, workiagdut, could just manage. But now,
think what an enormous genetic advantage is enjbydtiose few parents who have
sons. Anyone who invests in a son has a very ghadae of being the grandparent of
hundreds of seals. Those who are producing nothimglaughters are assured of a safe
few grandchildren, but this is nothing compareth® glorious genetic possibilities that
open up before anyone specializing in sons. Thexagfenes for producing sons will tend
to become more numerous, and the pendulum will gWwack.

For simplicity | have talked in terms of a pendulaming. In practice the pendulum
would never have been allowed to swing that fahendirection of female domination,
because the pressure to have sons would havedstagesh it back as soon as the sex
ratio became unequal. The strategy of producinglegumbers of sons and daughters is
an evolutionarily stable strategy, in the sensedhg gene for departing from it makes a
net loss.

| have told the story in terms of numbers of soaisus numbers of daughters. This is to
make it simple, but strictly it should be worked outerms of parental investment,
meaning all the food and other resources thatenpaias to offer, measured in the way
discussed in the previous chapter. Parents shoudssi equally in sons and daughters.
This usually means they should have numericalijpasy sons as they have daughters.
But there could be unequal sex ratios that weréugeoarily stable, provided
correspondingly unequal amounts of resources waested in sons and daughters. In
the case of the elephant seals, a policy of haviree times as many daughters as sons,
but of making each son a supermale by investirggttimes as much food and other
resources in him, could be stable. By investingarfood in a son and making him big



and strong, a parent might increase his chancesoing the supreme prize of a harem.
But this is a special case. Normally the amounésted in each son will roughly equal
the amount invested in each daughter, and theagiex m terms of numbers, is usually
one to one.

In its long journey down the generations therefareaverage gene will spend
approximately half its time sitting in male bodiasd the other half sitting in female
bodies. Some gene effects show themselves onlgdieb of one sex. These are called
sex-limited gene effects. A gene controlling pdeisgth expresses this effect only in
male bodies, but it is carried about in female bedoo and may have some quite
different effect on female bodies. There is no @@ashy a man should not inherit a
tendency to develop a long penis from his mother.

In whichever of the two sorts of body it finds ifs@ve can expect a gene to make the
best use of the opportunities offered by that gbltody. These opportunities may well
differ according to whether the body is male or #nAs a convenient approximation,
we can once again assume that each individual iscglgelfish machine, trying to do the
best for all its genes. The best policy for sugelfish machine will often be one thing if
it is male, and quite a different thing if it isvi@le. For brevity, we shall again use the
convention of thinking of the individual as thougjhad a conscious purpose. As before,
we shall hold in the back of our mind that thiguist a figure of speech. A body is really a
machine blindly programmed by its selfish genes.

Consider again the mated pair with which we bebdarchapter. Both partners, as selfish
machines, 'want' sons and daughters in equal nanbetrthis extent they agree. Where
they disagree is in who is going to bear the baifinbhe cost of rearing each one of those
children. Each individual wants as many survivihgdren as possible. The less he or
she is obliged to invest in any one of those chitdithe more children he or she can have.
The obvious way to achieve this desirable stat#fairs is to induce your sexual partner
to invest more than his or her fair share of resesiin each child, leaving you free to
have other children with other partners. This wdugda desirable strategy for either sex,
but it is more difficult for the female to achiev&nce she starts by investing more than
the male, in the form of her large, food-rich eggnother is already at the moment of
conception ‘committed’ to each child more deepiyttne father is. She stands to lose
more if the child dies than the father does. Morthe point, she would have to invest
more than the father in the future in order to pr@nnew substitute child up to the same
level of development. If she tried the tactic ahiang the father holding the baby, while
she went off with another male, the father mightetatively small cost to himself,
retaliate by abandoning the baby too. Thereforkeest in the early stages of child
development, if any abandoning is going to be ddne likely to be the father who
abandons the mother rather than the other way dr&imilarly, females can be
expected to invest more in children than malespnobt at the outset, but throughout
development. So, in mammals for example, it isféimeale who incubates the foetus in
her own body, the female who makes the milk to Ruitkwhen it is born, the female
who bears the brunt of the load of bringing it mg rotecting it. The female sex is



exploited, and the fundamental evolutionary basigte exploitation is the fact that eggs
are larger than sperms.

Of course in many species the father does work &addfaithfully at looking after the
young. But even so, we must expect that thereneilinally be some evolutionary
pressure on males to invest a little bit less hezhild, and to try to have more children
by different wives. By this | simply mean that teevill be a tendency for genes that say
'‘Body, if you are male leave your mate a littledatlier than my rival allele would have
you do, and look for another female’, to be sudaéssthe gene pool. The extent to
which this evolutionary pressure actually prevailpractice varies greatly from species
to species. In many, for example in the birds ohgese, the female receives no help at
all from any male, and she rears her children arola. Other species such as
kittiwakes form monogamous pairbonds of exemplatglity, and both partners
cooperate in the work of bringing up children. Hei® must suppose that some
evolutionary counter-pressure has been at worketimeist be a penalty attached to the
selfish mate-exploitation strategy as well as afigrand in kittiwvakes the penalty
outweighs the benefit. It will in any case only @afather to desert his wife and child if
the wife has a reasonable chance of rearing the chiher own.

Trivers has considered the possible courses ajraopen to a mother who has been
deserted by her mate. Best of all for her woulddoey to deceive another male into
adopting her child, 'thinking' it is his own. Thigght not be too difficult if it is still a
foetus, not yet born. Of course, while the childtsehalf her genes, it bears no genes at
all from the gullible step-father. Natural seleatould severely penalize such gullibility
in males and indeed would favour males who tookadteps to kill any potential step-
children as soon as they mated with a new wifes I§wery probably the explanation of
the so-called Bruce effect: male mice secrete anated which when smelt by a pregnant
female can cause her to abort. She only aborte iftell is different from that of her
former mate. In this way. a male mouse destroypdiisntial step-children, and renders
his new wife receptive to his own sexual advanéedtey, incidentally, sees the Bruce
effect as a population control mechanism! A simggaample is that of male lions, who,
when newly arrived in a pride, sometimes murdesteg cubs, presumably because
these are not their own children.

A male can achieve the same result without neagsg&dling step-children. He can
enforce a period of prolonged courtship beforedmutates with a female, driving away
all other males who approach her, and preventingrbm escaping. In this way he can
wait and see whether she is harbouring any litdp-shildren in her womb, and desert
her if so. We shall see below a reason why a femédét want a long 'engagement’
period before copulation. Here we have a reasonaumale might want one too.
Provided he can isolate her from all contact witheo males, it helps to avoid being the
unwitting benefactor of another male's children.

Assuming then that a deserted female cannot foeMamale into adopting her child,
what else can she do? Much may depend on how eldhild is. If it is only just
conceived, it is true that she has invested thdewoone egg in it and perhaps more, but



it may still pay her to abort it and find a new mas quickly as possible. In these
circumstances it would be to the mutual advantagle bf her and of the potential new
husband that she should abort-since we are asswginénlgas no hope of fooling him into
adopting the child. This could explain why the Brweffect works from the female's point
of view.

Another option open to a deserted female is td $tigut, and try and rear the child on
her own. This will especially pay her if the chitdalready quite old. The older he is the
more has already been invested in him, and thatlesk take out of her to finish the job
of rearing him. Even if he is still quite youngniight yet pay her to try to salvage
something from her initial investment, even if $tas to work twice as hard to feed the
child, now that the male has gone. It is no comtimtier that the child contains half the
male's genes too, and that she could spite hinbagdoning it. There is no point in spite
for its own sake. The child carries half her geaesl the dilemma is now hers alone.

Paradoxically, a reasonable policy for a female vghia danger of being deserted might
be to walk out on the male before he walks out@m This could pay her, even if she has
already invested more in the child than the mate ke unpleasant truth is that in some
circumstances an advantage accrues to the parheedeserts first, whether it is the
father or the mother. As Trivers puts it, the partwho is left behind is placed in a cruel
bind. It is a rather horrible but very subtle argunh A parent may be expected to desert,
the moment it is possible for him or her to sayftiwing: ' This child is now far
enough developed that either of us could finishrediring it on our own. Therefore it
would pay me to desert now, provided | could be say partner would not desert as
well. If | did desert now, my partner would do winagr is best for her/his genes. He/ she
would be forced into making a more drastic decisi@n | am making now, because |
would have already left. My partner would "knowéthf he/she left as well, the child
would surely die. Therefore, assuming that my parnmill take the decision that is best
for his/her own selfish genes, | conclude that mwy dest course of action is to desert
first. This is especially so, since my partner rbay'thinking" along exactly the same
lines, and may seize the initiative at any minyteleserting me!" As always, the
subjective soliloquy is intended for illustrationlp. The point is that genes for deserting
first could be favourably selected simply becauseeg for deserting second would not
be.

We have looked at some of the things that a femadgat do if she has been deserted by
her mate. But these all have the air of makingog& of a bad job. Is there anything a
female can do to reduce the extent to which heeragploits her in the first place? She
has a strong card in her hand. She can refuseptdate. She is in demand, in a seller's
market. This is because she brings the dowry afgel| nutritious egg. A male who
successfully copulates gains a valuable food restenvhis offspring. The female is
potentially in a position to drive a hard bargag@idse she copulates. Once she has
copulated she has played her ace-her egg has beenitted to the male. It is all very
well to talk about driving hard bargains, but wewnvery well it is not really like that. Is
there any realistic way in which something equiaate driving a hard bargain could



evolve by natural selection? | shall consider twaimpossibilities, called the domestic-
bliss strategy, and the he-man strategy.

The simplest version of the domestic-bliss straisdiiis. The female looks the males
over, and tries to spot signs of fidelity and dotiegy in advance. There is bound to be
variation in the population of males in their psgabsition to be faithful husbands. If
females could recognize such qualities in advatieg, could benefit themselves by
choosing males possessing them. One way for a éetoalo this is to play hard to get for
a long time, to be coy. Any male who is not patembugh to wait until the female
eventually consents to copulate is not likely taalgood bet as a faithful husband. By
insisting on a long engagement period, a femaleds/eet casual suitors, and only finally
copulates with a male who has proved his qualdfdglelity and perseverance in
advance. Feminine coyness is in fact very commaoongnanimals, and so are prolonged
courtship or engagement periods. As we have alrsady, a long engagement can also
benefit a male where there is a danger of his beupgd into caring for another male's
child.

Courtship rituals often include considerable prptdation investment by the male. The
female may refuse to copulate until the male has Iber a nest. Or the male may have to
feed her quite substantial amounts of food. THigparse, is very good from the female's
point of view, but it also suggests another possielrsion of the domestic-bliss strategy.
Could females force males to invest so heavilhairtoffspring before they allow
copulation that it would no longer pay the maledésert after copulation? The idea is
appealing. A male who waits for a coy female evaityito copulate with him is paying a
cost: he is forgoing the chance to copulate wittepfemales, and he is spending a lot of
time and energy in courting her. By the time hinally allowed to copulate with a
particular female, he will inevitably be heavilptamitted' to her. There will be little
temptation for him to desert her, if he knows thray future female he approaches will
also procrastinate in the same manner before dhgetidown to business.

As | showed in a paper, there is a mistake in Ts'gaeasoning here. He thought that
prior investment in itself committed an individdalfuture investment. This is fallacious
economics. A business man should never say 'l &lagady invested so much in the
Concorde airliner (for instance) that | cannot edfto scrap it now.' He should always
ask instead whether it would pay him in the futtoesut his losses, and abandon the
project now, even though he has already investadilyen it. Similarly, it is no use a
female forcing a male to invest heavily in herhie tiope that this, on its own, will deter
the male from subsequently deserting. This versidhe domestic-bliss strategy depends
upon one further crucial assumption. This is thatagority of the females can be relied
upon to play the same game. If there are looselésniathe population, prepared to
welcome males who have deserted their wives, thesuld pay a male to desert his wife,
no matter how much he has already invested in lnéiren.

Much therefore depends on how the majority of feamélehave. If we were allowed to
think in terms of a conspiracy of females there Mdae no problem. But a conspiracy of
females can no more evolve than the conspiracpweésiwhich we considered in



Chapter 5. Instead, we must look for evolutionastigble strategies. Let us take Maynard
Smith's method of analysing aggressive contestsapply it to sex. It will be a little bit
more complicated than the case of the hawks andsjdecause we shall have two
female strategies and two male strategies.

As in Maynard Smith's studies, the word 'strategfgrs to a blind unconscious
behaviour program. Our two female strategies vélchlled coy and fast, and the two
male strategies will be called faithful and philaret. The behavioural rules of the four
types are as follows. Coy females will not copulaitth a male until he has gone through
a long and expensive courtship period lasting s¢weeeks. Fast females will copulate
immediately with anybody. Faithful males are prepaio go on courting for a long time,
and after copulation they stay with the female lelg her to rear the young. Philanderer
males lose patience quickly if a female will nopatate with them straight away: they go
off and look for another female; after copulation they do not stay and act as good
fathers, but go off in search of fresh femalesirAhe case of the hawks and doves, these
are not the only possible strategies, but it igilinating to study their fates nevertheless.

Like Maynard Smith, we shall use some arbitrarydtlgptical values for the various
costs and benefits. To be more general it can be dath algebraic symbols, but
numbers are easier to understand. Suppose thgétietic pay-off gained by each parent
when a child is reared successfully is +15 unitse €ost of rearing one child, the cost of
all its food, all the time spent looking afteratyd all the risks taken on its behalf, is -20
units. The cost is expressed as negative, bectigspaid out' by the parents. Also
negative is the cost of wasting time in prolongedrtship. Let this cost be -3 units.

Imagine we have a population in which all the fezsadre coy, and all the males are
faithful. It is an ideal monogamous society. Inteaouple, the male and the female both
get the same average pay-off. They get +15 for ehitth reared; they share the cost of
rearing it (-20) equally between the two of them aaerage of -10 each. They both pay
the -3 point penalty for wasting time in prolongexlirtship. The average pay-off for
each is therefore + 15-10-3 =+ 2.

Now suppose a single fast female enters the popnla&@he does very well. She does not
pay the cost of delay, because she does not inttulg®longed courtship. Since all the
males in the population are faithful, she can recko finding a good father for her
children whoever she mates with. Her average papeofchild is

+15-10 =+ 5. She is 3 units better off thandwr rivals. Therefore fast genes will start
to spread.

If the success of fast females is so great that¢bene to predominate in the population,
things will start to change in the male camp tomf&, faithful males have had a
monopoly. But now if a philanderer male ariseshi@ population, he starts to do better
than his faithful rivals. In a population where thlé females are fast, the pickings for a
philanderer male are rich indeed. He gets the €l&tpif a child is successfully reared,
and he pays neither of the two costs. What this ¢tdcost mainly means to him is that
he is free to go off and mate with new females heafchis unfortunate wives struggles



on alone with the child, paying the entire -20 paiost, although she does not pay
anything for wasting time in courting. The net pef/for a fast female when she
encounters a philanderer male is + 15 - 20 = -&pthy-off to the philanderer himself is
+15. In a population in which all the females astf philanderer genes will spread like
wildfire.

If the philanderers increase so successfully they tome to dominate the male part of
the population, the fast females will be in dirais. Any coy female would have a
strong advantage. If a coy female encounters ampddrer male, no business results. She
insists on prolonged courtship; he refuses and gfies search of another female.
Neither partner pays the cost of wasting time. INgigains anything either, since no
child is produced. This gives a net pay-off of zknoa coy female in a population where
all the males are philanderers. Zero may not seechpbut it is better than the -5 which
is the average score for a fast female. Evenakafemale decided to leave her young
after being deserted by a philanderer, she wotlthate paid the considerable cost of an
egg. So, coy genes start to spread through thelggapuagain.

To complete the hypothetical cycle, when coy femalerease in numbers so much that
they predominate, the philanderer males, who hall an easy time with the fast
females, start to feel the pinch. Female after fermsists on a long and arduous
courtship. The philanderers flit from female to &) and always the story is the same.
The net pay-off for a philanderer male when allfégreales are coy is zero. Now if a
single faithful male should turn up, he is the oohe with whom the coy females will
mate. His net pay-off is + 2, better than thathef philanderers. So, faithful genes start to
increase, and we come full circle.

As in the case of the aggression analysis, | hatdethe story as though it was an endless
oscillation. But, as in that case, it can be shtivat really there would be no oscillation.
The system would converge to a stable state. Ifdmthe sums, it turns out that a
population in which 5/6 of the females are coy, &f8lof the males are faithful, is
evolutionarily stable. This is, of course, just fbe particular arbitrary numbers that we
started out with, but it is easy to work out whwa stable ratios would be for any other
arbitrary assumptions.

As in Maynard Smith's analyses, we do not havaitiktof there being two different
sorts of male and two different sorts of femalee B8S could equally well be achieved
if each male spends 5/8 of his time being faitlafudl the rest of his time philandering;
and each female spends 5/6 of her time being cayl&hof her time being fast.
Whichever way we think of the ESS, what it meanis. Any tendency for members of
either sex to deviate from their appropriate staat® will be penalized by a consequent
change in the ratio of strategies of the other s&xch is, in turn, to the disadvantage of
the original deviant. Therefore the ESS will besgreed.

We can conclude that it is certainly possible fpoaulation consisting largely of coy
females and faithful males to evolve. In theseuwrnistances the domestic-bliss strategy



for females really does seem to work. We do notfiavhink in terms of a conspiracy of
coy females. Coyness can actually pay a femaldishsgenes.

There are various ways in which females can psttilie of strategy into practice. | have
already suggested that a female might refuse talatgpwith a male who has not already
built her a nest, or at least helped her to buitést. It is indeed the case that in many
monogamous birds copulation does not take pladeaitdr the nest is built. The effect
of this is that at the moment of conception theentls invested a good deal more in the
child than just his cheap sperms.

Demanding that a prospective mate should buildsaisene effective way for a female
to trap him. It might be thought that almost anythihat costs the male a great deal
would do in theory, even if that cost is not dihe@aid in the form of benefit to the
unborn children. If all females of a populationded males to do some difficult and
costly deed, like slaying a dragon or climbing aumtain, before they would consent to
copulate with them, they could in theory be redgdhme temptation for the males to
desert after copulation. Any male tempted to ddssrinate and try to spread more of his
genes by another female, would be put off by tleight that he would have to kill
another dragon. In practice, however, it is unjikélat females would impose such
arbitrary tasks as dragon-killing, or Holy-Graileg&éng on their suitors. The reason is that
a rival female who imposed a task no less ardumutsmore useful to her and her
children, would have an advantage over more romalhtiminded females who
demanded a pointless labour of love. Building & nesy be less romantic than slaying a
dragon or swimming the Hellespont, but it is muabrenuseful.

Also useful to the female is the practice | haveady mentioned of courtship feeding by
the male. In birds this has usually been regardeskand of regression to juvenile
behaviour on the part of the female. She begs frmmale, using the same gestures as a
young bird would use. It has been supposed thaiglautomatically attractive to the

male, in the same way as a man finds a lisp oripglips attractive in an adult woman.
The female bird at this time needs all the extadfshe can get, for she is building up her
reserves for the effort of manufacturing her enarsmeggs. Courtship feeding by the

male probably represents direct investment by hithé eggs themselves. It therefore
has the effect of reducing the disparity betweentiwo parents in their initial investment

in the young.

Several insects and spiders also demonstrate grepienon of courtship feeding. Here
an alternative interpretation has sometimes begntoa obvious. Since, as in the case of
the praying mantis, the male may be in danger wigoeaten by the larger female,
anything that he can do to reduce her appetitelmeayp his advantage. There is a
macabre sense in which the unfortunate male meaide said to invest in his children.
He is used as food to help make the eggs whichtlngh be fertilized, posthumously, by
his own stored sperms.

A female, playing the domestic-bliss strategy, whoply looks the males over and tries
to recognize qualities of fidelity in advance, ldesself open to deception. Any male



who can pass himself off as a good loyal domeggie,tbut who in reality is concealing a
strong tendency towards desertion and unfaithfslnesuld have a great advantage. As
long as his deserted former wives have any chahlberging up some of the children,
the philanderer stands to pass on more genes thzal anale who is an honest husband
and father. Genes for effective deception by mai#itend to be favoured in the gene
pool.

Conversely, natural selection will tend to favoeimales who become good at seeing
through such deception. One way they can do this day especially hard to get when
they are courted by a new male, but in successeeding seasons to be increasingly
ready to accept quickly the advances of last yeaat®. This will automatically penalize
young males embarking on their first breeding seaatiether they are deceivers or not.
The brood of naive first year females would tenddatain a relatively high proportion
of genes from unfaithful fathers, but faithful fatk have the advantage in the second and
subsequent years of a mother's life, for they ddawe to go through the same
prolonged energy-wasting and time-consuming colgtstuals. If the majority of
individuals in a population are the children of expnced rather than naive mothers-a
reasonable assumption in any long-lived speciaesegjéor honest, good fatherhood will
come to prevail in the gene pool.

For simplicity, | have talked as though a male wastker purely honest or thoroughly
deceitful. In reality it is more probable that mlales, indeed all individuals, are a little bit
deceitful, in that they are programmed to take athge of opportunities to exploit their
mates. Natural selection, by sharpening up thétyabil each partner to detect dishonesty
in the other, has kept large-scale deceit downfsirly low level. Males have more to
gain from dishonesty than females, and we mustaxpat, even in those species where
males show considerable parental altruism, thelusilally tend to do a bit less work
than the females, and to be a bit more ready toaaiok In birds and mammals this is
certainly normally the case.

There are species, however, in which the male bgt@es more work in caring for the
children than the female does. Among birds and malsithese cases of paternal
devotion are exceptionally rare, but they are comarmong fish. Why? This is a
challenge for the selfish gene theory which haglaazme for a long time. An ingenious
solution was recently suggested to me in a tutbyaWliss T. R. Carlisle. She makes use
of Trivers's 'cruel bind' idea, referred to abaa®follows.

Many fish do not copulate, but instead simply spemvtheir sex cells into the water.
Fertilization takes place in the open water, neida the body of one of the partners. This
is probably how sexual reproduction first begamd.animals like birds, mammals and
reptiles, on the other hand, cannot afford thisllohexternal fertilization, because their
sex cells are too vulnerable to drying-up. The gamef one sex-the male, since sperms
are mobile-are introduced into the wet interioaohember of the other sex-the female.
So much is just fact. Now comes the idea. Afterutafpon, the land-dwelling female is
left in physical possession of the embryo. It Edle her body. Even if she lays the
fertilized egg almost immediately, the male stdkhime to vanish, thereby forcing the



female into Trivers's 'cruel bind'. The male isvitebly provided with an opportunity to
take the prior decision to desert, closing the fetaaptions, and forcing her to decide
whether to leave the young to certain death, ortéreo stay with it and rear it.
Therefore, maternal care is more common amongdaidals than paternal care.

But for fish and other water-dwelling animals trsraye very different. If the male does
not physically introduce his sperms into the fersab®dy there is no necessary sense in
which the female is left 'holding the baby'. Eitlpartner might make a quick getaway
and leave the other one in possession of the nientilized eggs. But there is even a
possible reason why it might often be the male w8huoost vulnerable to being deserted.
It seems probable that an evolutionary battle eaelop over who sheds their sex cells
first. The partner who does so has the advantagenthor she can then leave the other
one in possession of the new embryos. On the btad, the partner who spawns first
runs the risk that his prospective partner may egbsntly fail to follow suit. Now the
male is more vulnerable here, if only because spema lighter and more likely to
diffuse than eggs. If a female spawns too earybiefore the male is ready, it will not
greatly matter because the eggs, being relatiaegeland heavy, are likely to stay
together as a coherent clutch for some time. Thezed female fish can afford to take the
'risk’ of spawning early. The male dare not take tisk, since if he spawns too early his
sperms will have diffused away before the female#ly, and she will then not spawn
herself, because it will not be worth her whiledtnso. Because of the diffusion problem,
the male must wait until the female spawns, and tieemust shed his sperms over the
eggs. But she has had a precious few seconds shwddisappear, leaving the male in
possession, and forcing him on to the horns ofers's dilemma. So this theory neatly
explains why paternal care is common in water areg on dry land.

Leaving fish, | now turn to the other main femdiategy, the he-man strategy. In species
where this policy is adopted the females, in effeetign themselves to getting no help
from the father of their children, and go all-oat §ood genes instead. Once again they
use their weapon of withholding copulation. Thefpse to mate with just any male, but
exercise the utmost care and discrimination betfugg will allow a male to copulate with
them. Some males undoubtedly do contain a largabeu of good genes than other
males, genes that would benefit the survival prospef both sons and daughters. If a
female can somehow detect good genes in malegy astarnally visible clues, she can
benefit her own genes by allying them with goodepadl genes. To use our analogy of
the rowing crews, a female can minimize the chdhather genes will be dragged down
through getting into bad company. She can try tahaick good crew-mates for her own
genes.

The chances are that most of the females will agrfeeach other on which are the best
males, since they all have the same informatiayoton. Therefore these few lucky
males will do most of the copulating. This they quéte capable of doing, since all they
must give to each female is some cheap spermsislpiesumably what has happened in
elephant seals and in birds of paradise. The fenakeallowing just a few males to get
away with the ideal selfish-exploitation strategyieh all males aspire to, but they are
making sure that only the best males are allowsdubury.



From the point of view of a female trying to picagl genes with which to ally her own,
what is she looking for? One thing she wants isl@wte of ability to survive. Obviously
any potential mate who is courting her has provedbhility to survive at least into
adulthood, but he has not necessarily proved thagh survive much longer. Quite a
good policy for a female might be to go for old m&fatever their shortcomings, they
have at least proved they can survive, and shiely lto be allying her genes with genes
for longevity. However, there is no point in ensgrihat her children live long lives if
they do not also give her lots of grandchildremndgievity is not prima facie evidence of
virility. Indeed a long-lived male may have surviverecisely because he does not take
risks in order to reproduce. A female who selentsld male is not necessarily going to
have more descendants than a rival female who els@goung one who shows some
other evidence of good genes. What other evidemhefe are many possibilities.
Perhaps strong muscles as evidence of abilitytthdaod, perhaps long legs as
evidence of ability to run away from predators.efnfale might benefit her genes by
allying them with such traits, since they mightuseful qualities in both her sons and her
daughters. To begin with, then, we have to imafgngales choosing males on the basis
of perfectly genuine labels or indicators whichdeo be evidence of good underlying
genes. But now here is a very interesting poinized by Darwin, and clearly enunciated
by Fisher. In a society where males compete with @ther to be chosen as he-men by
females, one of the best things a mother can dodpgenes is to make a son who will
turn out in his turn to be an attractive he-marshié can ensure that her son is one of the
fortunate few males who wins most of the copulaionthe society when he grows up,
she will have an enormous number of grandchildfée. result of this is that one of the
most desirable qualities a male can have in the efya female is, quite simply, sexual
attractiveness itself. A female who mates with pestattractive he-man is more likely to
have sons who are attractive to females of the gexération, and who will make lots of
grandchildren for her. Originally, then, femalesyrb& thought of as selecting males on
the basis of obviously useful qualities like bigsules, but once such qualities became
widely accepted as attractive among the femalélseo§pecies, natural selection would
continue to favour them simply because they wedradive. Extravagances such as the
tails of male birds of paradise may therefore hawaved by a kind of unstable, runaway
process. In the early days, a slightly longertteain usual may have been selected by
females as a desirable quality in males, perhapsuse it betokened a fit and healthy
constitution. A short tail on a male might haverbaa indicator of some vitamin
deficiency-evidence of poor food-getting ability. gerhaps short-tailed males were not
very good at running away from predators, and sbhaa their tails bitten off. Notice
that we don't have to assume that the short taliw@self genetically inherited, only

that it served as an indicator of some genetiaioféy. Anyway, for whatever reason, let
us suppose that females in the ancestral bird raidgse species preferentially went for
males with longer than average tails. Providedetlnaas some genetic contribution to the
natural variation in male tail-length, this wouldtime cause the average tail-length of
males in the population to increase. Females fabtba simple rule: look all the males
over, and go for the one with the longest tail. Aayale who departed from this rule
was penalized, even if tails had already becomnerspthat they actually encumbered
males possessing them. This was because any farhaldid not produce long-tailed



sons had little chance of one of her sons beingrdsgl as attractive. Like a fashion in
women's clothes, or in American car design, thedteward longer tails took off and
gathered its own momentum. It was stopped only viaigs became so grotesquely long
that their manifest disadvantages started to ogtwiie advantage of sexual
attractiveness.

This is a hard idea to swallow, and it has atthdesceptics ever since Darwin first
proposed it, under the name of sexual selectioe. i@nson who does not believe it is A.
Zahavi, whose 'Fox, fox' theory we have already. tdetputs forward his own
maddeningly contrary 'handicap principle' as alrx@lanation. He points out that the
very fact that females are trying to select fordjgenes among males opens the door to
deception by the males. Strong muscles may be @rggy good quality for a female to
select, but then what is to stop males from grovdagimy muscles with no more real
substance than human padded shoulders? If it aoetde less to grow false muscles
than real ones, sexual selection should favourgfareroducing false muscles. It will
not be long, however, before counter-selectionddadhe evolution of females capable
of seeing through the deception. Zahavi's basim@®is that false sexual advertisement
will eventually be seen through by females. Hedfare concludes that really successful
males will be those who do not advertise falsdlgse who palpably demonstrate that
they are not deceiving. If it is strong musclesase talking about, then males who
merely assume the visual appearance of strong esugdll soon be detected by the
females. But a male who demonstrates, by the elguvaf lifting weights or
ostentatiously doing press-ups, that he reallystrasmg muscles, will succeed in
convincing the females. In other words Zahavi velgethat a he-man must not only seem
to be a good quality male: he must really be a gpaality male, otherwise he will not be
accepted as such by sceptical females. Displaysheilefore evolve that only a genuine
he-man is capable of doing.

So far so good. Now comes the part of Zahavi'srihéat really sticks in the throat. He
suggests that the tails of birds of paradise amaggeks, the huge antlers of deer, and the
other sexually-selected features which have alvgagsned paradoxical because they
appear to be handicaps to their possessors, epaeesely because they are handicaps.
A male bird with a long and cumbersome tail is simpoff to females that he is such a
strong he-man that he can survive in spite ofdilsThink of a woman watching two

men run a race. If both arrive at the finishingtmighe same time, but one has
deliberately encumbered himself with a sack of cwahis back, the women will

naturally draw the conclusion that the man withltheden is really the faster runner.

| do not believe this theory, although | am nottgio confident in my scepticism as |
was when | first heard it. | pointed out then ttiegt logical conclusion to it should be the
evolution of males with only one leg and only oge.eZahavi, who comes from Israel,
instantly retorted: 'Some of our best generals luehg one eye!' Nevertheless, the
problem remains that the handicap theory seemarttain a basic contradiction. If the
handicap is a genuine one-and it is of the essehite theory that it has to be a genuine
one-then the handicap itself will penalize the fiisg just as surely as it may attract



females. It is, in any case, important that thedimap must not be passed on to
daughters.

If we rephrase the handicap theory in terms of gewe have something like this. A gene
that makes males develop a handicap, such as adbngecomes more numerous in the
gene pool because females choose males who hadiess Females choose males
who have handicaps, because genes that make fesoatb®ose also become frequent in
the gene pool. This is because females with a tasteandicapped males will
automatically tend to be selecting males with ggedes in other respects, since those
males have survived to adulthood in spite of thediap. These good ‘other’ genes will
benefit the bodies of the children, which therefeumevive to propagate the genes for the
handicap itself, and also the genes for choosimglisapped males. Provided the genes
for the handicap itself exert their effect onlysions, just as the genes for a sexual
preference for the handicap affect only daughteestheory just might be made to work.
So long as it is formulated only in words, we caro® sure whether it will work or not.
We get a better idea of how feasible such a thisomhen it is rephrased in terms of a
mathematical model. So far mathematical genetigibsis have tried to make the
handicap principle into a workable model have thilEhis may be because it is not a
workable principle, or it may be because they atectever enough. One of them is
Maynard Smith, and my hunch favours the former ibadgsy.

If a male can demonstrate his superiority over roth@&es in a way that does not involve
deliberately handicapping himself, nobody would lotathat he could increase his genetic
success in that way. Thus elephant seals win aliddmato their harems, not by being
aesthetically attractive to females, but by theptenexpedient of beating up any male
who tries to move in on the harem. Harem holderd te win these fights against would-
be usurpers, if only for the obvious reason that i why they are harem-holders.
Usurpers do not often win fights, because if theyencapable of winning they would
have done so before! Any female who mates only willarem holder is therefore allying
her genes with a male who is strong enough todiféaticcessive challenges from the
large surplus of desperate bachelor males. Witk hec sons will inherit their father's
ability to hold a harem. In practice a female ebagitseal does not have much option,
because the harem-owner beats her up if she orgsaty. The principle remains,
however, that females who choose to mate with maleswin fights may benefit their
genes by so doing. As we have seen, there are ¢esumifemales preferring to mate
with males who hold territories and with males Wwiawe high status in the dominance
hierarchy.

To sum up this chapter so far, the various diffekamds of breeding system that we find
among animals-monogamy, promiscuity, harems, arahstan be understood in terms
of conflicting interests between males and femdtedividuals of either sex 'want' to
maximize their total reproductive output duringitiees. Because of a fundamental
difference between the size and numbers of spemche@gs, males are in general likely
to be biased towards promiscuity and lack of pailecare. Females have two main
available counter-ploys, which | have called thenten and the domestic-bliss strategies.
The ecological circumstances of a species will eitee whether the females are biased



towards one or the other of these counter-ploys vah also determine how the males
respond. In practice all intermediates between ha-and domestic-bliss are found and,
as we have seen, there are cases in which the thdbhe even more child-care than the
mother. This book is not concerned with the detilgarticular animals species, so | will
not discuss what might predispose a species tovaarel$orm of breeding system rather
than another. Instead | will consider the diffemthat are commonly observed between
males and females in general, and show how thegdmaterpreted. | shall therefore
not be emphasizing those species in which therdifiees between the sexes are slight,
these being in general the ones whose femalesfaavered the domestic-bliss strategy.

Firstly, it tends to be the males who go in forusaly attractive, gaudy colours, and the
females who tend to be more drab. Individuals dhls@xes want to avoid being eaten by
predators, and there will be some evolutionarysureson both sexes to be drably
coloured. Bright colours attract predators no teas they attract sexual partners. In gene
terms, this means that genes for bright coloursraree likely to meet their end in the
stomachs of predators than are genes for drab 0lGum the other hand, genes for drab
colours may be less likely than genes for brighbwas to find themselves in the next
generation, because drab individuals have diffjcultattracting a mate. There are
therefore two conflicting selection pressures: pteds tending to remove bright-colour
genes from the gene pool, and sexual partnersriigndiremove genes for drabness. As
in so many other cases, efficient survival machoasbe regarded as a compromise
between conflicting selection pressures. What @stisrus at the moment is that the
optimal compromise for a male seems to be diffefremh the optimal compromise for a
female. This is of course fully compatible with alew of males as high-risk, high-
reward gamblers. Because a male produces manymnsilof sperms to every egg
produced by a female, sperms heavily outhnumber iegipe population. Any given egg

is therefore much more likely to enter into sexualon than any given sperm is. Eggs
are a relatively valuable resource, and therefdegreale does not need to be so sexually
attractive as a male does in order to ensure #raddigs are fertilized. A male is perfectly
capable of siring all the children born to a lapggulation of females. Even if a male has
a short life because his gaudy tail attracts paedabr gets tangled in the bushes, he may
have fathered a very large number of children leefar dies. An unattractive or drab
male may live even as long as a female, but hédwashildren, and his genes are not
passed on. What shall it profit a male if he sbalh the whole world, and lose his
immortal genes?

Another common sexual difference is that femalesnaore fussy than males about

whom they mate with. One of the reasons for fussiriy an individual of either sex is

the need to avoid mating with a member of anotpecigs. Such hybridizations are a bad
thing for a variety of reasons. Sometimes, asénctise of a man copulating with a sheep,
the copulation does not lead to an embryo beingéadr, so not much is lost. When more
closely related species like horses and donkeyssdiceed, however, the cost, at least to
the female partner, can be considerable. An emionyle is likely to be formed and it

then clutters up her womb for eleven months. lesak large quantity of her total parental
investment, not only in the form of food absorbleugh the placenta, and then later in
the form of milk, but above all in time which couldve been spent in rearing other



children. Then when the mule reaches adulthoagistout to be sterile. This is
presumably because, although horse chromosomesoakdy chromosomes are
sufficiently similar to cooperate in the buildinfagood strong mule body, they are not
similar enough to work together properly in meioSithatever the exact reason, the very
considerable investment by the mother in the rgasira mule is totally wasted from the
point of view of her genes. Female horses shouldebg very careful that the individual
they copulate with is another horse, and not a dpnk gene terms, any horse gene that
says 'Body, if you are female, copulate with ardyrolkle, whether he is a donkey or a
horse', is a gene which may next find itself in dead-end body of a mule, and the
mother's parental investment in that baby muleadetrheavily from her capacity to rear
fertile horses. A male, on the other hand, hasttefsse if he mates with a member of the
wrong species, and, although he may have nothiggitoeither, we should expect males
to be less fussy in their choice of sexual partniéfisere this has been looked at, it has
been found to be true.

Even within a species, there may be reasons fairfass. Incestuous mating, like
hybridization, is likely to have damaging genetimsequences, in this case because
lethal and semi-lethal recessive genes are braughnto the open. Once again, females
have more to lose than males, since their invedtmeany particular child tends to be
greater. Where incest taboos exist, we should éxpetles to be more rigid in their
adherence to the taboos than males. If we assuahéhtholder partner in an incestuous
relationship is relatively likely to be the activatiator, we should expect that incestuous
unions in which the male is older than the femaleutd be more common than unions in
which the female is older. For instance father/deigincest should be commoner than
mother/ son. Brother/sister incest should be inggliate in commonness. In general,
males should tend to be more promiscuous than &mm8ince a female produces a
limited number of eggs at a relatively slow rates fas little to gain from having a large
number of copulations with different males. A matethe other hand, who can produce
millions of sperms every day, has everything toxdeom as many promiscuous matings
as he can snatch. Excess copulations may not Botest a female much, other than a
little lost time and energy, but they do not do pesitive good. A male on the other hand
can never get enough copulations with as manyrdiftfemales as possible: the word
excess has no meaning for a male.

| have not explicitly talked about man but inevitalwhen we think about evolutionary
arguments such as those in this chapter, we cér@hpteflecting about our own species
and our own experience. Notions of females withimgjatopulation until a male shows
some evidence of long-term fidelity may strike mnifigar chord. This might suggest that
human females play the domestic-bliss rather tharheé-man strategy. Many human
societies are indeed monogamous. In our own sq@atgntal investment by both
parents is large and not obviously unbalanced. Btsthertainly do more direct work for
children than fathers do, but fathers often wornkdha a more indirect sense to provide
the material resources that are poured into thdrem. On the other hand, some human
societies are promiscuous, and many are harem-bé#et this astonishing variety
suggests is that man's way of life is largely dateed by culture rather than by genes.
However, it is still possible that human males émeral have a tendency towards



promiscuity, and females a tendency towards monggamwe would predict on
evolutionary grounds. Which of these two tendeneiegs in particular societies depends
on details of cultural circumstance, just as ifiedlént animal species it depends on
ecological details.

One feature of our own society that seems decidaubynalous is the matter of sexual
advertisement. As we have seen, it is stronglyetexpected on evolutionary grounds
that, where the sexes differ, it should be the mtiat advertise and the females that are
drab. Modern western man is undoubtedly exceptimntiis respect. It is of course true
that some men dress flamboyantly and some womess drably but, on average, there
can be no doubt that in our society the equivabétthe peacock’s tail is exhibited by the
female, not by the male. Women paint their facasguoe on false eyelashes. Apart from
special cases, like actors, men do not. Women sedm interested in their own personal
appearance and they are encouraged in this byrtfagjazines and journals. Men's
magazines are less preoccupied with male sexuattateness, and a man who is
unusually interested in his own dress and appearnarapt to arouse suspicion, both
among men and among women. When a woman is degénlm®nversation, it is quite
likely that her sexual attractiveness, or lacktpivill be prominently mentioned. This is
true, whether the speaker is a man or a woman. \@imean is described, the adjectives
used are much more likely to have nothing to dd\séx.

Faced with these facts, a biologist would be forimesuspect that he was looking at a
society in which females compete for males, rathan vice versa. In the case of birds of
paradise, we decided that females are drab betaexgelo not need to compete for
males. Males are bright and ostentatious becansalés are in demand and can afford to
be choosy. The reason female birds of paradismalemand is that eggs are a more
scarce resource than sperms. What has happenextisrmwestern man? Has the male
really become the sought-after sex, the one thatdemand, the sex that can afford to be
choosy? If so, why?
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YOU SCRATCH MY BACK, I'LL RIDE ON
YOURS

We have considered parental, sexual, and aggresséractions between survival
machines belonging to the same species. Therdr&iag aspects of animal interactions
which do not seem to be obviously covered by amhese headings. One of these is the
propensity that so many animals have for livingiaups. Birds flock, insects swarm,
fish and whales school, plains-dwelling mammalsiliegether or hunt in packs. These
aggregations usually consist of members of a sisggeies only, but there are
exceptions. Zebras often herd together with gnug,naixed-species flocks of birds are
sometimes seen.

The suggested benefits that a selfish individualweest from living in a group
constitute rather a miscellaneous list. | am nahgdo trot out the catalogue, but will
mention just a few suggestions. In the courseisfltbhall return to the remaining
examples of apparently altruistic behaviour thgave in Chapter 1, and which |
promised to explain. This will lead into a consateyn of the social insects, without
which no account of animal altruism would be cortgal&inally in this rather
miscellaneous chapter, | shall mention the imparitdea of reciprocal altruism, the
principle of "You scratch my back, I'll scratch ysu

If animals live together in groups their genes ngettmore benefit out of the association
than they put in. A pack of hyenas can catch poemsch larger than a lone hyena can
bring down that it pays each selfish individuahtmt in a pack, even though this
involves sharing food. It is probably for simil&asons that some spiders cooperate in
building a huge communal web. Emperor penguinsewesheat by huddling together.
Each one gains by presenting a smaller surfacetatba elements than he would on his
own. A fish who swims obliquely behind another frelay gain a hydrodynamic
advantage from the turbulence produced by theiistont. This could be partly why

fish school. A related trick concerned with aiftulence is known to racing cyclists, and
it may account for the V-formation of flying birdShere is probably competition to
avoid the disadvantageous position at the headedfldck. Possibly the birds take turns
as unwilling leader-a form of the delayed recipteaduism to be discussed at the end of
the chapter. Many of the suggested benefits ofgheing have been concerned with
avoiding being eaten by predators. An elegant féatran of such a theory was given by
W. D. Hamilton, in a paper called Geometry for sledfish herd. Lest this lead to
misunderstanding, | must stress that by 'selfisd'tiee meant 'herd of selfish
individuals'.



Once again we start with a simple 'model’ whicbutih abstract, helps us to understand
the real world. Suppose a species of animal isdduby a predator that always tends to
attack the nearest prey individual. From the pr@tapoint of view this is a reasonable
strategy, since it tends to cut down energy expereliFrom the prey's point of view it
has an interesting consequence. It means thatpeaghndividual will constantly try to
avoid being the nearest to a predator. If the pegydetect the predator at a distance, it
will simply run away. But if the predator is apttton up suddenly without warning, say
it lurks concealed in long grass, then each prdividual can still take steps to minimize
its chance of being the nearest to a predator. &depicture each prey individual as being
surrounded by a 'domain of danger'. This is defa@that area of ground in which any
point is nearer to that individual than it is toyather individual. For instance, if the prey
individuals march spaced out in a regular geom&nmation, the domain of danger
round each one (unless he is on the edge) migtduggly hexagonal in shape. If a
predator happens to be lurking in the hexagonalailomwf danger surrounding individual
A, then individual A is likely to be eaten. Indiudls on the edge of the herd are
especially vulnerable, since their domain of dang@ot a relatively small hexagon, but
includes a wide area on the open side.

Now clearly a sensible individual will try to keéps domain of danger as small as
possible. In particular, he will try to avoid beiog the edge of the herd. If he finds
himself on the edge he will take immediate stepméwe towards the centre.
Unfortunately somebody has to be on the edge, dfdraas each individual is concerned
it is not going to be him! There will be a ceasslgggration in from the edges of an
aggregation towards the centre. If the herd wagipusly loose and straggling, it will
soon become tightly bunched as a result of theridwagration. Even if we start our
model with no tendency towards aggregation agalll the prey animals start by being
randomly dispersed, the selfish urge of each indiai will be to reduce his domain of
danger by trying to position himself in a gap bedwether individuals. This will quickly
lead to the formation of aggregations which wiltbme ever more densely bunched.

Obviously, in real life the bunching tendency vaé limited by opposing pressures:
otherwise all individuals would collapse in a wiith heap! But still, the model is
interesting as it shows us that even very simmemptions can predict aggregation.
Other, more elaborate models have been proposedachthat they are more realistic
does not detract from the value of the simpler Hmmimodel in helping us to think
about the problem of animal aggregation.

The selfish-herd model in itself has no place fuoperative interactions. There is no
altruism here, only selfish exploitation by eactiiidual of every other individual. But

in real life there are cases where individuals seetake active steps to preserve fellow
members of the group from predators. Bird alarnsaaring to mind. These certainly
function as alarm signals in that they cause imldigls who hear them to take immediate
evasive action. There is no suggestion that tHeraal'trying to draw the predator's fire'
away from his colleagues. He is simply informingrthof the predator's existence-
warning them. Nevertheless the act of calling seatieast at first sight, to be altruistic,



because it has the effect of calling the predasdténtion to the caller. We can infer this
indirectly from a fact which was noticed by P. Ramér. The physical characteristics of
the calls seem to be ideally shaped to be diffimulocate. If an acoustic engineer were
asked to design a sound that a predator wouldiffimard to approach, he would produce
something very like the real alarm calls of manyBmsongbirds. Now in nature this
shaping of the calls must have been produced hyalagelection, and we know what

that means. It means that large numbers of indalglhave died because their alarm calls
were not quite perfect. Therefore there seems tiabger attached to giving alarm calls.
The selfish gene theory has to come up with a cmimvg advantage of giving alarm calls
which is big enough to counteract this danger.

In fact this is not very difficult. Bird alarm calhave been held up so many times as
‘awkward' for the Darwinian theory that it has h®aeoa kind of sport to dream up
explanations for them. As a result, we now havemaay good explanations that it is hard
to remember what all the fuss was about. Obviouftiiere is a chance that the flock
contains some close relatives, a gene for givinglarm call can prosper in the gene pool
because it has a good chance of being in the bofiEsme of the individuals saved. This
is true, even if the caller pays dearly for hisiaim by attracting the predator's attention
to himself.

If you are not satisfied with this kin-selectiore&] there are plenty of other theories to
choose from. There are many ways in which the icatiald gain selfish benefit from
warning his fellows. Trivers reels off five gooceas, but | find the following two of my
own rather more convincing.

The first | call the cave theory, from the Latim foeware’, still used (pronounced 'kay-
vee') by schoolboys to warn of approaching authofihis theory is suitable for
camouflaged birds that crouch frozen in the unaewtit when danger threatens. Suppose
a flock of such birds is feeding in a field. A haflies past in the distance. He has not yet
seen the flock and he is not flying directly towsattdem, but there is a danger that his
keen eyes will spot them at any moment and heradk into the attack. Suppose one
member of the flock sees the hawk, but the rest imax yet done so. This one sharp-eyed
individual could immediately freeze and crouchhe grass. But this would do him little
good, because his companions are still walkingra@@onspicuously and noisily. Any

one of them could attract the hawk's attentionthed the whole flock is in peril. From a
purely selfish point of view the best policy foetindividual who spots the hawk first is

to hiss a quick warning to his companions, andhs them up and reduce the chance
that they will inadvertently summon the hawk inte bwn vicinity.

The other theory | want to mention may be called'tiever break ranks' theory. This one
is suitable for species of birds that fly off wheepredator approaches, perhaps up into a
tree. Once again, imagine that one individual floek of feeding birds has spotted a
predator. What is he to do? He could simply flylafhself, without warning his
colleagues. But now he would be a bird on his avanlonger part of a relatively
anonymous flock, but an odd man out. Hawks area#lgtkinown to go for odd pigeons
out, but even if this were not so there are pleftyeoretical reasons for thinking that



breaking ranks might be a suicidal policy. Evehig companions eventually follow him,
the individual who first flies up off the groundi@orarily increases his domain of
danger. Whether Hamilton's particular theory idirigr wrong, there must be some
important advantage in living in flocks, otherwibe birds would not do it. Whatever
that advantage may be, the individual who leavedltdtk ahead of the others will, at
least in part, forfeit that advantage. If he mustthreak ranks, then, what is the observant
bird to do? Perhaps he should just carry on asthing had happened and rely on the
protection afforded by his membership of the fld8lt this too carries grave risks. He is
still out in the open, highly vulnerable. He wollle much safer up in a tree. The best
policy is indeed to fly up into a tree, but to makee everybody else does too. That way,
he will not become an odd man out and he will oofeit the advantages of being part of
a crowd, but he will gain the advantage of flyirf§ioto cover. Once again, uttering a
warning call is seen to have a purely selfish athga E. L. Charnov and J. R. Krebs
have proposed a similar theory in which they gées@s to use the word 'manipulation’
to describe what the calling bird does to the oéstis flock. We have come a long way
from pure, disinterested altruism!

Superficially, these theories may seem incompatiliile the statement that the individual
who gives the alarm call endangers himself. Rehkye is no incompatibility. He would
endanger himself even more by not calling. Someiddals have died because they
gave alarm calls, especially the ones whose calte wasy to locate. Other individuals
have died because they did not give alarm calls.CHve theory and the 'never break
ranks' theory are just two out of many ways of akphg why.

What of the stotting Thomson's gazelle, which | treered in Chapter 1, and whose
apparently suicidal altruism moved Ardrey to stagegorically that it could be
explained only by group selection? Here the selfishe theory has a more exacting
challenge. Alarm calls in birds do work, but theg alearly designed to be as
inconspicuous and discreet as possible. Not setttgng high-jumps. They are
ostentatious to the point of downright provocatidhe gazelles look as if they are
deliberately inviting the predator's attention, athas if they are teasing the predator.
This observation has led to a delightfully darihgdry. The theory was originally
foreshadowed by N. Smythe but, pushed to its légicaclusion, it bears the
unmistakeable signature of A. Zahavi.

Zahavi's theory can be put like this. The cruciaibblateral thinking is the idea that
stotting, far from being a signal to the other dlazeis really aimed at the predators. It is
noticed by the other gazelles and it affects thelraviour, but this is incidental, for it is
primarily selected as a signal to the predatorn3lated roughly into English it means:
‘Look how high | can jump, | am obviously suchtaafid healthy gazelle, you can't catch
me, you would be much wiser to try and catch mglmeour who is not jumping so

high!" In less anthropomorphic terms, genes forgung high and ostentatiously are
unlikely to be eaten by predators because predendsto choose prey who look easy to
catch. In particular, many mammal predators arevknio go for the old and the
unhealthy. An individual who jumps high is advartgs in an exaggerated way, the fact
that he is neither old nor unhealthy. Accordinghis theory, the display is far from



altruistic. If anything it is selfish, since itsjebt is to persuade the predator to chase
somebody else. In a way there is a competitioréovgho can jump the highest, the loser
being the one chosen by the predator.

The other example that | said | would return tthiss case of the kamikaze bees, who
sting honey-raiders but commit almost certain si@én the process. The honey bee is
just one example of a highly social insect. Otlaeswasps, ants, and termites or ‘white
ants'. | want to discuss social insects generatiyjust suicidal bees. The exploits of the
social insects are legendary, in particular thgiomishing feats of cooperation and
apparent altruism. Suicidal stinging missions typifeir prodigies of self-abnegation. In
the 'honey-pot' ants there is a caste of worketls grotesquely swollen, food-packed
abdomens, whose sole function in life is to hangionéess from the ceiling like bloated
light-bulbs, being used as food stores by the otfgekers. In the human sense they do
not live as individuals at all; their individuality subjugated, apparently to the welfare of
the community. A society of ants, bees, or termatefseves a kind of individuality at a
higher level. Food is shared to such an extentdhatmay speak of a communal
stomach. Information is shared so efficiently bermical signals and by the famous
‘dance’ of the bees that the community behavessalasaf it were a unit with a nervous
system and sense organs of its own. Foreign intsuale recognized and repelled with
something of the selectivity of a body's immunectiea system. The rather high
temperature inside a beehive is regulated neanyexgsely as that of the human body,
even though an individual bee is not a ‘warm bldbdaimal. Finally and most
importantly, the analogy extends to reproductidme majority of individuals in a social
insect colony are sterile workers. The 'germ ltheline of immortal gene continuity-
flows through the bodies of a minority of individsiathe reproductives. These are the
analogues of our own reproductive cells in ourggsind ovaries. The sterile workers are
the analogy of our liver, muscle, and nerve cells.

Kamikaze behaviour and other forms of altruism emoperation by workers are not
astonishing once we accept the fact that theytargdes The body of a normal animal is
manipulated to ensure the survival of its geneh bubugh bearing offspring and

through caring for other individuals containing gssne genes. Suicide in the interests of
caring for other individuals is incompatible witltéire bearing of one's own offspring.
Suicidal self-sacrifice therefore seldom evolvest 8 worker bee never bears offspring
of its own. All its efforts are directed to presexyits genes by caring for relatives other
than its own offspring. The death of a single &tesiorker bee is no more serious to its
genes than is the shedding of a leaf in autumhe@énes of a tree.

There is a temptation to wax mystical about theadagsects, but there is really no need
for this. It is worth looking in some detail at hakae selfish gene theory deals with them,
and in particular at how it explains the evolutignarigin of that extraordinary
phenomenon of worker sterility from which so muelemss to follow.

A social insect colony is a huge family, usuallyddscended from the same mother. The
workers, who seldom or never reproduce themsearespften divided into a number of
distinct castes, including small workers, large keos, soldiers, and highly specialized



castes like the honey-pots. Reproductive femakesalied queens. Reproductive males
are sometimes called drones or kings. In the mdvareced societies, the reproductives
never work at anything except procreation, buhest dne task they are extremely good.
They rely on the workers for their food and praiattand the workers are also
responsible for looking after the brood. In someaard termite species the queen has
swollen into a gigantic egg factory, scarcely retpgble as an insect at all, hundreds of
times the size of a worker and quite incapable o¥ing. She is constantly tended by
workers who groom her, feed her, and transportbaseless flow of eggs to the
communal nurseries. If such a monstrous queenbtaseto move from the royal cell she
rides in state on the backs of squadrons of toivogkers.

In Chapter 7 | introduced the distinction betweearing and caring. | said that mixed
strategies, combining bearing and caring, woulanadlly evolve. In Chapter 5 we saw
that mixed evolutionarily stable strategies coutdolb two general types. Either each
individual in the population could behave in a ndixeay: thus individuals usually
achieve a judicious mixture of bearing and carmgthe population may be divided into
two different types of individual: this was how West pictured the balance between
hawks and doves. Now it is theoretically possiblean evolutionarily stable balance
between bearing and caring to be achieved in tter leind of way: the population could
be divided into bearers and carers. But this cdy loa evolutionarily stable if the carers
are close kin to the individuals for whom they ¢atdeast as close as they would be to
their own offspring if they had any. Although ittleeoretically possible for evolution to
proceed in this direction, it seems to be onlyhim $ocial insects that it has actually
happened.

Social insect individuals are divided into two malasses, bearers and carers. The
bearers are the reproductive males and femalescarees are the workers-infertile males
and females in the termites, infertile femaleslir#ner social insects. Both types do
their job more efficiently because they do not heoveope with the other. But from
whose point of view is it efficient? The questiohiah will be hurled at the Darwinian
theory is the familiar cry: 'What's in it for theovkers?'

Some people have answered 'Nothing.' They feekligagueen is having it all her own
way, manipulating the workers by chemical mearnseioown selfish ends, making them
care for her own teeming brood. This is a versibAlexander's 'parental manipulation’
theory which we met in Chapter 8. The opposite idé¢hat the workers ‘farm' the
reproductives, manipulating them to increase thductivity in propagating replicas of
the workers' genes. To be sure, the survival mashimat the queen makes are not
offspring to the workers, but they are close rekdinevertheless. It was Hamilton who
brilliantly realized that, at least in the antsebeand wasps, the workers may actually be
more closely related to the brood than the queesetfas! This led him, and later Trivers
and Hare, on to one of the most spectacular trisngblthe selfish gene theory. The
reasoning goes like this.

Insects of the group known as the Hymenopteraydielf ants, bees, and wasps, have a
very odd system of sex determination. Termites atdoelong to this group and they do



not share the same peculiarity. A hymenopterantgpstally has only one mature queen.
She made one mating flight when young and storetth@gperms for the rest of her long
life-ten years or even longer. She rations therapayut to her eggs over the years,
allowing the eggs to be fertilized as they passimatugh her tubes. But not all the eggs
are fertilized. The unfertilized ones develop intales. A male therefore has no father,
and all the cells of his body contain just a sirgge of chromosomes (all obtained from
his mother) instead of a double set (one from #tleelr and one from the mother) as in
ourselves. In terms of the analogy of Chapterr®a&e hymenopteran has only one copy
of each 'volume' in each of his cells, insteachefusual two.

A female hymenopteran, on the other hand, is nonmiddat she does have a father, and
she has the usual double set of chromosomes inaéder body cells. Whether a female
develops into a worker or a queen depends not ogdrees but on how she is brought

up. That is to say, each female has a completef spteen-making genes, and a complete
set of worker-making genes (or, rather, sets oegdar making each specialized caste of
worker, soldier, etc.). Which set of genes is ‘&aron’ depends on how the female is
reared, in particular on the food she receives.

Although there are many complications, this is esalty how things are. We do not
know why this extraordinary system of sexual repicithn evolved. No doubt there were
good reasons, but for the moment we must just treata curious fact about the
Hymenoptera. Whatever the original reason for thdity, it plays havoc with Chapter

6's neat rules for calculating relatedness. It im¢hat the sperms of a single male,
instead of all being different as they are in olwes® are all exactly the same. A male has
only a single set of genes in each of his bodyscalbt a double set Every sperm must
therefore receive the full set of genes rather th&0 per cent sample, and all sperms
from a given male are therefore identical. Let aw try to calculate the relatedness
between a mother and son. If a male is known teggssa gene A, what are the chances
that his mother shares it? The answer must be &00gnt, since the male had no father
and obtained all his genes from his mother. But soppose a queen is known to have
the gene B. The chance that her son shares thasgyenky 50 per cent, since he contains
only half her genes. This sounds like a contraaingtbut it is not. A male gets all his
genes from his mother, but a mother only gives hatfgenes to her son. The solution to
the apparent paradox lies in the fact that a masedmly half the usual number of genes.
There is no point in puzzling over whether theetindex of relatedness is 1/2 or 1. The
index is only a man-made measure, and if it leadSfficulties in particular cases, we
may have to abandon it and go back to first priresipFrom the point of view of a gene
A in the body of a queen, the chance that the gesleared by a son is 1/2, just as it is for
a daughter. From a queen's point of view theretoge offspring, of either sex, are as
closely related to her as human children are tw thether.

Things start to get intriguing when we come toesstFull sisters not only share the
same father: the two sperms that conceived thera identical in every gene. The sisters
are therefore equivalent to identical twins asafatheir paternal genes are concerned. If
one female has a gene A, she must have got it éithvar her father or her mother. If she
got it from her mother then there is a 50 per céaince that her sister shares it. But if



she got it from her father, the chances are 10@getrthat her sister shares it. Therefore
the relatedness between hymenopteran full sisterstil/2 as it would be for normal
sexual animals, but 3/4.

It follows that a hymenopteran female is more dipselated to her full sisters than she is
to her offspring of either sex. As Hamilton reatiz¢ghough he did not put it in quite the
same way) this might well predispose a female mmflaer own mother as an efficient
sister-making machine. A gene for vicariously maksisters replicates itself more
rapidly than a gene for making offspring directience worker sterility evolved. It is
presumably no accident that true sociality, withrkeo sterility, seems to have evolved
no fewer than eleven times independently in the elyoptera and only once in the whole
of the rest of the animal kingdom, namely in theniées.

However, there is a catch. If the workers are ssafadly to farm their mother as a sister-
producing machine, they must somehow curb her akteindency to give them an equal
number of little brothers as well. From the poifiview of a worker, the chance of any
one brother containing a particular one of her gas@nly 1/4. Therefore, if the queen
were allowed to produce male and female reprodedifispring in equal proportions, the
farm would not show a profit as far as the workaesconcerned. They would not be
maximizing the propagation of their precious genes.

Trivers and Hare realized that the workers mustdryias the sex ratio in favour of
females. They took the Fisher calculations on ogitisex ratios (which we looked at in
the previous chapter) and re-worked them for tlezisph case of the Hymenoptera. It
turned out that the stable ratio of investmentafonother is, as usual, 1:1. But the stable
ratio for a sister is 3:1 in favour of sisters mtthan brothers. If you are a hymenopteran
female, the most efficient way for you to propagatar genes is to refrain from breeding
yourself, and to make your mother provide you wéproductive sisters and brothers in
the ratio 3:1. But if you must have offspring ofuy@wn, you can benefit your genes best
by having reproductive sons and daughters in gopaglortions.

As we have seen, the difference between queenwarkers is not a genetic one. As far
as her genes are concerned, an embryo female beghdstined to become either a
worker, who ‘'wants' a 3 :1 sex ratio, or a quedm tWwants' a 1:1 ratio. So what does this
'wanting' mean? It means that a gene that fineff itsa queen’s body can propagate
itself best if that body invests equally in reprotive sons and daughters. But the same
gene finding itself in a worker's body can propagtgelf best by making the mother of
that body have more daughters than sons. Thekersah paradox here. A gene must take
best advantage of the levers of power that happée ft its disposal. If it finds itself in a
position to influence the development of a body thaestined to turn into a queen, its
optimal strategy to exploit that control is onenthilf it finds itself in a position to
influence the way a worker's body develops, itsnoplt strategy to exploit that power is
different.

This means there is a conflict of interests dowrnhanfarm. The queen is 'trying' to
invest equally in males and females. The workezdrging to shift the ratio of



reproductives in the direction of three females\tery one male. If we are right to
picture the workers as the farmers and the queémeasbrood mare, presumably the
workers will be successful in achieving their Jafio. If not, if the queen really lives up
to her name and the workers are her slaves amubigient tenders of the royal
nurseries, then we should expect the 1:1 ratio vthie queen 'prefers’ to prevail. Who
wins in this special case of a battle of the geir@mra? This is a matter that can be put to
the test and that is what Trivers and Hare didhgisilarge number of species of ants.

The sex ratio that is of interest is the ratio @lento female reproductives. These are the
large winged forms which emerge from the ants' megeriodic bursts for mating flights,
after which the young queens may try to found nelerges. It is these winged forms
that have to be counted to obtain an estimateso$éx ratio. Now the male and female
reproductives are, in many species, very unequsize This complicates things since, as
we saw in the previous chapter, the Fisher calicuiatabout optimal sex ratio strictly
apply, not to numbers of males and females, bgu#mtity of investment in males and
females. Trivers and Hare made allowance for thiwéighing them. They took 20
species of ant and estimated the sex ratio in tefrims/estment in reproductives. They
found a rather convincingly close fit to the 3:infde to male ratio predicted by the
theory that the workers are running the show feirtbwn benefit. It seems then that in
the ants studied, the conflict of interests is "Waynthe workers. This is not too surprising
since worker bodies, being the guardians of theemnes, have more power in practical
terms than queen bodies. Genes trying to manipthatevorld through queen bodies are
outmanoeuvred by genes manipulating the world djinomorker bodies. It is interesting
to look around for some special circumstances irthvive might expect queens to have
more practical power than workers. Trivers and Heedized that there was just such a
circumstance which could be used as a criticaldeste theory.

This arises from the fact that there are some speafiant that take slaves. The workers
of a slave-making species either do no ordinarykvedmall or are rather bad at it. What
they are good at is going on slaving raids. Trugava in which large rival armies fight
to the death is known only in man and in sociagéats. In many species of ants the
specialized caste of workers known as soldiers f@aweidable fighting jaws, and devote
their time to fighting for the colony against otlat armies. Slaving raids are just a
particular kind of war effort. The slavers mountatack on a nest of ants belonging to a
different species, attempt to kill the defendingkess or soldiers, and carry off the
unhatched young. These young ones hatch out ingsieof their captors. They do not
'realize’ that they are slaves and they set to aldwing their built-in nervous
programs, doing all the duties that they would radtyrperform in their own nest. The
slave-making workers or soldiers go on further isigexpeditions while the slaves stay
at home and get on with the everyday businessrufing an ants' nest, cleaning,
foraging, and caring for the brood.

The slaves are, of course, blissfully ignoranthef fact that they are unrelated to the
gueen and to the brood that they are tending. Wimgiy they are rearing new platoons
of slave-makers. No doubt natural selection, aadimghe genes of the slave species,



tends to favour anti-slavery adaptations. Howetierse are evidently not fully effective
because slavery is a wide spread phenomenon.

The consequence of slavery that is interesting foompresent point of view is this. The
gueen of the slave-making species is now in aiposit bend the sex ratio in the
direction she ‘prefers'. This is because her ougrtorn children, the slavers, no longer
hold the practical power in the nurseries. This @ois now held by the slaves. The
slaves 'think’ they are looking after their ownlisiggs and they are presumably doing
whatever would be appropriate in their own nesictaeve their desired 3:1 bias in
favour of sisters. But the queen of the slave-n@kipecies is able to get away with
countermeasures and there is no selection opermatitige slaves to neutralize these
counter-measures, since the slaves are totallyaiaceto the brood.

For example, suppose that in any ant species, guat@mpt' to disguise male eggs by
making them smell like female ones. Natural setecwill normally favour any tendency
by workers to 'see through' the disguise. We metyp an evolutionary battle in which
gueens continually 'change the code’, and workezak the code'. The war will be won
by whoever manages to get more of her genes ietadRt generation, via the bodies of
the reproductives. This will normally be the workeais we have seen. But when the
gueen of a slave-making species changes the dulslave workers cannot evolve any
ability to break the code. This is because any geaeslave worker 'for breaking the
code' is not represented in the body of any remiberiindividual, and so is not passed
on. The reproductives all belong to the slave-mgkipecies, and are kin to the queen but
not to the slaves. If the genes of the slavestfiedt way into any reproductives at all, it
will be into the reproductives that emerge from dhiginal nest from which they were
kidnapped. The slave workers will, if anything,esy breaking the wrong code!
Therefore, queens of a slave-making species caavggt with changing their code
freely, without there being any danger that genedifeaking the code will be
propagated into the next generation.

The upshot of this involved argument is that weusth@xpect in slave-making species
that the ratio of investment in reproductives @& tivo sexes should approach 1:1 rather
than 3:1. For once, the queen will have it alltvn way. This is just what Trivers and
Hare found, although they only looked at two slavaking species.

| must stress that | have told the story in anlided way. Real life is not so neat and
tidy. For instance, the most familiar social insgogcies of all, the honey bee, seems to
do entirely the ‘wrong' thing. There is a largepfus of investment in males over queens-
something that does not appear to make sense ftbar the workers' or the mother
gueen's point of view. Hamilton has offered a gasssolution to this puzzle. He points
out that when a queen bee leaves the hive shengtiea large swarm of attendant
workers, who help her to start a new colony. Thvesekers are lost to the parent hive,
and the cost of making them must be reckoned aop#re cost of reproduction: for
every queen who leaves, many extra workers hale toade. Investment in these extra
workers should be counted as part of the investmemgproductive females. The extra



workers should be weighed in the balance agaiestiles when the sex ratio is
computed. So this was not a serious difficultytfe theory after all.

A more awkward spanner in the elegant works otlieery is the fact that, in some
species, the young queen on her mating flight matgsseveral males instead of one.
This means that the average relatedness amongughtérs is less than 3/4, and may
even approach 1/4 in extreme cases. It is tempitnogigh probably not very logical, to
regard this as a cunning blow struck by queensagaiorkers! Incidentally, this might
seem to suggest that workers should chaperonees qureher mating flight, to prevent
her from mating more than once. But this wouldanway help the workers' own genes-
only the genes of the coming generation of workEngre is no trade-union spirit among
the workers as a class. All that each one of tlvames' about is her own genes. A worker
might have 'liked' to have chaperoned her own mpthé she lacked the opportunity,
not having been conceived in those days. A yourggqwn her mating flight is the sister
of the present generation of workers, not the nroffigerefore they are on her side rather
than on the side of the next generation of worketrs) are merely their nieces. My head
IS now spinning, and it is high time to bring thopic to a close.

| have used the analogy of farming for what hymée@m workers do to their mothers.
The farm is a gene farm. The workers use their srads a more efficient manufacturer
of copies of their own genes than they would beedves. The genes come off the
production line in packages called reproductivemMitials. This farming analogy should
not be confused with a quite different sense inclwhihe social insects may be said to
farm. Social insects discovered, as man did lotgy,ahat settled cultivation of food can
be more efficient than hunting and gathering.

For example, several species of ants in the NewldVand, quite independently, termites
in Africa, cultivate ‘fungus gardens'. The bestwnare the so-called parasol ants of
South America. These are immensely successfullé&andonies with more than two
million individuals have been found. Their nestagist of huge spreading underground
complexes of passages and galleries going dowrdépth of ten feet or more, made by
the excavation of as much as 40 tons of soil. Tieerground chambers contain the
fungus gardens. The ants deliberately sow fungasparticular species in special
compost beds which they prepare by chewing leamediagments. Instead of foraging
directly for their own food, the workers forage feaves to make compost. The 'appetite’
of a colony of parasol ants for leaves is gargantliais makes them a major economic
pest, but the leaves are not food for themselvesood for their fungi. The ants
eventually harvest and eat the fungi and feed ttwzetineir brood. The fungi are more
efficient at breaking down leaf material than tnésaown stomachs would be, which is
how the ants benefit by the arrangement. It isiptesthat the fungi benefit too, even
though they are cropped: the ants propagate thera efficiently than their own spore
dispersal mechanism might achieve. Furthermoreanit® 'weed' the fungus gardens,
keeping them clear of alien species of fungi. Byoging competition, this may benefit
the ants’ own domestic fungi. A kind of relationsbf mutual altruism could be said to
exist between ants and fungi. It is remarkable @ahatry similar system of fungus
farming has evolved independently, among the quitelated termites.



Ants have their own domestic animals as well ag tiiep plants. Aphids-greenfly and
similar bugs-are highly specialized for sucking jinee out of plants. They pump the sap
up out of the plants' veins more efficiently thleyt subsequently digest it. The result is
that they excrete a liquid that has had only sofmts mutritious value extracted. Droplets
of sugar-rich 'honeydew' pass out of the back e¢m=dgaeat rate, in some cases more than
the insect's own body-weight every hour. The hoeeydormally rains down on to the
ground-it may well have been the providential fk@dwn as 'manna’ in the Old
Testament. But ants of several species intercggt$oon as it leaves the bug. The ants
'milk’ the aphids by stroking their hind-quartenshatheir feelers and legs. Aphids
respond to this, in some cases apparently holdae§ their droplets until an ant strokes
them, and even withdrawing a droplet if an antasneady to accept it. It has been
suggested that some aphids have evolved a badksil®oks and feels like an ant's
face, the better to attract ants. What the aphage o gain from the relationship is
apparently protection from their natural enemiakelour own dairy cattle they lead a
sheltered life, and aphid species that are mudivatéd by ants have lost their normal
defensive mechanisms. In some cases ants cateefaphid eggs inside their own
underground nests, feed the young aphids, andyfinathen they are grown, gently carry
them up to the protected grazing grounds.

A relationship of mutual benefit between memberdifiérent species is called
mutualism or symbiosis. Members of different spgecften have much to offer each
other because they can bring different 'skillshe partnership. This kind of fundamental
asymmetry can lead to evolutionarily stable striategf mutual cooperation. Aphids
have the right sort of mouthparts for pumping ugmpkap, but such sucking mouthparts
are no good for self-defence. Ants are no goodekisg sap from plants, but they are
good at fighting. Ant genes for cultivating and feding aphids have been favoured in
ant gene-pools. Aphid genes for cooperating withahts have been favoured in aphid
gene-pools.

Symbiotic relationships of mutual benefit are comnaonong animals and plants. A
lichen appears superficially to be an individuarllike any other. But it is really an
intimate symbiotic union between a fungus and amyiaga. Neither partner could live

without the other. If their union had become jusitanore intimate we would no longer
have been able to tell that a lichen was a doulgarosm at all. Perhaps then there are
other double or multiple organisms which we haveraoognized as such. Perhaps even
we ourselves?

Within each one of our cells there are numeroushiodies called mitochondria. The
mitochondria are chemical factories, responsibtgfoviding most of the energy we
need. If we lost our mitochondria we would be de@tliin seconds. Recently it has been
plausibly argued that mitochondria are, in origiggnbiotic bacteria who joined forces
with our type of cell very early in evolution. Silani suggestions have been made for
other small bodies within our cells. This is ondhadse revolutionary ideas which it takes
time to get used to, but it is an idea whose tia®e ¢tome. | speculate that we shall come



to accept the more radical idea that each onerofewes is a symbiotic unit. We are
gigantic colonies of symbiotic genes. One cannallyespeak of ‘evidence' for this idea,
but, as I tried to suggest in earlier chapters, rieally inherent in the very way we think
about how genes work in sexual species. The otteros this coin is that viruses may be
genes who have broken loose from 'colonies’ suduiEelves. Viruses consist of pure
DNA (or a related self-replicating molecule) sumded by a protein jacket. They are all
parasitic. The suggestion is that they have evolxed 'rebel’ genes who escaped, and
now travel from body to body directly through the eather than via the more
conventional vehicles-sperms and eggs. If thisuis,twe might just as well regard
ourselves as colonies of viruses! Some of them exabde symbiotically, and travel from
body to body in sperms and eggs. These are theeational 'genes'. Others live
parasitically, and travel by whatever means they tfahe parasitic DNA travels in
sperms and eggs, it perhaps forms the 'paradosioglius of DNA which | mentioned in
Chapter 3. If it travels through the air, or byeathlirect means, it is called 'virus' in the
usual sense.

But these are speculations for the future. At pres@ are concerned with symbiosis at
the higher level of relationships between manyecketirganisms, rather than within them.
The word symbiosis is conventionally used for aggmns between members of

different species. But, now that we have escheWwedgood of the species’ view of
evolution, there seems no logical reason to disisigassociations between members of
different species as things apart from associati@seen members of the same species.
In general, associations of mutual benefit will lseaf each partner can get more out
than he puts in. This is true whether we are spgasd members of the same hyena pack,
or of widely distinct creatures such as ants aridd=sp or bees and flowers. In practice it
may be difficult to distinguish cases of genuine-way mutual benefit from cases of
one-sided exploitation.

The evolution of associations of mutual benefthisoretically easy to imagine if the
favours are given and received simultaneouslyn éisd case of the partners who make
up a lichen. But problems arise if there is a déletyveen the giving of a favour and its
repayment. This is because the first recipientfafvaur may be tempted to cheat and
refuse to pay it back when his turn comes. Theluéisa of this problem is interesting
and is worth discussing in detail. | can do thisthe terms of a hypothetical example.

Suppose a species of bird is parasitized by aqouéatly nasty kind of tick which carries a
dangerous disease. It is very important that theke should be removed as soon as
possible. Normally an individual bird can pull @ owns ticks when preening itself.
There is one place, however-the top of the heaatwihicannot reach with its own bill.
The solution to the problem quickly occurs to amynlan. An individual may not be able
to reach his own head, but nothing is easier tbaa friend to do it for him. Later, when
the friend is parasitized himself, the good deedlmapaid back. Mutual grooming is in
fact very common in both birds and mammals.

This makes immediate intuitive sense. Anybody withscious foresight can see that it is
sensible to enter into mutual back-scratching giearents. But we have learnt to beware



of what seems intuitively sensible. The gene haforesight. Can the theory of selfish
genes account for mutual back-scratching, or ‘recad altruism', where there is a delay
between good deed and repayment? Williams briefigussed the problem in his 1966
book, to which | have already referred. He conatljdes had Darwin, that delayed
reciprocal altruism can evolve in species thatcapable of recognizing and
remembering each other as individuals. Triver4,9m1, took the matter further. When
he wrote, he did not have available to him Mayrfamdth's concept of the evolutionarily
stable strategy. If he had, my guess is that hddvaoave made use of it, for it provides a
natural way to express his ideas. His referentkedadPrisoner's Dilemma’-a favourite
puzzle in game theory- shows that he was alreadyitiy along the same lines.

Suppose B has a parasite on the top of his headll&it off him. Later, the time comes
when A has a parasite on his head. He naturalksseat B in order that B may pay back
his good deed. B simply turns up his nose and waflk® is a cheat, an individual who
accepts the benefit of other individuals' altruismt who does not pay it back, or who
pays it back insufficiently. Cheats do better thatiscriminate altruists because they
gain the benefits without paying the costs. Tolre sthe cost of grooming another
individual's head seems small compared with thefiteof having a dangerous parasite
removed, but it is not negligible. Some valuablergy and time has to be spent.

Let the population consist of individuals who adopé of two strategies. As in Maynard
Smith's analyses, we are not talking about consctnategies, but about unconscious
behaviour programs laid down by genes. Call thedtsategies Sucker and Cheat.
Suckers groom anybody who needs it, indiscrimiyat&heats accept altruism from
suckers, but they never groom anybody else, nat ssmebody who has previously
groomed them. As in the case of the hawks and dewearbitrarily assign pay-off
points. It does not matter what the exact valuesso long as the benefit of being
groomed exceeds the cost of grooming. If the inmdeof parasites is high, any
individual sucker in a population of suckers cacko: on being groomed about as often
as he grooms. The average pay-off for a sucker graockers is therefore positive. They
all do quite nicely in fact, and the word suckegres inappropriate. But now suppose a
cheat arises in the population. Being the only thHeacan count on being groomed by
everybody else, but he pays nothing in return.aderage pay-off is better than the
average for a sucker. Cheat genes will theref@m &t spread through the population.
Sucker genes will soon be driven to extinction.sliibecause, no matter what the ratio
in the population, cheats will always do bettemtBackers. For instance, consider the
case when the population consists of 50 per cexkiess and 50 per cent cheats. The
average pay-off for both suckers and cheats wilebs than that for any individual in a
population of 100 per cent suckers. But still, ¢hewdll be doing better than suckers
because they are getting all the benefits-suchegsdre-and paying nothing back. When
the proportion of cheats reaches 90 per cent,ubamge pay-off for all individuals will

be very low: many of both types may by now be dyhthe infection carried by the
ticks. But still the cheats will be doing betteaththe suckers. Even if the whole
population declines toward extinction, there walier be any time when suckers do
better than cheats. Therefore, as long as we camngidy these two strategies, nothing



can stop the extinction of the suckers and, veopably, the extinction of the whole
population too.

But now, suppose there is a third strategy callaed@er. Grudgers groom strangers and
individuals who have previously groomed them. Hoereif any individual cheats them,
they remember the incident and bear a grudge:réffege to groom that individual in the
future. In a population of grudgers and suckeis ilnpossible to tell which is which.

Both types behave altruistically towards everybelde, and both earn an equal and high
average pay-off. In a population consisting largdlgheats, a single grudger would not
be very successful. He would expend a great deah@fgy grooming most of the
individuals he met-for it would take time for himm build up grudges against all of them.
On the other hand, nobody would groom him in retifrgrudgers are rare in comparison
with cheats, the grudger gene will go extinct. Oteegrudgers manage to build up in
numbers so that they reach a critical proportianyéwver, their chance of meeting each
other becomes sufficiently great to off-set theasted effort in grooming cheats. When
this critical proportion is reached they will stastaverage a higher pay-off than cheats,
and the cheats will be driven at an acceleratitgt@vards extinction. When the cheats
are nearly extinct their rate of decline will beasiower, and they may survive as a
minority for quite a long time. This is because dory one rare cheat there is only a small
chance of his encountering the same grudger tuhegefore the proportion of

individuals in the population who bear a grudgeirgtaany given cheat will be small.

| have told the story of these strategies as thatughre intuitively obvious what would
happen. In fact it is not all that obvious, andd thke the precaution of simulating it on a
computer to check that intuition was right. Gruddees indeed turn out to be an
evolutionarily stable strategy against sucker amehg in the sense that, in a population
consisting largely of grudgers, neither cheat mmker will invade. Cheat is also an ESS,
however, because a population consisting largethehts will not be invaded by either
grudger or sucker. A population could sit at eithiethese two ESSs. In the long term it
might flip from one to the other. Depending on éxact values of the pay-offs-the
assumptions in the simulation were of course cotafyl@rbitrary-one or other of the two
stable states will have a larger 'zone of attracaoad will be more likely to be attained.
Note incidentally that, although a population oéats may be more likely to go extinct
than a population of grudgers, this in no way dfféts status as an ESS. If a population
arrives at an ESS that drives it extinct, theroggyextinct, and that is just too bad.

It is quite entertaining to watch a computer sirtialathat starts with a strong majority of
suckers, a minority of grudgers that is just abitneecritical frequency, and about the
same-sized minority of cheats. The first thing theppens is a dramatic crash in the
population of suckers as the cheats ruthlesslyogxdblem. The cheats enjoy a soaring
population explosion, reaching their peak justhaslast sucker perishes. But the cheats
still have the grudgers to reckon with. During gnecipitous decline of the suckers, the
grudgers have been slowly decreasing in numbéasigta battering from the prospering
cheats, but just managing to hold their own. Afiter last sucker has gone and the cheats
can no longer get away with selfish exploitatioressily, the grudgers slowly begin to
increase at the cheats' expense. Steadily theulgtdgn rise gathers momentum. It



accelerates steeply, the cheat population crashesatr extinction, then levels out as they
enjoy the privileges of rarity and the comparaftiedom from grudges which this
brings. However, slowly and inexorably the cheagsdxiven out of existence, and the
grudgers are left in sole possession. Paradoxjdakypresence of the suckers actually
endangered the grudgers early on in the story Isecduey were responsible for the
temporary prosperity of the cheats.

By the way, my hypothetical example about the des\génot being groomed is quite
plausible. Mice kept in isolation tend to developleasant sores on those parts of their
heads that they cannot reach. In one study, mipeiReroups did not suffer in this way,
because they licked each others' heads. It wouldtbeesting to test the theory of
reciprocal altruism experimentally and it seems thie might be suitable subjects for
the work.

Trivers discusses the remarkable symbiosis of ldener-fish. Some fifty species,
including small fish and shrimps, are known to mtiesr living by picking parasites off
the surface of larger fish of other species. Thgddish obviously benefit from being
cleaned, and the cleaners get a good supply of foal relationship is symbiotic. In
many cases the large fish open their mouths and/alleaners right inside to pick their
teeth, and then to swim out through the gills whiady also clean. One might expect that
a large fish would craftily wait until he had bed&oroughly cleaned, and then gobble up
the cleaner. Yet instead he usually lets the cleswan off unmolested. This is a
considerable feat of apparent altruism becauseamyrsases the cleaner is of the same
size as the large fish's normal prey.

Cleaner-fish have special stripy patterns and spdaincing displays which label them as
cleaners. Large fish tend to refrain from eatin@kiish who have the right kind of
stripes, and who approach them with the right kihdance. Instead they go into a
trance-like state and allow the cleaner free acteti®eir exterior and interior. Selfish
genes being what they are, it is not surprising rilihless, exploiting cheats have cashed
in. There are species of small fish that look Jik&t cleaners and dance in the same kind
of way in order to secure safe conduct into thénitic of large fish. When the large fish
has gone into its expectant trance the cheat,adsiépulling off a parasite, bites a chunk
out of the large fish's fin and beats a hasty attfgut in spite of the cheats, the
relationship between fish cleaners and their digsitmainly amicable and stable. The
profession of cleaner plays an important part endhily life of the coral reef community.
Each cleaner has his own territory', and largelisbe been seen queuing up for attention
like customers at a barber's shop. It is probdbygite-tenacity that makes possible the
evolution of delayed reciprocal-altruism in thiseaThe benefit to a large fish of being
able to return repeatedly to the same 'barberig stather than continually searching for
a new one, must outweigh the cost of refrainingifieating the cleaner. Since cleaners
are small, this is not hard to believe. The presaricheating cleaner-mimics probably
indirectly endangers the bonafide cleaners byrgettp a minor pressure on large fish to
eat stripy dancers. Site-tenacity on the part olugee cleaners enables customers to find
them and to avoid cheats.



A long memory and a capacity for individual recdgm are well developed in man. We
might therefore expect reciprocal altruism to hpksyed an important part in human
evolution. Trivers goes so far as to suggest thatynof our psychological
characteristics- envy, guilt, gratitude, sympattoy-bave been shaped by natural
selection for improved ability to cheat, to detelceats, and to avoid being thought to be
a cheat. Of particular interest are 'subtle chedtis' appear to be reciprocating, but who
consistently pay back slightly less than they neeeit is even possible that man's
swollen brain, and his predisposition to reasorhera@tically, evolved as a mechanism
of ever more devious cheating, and ever more panmggrdetection of cheating in others.
Money is a formal token of delayed reciprocal asimu

There is no end to the fascinating speculationtti@idea of reciprocal altruism
engenders when we apply it to our own species. Tiamps it is, | am no better at such
speculation than the next man, and | leave theerdadentertain himself.
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MEMES: THE NEW REPLICATORS

So far, | have not talked much about man in padiguhough | have not deliberately
excluded him either. Part of the reason | have tisederm 'survival machine' is that
‘animal’ would have left out plants and, in somepbe&'s minds, humans. The arguments |
have put forward should, prima facie, apply to amglved being. If a species is to be
excepted, it must be for good particular reasoms.tAere any good reasons for
supposing our own species to be unique? | belizeamhswer is yes.

Most of what is unusual about man can be summed ape word: 'culture’. | use the
word not in its snobbish sense, but as a sciemdess it. Cultural transmission is
analogous to genetic transmission in that, althdaggically conservative, it can give rise
to a form of evolution. Geoffrey Chaucer could hotd a conversation with a modern
Englishman, even though they are linked to eachrdilg an unbroken chain of some
twenty generations of Englishmen, each of whomaagpkak to his immediate
neighbours in the chain as a son speaks to hisrfdthnguage seems to 'evolve' by non-
genetic means, and at a rate which is orders ohimaltg faster than genetic evolution.

Cultural transmission is not unique to man. Thd hes-human example that | know has
recently been described by P. F.Jenkins in the ebagird called the saddleback which
lives on islands off New Zealand. On the island rettee worked there was a total
repertoire of about nine distinct songs. Any giveale sang only one or a few of these
songs. The males could be classified into dialemtigs. For example, one group of eight
males with neighbouring territories sang a paréicsbng called the CC song. Other
dialect groups sang different songs. Sometimesrmbers of a dialect group shared
more than one distinct song. By comparing the sofdsthers and sons, Jenkins showed
that song patterns were not inherited geneticelfch young male was likely to adopt
songs from his territorial neighbours by imitatiaoman analogous way to human
language. During most of the time Jenkins was tltbeze was a fixed number of songs
on the island, a kind of 'song pool' from whichlegoung male drew his own small
repertoire. But occasionally Jenkins was privileggditness the 'invention' of a new
song, which occurred by a mistake in the imitattban old one. He writes: 'New song
forms have been shown to arise variously by chafgéch of a note, repetition of a
note, the elision of notes and the combinationastgof other existing songs . . . The
appearance of the new form was an abrupt eventhenproduct was quite stable over a
period of years. Further, in a number of casev#nant was transmitted accurately in its
new form to younger recruits so that a recognizablyerent group of like singers
developed.' Jenkins refers to the origins of nemgsas 'cultural mutations'.



Song in the saddleback truly evolves by non-gema&ans. There are other examples of
cultural evolution in birds and monkeys, but thasejust interesting oddities. It is our
own species that really shows what cultural evoluttan do. Language is only one
example out of many. Fashions in dress and dist¢yoenies and customs, art and
architecture, engineering and technology, all exatvhistorical time in a way that looks
like highly speeded up genetic evolution, but headly nothing to do with genetic
evolution. As in genetic evolution though, the opamay be progressive. There is a
sense in which modern science is actually bettar #ncient science. Not only does our
understanding of the universe change as the cestga by: it improves. Admittedly the
current burst of improvement dates back only toRbaaissance, which was preceded by
a dismal period of stagnation, in which Europeaargdic culture was frozen at the level
achieved by the Greeks. But, as we saw in Chapgertetic evolution too may proceed
as a series of brief spurts between stable plateaux

The analogy between cultural and genetic evolutimsm frequently been pointed out,
sometimes in the context of quite unnecessary gajistivertones. The analogy between
scientific progress and genetic evolution by ndtsesection has been illuminated
especially by Sir Karl Popper. | want to go everilfar into directions which are also
being explored by, for example, the geneticist LChvalli-Sforza, the anthropologist F.
T. Cloak, and the ethologist J. M. Cullen.

As an enthusiastic Darwinian, | have been dissatisiith explanations that my fellow-
enthusiasts have offered for human behaviour. Tiaey tried to look for 'biological
advantages' in various attributes of human civilara For instance, tribal religion has
been seen as a mechanism for solidifying grouptityenaluable for a pack-hunting
species whose individuals rely on cooperation tolckarge and fast prey. Frequently the
evolutionary preconception in terms of which sunbotries are framed is implicitly
group-selectionist, but it is possible to rephrdsetheories in terms of orthodox gene
selection. Man may well have spent large portiditt® last several million years living
in small kin groups. Kin selection and selectiorianour of reciprocal altruism may have
acted on human genes to produce many of our bagahplogical attributes and
tendencies. These ideas are plausible as far pgthéut | find that they do not begin to
square up to the formidable challenge of explaimuigure, cultural evolution, and the
immense differences between human cultures ardwendorld, from the utter selfishness
of the Ik of Uganda, as described by Colin Turnpolithe gentle altruism of Margaret
Mead's Arapesh. | think we have got to start agaith go right back to first principles.
The argument | shall advance, surprising as it sggm coming from the author of the
earlier chapters, is that, for an understandinigp@fevolution of modern man, we must
begin by throwing out the gene as the sole basmsinideas on evolution. | am an
enthusiastic Darwinian, but | think Darwinism i®tbig a theory to be confined to the
narrow context of the gene. The gene will enterth@gis as an analogy, nothing more.

What, after all, is so special about genes? Theanis that they are replicators. The
laws of physics are supposed to be true all oveatitessible universe. Are there any
principles of biology that are likely to have siariluniversal validity? When astronauts
voyage to distant planets and look for life, thap expect to find creatures too strange



and unearthy for us to imagine. But is there amghhat must be true of all life,
wherever it is found, and whatever the basis ofliesmistry? If forms of life exist whose
chemistry is based on silicon rather than carboapamonia rather than water, if
creatures are discovered that boil to death at eE@@ees centigrade, if a form of life is
found that is not based on chemistry at all buélectronic reverberating circuits, will
there still be any general principle that is tré@lblife? Obviously | do not know but, if |
had to bet, | would put my money on one fundamepriakiple. This is the law that all
life evolves by the differential survival of repdittng entities. The gene, the DNA
molecule, happens to be the replicating entity pihavails on our own planet. There may
be others. If there are, provided certain otheddans are met, they will almost
inevitably tend to become the basis for an evohatiy process.

But do we have to go to distant worlds to find otkieds of replicator and other,
consequent, kinds of evolution? | think that a rkéwd of replicator has recently emerged
on this very planet. It is staring us in the fdtés still in its infancy, still drifting

clumsily about in its primeval soup, but alreadisiaichieving evolutionary change at a
rate that leaves the old gene panting far behind.

The new soup is the soup of human culture. We ageime for the new replicator, a
noun that conveys the idea of a unit of culturah&mission, or a unit of imitation.
'Mimeme' comes from a suitable Greek root, but mweamonosyllable that sounds a bit
like 'gene’. | hope my classicist friends will forg me if | abbreviate mimeme to meme.
If it is any consolation, it could alternatively teught of as being related to ‘memory’,
or to the French word meme. It should be pronoumnceddyme with ‘cream’.

Examples of memes are tunes, ideas, catch-phidstss fashions, ways of making
pots or of building arches. Just as genes propdlgateselves in the gene pool by leaping
from body to body via sperms or eggs, so memesagate themselves in the meme pool
by leaping from brain to brain via a process whiaolthe broad sense, can be called
imitation. If a scientist hears, or reads aboupad idea, he passes it on to his colleagues
and students. He mentions it in his articles asddutures. If the idea catches on, it can
be said to propagate itself, spreading from braibrain. As my colleague N. K.
Humphrey neatly summed up an earlier draft of thispter:'... memes should be
regarded as living structures, not just metaphbyitat technically. When you plant a
fertile meme in my mind you literally parasitize rogain, turning it into a vehicle for the
meme's propagation in just the way that a virus paagsitize the genetic mechanism of
a host cell. And this isn't just a way of talkingetmeme for, say, "belief in life after
death" is actually realized physically, millionstohes over, as a structure in the nervous
systems of individual men the world over.’

Consider the idea of God. We do not know how isanm the meme pool. Probably it
originated many times by independent 'mutationarig case, it is very old indeed. How
does it replicate itself? By the spoken and writiemd, aided by great music and great
art. Why does it have such high survival value? Raiver that 'survival value' here does
not mean value for a gene in a gene pool, but Vialua meme in a meme pool. The
guestion really means: What is it about the idea gbd that gives it its stability and



penetrance in the cultural environment? The sulvighue of the god meme in the meme
pool results from its great psychological appéegbrdvides a superficially plausible
answer to deep and troubling questions about exstdt suggests that injustices in this
world may be rectified in the next. The 'everlagtarms' hold out a cushion against our
own inadequacies which, like a doctor's placebopize the less effective for being
imaginary. These are some of the reasons why #eeatlGod is copied so readily by
successive generations of individual brains. Gastgxif only in the form of a meme
with high survival value, or infective power, iretenvironment provided by human
culture.

Some of my colleagues have suggested to me tlsaatkhbunt of the survival value of the
god meme begs the question. In the last analysisvish always to go back to
'biological advantage'. To them it is not good agioto say that the idea of a god has
‘great psychological appeal’. They want to know vinas great psychological appeal.
Psychological appeal means appeal to brains, andsoare shaped by natural selection
of genes in gene-pools. They want to find some mayhich having a brain like that
improves gene survival.

| have a lot of sympathy with this attitude, arablnot doubt that there are genetic
advantages in our having brains of the kind thaheaxe. But nevertheless I think that
these colleagues, if they look carefully at thedfmmentals of their own assumptions, will
find that they are begging just as many questignsaan. Fundamentally, the reason why
it is good policy for us to try to explain biologicpohenomena in terms of gene advantage
is that genes are replicators. As soon as the pahssup provided conditions in which
molecules could make copies of themselves, thécegpts themselves took over. For
more than three thousand million years, DNA haslibe only replicator worth talking
about in the world. But it does not necessarilyditblese monopoly rights for all time.
Whenever conditions arise in which a new kind glioator can make copies of itself,
the new replicators will tend to take over, andtsdanew kind of evolution of their own.
Once this new evolution begins, it will in no nes&y sense be subservient to the old.
The old gene-selected evolution, by making brgnsyided the soup' in which the first
memes arose. Once self-copying memes had arissanpthn, much faster, kind of
evolution took off. We biologists have assimilathd idea of genetic evolution so deeply
that we tend to forget that it is only one of mammgsible kinds of evolution.

Imitation, in the broad sense, is how memes calicegp. But just as not all genes that
can replicate do so successfully, so some memesa@ne successful in the meme-pool
than others. This is the analogue of natural select have mentioned particular
examples of qualities that make for high survivalue among memes. But in general
they must be the same as those discussed forgheaters of Chapter 2: longevity,
fecundity, and copying-fidelity. The longevity afigone copy of a meme is probably
relatively unimportant, as it is for any one copyaagene. The copy of the tune 'Auld
Lang Syne' that exists in my brain will last onty the rest of my life. The copy of the
same tune that is printed in my volume of The $slotBtudent’'s Song Book is unlikely
to last much longer. But | expect there will be iespof the same tune on paper and in
peoples’ brains for centuries to come. As in tlse cd genes, fecundity is much more



important than longevity of particular copies.Hetmeme is a scientific idea, its spread
will depend on how acceptable it is to the popalatf individual scientists; a rough
measure of its survival value could be obtainedduynting the number of times it is
referred to in successive years in scientific jalsnlf it is a popular tune, its spread
through the meme pool may be gauged by the nunflpaple heard whistling it in the
streets. If it is a style of women's shoe, the pefpan memeticist may use sales statistics
from shoe shops. Some memes, like some genesyadiméiant short-term success in
spreading rapidly, but do not last long in the mgroel. Popular songs and stiletto heels
are examples. Others, such as the Jewish relitpoiss may continue to propagate
themselves for thousands of years, usually beaaiube great potential permanence of
written records.

This brings me to the third general quality of sassful replicators: copying-fidelity.
Here | must admit that | am on shaky ground. Adtfgight it looks as if memes are not
high-fidelity replicators at all. Every time a seiist hears an idea and passes it on to
somebody else, he is likely to change it somewHhayve made no secret of my debt in
this book to the ideas of R. L. Trivers, Yet | hanat repeated them in his own words. |
have twisted them round for my own purposes, chrantiie emphasis, blending them
with ideas of my own and of other people. The mearesdeing passed on to you in
altered form. This looks quite unlike the partidalaall-or-none quality of gene
transmission. It looks as though meme transmigsisabject to continuous mutation,
and also to blending.

It is possible that this appearance of non-pauitemess is illusory, and that the analogy
with genes does not break down. After all, if wekat the inheritance of many genetic
characters such as human height or skin-colouttimges not look like the work of
indivisible and unblendable genes. If a black amehde person mate, their children do
not come out either black or white: they are intedrmate. This does not mean the genes
concerned are not particulate. It is just thatetae so many of them concerned with
skin colour, each one having such a small efféett, they seem to blend. So far | have
talked of memes as though it was obvious what glesunit-meme consisted of. But of
course it is far from obvious. | have said a tunene meme, but what about a symphony:
how many memes is that? Is each movement one neaole recognizable phrase of
melody, each bar, each chord, or what?

| appeal to the same verbal trick as | used in @reh There | divided the 'gene
complex' into large and small genetic units, andisumithin units. The 'gene’ was
defined, not in a rigid all-or-none way, but asnét of convenience, a length of
chromosome with just sufficient copying-fidelity $erve as a viable unit of natural
selection. If a single phrase of Beethoven's rythphony is sufficiently distinctive and
memorable to be abstracted from the context oitih@le symphony, and used as the
call-sign of a maddeningly intrusive European bozeting station, then to that extent it
deserves to be called one meme. It has, incidgntaliterially diminished my capacity to
enjoy the original symphony.



Similarly, when we say that all biologists nowadagéieve in Darwin's theory, we do
not mean that every biologist has, graven in hasrihran identical copy of the exact
words of Charles Darwin himself. Each individuasiis own way of interpreting
Darwin's ideas. He probably learned them not froamin's own writings, but from
more recent authors. Much of what Darwin saidngjetail, wrong. Darwin if he read
this book would scarcely recognize his own origthalory in it, though | hope he would
like the way | put it. Yet, in spite of all thid)ere is something, some essence of
Darwinism, which is present in the head of evedinidual who understands the theory.
If this were not so, then almost any statement atvoa people agreeing with each other
would be meaningless. An ‘idea-meme' might be ddfas an entity that is capable of
being transmitted from one brain to another. Thenmef Darwin's theory is therefore
that essential basis of the idea which is heldbmmon by all brains that understand the
theory. The differences in the ways that peopleesgnt the theory are then, by
definition, not part of the meme. If Darwin's thga@an be subdivided into components,
such that some people believe component A butaroponent B, while others believe B
but not A, then A and B should be regarded as sépanemes. If almost everybody who
believes in A also believes in B-if the memes dosealy 'linked' to use the genetic term-
then it is convenient to lump them together asroeene.

Let us pursue the analogy between memes and genlesrf Throughout this book, |

have emphasized that we must not think of genesmscious, purposeful agents. Blind
natural selection, however, makes them behaverrathé they were purposeful, and it
has been convenient, as a shorthand, to refemtesga the language of purpose. For
example, when we say 'genes are trying to incrémsenumbers in future gene pools’,
what we really mean is 'those genes that behaseadh a way as to increase their
numbers in future gene pools tend to be the geheseveffects we see in the world'. Just
as we have found it convenient to think of geneactise agents, working purposefully
for their own survival, perhaps it might be conwriito think of memes in the same way.
In neither case must we get mystical about it.dthirases the idea of purpose is only a
metaphor, but we have already seen what a fruitkthphor it is in the case of genes.
We have even used words like 'selfish’ and 'rushlgfsgenes, knowing full well it is only
a figure of speech. Can we, in exactly the samé dpiok for selfish or ruthless memes?

There is a problem here concerning the nature mipetition. Where there is sexual
reproduction, each gene is competing particulaiti s own alleles-rivals for the same
chromosomal slot. Memes seem to have nothing elgumiveo chromosomes, and nothing
equivalent to alleles. | suppose there is a trisaise in which many ideas can be said to
have 'opposites’. But in general memes resembleattyg replicating molecules, floating
chaotically free in the primeval soup, rather thasdern genes in their neatly paired,
chromosomal regiments. In what sense then are meomeggeting with each other?
Should we expect them to be 'selfish’ or 'ruthlésgiey have no alleles? The answer is
that we might, because there is a sense in whahrtust indulge in a kind of
competition with each other.

Any user of a digital computer knows how precioamputer time and memory storage
space are. At many large computer centres theltarally costed in money; or each user



may be allotted a ration of time, measured in sdspand a ration of space, measured in
‘words'. The computers in which memes live are hubrains. Time is possibly a more
important limiting factor than storage space, dnsl the subject of heavy competition.
The human brain, and the body that it controlsnoado more than one or a few things
at once. If a meme is to dominate the attentioa lofiman brain, it must do so at the
expense of rival' memes. Other commodities forclwimemes compete are radio and
television time, billboard space, newspaper colunuhes, and library' shelf-space.

In the case of genes, we saw in Chapter 3 thatlaptad gene complexes may arise in
the gene pool. A large set of genes concernedmitthicry in butterflies became tightly
linked together on the same chromosome, so tigh#liythey can be treated as one gene.
In Chapter 5 we met the more sophisticated ideéheoévolutionarily stable set of genes.
Mutually suitable teeth, claws, guts, and sensamsgvolved in carnivore gene pools,
while a different stable set of characteristics eyad from herbivore gene pools. Does
anything analogous occur in meme pools? Has thexgode, say, become associated
with any other particular memes, and does this@aton assist the survival of each of
the participating memes? Perhaps we could regacigamized church, with its
architecture, rituals, laws, music, art, and wnitbadition, as a co-adapted stable set of
mutually-assisting memes.

To take a particular example, an aspect of docthathas been very effective in
enforcing religious observance is the threat off firel. Many children and even some
adults believe that they will suffer ghastly torrteeafter death if they do not obey the
priestly rules. This is a peculiarly nasty tech@ai persuasion, causing great
psychological anguish throughout the middle agesesen today. But it is highly
effective. It might almost have been planned detitedy by a machiavellian priesthood
trained in deep psychological indoctrination teciugis. However, | doubt if the priests
were that clever. Much more probably, unconscioasmes have ensured their own
survival by virtue of those same qualities of pseuathlessness that successful genes
display. The idea of hell fire is, quite simplyl|fqeerpetuating, because of its own deep
psychological impact. It has become linked with glod meme because the two reinforce
each other, and assist each other's survival imémae pool.

Another member of the religious meme complex iteddaith. It means blind trust, in

the absence of evidence, even in the teeth of eedel he story of Doubting Thomas is
told, not so that we shall admire Thomas, but abwe can admire the other apostles in
comparison. Thomas demanded evidence. Nothing iie fathal for certain kinds of
meme than a tendency to look for evidence. Ther@pestles, whose faith was so strong
that they did not need evidence, are held up tsusorthy of imitation. The meme for
blind faith secures its own perpetuation by thepdgnunconscious expedient of
discouraging rational inquiry.

Blind faith can justify anything. If a man believiesa different god, or even if he uses a
different ritual for worshipping the same god, Wlifaith can decree that he should die-on
the cross, at the stake, skewered on a Crusaderd,sshot in a Beirut street, or blown



up in a bar in Belfast. Memes for blind faith hakeir own ruthless ways of propagating
themselves. This is true of patriotic and politiaalwell as religious blind faith.

Memes and genes may often reinforce each othethbutsometimes come into
opposition. For example, the habit of celibacyrsspmably not inherited genetically. A
gene for celibacy is doomed to failure in the gpoel, except under very special
circumstances such as we find in the social ins@&eisstill, a meme for celibacy can be
successful in the meme pool. For example, supp@ssticcess of a meme depends
critically on how much time people spend in acymeinsmitting it to other people. Any
time spent in doing other things than attemptingdaasmit the meme may be regarded as
time wasted from the meme's point of view. The méoneelibacy is transmitted by
priests to young boys who have not yet decided wiegt want to do with their lives. The
medium of transmission is human influence of vasi&inds, the spoken and written
word, personal example and so on. Suppose, faake of argument, it happened to be
the case that marriage weakened the power of stpoienfluence his flock, say because
it occupied a large proportion of his time andrtiten. This has, indeed, been advanced
as an official reason for the enforcement of celyjpamong priests. If this were the case,
it would follow that the meme for celibacy couldvieagreater survival value than the
meme for marriage. Of course, exactly the oppasiteld be true for a gene for celibacy.
If a priest is a survival machine for memes, calibig a useful attribute to build into him.
Celibacy is just a minor partner in a large compérutually-assisting religious memes.

| conjecture that co-adapted meme-complexes evolttee same kind of way as co-
adapted gene-complexes. Selection favours memesxpiwit their cultural environment
to their own advantage. This cultural environmemtsists of other memes which are also
being selected. The meme pool therefore comesve th@ attributes of an evolutionarily
stable set, which new memes find it hard to invade.

| have been a bit negative about memes, but theg theeir cheerful side as well. When
we die there are two things we can leave behingerses and memes. We were built as
gene machines, created to pass on our genes. &w@tdpect of us will be forgotten in
three generations. Your child, even your grand¢imidy bear a resemblance to you,
perhaps in facial features, in a talent for musi¢he colour of her hair. But as each
generation passes, the contribution of your gembalved. It does not take long to reach
negligible proportions. Our genes may be immortdlthe collection of genes that is any
one of us is bound to crumble away. Elizabeth # direct descendant of William the
Conqueror. Yet it is quite probable that she beats single one of the old king's genes.
We should not seek immortality in reproduction.

But if you contribute to the world's culture, iflydave a good idea, compose a tune,
invent a sparking plug, write a poem, it may live mtact, long after your genes have
dissolved in the common pool. Socrates may or noayave a gene or two alive in the
world today, as G. C. Williams has remarked, bubwhares? The meme-complexes of
Socrates, Leonardo, Copernicus and Marconi ategstitg strong.



However speculative my development of the theommemes may be, there is one
serious point which 1 would like to emphasize oagain. This is that when we look at
the evolution of cultural traits and at their swativalue, we must be clear whose
survival we are talking about. Biologists, as weéhaeen, are accustomed to looking for
advantages at the gene level (or the individual gitoup, or the species level according
to taste). What we have not previously considesdtiat a cultural trait may have
evolved in the way that it has, simply becauss &dvantageous to itself.

We do not have to look for conventional biologisatvival values of traits like religion,
music, and ritual dancing, though these may alsprésent. Once the genes have
provided their survival machines with brains thet eapable of rapid imitation, the
memes will automatically take over. We do not elsame to posit a genetic advantage in
imitation, though that would certainly help. Allahis necessary is that the brain should
be capable of imitation: memes will then evolve #xploit the capability to the full.

| now close the topic of the new replicators, and the chapter on a note of qualified
hope. One unique feature of man, which may or neiyhave evolved memically, is his
capacity for conscious foresight. Selfish genes (&nyou allow the speculation of this
chapter, memes too) have no foresight. They arenswious, blind, replicators. The fact
that they replicate, together with certain furtbenditions means, willy nilly, that they
will tend towards the evolution of qualities whigh,the special sense of this book, can
be called selfish. A simple replicator, whethergen meme, cannot be expected to forgo
short-term selfish advantage even if it would rephy it, in the long term, to do so. We
saw this in the chapter on aggression. Even thaugbnspiracy of doves' would be
better for every single individual than the evadatrily stable strategy, natural selection
is bound to favour the ESS.

It is possible that yet another unique quality @imis a capacity for genuine,
disinterested, true altruism. | hope so, but | arhgoing to argue the case one way or the
other, nor to speculate over its possible memidugm. The point | am making now is
that, even if we look on the dark side and assuraeindividual man is fundamentally
selfish, our conscious foresight-our capacity towdate the future in imagination-could
save us from the worst selfish excesses of thel loéplicators. We have at least the
mental equipment to foster our long-term selfigieri@sts rather than merely our short-
term selfish interests. We can see the long-temefits of participating in a ‘conspiracy
of doves', and we can sit down together to disaass of making the conspiracy work.
We have the power to defy the selfish genes obatir and, if necessary, the selfish
memes of our indoctrination. We can even discusswadeliberately cultivating and
nurturing pure, disinterested altruism- somethhng hias no place in nature, something
that has never existed before in the whole histéthe world. We are built as gene
machines and cultured as meme machines, but wethay®wer to turn against our
creators. We, alone on earth, can rebel againsytheny of the selfish replicators.



NICE GUYS FINISH FIRST

Nice guys finish last. The phrase seems to hayggnatied in the world of baseball,
although some authorities claim priority for areaftative connotation. The American
biologist Garrett Hardin used it to summarize thesssage of what may be called
'Sociobiology' or 'selfish genery'. It is easy ¢e $s aptness. If we translate the colloquial
meaning of 'nice guy' into its Darwinian equivaleanice guy is an individual that

assists other members of its species, at its oparese, to pass their genes on to the next
generation. Nice guys, then, seem bound to decreasenbers: niceness dies a
Darwinian death. But there is another, technicdgrpretation of the colloquial word
'nice’. If we adopt this definition, which is notfar from the colloquial meaning, nice
guys can finish first. This more optimistic conétusis what this chapter is about.

Remember the Grudgers of Chapter 10. These wais thiat helped each other in an
apparently altruistic way, but refused to help-b@igrudge against-individuals that had
previously refused to help them. Grudgers cametoidate the population because they
passed on more genes to future generations thaer &tickers (who helped others
indiscriminately, and were exploited) or Cheats guitied ruthlessly to exploit
everybody and ended up doing each other down)sidrg of the Grudgers illustrated an
important general principle, which Robert Triveadled 'reciprocal altruism'. As we saw
in the example of the cleaner fish, reciprocalgin is not confined to members of a
single species. It is at work in all relationshipat are called symbiotic-for instance the
ants milking their aphid 'cattle’. Since Chaptemi® written, the American political
scientist Robert Axelrod (working partly in collafation with W. D. Hamilton, whose
name has cropped up on so many pages of this boakaken the idea of reciprocal
altruism on in exciting new directions. It was Asadl who coined the technical meaning
of the word 'nice’ to which | alluded in my openipa@ragraph.

Axelrod, like many political scientists, economjstgathematicians and psychologists,
was fascinated by a simple gambling game callesbReir's Dilemma. It is so simple that
| have known clever men misunderstand it completeipking that there must be more
to it! But its simplicity is deceptive. Whole shelin libraries are devoted to the
ramifications of this beguiling game. Many influghipeople think it holds the key to
strategic defence planning, and that we shouldystud prevent a third world war. As a
biologist, | agree with Axelrod and Hamilton thaany wild animals and plants are
engaged in ceaseless games of Prisoner's Dilemay&doout in evolutionary time.



In its original, human, version, here is how thengds played. There is a 'banker’, who
adjudicates and pays out winnings to the two p&y&uppose that | am playing against
you (though, as we shall see, 'against’ is prgciskat we don't have to be). There are
only two cards in each of our hands, labelled coateeand defect. To play, we each
choose one of our cards and lay it face down onable. Face down so that neither of us
can be influenced by the other's move: in effeetmove simultaneously. We now wait
in suspense for the banker to turn the cards der.suspense is because our winnings
depend not just on which card we have played (whieleach know), but on the other
player's card too (which we don't know until theker reveals it).

Since there are 2 x 2 cards, there are four p@ssiltcomes. For each outcome, our
winnings are as follows (quoted in dollars in defere to the North American origins of
the game):

Outcome |: We have both played cooperate. The ligrdyes each of us $300. This
respectable sum is called the Reward for mutugberaiion.

Outcome 11: We have both played defect. The bdimes each of us $10. This is called
the Punishment for mutual defection.

Outcome llI: You have played cooperate; | have gthgiefect. The banker pays me $500
(the Temptation to defect) and fines you (the Stcke00.

Outcome IV: You have played defect; | have playedperate. The banker pays you the
Temptation payoff of $500 and fines me, the Suck&0.

Outcomes Il and IV are obviously mirror imageseqiayer does very well and the
other does very badly. In outcomes | and 11 westwell as one another, but | is better
for both of us than Il. The exact quantities of mpon't matter. It doesn't even matter
how many of them are positive (payments) and howynaod them, if any, are negative
(fines). What matters, for the game to qualify asia Prisoner's Dilemma, is their rank
order. The Temptation to defect must be better tharReward for mutual cooperation,
which must be better than the Punishment for muda#dction, which must be better
than the Sucker's payoff. (Strictly speaking, therene further condition for the game to
qualify as a true Prisoner's Dilemma: the averddbeoTemptation and the Sucker
payoffs must not exceed the Reward. The reasathi®eadditional condition will emerge
later.) The four outcomes are summarized in th@fbayatrix in Figure A.



What you do

Cooperate Defect
Fairly good I Very bad
Cooperate REWARD SUCKER'S PAYOFF |
(for mutual cooperation)
a.g. $300 a.g. $100 fina '
What | do =l
Very good Fairly bad |
Defact TEMPTATION PUNISHMENT
{to defect) {for mutual defection)
| o.g. $500 a.g- $10 fine

Ficure A. Payoffs to me from various outcomes of
the Prisoner’'s Dilemma game

Figure A. Payoffs to me from various outcomes efBrisoner's Dilemma game

Now, why the 'dilemma’? To see this, look at thgoflamatrix and imagine the thoughts
that might go through my head as | play against y&now that there are only two cards
you can play, cooperate and defect. Let's considen in order. If you have played
defect (this means we have to look at the rightlhaylumn), the best card | could have
played would have been defect too. Admittedly Bddnsuffered the penalty for mutual
defection, but if I'd cooperated I'd have got thelkr's payoff which is even worse. Now
let's turn to the other thing you could have ddoel at the left hand column), play the
cooperate card. Once again defect is the best thrdagld have done. If | had cooperated
we'd both have got the rather high score of $3@@.if8'd defected I'd have got even
more-$500. The conclusion is that, regardless ahvbard you play, my best move is
Always Defect.

So | have worked out by impeccable logic that, reigags of what you do, | must defect.
And you, with no less impeccable logic, will worktqust the same thing. So when two
rational players meet, they will both defect, athbwill end up with a fine or a low
payoff. Yet each knows perfectly well that, if onhey had both played cooperate, both
would have obtained the relatively high rewardrfartual cooperation ($300 in our
example). That is why the game is called a dilemntg, it seems so maddeningly
paradoxical, and why it has even been proposedhbet ought to be a law against it.

'Prisoner' comes from one particular imaginary epl@mrhe currency in this case is not
money but prison sentences. Two men- call thenr&ateand Moriarty-are in jail,
suspected of collaborating in a crime. Each prisanéhis separate cell, is invited to
betray his colleague (defect) by turning King'sd&rice against him. What happens
depends upon what both prisoners do, and neittmxr&rmvhat the other has done. If
Peterson throws the blame entirely on Moriarty, Btudtiarty renders the story plausible



by remaining silent (cooperating with his erstwlalel, as it turns out, treacherous
friend), Moriarty gets a heavy jail sentence wiflleterson gets off scot-free, having
yielded to the Temptation to defect. If each bedrdne other, both are convicted of the
crime, but receive some credit for giving evidenod get a somewhat reduced, though
still stiff, sentence, the Punishment for mutudkedaon. If both cooperate (with each
other, not with the authorities) by refusing toagehere is not enough evidence to
convict either of them of the main crime, and thegeive a small sentence for a lesser
offence, the Reward for mutual cooperation. Althoitgnay seem odd to call a jall
sentence a 'reward’, that is how the men wouldt sethe alternative was a longer spell
behind bars. You will notice that, although theygfés' are not in dollars but in jail
sentences, the essential features of the gameemerped (look at the rank order of
desirability of the four outcomes). If you put ysalf in each prisoner's place, assuming
both to be motivated by rational self-interest ammiembering that they cannot talk to
one another to make a pact, you will see that eetils any choice but to betray the
other, thereby condemning both to heavy sentences.

Is there any way out of the dilemma? Both play@swkthat, whatever their opponent
does, they themselves cannot do better than defetdboth also know that, if only both
had cooperated, each one would have done bettalyf. .. if only . .. if only there could
be some way of reaching agreement, some way afugag each player that the other
can be trusted not to go for the selfish jackpote way of policing the agreement.

In the simple game of Prisoner's Dilemma, ther®isvay of ensuring trust. Unless at
least one of the players is a really saintly suctar good for this world, the game is
doomed to end in mutual defection with its paradaby poor result for both players. But
there is another version of the game. It is cathed Iterated’ or 'Repeated' Prisoner’s
Dilemma. The iterated game is more complicated,iamd$ complication lies hope.

The iterated game is simply the ordinary game regean indefinite number of times
with the same players. Once again you and | fack ether, with a banker sitting
between. Once again we each have a hand of justdwds, labelled cooperate and
defect. Once again we move by each playing one¢har @f these cards and the banker
shells out, or levies fines, according to the rgeen above. But now, instead of that
being the end of the game, we pick up our cardspasplare for another round. The
successive rounds of the game give us the oppoyttmbuild up trust or mistrust, to
reciprocate or placate, forgive or avenge. In aefimitely long game, the important
point is that we can both win at the expense obtlgker, rather than at the expense of
one another.

After ten rounds of the game, | could theoreticllyve won as much as $5,000, but only
if you have been extraordinarily silly (or saintB)d played cooperate every time, in
spite of the fact that | was consistently defectivgre realistically, it is easy for each of
us to pick up $3,000 of the banker's money by ptdking cooperate on all ten rounds of
the game. For this we don't have to be particulsaintly, because we can both see, from
the other's past moves, that the other is to Istettdu We can, in effect, police each other's
behaviour. Another thing that is quite likely topipen is that neither of us trusts the



other: we both play defect for all ten rounds & gfame, and the banker gains $100 in
fines from each of us. Most likely of all is thaéartially trust one another, and each
play some mixed sequence of cooperate and defetihggup with some intermediate
sum of money.

The birds in Chapter 10 who removed ticks from eatbtler's feathers were playing an
iterated Prisoner's Dilemma game. How is this s@®iimportant, you remember, for a
bird to pull off his own ticks, but he cannot redbb top of his own head and needs a
companion to do that for him. It would seem only faat he should return the favour
later. But this service costs a bird time and epeatpeit not much. If a bird can get away
with cheating-with having his own ticks removed then refusing to reciprocate-he
gains all the benefits without paying the costsilRihe outcomes, and you'll find that
indeed we have a true game of Prisoner's Dilemmath Booperating (pulling each
other's ticks off) is pretty good, but there idl stitemptation to do even better by refusing
to pay the costs of reciprocating. Both defectedusing to pull ticks off) is pretty bad,
but not so bad as putting effort into pulling aresth ticks off and still ending up infested
with ticks oneself. The payoff matrix is Figure B.

What you do
Cooperate Dafect
Fairly good Very bad
Cooperate REWARD SUCKER'S PAYOFF
I get my licks removed, | keep my ticks, while
althcugh | also pay the alsp paying the costs
costs of removing yours. of remaving yours.
What | do |
Very good Fairly bad
Defact TEMPTATION PUNISHMENT
| get my ticks ramaved, | keep my ticks with the
and | don't pay the costs small consolation of not
of removing yours. remoying yours.

Figure B. The bird tick-removing game:
payoffs to me from various outcomes

Figure B. The bird tick-removing game: payoffs te from various outcomes

But this is only one example. The more you thinkwht, the more you realize that life
is riddled with Iterated Prisoner's Dilemma ganmes,just human life but animal and
plant life too. Plant life? Yes, why not? Rememibat we are not talking about
conscious strategies (though at times we mightthg)about strategies in the 'Maynard
Smithian' sense, strategies of the kind that gamgkt preprogram. Later we shall meet
plants, various animals and even bacteria, alliptathe game of Iterated Prisoner's
Dilemma. Meanwhile, let's explore more fully whaiso important about iteration.



Unlike the simple game, which is rather predictablthat defect is the only rational
strategy, the iterated version offers plenty ddtstgic scope. In the simple game there are
only two possible strategies, cooperate and detecation, however, allows lots of
conceivable strategies, and it is by no means oiswehich one is best. The following,

for instance, is just one among thousands: 'cotpenast of the time, but on a random

10 per cent of rounds throw in a defect'. Or sgi@®might be conditional upon the past
history of the game. My 'Grudger' is an exampléndd; it has a good memory for faces,
and although fundamentally cooperative it defefctisd other player has ever defected
before. Other strategies might be more forgivind bhave shorter memories.

Clearly the strategies available in the iteratesh@are limited only by our ingenuity.

Can we work out which is best? This was the taak Axelrod set himself. He had the
entertaining idea of running a competition, anchtieertised for experts in games theory
to submit strategies. Strategies, in this sengep@programmed rules for action, so it
was appropriate for contestants to send in thefresnin computer language. Fourteen
strategies were submitted. For good measure Axeldoed a fifteenth, called Random,
which simply played cooperate and defect randoany served as a kind of baseline
'non-strategy': if a strategy can't do better tRandom, it must be pretty bad.

Axelrod translated all 15 strategies into one commpgramming language, and set
them against one another in one big computer. Baakegy was paired off in turn with
every other one (including a copy of itself) toypleerated Prisoner's Dilemma. Since
there were 15 strategies, there were 15 x 15, Biseparate games going on in the
computer. When each pairing had gone through 20@mof the game, the winnings
were totalled up and the winner declared.

We are not concerned with which strategy won againg particular opponent. What
matters is which strategy accumulated the mostéaylpaummed over all its 15 pairings.
'Money' means simply 'points', awarded accordingédfollowing scheme: mutual
Cooperation, 3 points; Temptation to defect, 5 fgiRunishment for mutual defection, 1
point (equivalent to a light fine in our earliemga); Sucker's payoff, O points (equivalent
to a heavy fine in our earlier game).



What you do

Cooperate Defect
Fairty good Very bad
Cooparate REWARD SUCKER'S PAYOFF
for mutual cooperation
3 points | 0 points
What |l do
Very good Fairly bad
Dafect TEMPTATION | PUNISHMENT
todefect I for mutual defection
| 5 points 1 point

Figure C. Axelrod's computer tournament:
payoffs to me from various outcomes

Figure C. Axelrod's computer tournament: payoffe®from various outcomes

The maximum possible score that any strategy caciiieve was 15,000 (200 rounds at 5
points per round, for each of 15 opponents). Thamum possible score was 0.
Needless to say, neither of these two extremegeaized. The most that a strategy can
realistically hope to win in an average one oflspairings cannot be much more than
600 points. This is what two players would eaclenseif they both consistently
cooperated, scoring 3 points for each of the 20@ds of the game. If one of them
succumbed to the temptation to defect, it would/yepbably end up with fewer points
than 600 because of retaliation by the other play@st of the submitted strategies had
some kind of retaliatory behaviour built into themje can use 600 as a kind of
benchmark for a game, and express all scores ecarage of this benchmark. On this
scale it is theoretically possible to score up@6 fer cent (1000 points), but in practice
no strategy's average score exceeded 600.

Remember that the 'players' in the tournament wetédumans but computer programs,
preprogrammed strategies. Their human authors gldngesame role as genes
programming bodies (think of Chapter 4's computess and the Andromeda computer).
You can think of the strategies as miniature 'meXior their authors. Indeed, one author
could have submitted more than one strategy {aljhatiwould have been cheating-and
Axelrod would presumably not have allowed it-forarthor to '‘pack’ the competition
with strategies, one of which received the benefitsacrificial cooperation from the
others).

Some ingenious strategies were submitted, thoughwiere, of course, far less ingenious
than their authors. The winning strategy, remankabhs the simplest and superficially
least ingenious of all. It was called Tit for Tahd was submitted by Professor Anatol
Rapoport, a well-known psychologist and games teefsom Toronto. Tit for Tat begins



by cooperating on the first move and thereafteipsmopies the previous move of the
other player.

How might a game involving Tit for Tat proceed? &sr, what happens depends upon
the other player. Suppose, first, that the othayqal is also Tit for Tat (remember that
each strategy played against copies of itself dsaseagainst the other 14). Both Tit for
Tats begin by cooperating. In the next move, edayep copies the other's previous
move, which was cooperate. Both continue to codpenatil the end of the game, and
both end up with the full 200 per cent 'benchmsek're of 600 points.

Now suppose Tit for Tat plays against a stratedigddNaive Prober. Naive Prober
wasn't actually entered in Axelrod's competitiont, ib is instructive nevertheless. It is
basically identical to Tit for Tat except that, ena a while, say on a random one in ten
moves, it throws in a gratuitous defection andnokathe high Temptation score. Until
Naive Prober tries one of its probing defectioresgilayers might as well be two Tit for
Tats. A long and mutually profitable sequence afparation seems set to run its course,
with a comfortable 100 per cent benchmark scorédbh players. But suddenly, without
warning, say on the eighth move, Naive Prober defdat for Tat, of course, has played
cooperate on this move, and so is landed with tlek&'s payoff of O points.

Naive Prober appears to have done well, sincesibb&ined 5 points from that move.
But in the next move Tit for Tat 'retaliates’. lays defect, simply following its rule of
imitating the opponent's previous move. Naive Probeanwhile, blindly following its
own built-in copying rule, has copied its opporertioperate move. So it now collects
the Sucker's payoff of O points, while Tit for Tpdts the high score of 5. In the next
move, Naive Prober-rather unjustly one might thngtaliates' against Tit for Tat's
defection. And so the alternation continues. Duthmgse alternating runs both players
receive on average 2.5 points per move (the averBgend 0). This is lower than the
steady 3 points per move that both players can @masrun of mutual cooperation. So,
when Naive Prober plays against Tit for Tat, batharse than when Tit for Tat plays
against another Tit for Tat. And when Naive Prgllays against another Naive Prober,
both tend to do, if anything, even worse still,ceimuns of reverberating defection tend to
get started earlier.

Now consider another strategy, called Remorsefib&r Remorseful Prober is like
Naive Prober, except that it takes active stefsdak out of runs of alternating
recrimination. To do this it needs a slightly longeemory' than either Tit for Tat or
Naive Prober. Remorseful Prober remembers whetheusijust spontaneously defected,
and whether the result was prompt retaliationolfis'remorsefully' allows its opponent
‘one free hit' without retaliating. This means thats of mutual recrimination are nipped
in the bud. If you now work through an imaginaryrgabetween Remorseful Prober and
Tit for Tat, you'll find that runs of would-be muiuretaliation are promptly scotched.
Most of the game is spent in mutual cooperatioth Wwoth players enjoying the
consequent generous score. Remorseful Prober éttes &gainst Tit for Tat than Naive
Prober does, though not as well as Tit for Tat dagsnst itself.



Some of the strategies entered in Axelrod's tousrwere much more sophisticated
than either Remorseful Prober or Naive Proberitmey too ended up with fewer points,
on average, than simple Tit for Tat. Indeed thetleaccessful of all the strategies
(except Random) was the most elaborate. It was gtgdohioy ‘Name withheld'-a spur to
pleasing speculation: Some eminence grise in théeeBen? The head of the CIA? Henry
Kissinger? Axelrod himself? | suppose we shall névew.

It isn't all that interesting to examine the detaif the particular strategies that were
submitted. This isn't a book about the ingenuitgahputer programmers. It is more
interesting to classify strategies according taaiercategories, and examine the success
of these broader divisions. The most importantgmatethat Axelrod recognizes is 'nice'.
A nice strategy is defined as one that is nevefitheto defect Tit for Tat is an example.
It is capable of defecting, but it does so onlyataliation. Both Naive Prober and
Remorseful Prober are nasty strategies becausednmegtimes defect, however rarely,
when not provoked. Of the 15 strategies enteredariournament, 8 were nice.
Significantly, the 8 top-scoring strategies were ¥iery same 8 nice strategies, the 7
nasties trailing well behind. Tit for Tat obtainad average of 5045 points: 84 per cent of
our benchmark of 600, and a good score. The oiberstrategies scored only slightly
less, with scores ranging from 83.4 per cent dawn86 per cent. There is a big gap
between this score and the 66.8 per cent obtaipé&atrdaskamp, the most successful of
all the nasty strategies. It seems pretty conviondmat nice guys do well in this game.

Another of Axelrod's technical terms is 'forgiving' forgiving strategy is one that,
although it may retaliate, has a short memorys #wift to overlook old misdeeds. Tit for
Tat is a forgiving strategy. It raps a defectorraye knuckles instantly but, after that,
lets bygones be bygones. Chapter 10's Grudgetaldytanforgiving. Its memory lasts
the entire game. It never forgets a grudge agaipsiyer who has ever defected against
it, even once. A strategy formally identical to Gger was entered in Axelrod's
tournament under the name of Friedman, and it inparticularly well. Of all the nice
strategies (note that it is technically nice, alitjio it is totally unforgiving),
Grudger/Friedman did next to worst. The reasonnginfong strategies don't do very well
is that they can't break out of runs of mutualiregration, even when their opponent is
‘remorseful’.

It is possible to be even more forgiving than oit Tat. Tit for Two Tats allows its
opponents two defections in a row before it evdhtuataliates. This might seem
excessively saintly and magnanimous. Neverthelesdrdd worked out that, if only
somebody had submitted Tit for Two Tats, it woudtké won the tournament. This is
because it is so good at avoiding runs of mutuaimenation.

So, we have identified two characteristics of wingnstrategies: niceness and
forgivingness. This almost utopian-sounding conolughat niceness and forgivingness
pay-came as a surprise to many of the experts,hatddried to be too cunning by
submitting subtly nasty strategies; while even ¢hwbo had submitted nice strategies
had not dared anything so forgiving as Tit for Thads.



Axelrod announced a second tournament. He recé&fezhtries and again added
Random, making 63 in all. This time, the exact namif moves per game was not fixed
at 200 but was left open, for a good reason tehtll come to later. We can still express
scores as a percentage of the 'benchmark’, orysleaoperate’ score, even though that
benchmark needs more complicated calculation and Isnger a fixed 600 points.

Programmers in the second tournament had all beemded with the results of the first,
including Axelrod's analysis of why Tit for Tat anther nice and forgiving strategies
had done so well. It was only to be expected tmaicbntestants would take note of this
background information, in one way or another.dctfthey split into two schools of
thought. Some reasoned that niceness and forgiggsgwere evidently winning qualities,
and they accordingly submitted nice, forgiving tgges. John Maynard Smith went so
far as to submit the super-forgiving Tit for Twot3.aThe other school of thought
reasoned that lots of their colleagues, having feaarod's analysis, would now submit
nice, forgiving strategies. They therefore subrditta@sty strategies, trying to exploit
these anticipated softies!

But once again nastiness didn't pay. Once agaitipifTat, submitted by Anatol
Rapoport, was the winner, and it scored a mas$iyee® cent of the benchmark score.
And again nice strategies, in general, did bettenthasty ones. All but one of the top 15
strategies were nice, and all but one of the bottérwere nasty. But although the saintly
Tit for Two Tats would have won the first tournarhdnt had been submitted, it did not
win the second. This was because the field nowdedd more subtle nasty strategies
capable of preying ruthlessly upon such an out-@urdsofty.

This underlines an important point about thesenamments. Success for a strategy
depends upon which other strategies happen tolbrigad. This is the only way to
account for the difference between the second sounemt, in which Tit for Two Tats was
ranked well down the list, and the first tournamevitich Tit for Two Tats would have
won. But, as | said before, this is not a book alblee ingenuity of computer
programmers. Is there an objective way in whichcese judge which is the truly best
strategy, in a more general and less arbitraryeseReaders of earlier chapters will
already be prepared to find the answer in the thebevolutionarily stable strategies.

| was one of those to whom Axelrod circulated ladyeresults, with an invitation to
submit a strategy for the second tournament. I'dainso, but | did make another
suggestion. Axelrod had already begun to think&SEerms, but | felt that this tendency
was so important that | wrote to him suggesting tieashould get in touch with W. D.
Hamilton, who was then, though Axelrod didn't knibwn a different department of the
same university, the University of Michigan. He diddeed immediately contact
Hamilton, and the result of their subsequent caoltabon was a brilliant joint paper
published in the journal Science in 1981, a papatwon the Newcomb Cleveland Prize
of the American Association for the Advancemen§oience. In addition to discussing
some delightfully way-out biological examples @frdted prisoner's dilemmas, Axelrod
and Hamilton gave what | regard as due recognttbiahe ESS approach.



Contrast the ESS approach with the 'round-robistesy that Axelrod's two tournaments
followed. A round-robin is like a football leagueach strategy was matched against each
other strategy an equal number of times. The Boale of a strategy was the sum of the
points it gained against all the other strategiesbe successful in a round-robin
tournament, therefore, a strategy has to be a gougbetitor against all the other
strategies that people happen to have submitteelréks name for a strategy that is
good against a wide variety of other strategielsust'. Tit for Tat turned out to be a
robust strategy. But the set of strategies thapledmappen to have submitted is an
arbitrary set. This was the point that worried bewee. It just so happened that in
Axelrod's original tournament about half the ergneere nice. Tit for Tat won in this
climate, and Tit for Two Tats would have won instklimate if it had been submitted.
But suppose that nearly all the entries had jugpbaed to be nasty. This could very
easily have occurred. After all, 6 out of the lr&t&gies submitted were nasty. If 13 of
them had been nasty, Tit for Tat wouldn't have widre ‘climate’ would have been
wrong for it. Not only the money won, but the raokler of success among strategies,
depends upon which strategies happen to have béemtsed; depends, in other words,
upon something as arbitrary as human whim. Howgamneduce this arbitrariness? By
'thinking ESS'.

The important characteristic of an evolutionariigide strategy, you will remember from
earlier chapters, is that it carries on doing walen it is already numerous in the
population of strategies. To say that Tit for Taty, is an ESS, would be to say that Tit
for Tat does well in a climate dominated by Tit T@at. This could be seen as a special
kind of 'robustness’. As evolutionists we are tedd see it as the only kind of
robustness that matters. Why does it matter so thBelcause, in the world of
Darwinism, winnings are not paid out as money; taeypaid out as offspring. To a
Darwinian, a successful strategy is one that hasrhe numerous in the population of
strategies. For a strategy to remain successfulygt do well specifically when it is
numerous, that is in a climate dominated by copfetself.

Axelrod did, as a matter of fact, run a third rowidhis tournament as natural selection
might have run it, looking for an ESS. Actuallydidn't call it a third round, since he
didn't solicit new entries but used the same &@@Round 2. | find it convenient to treat
it as Round 3, because | think it differs from thwe ‘'round-robin' tournaments more
fundamentally than the two round-robin tournameiiffer from each other.

Axelrod took the 63 strategies and threw them agamthe computer to make
‘generation 1' of an evolutionary succession. émégation 1', therefore, the ‘climate’
consisted of an equal representation of all 63egjras. At the end of generation 1,
winnings to each strategy were paid out, not asi@yicor 'points’, but as offsprings
identical to their (asexual) parents. As generatiwant by, some strategies became
scarcer and eventually went extinct. Other stragebecame more numerous. As the
proportions changed, so, consequently, did theé&tk' in which future moves of the
game took place.



Eventually, after about 1000 generations, thereewerfurther changes in proportions,
no further changes in climate. Stability was redctiefore this, the fortunes of the
various strategies rose and fell, just as in mypmater simulation of the Cheats, Suckers,
and Grudgers. Some of the strategies started goitigct from the start, and most were
extinct by generation 200. Of the nasty strategias, or two of them began by increasing
in frequency, but their prosperity, like that oféh in my simulation, was short-lived.
The only nasty strategy to survive beyond genend@ was one called Harrington.
Harrington's fortunes rose steeply for about thet i50 generations. Thereafter it
declined rather gradually, approaching extinctioouad generation 1,000. Harrington
did well temporarily for the same reason as myinagCheat did. It exploited softies like
Tit for Two Tats (too forgiving) while these wertllsaround. Then, as the softies were
driven extinct, Harrington followed them, having @asy prey left. The field was free for
'nice’ but 'provocable’ strategies like Tit for .Tat

Tit for Tat itself, indeed, came out top in fivetai six runs of Round 3, just as it had in
Rounds 1 and 2. Five other nice but provocableegias ended up nearly as successful
(frequent in the population) as Tit for Tat; indeede of them won the sixth run. When
all the nasties had been driven extinct, theremeaway in which any of the nice
strategies could be distinguished from Tit for ®afrom each other, because they all,
being nice, simply played cooperate against edubrot

A consequence of this indistinguishability is thethough Tit for Tat seems like an ESS,
it is strictly not a true ESS. To be an ESS, remennd strategy must not be invadable,
when it is common, by a rare, mutant strategy. Nasvtrue that Tit for Tat cannot be
invaded by any nasty strategy, but another nieesiy is a different matter. As we have
just seen, in a population of nice strategies thidhyall look and behave exactly like one
another: they will all cooperate all the time. $y ather nice strategy, like the totally
saintly Always Cooperate, although admittedly il wot enjoy a positive selective
advantage over Tit for Tat, can nevertheless ohtift the population without being
noticed. So technically Tit for Tat is not an ESS.

You might think that since the world stays jusha=, we could as well regard Tit for
Tat as an ESS. But alas, look what happens nexkdJrit for Tat, Always Cooperate is
not stable against invasion by nasty strategiels asAlways Defect. Always Defect
does well against Always Cooperate, since it gegshigh "Temptation' score every time.
Nasty strategies like Always Defect will come inkigep down the numbers of too nice
strategies like Always Cooperate.

But although Tit for Tat is strictly speaking notrae ESS, it is probably fair to treat
some sort of mixture of basically nice but retaligt' Tit for Tat-like' strategies as
roughly equivalent to an ESS in practice. Suchxume might include a small admixture
of nastiness. Robert Boyd and Jeffrey Lorberbaarmonie of the more interesting follow-
ups to Axelrod's work, looked at a mixture of Tt Two Tats and a strategy called
Suspicious Tit for Tat. Suspicious Tit for Tateshnically nasty, but it is not very nasty.
It behaves just like Tit for Tat itself after thest move, but-this is what makes it
technically nasty-it does defect on the very fingive of the game. In a climate entirely



dominated by Tit for Tat, Suspicious Tit for Tatedanot prosper, because its initial
defection triggers an unbroken run of mutual rearation. When it meets a Tit for Two
Tats player, on the other hand, Tit for Two Tagstsater forgivingness nips this
recrimination in the bud. Both players end the gaviik at least the ‘benchmark’, all C,
score and with Suspicious Tit for Tat scoring ausofor its initial defection. Boyd and
Lorberbaum showed that a population of Tit for datild be invaded, evolutionarily
speaking, by a mixture of Tit for Two Tats and Sasus Tit for Tat, the two prospering
in each other's company. This combination is almedtinly not the only combination
that could invade in this kind of way. There areljably lots of mixtures of slightly nasty
strategies with nice and very forgiving stratedhest are together capable of invading.
Some might see this as a mirror for familiar aspetthuman life.

Axelrod recognized that Tit for Tat is not strichp ESS, and he therefore coined the
phrase 'collectively stable strategy' to describAs in the case of true ESSs, it is
possible for more than one strategy to be collettigtable at the same time. And again,
it is a matter of luck which one comes to domiraeopulation. Always Defect is also
stable, as well as Tit for Tat. In a populationtthas already come to be dominated by
Always Defect, no other strategy does better. Wetaat the system as bistable, with
Always Defect being one of the stable points, ®itTat (or some mixture of mostly nice,
retaliatory strategies) the other stable point. albver stable point comes to dominate
the population first will tend to stay dominant.

But what does 'dominate’ mean, in quantitative $&ridow many Tit for Tats must there
be in order for Tit for Tat to do better than Alveaefect? That depends upon the
detailed payoffs that the banker has agreed td sbein this particular game. All we can
say in general is that there is a critical frequercknife-edge. On one side of the knife-
edge the critical frequency of Tit for Tat is exded, and selection will favour more and
more Tit for Tats. On the other side of the kniflgge the critical frequency of Always
Defect is exceeded, and selection will favour maord more Always Defects. We met the
equivalent of this knife-edge, you will rememberthe story of the Grudgers and Cheats
in Chapter 10.

It obviously matters, therefore, on which sidels# knife-edge a population happens to
start. And we need to know how it might happen ghpbpulation could occasionally
cross from one side of the knife-edge to the otBappose we start with a population
already sitting on the Always Defect side. The fEtor Tat individuals don't meet each
other often enough to be of mutual benefit. So r@selection pushes the population
even further towards the Always Defect extremenliy the population could just
manage, by random drift, to get itself over thedamdge, it could coast down the slope
to the Tit for Tat side, and everyone would do mbetier at the banker's (or 'nature’'s’)
expense. But of course populations have no grollpnei group intention or purpose.
They cannot strive to leap the knife-edge. Theyevdss it only if the undirected forces
of nature happen to lead them across.

How could this happen? One way to express the arswigat it might happen by
‘chance’. But ‘chance’ is just a word expressingrance. It means 'determined by some



as yet unknown, or unspecified, means'. We canlitbeabetter than ‘chance'. We can
try to think of practical ways in which a minority Tit for Tat individuals might happen
to increase to the critical mass. This amountsdaest for possible ways in which Tit for
Tat individuals might happen to cluster togethesufficient numbers that they can all
benefit at the banker's expense.

This line of thought seems to be promising, big rather vague. How exactly might
mutually resembling individuals find themselvesstéred together, in local
aggregations? In nature, the obvious way is thraegtetic relatedness-kinship. Animals
of most species are likely to find themselves livalose to their sisters, brothers and
cousins, rather than to random members of the ptipal This is not necessarily through
choice. It follows automatically from ‘viscosityi the population. Viscosity means any
tendency for individuals to continue living clogethe place where they were born. For
instance, through most of history, and in mostgpafthe world (though not, as it
happens, in our modern world), individual humangehseldom strayed more than a few
miles from their birthplace. As a result, localstlers of genetic relatives tend to build up.
| remember visiting a remote island off the wesistaf Ireland, and being struck by the
fact that almost everyone on the island had the er@srmous jug-handle ears. This
could hardly have been because large ears suiedithate (there are strong offshore
winds). It was because most of the inhabitanthefisland were close kin of one another.

Genetic relatives will tend to be alike not justacial features but in all sorts of other
respects as well. For instance, they will tendesemble each other with respect to
genetic tendencies to play-or not to play-Tit fat.TSo even if Tit for Tat is rare in the
population as a whole, it may still be locally coormIn a local area, Tit for Tat
individuals may meet each other often enough tsgepfrom mutual cooperation, even
though calculations that take into account onlyglodal frequency in the total
population might suggest that they are below thdekedge' critical frequency.

If this happens, Tit for Tat individuals, coopengtiwith one another in cosy little local
enclaves, may prosper so well that they grow framalklocal clusters into larger local
clusters. These local clusters may grow so largettiey spread out into other areas,
areas that had hitherto been dominated, numerjdaflindividuals playing Always
Defect. In thinking of these local enclaves, mghrisland is a misleading parallel
because it is physically cut off. Think, insteafladarge population in which there is not
much movement, so that individuals tend to resernit@da immediate neighbours more
than their more distant neighbours, even thougretisecontinuous interbreeding all over
the whole area.

Coming back to our knife-edge, then, Tit for Tatilcbsurmount it. All that is required is

a little local clustering, of a sort that will naally tend to arise in natural populations. Tit
for Tat has a built-in gift, even when rare, foossing the knife-edge over to its own
side. It is as though there were a secret passatgrneath the knife-edge. But that secret
passage contains a one-way valve: there is an asymrynlike Tit for Tat, Always
Defect, though a true ESS, cannot use local clnstéo cross the knife-edge. On the
contrary. Local clusters of Always Defect individsigar from prospering by each other's



presence, do especially badly in each other's pecesé&ar from quietly helping one
another at the expense of the banker, they do mother down. Always Defect, then,
unlike Tit for Tat, gets no help from kinship osegosity in the population.

So, although Tit for Tat may be only dubiously &S it has a sort of higher-order
stability. What can this mean? Surely, stableablst Well, here we are taking a longer
view. Always Defect resists invasion for a longéinBut if we wait long enough, perhaps
thousands of years, Tit for Tat will eventually rrerghe numbers required to tip it over
the knife-edge, and the population will flip. Baetreverse will not happen. Always
Defect, as we have seen, cannot benefit from c¢ingteand so does not enjoy this
higher-order stability.

Tit for Tat, as we have seen, is 'nice', meaningnthe first to defect, and 'forgiving’,
meaning that it has a short memory for past missldatbw introduce another of
Axelrod's evocative technical terms. Tit for Tatlso 'not envious'. To be envious, in
Axelrod's terminology, means to strive for more mypthan the other player, rather than
for an absolutely large quantity of the banker's\eyo To be non-envious means to be
quite happy if the other player wins just as muanay as you do, so long as you both
thereby win more from the banker. Tit for Tat neaetually 'wins' a game. Think about
it and you'll see that it cannot score more tharopponent’ in any particular game
because it never defects except in retaliation.mbst it can do is draw with its
opponent. But it tends to achieve each draw witigh, shared score. Where Tit for Tat
and other nice strategies are concerned, the verg \epponent’ is inappropriate. Sadly,
however, when psychologists set up games of l@tsoner's Dilemma between real
humans, nearly all players succumb to envy ancetber do relatively poorly in terms of
money. It seems that many people, perhaps withart thinking about it, would rather
do down the other player than cooperate with thergplayer to do down the banker.
Axelrod's work has shown what a mistake this is.

It is only a mistake in certain kinds of game. Gartieorists divide games into ‘zero
sum' and 'nonzero sum'. A zero sum game is ondichva win for one player is a loss
for the other. Chess is zero sum, because the fag@ch player is to win, and this means
to make the other player lose. Prisoner's Dilenoaever, is a nonzero sum game.
There is a banker paying out money, and it is jpdes$or the two players to link arms
and laugh all the way to the bank.

This talk of laughing all the way to the bank redsmme of a delightful line from
Shakespeare:

The first thing we do, let's kill all the lawyers.
2 Henry VI
In what are called civil 'disputes’ there is ofteriact great scope for cooperation. What

looks like a zero sum confrontation can, with eidigoodwill, be transformed into a
mutually beneficial nonzero sum game. Considerm®oA good marriage is obviously a



nonzero sum game, brimming with mutual cooperatut.even when it breaks down
there are all sorts of reasons why a couple coaitebtit by continuing to cooperate, and
treating their divorce, too, as nonzero sum. Ahifd welfare were not a sufficient
reason, the fees of two lawyers will make a nastyt ¢h the family finances. So
obviously a sensible and civilized couple begirgbing together to see one lawyer, don't
they?

Well, actually no. At least in England and, ungéitently, in all fifty states of the USA,
the law, or more strictly-and significantly-the k@vs' own professional code, doesn't
allow them to. Lawyers must accept only one menabarcouple as a client. The other
person is turned from the door, and either hagalladvice at all or is forced to go to
another lawyer. And that is when the fun beginsdparate chambers but with one
voice, the two lawyers immediately start referriodus’ and 'them’. 'Us', you understand,
doesn't mean me and my wife; it means me and mydaagainst her and her lawyer.
When the case comes to court, it is actually listetSmith versus Smith"! It is assumed
to be adversarial, whether the couple feel adviaisar not, whether or not they have
specifically agreed that they want to be sensibtycable. And who benefits from
treating it as an 'l win, you lose' tussle? Thenclea are, only the lawyers.

The hapless couple have been dragged into a zergame. For the lawyers, however,
the case of Smith v. Smith is a nice fat nonzera game, with the Smiths providing the
payoffs and the two professionals milking theienis' joint account in elaborately coded
cooperation. One way in which they cooperate imaédke proposals that they both know
the other side will not accept. This prompts a ¢euproposal that, again, both know is
unacceptable. And so it goes on. Every letter,\etadephone call exchanged between
the cooperating 'adversaries' adds another wduktbill. With luck, this procedure can
be dragged out for months or even years, with aostsnting in parallel. The lawyers
don't get together to work all this out. On thetcary, it is ironically their scrupulous
separateness that is the chief instrument of dogiperation at the expense of the clients.
The lawyers may not even be aware of what theylairgg. Like the vampire bats that we
shall meet in a moment, they are playing to wellalized rules. The system works
without any conscious overseeing or organizing #ll geared to forcing us into zero
sum games. Zero sum for the clients, but very rmastzero sum for the lawyers.

What is to be done? The Shakespeare option is miéssyuld be cleaner to get the law
changed. But most parliamentarians are drawn ftadgal profession, and have a zero
sum mentality. It is hard to imagine a more advwesbatmosphere than the British House
of Commons. (The law courts at least preserve ¢temcies of debate. As well they
might, since 'my learned friend and I' are coopegatery nicely all the way to the bank.)
Perhaps well-meaning legislators and, indeed, tedawyers should be taught a little
game theory. It is only fair to add that some lamgy@ay exactly the opposite role,
persuading clients who are itching for a zero sigitfthat they would do better to reach
a nonzero sum settlement out of court.

What about other games in human life? Which are gem and which nonzero sum?
And-because this is not the same thing- which daspedife do we perceive as zero or



nonzero sum? Which aspects of human life fostery'eand which foster cooperation
against a 'banker'? Think, for instance, about weggaining and 'differentials’. When
we negotiate our pay-rises, are we motivated byy'enr do we cooperate to maximize
our real income? Do we assume, in real life as a®lh psychological experiments, that
we are playing a zero sum game when we are nat¥lyspose these difficult questions.
To answer them would go beyond the scope of this&kbo

Football is a zero sum game. At least, it usuallydccasionally it can become a nonzero
sum game. This happened in 1977 in the Englishifadidteague (Association Football
or 'Soccer"; the other games called football-Rugbgtball, Australian Football,

American Football, Irish Football, etc., are alewmally zero sum games). Teams in the
Football League are split into four divisions. Glyiday against other clubs within their
own division, accumulating points for each win cawl throughout the season. To be in
the First Division is prestigious, and also luaratfor a club since it ensures large
crowds. At the end of each season, the bottom tus in the First Division are
relegated to the Second Division for the next seaBelegation seems to be regarded as
a terrible fate, worth going to great efforts t@iav

May 18th 1977 was the last day of that year's falbseason. Two of the three
relegations from the First Division had alreadyrbdetermined, but the third relegation
was still in contention. It would definitely be onéthree teams, Sunderland, Bristol, or
Coventry. These three teams, then, had everytbiptaly for on that Saturday.
Sunderland were playing against a fourth team (&hesure in the First Division was
not in doubt). Bristol and Coventry happened tplaging against each other. It was
known that, if Sunderland lost their game, thers®tiand Coventry needed only to draw
against each other in order to stay in the Firsidion. But if Sunderland won, then the
team relegated would be either Bristol or Coverdgpending on the outcome of their
game against each other. The two crucial games thecgetically simultaneous. As a
matter of fact, however, the Bristol-Coventry gama@pened to be running five minutes
late. Because of this, the result of the Sundergarde became known before the end of
the Bristol-Coventry game. Thereby hangs this wicolaplicated tale.

For most of the game between Bristol and Covetigyplay was, to quote one
contemporary news report, 'fast and often furiars'exciting (if you like that sort of
thing) ding-dong battle. Some brilliant goals frwth sides had seen to it that the score
was 2-all by the eightieth minute of the match. A,itero minutes before the end of the
game, the news came through from the other grauetd3underland had lost.
Immediately, the Coventry team manager had the flasised up on the giant electronic
message board at the end of the ground. Apparaht®? players could read, and they all
realized that they needn't bother to play hardrange. A draw was all that either team
needed in order to avoid relegation. Indeed, toeffort into scoring goals was now
positively bad policy since, by taking players avilaym defence, it carried the risk of
actually losing-and being relegated after all. Baittes became intent on securing a draw.
To quote the same news report: 'Supporters whdbed fierce rivals seconds before
when Don Gillies fired in an 80th minute equalig®rBristol, suddenly joined in a
combined celebration. Referee Ron Challis watctetpléss as the players pushed the



ball around with little or no challenge to the marmpossession." What had previously
been a zero sum game had suddenly, because afeagiieews from the outside world,
become a nonzero sum game. In the terms of oueeditcussion, it is as if an external
‘banker' had magically appeared, making it possdrl®oth Bristol and Coventry to
benefit from the same outcome, a draw.

Spectator sports like football are normally zermggames for a good reason. It is more
exciting for crowds to watch players striving migjhtigainst one another than to watch
them conniving amicably. But real life, both hunid@ and plant and animal life, is not
set up for the benefit of spectators. Many situetim real life are, as a matter of fact,
equivalent to nonzero sum games. Nature often pleysole of 'banker’, and individuals
can therefore benefit from one another's succdssy @o not have to do down rivals in
order to benefit themselves. Without departing ftbiefundamental laws of the selfish
gene, we can see how cooperation and mutual assestan flourish even in a basically
selfish world. We can see how, in Axelrod's mearhthe term, nice guys may finish
first.

But none of this works unless the game is iterafé@. players must know (or 'know")

that the present game is not the last one betwssn.tin Axelrod's haunting phrase, the
'shadow of the future' must be long. But how longshit be? It can't be infinitely long.
From a theoretical point of view it doesn't mattew long the game is; the important
thing is that neither player should know when theng is going to end. Suppose you and
| were playing against each other, and supposeotiekdmew that the number of rounds
in the game was to be exactly 100. Now we both tstdied that the 100th round, being
the last, will be equivalent to a simple one-offrgaof Prisoner's Dilemma. Therefore the
only rational strategy for either of us to playtbe 100th round will be defect, and we
can each assume that the other player will workdabhtaand be fully resolved to defect on
the last round. The last round can therefore baemroff as predictable. But now the
99th round will be the equivalent of a one-off gaed the only rational choice for each
player on this last but one game is also defea. 98th round succumbs to the same
reasoning, and so on back. Two strictly rationalypls, each of whom assumes that the
other is strictly rational, can do nothing but defié they both know how many rounds
the game is destined to run. For this reason, whemes theorists talk about the Iterated
or Repeated Prisoner's Dilemma game, they alwaysrasthat the end of the game is
unpredictable, or known only to the banker.

Even if the exact number of rounds in the gametsknown for certain, in real life it is
often possible to make a statistical guess asworhach longer the game is likely to last.
This assessment may become an important partatégir. If | notice the banker fidget
and look at his watch, | may well conjecture thegt game is about to be brought to an
end, and | may therefore feel tempted to defedtsifspect that you too have noticed the
banker fidgeting, | may fear that you too may betemplating defection. | will probably
be anxious to get my defection in first. Especiallyce | may fear that you are fearing
that I. ..



The mathematician's simple distinction betweernote-off Prisoner's Dilemma game
and the Iterated Prisoner's Dilemma game is toplsintEach player can be expected to
behave as if he possessed a continuously updatethesof how long the game is likely
to go on. The longer his estimate, the more heplaly according to the mathematician's
expectations for the true iterated game: in otheda, the nicer, more forgiving, less
envious he will be. The shorter his estimate offthere of the game, the more he will be
inclined to play according to the mathematiciamjseetations for the one-off game: the
nastier, and less forgiving will he be. Axelrodwsaa moving illustration of the
importance of the shadow of the future from a réwalale phenomenon that grew up
during the First World War, the so-called live-detHive system. His source is the
research of the historian and sociologist Tony Al It is quite well known that at
Christmas British and German troops briefly fraieed and drank together in no-man's-
land. Less well known, but in my opinion more ie&ing, is the fact that unofficial and
unspoken nonaggression pacts, a 'live-and-letdiystem, flourished all up and down the
front lines for at least two years starting in 19A4enior British officer, on a visit to the
trenches, is quoted as being astonished to ob&sxman soldiers walking about within
rifle range behind their own line. 'Our men appddretake no notice. | privately made
up my mind to do away with that sort of thing whea took over; such things should not
be allowed. These people evidently did not knowelveas a war on. Both sides
apparently believed in the policy of "live-and-Iete"." The theory of games and the
Prisoner's Dilemma had not been invented in thags 8ut, with hindsight, we can see
pretty clearly what was going on, and Axelrod pd®4 a fascinating analysis. In the
entrenched warfare of those times, the shadoweofuture for each platoon was long.
That is to say, each dug-in group of British salslieould expect to be facing the same
dug-in group of Germans for many months. Moreotrex,ordinary soldiers never knew
when, if ever, they were going to be moved; arndeos are notoriously arbitrary,
capricious and incomprehensible to those receithegn. The shadow of the future was
quite long enough, and indeterminate enough, tiefdke development of a Tit for Tat
type of cooperation. Provided, that is, that theadion was equivalent to a game of
Prisoner's Dilemma.

To qualify as a true Prisoner's Dilemma, rememiber payoffs have to follow a

particular rank order. Both sides must see muto@aperation (CC) as preferable to
mutual defection. Defection while the other sideperates (DC) is even better if you can
get away with it. Cooperation while the other silgdects (CD) is worst of all. Mutual
defection (DD) is what the general staff would ltkesee. They want to see their own
chaps, keen as mustard, potting Jerries (or Tommiesnever the opportunity arises.

Mutual cooperation was undesirable from the gesgpalint of view, because it wasn't
helping them to win the war. But it was highly dabie from the point of view of the
individual soldiers on both sides. They didn't wembe shot. Admittedly-and this takes
care of the other payoff conditions needed to nth&esituation a true Prisoner's
Dilemma-they probably agreed with the generalsr@igoring to win the war rather than
lose it. But that is not the choice that facesratividual soldier. The outcome of the
entire war is unlikely to be materially affectedwiat he, as an individual, does. Mutual
cooperation with the particular enemy soldiersrfggrou across no-man's-land most



definitely does affect your own fate, and is greatleferable to mutual defection, even
though you might, for patriotic or disciplinary szms, marginally prefer to defect (DC)
if you could get away with it It seems that theigtton was a true prisoner's dilemma.
Something like Tit for Tat could be expected towgtap, and it did.

The locally stable strategy in any particular mdirthe trench lines was not necessarily
Tit for Tat itself. Tit for Tat is one of a familyf nice, retaliatory but forgiving strategies,
all of which are, if not technically stable, atdedifficult to invade once they arise. Three
Tits for a Tat, for instance, grew up in one logada according to a contemporary
account.

We go out at night in front of the trenches... Bwrman working parties are also out, so
it is not considered etiquette to fire. The realfsty things are rifle grenades ... They can
kill as many as eight or nine men if they do fatbia trench ... But we never use ours
unless the Germans get particularly noisy, as ein ffystem of retaliation three for every
one of ours come back.

It is important, for any member of the Tit for Tamily of strategies, that the players are
punished for defection. The threat of retaliatiomstralways be there. Displays of
retaliatory capability were a notable feature @& lilre-and-let-live system. Crack shots
on both sides would display their deadly virtuodgyfiring, not at enemy soldiers, but at
inanimate targets close to the enemy soldiers;lantque also used in Western films (like
shooting out candle flames). It does not seem tevieave been satisfactorily answered
why the two first operational atomic bombs wereddagainst the strongly voiced wishes
of the leading physicists responsible for develgghrem-to destroy two cities instead of
being deployed in the equivalent of spectaculdnyosing out candles.

An important feature of Tit for Tat-like strategissthat they are forgiving. This, as we
have seen, helps to damp down what might othermgaseme long and damaging runs of
mutual recrimination. The importance of damping daetaliation is dramatized by the
following memoir by a British (as if the first semice left us in any doubt) officer:

| was having tea with A company when we heard a@fahouting and went to
investigate. We found our men and the Germans stgreh their respective parapets.
Suddenly a salvo arrived but did no damage. Ndyubalth sides got down and our men
started swearing at the Germans, when all at olcavee German got on to his parapet
and shouted out 'We are very sorry about that; epemo one was hurt. It is not our
fault, it is that damned Prussian artillery.'

Axelrod comments that this apology 'goes well belyammerely instrumental effort to
prevent retaliation. It reflects moral regret f@aving violated a situation of trust, and it
shows concern that someone might have been haertai@ly an admirable and very
brave German.

Axelrod also emphasizes the importance of predidiabnd ritual in maintaining a
stable pattern of mutual trust. A pleasing exanoplénis was the ‘evening gun' fired by



British artillery with clockwork regularity at a dain part of the line. In the words of a
German soldier:

At seven it came-so regularly that you could setryeatch by it... It always had the same
objective, its range was accurate, it never vadasegtally or went beyond or fell short of
the mark... There were even some inquisitive fedloviho crawled out... a little before
seven, in order to see it burst.

The German artillery did just the same thing, a&sftllowing account from the British
side shows:

So regular were they [the Germans] in their choiciargets, times of shooting, and
number of rounds fired, that... Colonel Jonesnevkto a minute where the next shell
would fall. His calculations were very accurateg &ie was able to take what seemed to
uninitiated Staff Officers big risks, knowing thae shelling would stop before he
reached the place being shelled.

Axelrod remarks that such 'rituals of perfunctong aoutine firing sent a double
message. To the high command they conveyed aggnessit to the enemy they
conveyed peace.'

The live-and-let-live system could have been woretlby verbal negotiation, by
conscious strategists bargaining round a tabl&adnit was not. It grew up as a series of
local conventions, through people responding toamaher's behaviour; the individual
soldiers were probably hardly aware that the grgwip was going on. This need not
surprise us. The strategies in Axelrod's computrewdefinitely unconscious. It was
their behaviour that defined them as nice or nasyprgiving or unforgiving, envious or
the reverse. The programmers who designed themhaag/been any of these things, but
that is irrelevant. A nice, forgiving, non-envicstsategy could easily be programmed
into a computer by a very nasty man. And vice veisstrategy's niceness is recognized
by its behaviour, not by its motives (for it hasiednor by the personality of its author
(who has faded into the background by the timeptiogram is running in the computer).
A computer program can behave in a strategic mamn#rout being aware of its
strategy or, indeed, of anything at all.

We are, of course, entirely familiar with the idgfaunconscious strategists, or at least of
strategists whose consciousness, if any, is iraglevJnconscious strategists abound in
the pages of this book. Axelrod's programs arexatient model for the way we,
throughout the book, have been thinking of animaald plants, and indeed of genes. So it
is natural to ask whether his optimistic conclusiatout the success of non-envious,
forgiving niceness-also apply in the world of natufhe answer is yes, of course they do.
The only conditions are that nature should sometiget up games of Prisoner’s
Dilemma, that the shadow of the future should IngJ@nd that the games should be
nonzero sum games. These conditions are certaielyath round the living kingdoms.



Nobody would ever claim that a bacterium was a cions strategist, yet bacterial
parasites are probably engaged in ceaseless gdiasaner's Dilemma with their hosts
and there is no reason why we should not attribxtdrodian adjectives-forgiving, non-
envious, and so on-to their strategies. Axelrod ldanhilton point out that normally
harmless or beneficial bacteria can turn nastyn @aeising lethal sepsis, in a person who
is injured. A doctor might say that the persorésural resistance' is lowered by the
injury. But perhaps the real reason is to do wimgs of Prisoner's Dilemma. Do the
bacteria, perhaps, have something to gain, butlyseep themselves in check? In the
game between human and bacteria, the 'shadow &ittire' is normally long since a
typical human can be expected to live for yearsfemy given starting-point. A seriously
wounded human, on the other hand, may presentatedty much shorter shadow of
the future to his bacterial guests. The Temptaiodefect' correspondingly starts to look
like a more attractive option than the 'Rewardnfmrtual cooperation'. Needless to say,
there is no suggestion that the bacteria workh@laut in their nasty little heads!
Selection on generations of bacteria has presuntablyinto them an unconscious rule
of thumb which works by purely biochemical means.

Plants, according to Axelrod and Hamilton, may etz revenge, again obviously
unconsciously. Fig trees and fig wasps share amatd cooperative relationship. The fig
that you eat is not really a fruit. There is a tigte at the end, and if you go into this hole
(you'd have to be as small as a fig wasp to dam they are minute: thankfully too
small to notice when you eat a fig), you find hwedtd of tiny flowers lining the walls.

The fig is a dark indoor hothouse for flowers, adador pollination chamber. And the
only agents that can do the pollinating are figpgad he tree, then, benefits from
harbouring the wasps. But what is in it for the ps&sThey lay their eggs in some of the
tiny flowers, which the larvae then eat. They palte other flowers within the same fig.
'Defecting’, for a wasp, would mean laying eggmmany of the flowers in a fig and
pollinating too few of them. But how could a figé 'retaliate’? According to Axelrod
and Hamilton, 'It turns out in many cases thatfifavasp entering a young fig does not
pollinate enough flowers for seeds and instead égygs in almost all, the tree cuts off the
developing fig at an early stage. All progeny @ thasp then perish.’

A bizarre example of what appears to be a Tit far&rangement in nature was
discovered by Eric Fischer in a hermaphrodite fish,sea bass. Unlike us, these fish
don't have their sex determined at conception by thromosomes. Instead, every
individual is capable of performing both female andle functions. In any one spawning
episode they shed either eggs or sperm. They foonmogamous pairs and, within the
pair, take turns to play the male and female rollesy, we may surmise that any
individual fish, if it could get away with it, wodl'prefer' to play the male role all the
time, because the male role is cheaper. Puttiagdther way, an individual that
succeeded in persuading its partner to play thelemost of the time would gain all the
benefits of 'her' economic investment in eggs, evtié' has resources left over to spend
on other things, for instance on mating with othe.

In fact, what Fischer observed was that the fisipesate a system of pretty strict
alternation. This is just what we should expethdy are playing Tit for Tat. And it is



plausible that they should, because it does apghatathe game is a true Prisoner's
Dilemma, albeit a somewhat complicated one. To fil@ycooperate card means to play
the female role when it is your turn to do so. Atping to play the male role when it is
your turn to play the female is equivalent to pteythe defect card. Defection is
vulnerable to retaliation: the partner can refusplay the female role next time it is 'her’
(his?) turn to do so, or 'she' can simply termirlagewhole relationship. Fischer did
indeed observe that pairs with an uneven sharirsgftoles tended to break up.

A guestion that sociologists and psychologists son&s ask is why blood donors (in
countries, such as Britain, where they are not)mgice blood. | find it hard to believe
that the answer lies in reciprocity or disguiselfisieness in any simple sense. It is not as
though regular blood donors receive preferentedtinent when they come to need a
transfusion. They are not even issued with litbédgstars to wear. Maybe | am naive, but
| find myself tempted to see it as a genuine cageie, disinterested altruism. Be that as
it may, blood-sharing in vampire bats seems tthétAxelrod model well. We learn this
from the work of G. S. Wilkinson.

Vampires, as is well known, feed on blood at nidihis not easy for them to get a meal,
but if they do it is likely to be a big one. Wheaveh comes, some individuals will have
been unlucky and return completely empty, whilesthmdividuals that have managed to
find a victim are likely to have sucked a surpliiblood. On a subsequent night the luck
may run the other way. So, it looks like a prongstase for a bit of reciprocal altruism.
Wilkinson found that those individuals who struakKy on any one night did indeed
sometimes donate blood, by regurgitation, to tlesis fortunate comrades. Out of 110
regurgitations that Wilkinson witnessed, 77 couddily be understood as cases of
mothers feeding their children, and many otherainsés of blood-sharing involved other
kinds of genetic relatives. There still remaineokwkver, some examples of blood-
sharing among unrelated bats, cases where theal'iddbicker than water' explanation
would not fit the facts. Significantly the individls involved here tended to be frequent
roostmates-they had every opportunity to interdatht wne another repeatedly, as is
required for an Iterated Prisoner's Dilemma. Butentbe other requirements for a
Prisoner's Dilemma met? The payoff matrix in FigDres what we should expect if they
were.



What you do

Cooperate Defect
- Li
| Fairly good Very bad
' REWARD SUCKER'S PAYOFF
| gat blood on my unhucky | pay the cost of saving
nights, which saves ma your life on my good
Cooperats from starving. | hawve lo night. But on my bad
give blood on my lucky |  night you don't feed me
mights, which doesn't cost | and | run a real risk of
ma too much. starving 1o death.
Whatido Very good Fairly bad
[ TEMPTATION PUNISHMENT
You save my lifa on my | don't have to pay tha
poor might. But then | get | slight costs of feeding you
Defect | . added beneftclnot | on my good nights. But |
having to pay the slight cost | run a real risk of Starving on
of feeding you on my good my poor nights.
night.

Figure D. Vampire bat blood-donor scheme:
pavoffs to me from various outcomes

Figure D. Vampire bat blood-donor scheme: payaffsie from various outcomes.

Do vampire economics really conform to this tali¢itkinson looked at the rate at

which starved vampires lose weight. From this Heutated the time it would take a
sated bat to starve to death, the time it woule &k empty bat to starve to death, and all
intermediates. This enabled him to cash out bloatie currency of hours of prolonged
life. He found, not really surprisingly, that theckange rate is different, depending upon
how starved a bat is. A given amount of blood addse hours to the life of a highly
starved bat ' than to a less starved one. In @tbeds, although the act of donating blood
would increase the chances of the donor dying,iticiease was small compared with the
increase in the recipient's chances of survivircpriemically speaking, then, it seems
plausible that vampire economics conform to thegulf a Prisoner's Dilemma. The
blood that the donor gives up is less preciouseta$ocial groups in vampires are female
groups) than the same quantity of blood is to &ogprent. On her unlucky nights she
really would benefit enormously from a gift of bthdBut on her lucky nights she would
benefit slightly, if she could get away with itpin defecting- refusing to donate blood.
'Getting away with it', of course, means somethunly if the bats are adopting some
kind of Tit for Tat strategy. So, are the otheraitions for the evolution of Tit for Tat
reciprocation met?

In particular, can these bats recognize one anathardividuals? Wilkinson did an
experiment with captive bats, proving that they. cére basic idea was to take one bat
away for a night and starve it while the othersenat fed. The unfortunate starved bat
was then returned to the roost, and Wilkinson weddio see who, if anyone, gave it
food. The experiment was repeated many times, thétbats taking turns to be the
starved victim. The key point was that this popgaolabf captive bats was a mixture of
two separate groups, taken from caves many milag.dpvampires are capable of
recognizing their friends, the experimentally séahbat should turn out to be fed only by
those from its own original cave.



That is pretty much what happened. Thirteen caldermtion were observed. In twelve
out of these thirteen, the donor bat was an 'odshd’ of the starved victim, taken from
the same cave; in only one out of the thirteensases the starved victim fed by a 'new
friend’, not taken from the same cave. Of coursedbuld be a coincidence but we can
calculate the odds against this. They come totless one in 500. It is pretty safe to
conclude that the bats really

were biased in favour of feeding old friends rattien strangers from a different cave.

Vampires are great mythmakers. To devotees of Xardsothic they are dark forces
that terrorize by night, sapping vital fluids, sécing an innocent life merely to gratify a
thirst. Combine this with that other Victorian mytrature red in tooth and claw, and
aren't vampires the very incarnation of deepessfabout the world of the selfish gene?
As for me, | am sceptical of all myths. If we wantknow where the truth lies in
particular cases, we have to look. What the Da@amimiorpus gives us is not detailed
expectations about particular organisms. It giveesamething subtler and more valuable:
understanding of principle. But if we must have hsytthe real facts about vampires
could tell a different moral tale. To the bats tisetaes, not only is blood thicker than
water. They rise above the bonds of kinship, foghreir own lasting ties of loyal
blood-brotherhood. Vampires could form the vanguadrd comfortable new myth, a
myth of sharing, mutualistic cooperation. They cblérald the benignant idea that, even
with selfish genes at the helm, nice guys canHifirst.
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THE LONG REACH OF THE GENE

An uneasy tension disturbs the heart of the setfeste theory. It is the tension between
gene and individual body as fundamental agenfef@®n the one hand we have the
beguiling image of independent DNA replicators pging like chamois, free and
untrammelled down the generations, temporarily ghdtogether in throwaway survival
machines, immortal coils shuffling off an endlegscession of mortal ones as they forge
towards their separate eternities. On the othed nanlook at the individual bodies
themselves and each one is obviously a coheragagrated, immensely complicated
machine, with a conspicuous unity of purpose. Aybdaesn't look like the product of a
loose and temporary federation of warring genegengs who hardly have time to get
acquainted before embarking in sperm or egg fonthe leg of the great genetic
diaspora. It has one single-minded brain which dimates a cooperative of limbs and
sense organs to achieve one end. The body looksedraVes like a pretty impressive
agent in its own right.

In some chapters of this book we have indeed thioafgihe individual organism as an
agent, striving to maximize its success in pasemgll its genes. We imagined

individual animals making complicated economidfasalculations about the genetic
benefits of various courses of action. Yet in otttegipters the fundamental rationale was
presented from the point of view of genes. Withibetgene's-eye view of life there is no
particular reason why an organism should 'careliait®reproductive success and that of
its relatives, rather than, for instance, its oamgevity.

How shall we resolve this paradox of the two walyoking at life? My own attempt to
do so is spelled out in The Extended Phenotypehdlo& that, more than anything else |
have achieved in my professional life, is my praahel joy. This chapter is a brief
distillation of a few of the themes in that bookt beally I'd almost rather you stopped
reading now and switched to The Extended Phenotype!

On any sensible view of the matter Darwinian s@@ctloes not work on genes directly.
DNA is cocooned in protein, swaddled in membrasbglded from the world and
invisible to natural selection. If selection triedchoose DNA molecules directly it would
hardly find any criterion by which to do so. Allrges look alike, just as all recording
tapes look alike. The important differences betwgemes emerge only in their effects.
This usually means effects on the processes ofyaniardevelopment and hence on
bodily form and behaviour. Successful genes areg#mat, in the environment
influenced by all the other genes in a shared emlivgve beneficial effects on that
embryo. Beneficial means that they make the emlikgty to develop into a successful



adult, an adult likely to reproduce and pass thvasg same genes on to future
generations. The technical word Phenotype is usethé bodily manifestation of a gene,
the effect that a gene, in comparison with itslediehas on the body, via development.
The phenotypic effect of some particular gene mightsay, green eye colour. In practice
most genes have more than one phenotypic effgcgrean eye colour and curly hair.
Natural selection favours some genes rather tHagr®not because of the nature of the
genes themselves, but because of their consequtdraephenotypic effects.

Darwinians have usually chosen to discuss geneseavbloenotypic effects benefit, or
penalize, the survival and reproduction of wholdibs. They have tended not to
consider benefits to the gene itself. This is pasthy the paradox at the heart of the
theory doesn't normally make itself felt. For imgta a gene may be successful through
improving the running speed of a predator. The wipsedator's body, including all its
genes, is more successful because it runs fasgepeed helps it survive to have
children; and therefore more copies of all its gemecluding the gene for fast running,
are passed on. Here the paradox conveniently deésappecause what is good for one
gene is good for all.

But what if a gene exerted a phenotypic effect Wed good for itself but bad for the rest
of the genes in the body? This is not a flightaofdy. Cases of it are known, for instance
the intriguing phenomenon called meiotic drive. d&$, you will remember, is the
special kind of cell division that halves the numbkchromosomes and gives rise to
sperm cells or egg cells. Normal meiosis is a cetepf fair lottery. Of each pair of
alleles, only one can be the lucky one that ergBysgiven sperm or egg. But it is equally
likely to be either one of the pair, and if you eage over lots of sperms (or eggs) it turns
out that half of them contain one allele, half tiileer. Meiosis is fair, like tossing a

penny. But, though we proverbially think of tossengenny as random, even that is a
physical process influenced by a multitude of ainstances-the wind, precisely how hard
the penny is flicked, and so on. Meiosis, too, phgsical process, and it can be
influenced by genes. What if a mutant gene arasigjuist happened to have an effect, not
upon something obvious like eye colour or curlingssair, but upon meiosis itself?
Suppose it happened to bias meiosis in such alweytf the mutant gene itself, was
more likely than its allelic partner to end uplire tegg. There are such genes and they are
called segregation distorters. They have a diabladienplicity. When a segregation
distorter arises by mutation, it will spread ineaday through the population at the
expense of its allele. It is this that is knowmasiotic drive. It will happen even if the
effects on bodily welfare, and on the welfare dtla¢ other genes in the body, are
disastrous.

Throughout this book we have been alert to theipibisg of individual organisms
‘cheating' in subtle ways against their social canigns. Here we are talking about
single genes cheating against the other geneswhiith they share a body. The
geneticist James Crow has called them 'genes dadtbe system'. One of the best-
known segregation distorters is the so-called egemmice. When a mouse has two t
genes it either dies young or is sterile, t isefae said to be lethal in the homozygous
state. If a male mouse has only one t gene itheilh normal, healthy mouse except in



one remarkable respect. If you examine such a sngpeerms you will find that up to 95
per cent of them contain the t gene, only 5 pet tennormal allele. This is obviously a
gross distortion of the 50 per cent ratio that weeet. Whenever, in a wild population, a
t allele happens to arise by mutation, it immedyagpreads like a brushfire. How could
it not, when it has such a huge unfair advantagkdarmmeiotic lottery? It spreads so fast
that, pretty soon, large numbers of individualghi@ population inherit the t gene in
double dose (that is, from both their parents).seheadividuals die or are sterile, and
before long the whole local population is likelytlie driven extinct. There is some
evidence that wild populations of mice have, inplast, gone extinct through epidemics
of t genes.

Not all segregation distorters have such destredisie-effects as t. Nevertheless, most
of them have at least some adverse consequendesdtiall genetic side-effects are
bad, and a new mutation will normally spread ohlysibad effects are outweighed by its
good effect. If both good and bad effects appltheowhole body, the net effect can still
be good for the body. But if the bad effects are¢hmnbody, and the good effects are on
the gene alone, from the body's point of view teeaffect is all bad.) In spite of its
deleterious side-effects, if a segregation dist@teses by mutation it will surely tend to
spread through the population. Natural selectiomdi after all, works at the genic
level) favours the segregation distorter, even giats effects at the level of the
individual organism are likely to be bad.

Although segregation distorters exist they aresryy\common. We could go on to ask
why they aren't common, which is another way oiragkvhy the process of meiosis is
normally fair, as scrupulously impartial as tossingood penny. We'll find that the
answer drops out once we have understood why anganexist anyway.

The individual organism is something whose existemost biologists take for granted,
probably because its parts do pull together in sughited and integrated way. Questions
about life are conventionally questions about oig/as. Biologists ask why organisms

do this, why organisms do that. They frequently\akly organisms group themselves
into societies. They don't ask-though they shoutgy-living matter groups itself into
organisms in the first place. Why isn't the selaaprimordial battleground of free and
independent replicators? Why did the ancient rapdics club together to make, and
reside in, lumbering robots, and why are those tobalividual bodies, you and me-so
large and so complicated?

It is hard for many biologists even to see thatdhge a question here at all. This is
because it is second nature for them to pose deistions at the level of the individual
organism. Some biologists go so far as to see D&NA @evice used by organisms to
reproduce themselves, just as an eye is a devezEhysorganisms to see! Readers of this
book will recognize that this attitude is an embgreat profundity. It is the truth turned
crashingly on its head. They will also recognizat tine alternative attitude, the selfish
gene view of life, has a deep problem of its owimaflproblem-almost the reverse one-is
why individual organisms exist at all, especiafiya form so large and coherently
purposeful as to mislead biologists into turning ttuth upside down. To solve our



problem, we have to begin by purging our mindsldfattitudes that covertly take the
individual organism for granted; otherwise we shailbegging the question. The
instrument with which we shall purge our mindshis idea that | call the extended
phenotype. It is to this, and what it means, thaiw turn.

The phenotypic effects of a gene are normally seseaill the effects that it has on the
body in which it sits. This is the conventionalidéfon. But we shall now see that the
phenotypic effects of a gene need to be thoughsall the effects that it has on the
world. It may be that a gene's effects, as a maftict, turn out to be confined to the
succession of bodies in which the gene sits. Bsp,iit will be just as a matter of fact. It
will not be something that ought to be part of very definition. In all this, remember
that the phenotypic effects of a gene are the toplshich it levers itself into the next
generation. All that | am going to add is that tthels may reach outside the individual
body wall. What might it mean in practice to spela gene as having an extended
phenotypic effect on the world outside the bodwhmch it sits? Examples that spring to
mind are artefacts like beaver dams, bird nestscaddis houses.

Caddis flies are rather nondescript, drab browadtss which most of us fail to notice as
they fly rather clumsily over rivers. That is whigrey are adults. But before they emerge
as adults they have a rather longer incarnatidaraae walking about the river bottom.
And caddis larvae are anything but nondescriptyTdre among the most remarkable
creatures on earth. Using cement of their own neatufe, they skilfully build tubular
houses for themselves out of materials that thely pp from the bed of the stream. The
house is a mobile home, carried about as the caddis, like the shell of a snail or
hermit crab except that the animal builds it indteagrowing it or finding it. Some
species of caddis use sticks as building matew#hgrs fragments of dead leaves, others
small snail shells. But perhaps the most impressadelis houses are the ones built in
local stone. The caddis chooses its stones cargefajecting those that are too large or
too small for the current gap in the wall, everatiolg each stone until it achieves the
snuggest fit.

Incidentally, why does this impress us so? If wedd ourselves to think in a detached
way we surely ought to be more impressed by thieitaxcture of the caddis's eye, or of
its elbow joint, than by the comparatively modeshéecture of its stone house. After
all, the eye and the elbow joint are far more cooapéd and 'designed’ than the house.
Yet, perhaps because the eye and elbow joint dgwelthe same kind of way as our own
eyes and elbows develop, a building process fochwhve, inside our mothers, claim no
credit, we are illogically more impressed by thei$m

Having digressed so far, | cannot resist goindgtle fiurther. Impressed as we may be by
the caddis house, we are nevertheless, paradgxitess impressed than we would be by
equivalent achievements in animals closer to oueselJust imagine the banner headlines
if a marine biologist were to discover a speciedalphin that wove large, intricately
meshed fishing nets, twenty dolphin-lengths in diterl Yet we take a spider web for
granted, as a nuisance in the house rather thaneasf the wonders of the world. And
think of the furore if Jane Goodall returned frorartbe stream with photographs of wild



chimpanzees building their own houses, well roafed insulated, of painstakingly
selected stones neatly bonded and mortared! Yelisétvae, who do precisely that,
command only passing interest. It is sometimes saidhough in defence of this double
standard, that spiders and caddises achieve das 6f architecture by ‘instinct’. But so
what? In a way this makes them all the more impress

Let us get back to the main argument. The caddisénaobody could doubt, is an
adaptation, evolved by Darwinian selection. It mheste been favoured by selection, in
very much the same way as, say, the hard shedbstérs was favoured. It is a protective
covering for the body. As such it is of benefithe whole organism and all its genes. But
we have now taught ourselves to see benefits tortgnism as incidental, as far as
natural selection is concerned. The benefits tbiaiadly count are the benefits to those
genes that give the shell its protective propertieshe case of the lobster this is the
usual story. The lobster's shell is obviously & péits body. But what about the caddis
house?

Natural selection favoured those ancestral cadehegthat caused their possessors to
build effective houses. The genes worked on belayvpesumably by influencing the
embryonic development of the nervous system. But\algeneticist would actually see
is the effect of genes on the shape and other pgrep@f houses. The geneticist should
recognize genes 'for' house shape in preciselgahee sense as there are genes for, say,
leg shape. Admittedly,

nobody has actually studied the genetics of cdaolises. To do so you would have to
keep careful pedigree records of caddises bredptivity, and breeding them is difficult.
But you don't have to study genetics to be surethieae are, or at least once were, genes
influencing differences between caddis housesy®@ll need is good reason to believe
that the caddis house is a Darwinian adaptatiothdhcase there must have been genes
controlling variation in caddis houses, for sel@ctcannot produce adaptations unless
there are hereditary differences among which tecsel

Although geneticists may think it an odd ideasitherefore sensible for us to speak of
genes 'for' stone shape, stone size, stone hardnéso on. Any geneticist who objects
to this language must, to be consistent, objesp&aking of genes for eye colour, genes
for wrinkling in peas and so on. One reason tha eght seem odd in the case of stones
is that stones are not living material. Moreovke, influence of genes upon stone
properties seems especially indirect. A genetroigtht wish to claim that the direct
influence of the genes is upon the nervous systatnbediates the stone-choosing
behaviour, not upon the stones themselves. Buiitieisuch a geneticist to look carefully
at what it can ever mean to speak of genes exatingfluence on a nervous system. All
that genes can really influence directly is prosinthesis. A gene's influence upon a
nervous system, or, for that matter, upon the aadban eye or the wrinkliness of a pea,
is always indirect. The gene determines a protegusence that influences X that
influences Y that influences Z that eventually uieihces the wrinkliness of the seed or
the cellular wiring up of the nervous system. Thddis house is only a further extension
of this kind of sequence. Stone hardness is amé&tephenotypic effect of the caddis's
genes. If it is legitimate to speak of a gene &extihg the wrinkliness of a pea or the



nervous system of an animal (all geneticists thind) then it must also be legitimate to
speak of a gene as affecting the hardness of dhesin a caddis house. Startling
thought, isn't it? Yet the reasoning is inescapable

We are ready for the next step in the argumenteg@none organism can have extended
phenotypic effects on the body of another organiSaddis houses helped us take the
previous step; snail shells will help us take time. The shell plays the same role for a
snail as the stone house does for a caddis largsécreted by the snail's own cells, so a
conventional geneticist would be happy to speaenies ‘for' shell qualities such as shell
thickness. But it turns out that snails parasitigaertain kinds of fluke (flatworm) have
extra-thick shells. What can this thickening meHnRe parasitized snails had had extra-
thin shells, we'd happily explain this as an obsidebilitating effect on the snail's
constitution. But a thicker shell? A thicker sh@iésumably protects the snail better. It
looks as though the parasites are actually helihielg host by improving its shell. But

are they?

We have to think more carefully. If thicker shedl® really better for the snail, why don't
they have them anyway? The answer probably lieeamomics. Making a shell is costly
for a snail. It requires energy. It requires caiciand other chemicals that have to be
extracted from hard-won food. All these resourde$iey were not spent on making shell
substance, could be spent on something else sunhkaag more offspring. A snail that
spends lots of resources on making an extra-thiek bas bought safety for its own
body. But at what cost? It may live longer, buvili be less successful at reproducing
and may fail to pass on its genes. Among the gavadail to be passed on will be the
genes for making extra-thick shells. In other words possible for a shell to be too
thick as well as (more obviously) too thin. So, wizefluke makes a snail secrete an
extra-thick shell, the fluke is not doing the sreagood turn unless the fluke is bearing
the economic cost of thickening the shell. And e safely bet that it isn't being so
generous. The fluke is exerting some hidden chdnmftaence on the snail that forces
the snail to shift away from its own 'preferredtkmess of shell. It may be prolonging the
snail's life. But it is not helping the snail's gen

What is in it for the fluke? Why does it do it? Mgnjecture is the following. Both snail
genes and fluke genes stand to gain from the staitlily survival, all other things being
equal. But survival is not the same thing as repctdn and there is likely to be a trade-
off. Whereas snail genes stand to gain from thé'smeproduction, fluke genes don't.

This is because any given fluke has no particitpeetation that its genes will be housed
in its present host's offspring. They might be, smmight those of any of its fluke rivals.
Given that snail longevity has to be bought atdbs&t of some loss in the snail's
reproductive success, the fluke genes are 'happyake the snail pay that cost, since
they have no interest in the snail's reproducisglfit The snail genes are not happy to pay
that cost, since their long-term future dependswtpe snail reproducing.

So, | suggest that fluke genes exert an influemcthe shell-secreting cells of the snail,
an influence that benefits themselves but is cadstihe snail's genes. This theory is
testable, though it hasn't been tested yet.



We are now in a position to generalize the lessaheocaddises. If | am right about what
the fluke genes are doing, it follows that we aagitimately speak of fluke genes as
influencing snail bodies, in just the same sensmasg genes influence snail bodies. It is
as if the genes reached outside their 'own' bodynaamnipulated the world outside. As in
the case of the caddises, this language might meiketicists uneasy. They are
accustomed to the effects of a gene being limgtie¢ body in which it sits. But, again
as in the case of the caddises, a close look atgémeticists ever mean by a gene having
‘effects’ shows that such uneasiness is mispl&¢echeed to accept only that the change
in snail shell is a fluke adaptation. If it ish#&s to have come about by Darwinian
selection of fluke genes. We have demonstratediiegbhenotypic effects of a gene can
extend, not only to inanimate objects like stores,to 'other’ living bodies too.

The story of the snails and flukes is only the bagig. Parasites of all types have long
been known to exert fascinatingly insidious infloes on their hosts. A species of
microscopic protozoan parasite called Nosema, winigsts the larvae of flour beetles,
has 'discovered' how to manufacture a chemicalishagry special for the beetles. Like
other insects, these beetles have a hormone ¢h##gdvenile hormone which keeps
larvae as larvae. The normal change from larvaltdt @s triggered by the larva ceasing
production of juvenile hormone. The parasite Noseasmsucceeded in synthesizing (a
close chemical analogue of) this hormone. Millioh&osema club together to mass-
produce juvenile hormone in the beetle larva's btugreby preventing it from turning
into an adult. Instead it goes on growing, endip@s a giant larva more than twice the
weight of a normal adult. No good for propagatirgtte genes, but a cornucopia for
Nosema parasites. Giantism in beetle larvae isxeended phenotypic effect of
protozoan genes.

And here is a case history to provoke even moradia@ anxiety than the Peter Pan
beetles-parasitic castration! Crabs are parasitiyeal creature called Sacculina.
Sacculina is related to barnacles, though you wthifk, to look at it, that it was a
parasitic plant. It drives an elaborate root systie@p into the tissues of the unfortunate
crab, and sucks nourishment from its body. It @bpbly no accident that among the first
organs that it attacks are the crab's testiclevaries; it spares the organs that the crab
needs to survive-as opposed to reproduce-till.|3tee crab is effectively castrated by the
parasite. Like a fattened bullock, the castratedb cliverts energy and resources away
from reproduction and into its own body-rich piogenfor the parasite at the expense of
the crab's reproduction. Very much the same stiycanjectured for Nosema in the
flour beetle and for the fluke in the snail. Inthliee cases the changes in the host, if we
accept that they are Darwinian adaptations fob#meefit of the parasite, must be seen as
extended phenotypic effects of parasite genes. & émen, reach outside their ‘'own’ body
to influence phenotypes in other bodies.

To quite a large extent the interests of paragteeg and host genes may coincide. From
the selfish gene point of view we can think of bittke genes and snail genes as
'parasites’ in the snail body. Both gain from besngounded by the same protective
shell, though they diverge from one another ingrexise thickness of shell that they



‘prefer'. This divergence arises, fundamentaltymfithe fact that their method of leaving
this snail's body and entering another one is iiffe For the snail genes the method of
leaving is via snail sperms or eggs. For the feikenes it is very different. Without
going into the details (they are distractingly cdicgied) what matters is that their genes
do not leave the snail's body in the snail's spenmneggs.

| suggest that the most important question to askibany parasite is this. Are its genes
transmitted to future generations via the sameckehias the host's genes? If they are not,
| would expect it to damage the host, in one wagrmther. But if they are, the parasite
will do all that it can to help the host, not omdysurvive but to reproduce. Over
evolutionary time it will cease to be a parasitél @ooperate with the host, and may
eventually merge into the host's tissues and becomexognizable as a parasite at all.
Maybe, as | suggested earlier, our cells have damgcross this evolutionary spectrum:
we are all relics of ancient parasitic mergers.

Look at what can happen when parasite genes andy&oss do share a common exit.
Wood-boring ambrosia beetles (of the species Xyleberrugineus) are parasitized by
bacteria that not only live in their host's body also use the host's eggs as their
transport into a new host. The genes of such gasasierefore stand to gain from almost
exactly the same future circumstances as the gdribsir host. The two sets of genes
can be expected to 'pull together' for just theesamasons as all the genes of one
individual organism normally pull together. It isalevant that some of them happen to
be 'beetle genes’, while others happen to be Heajenes'. Both sets of genes are
'interested’ in beetle survival and the propagatidmeetle eggs, because both 'see’ beetle
eggs as their passport to the future. So the baktgmes share a common destiny with
their host's genes, and in my interpretation weikhexpect the bacteria to cooperate
with their beetles in all aspects of life.

It turns out that 'cooperate’ is putting it mildljhe service they perform for the beetles
could hardly be more intimate. These beetles happbe haplodiploid, like bees and
ants (see Chapter 10). If an egg is fertilized Inyade, it always develops into a female.
An unfertilized egg develops into a male. Malesptimer words, have no father. The eggs
that give rise to them develop spontaneously, witheing penetrated by a sperm. But,
unlike the eggs of bees and ants, ambrosia begiedon need to be penetrated by
something. This is where the bacteria come in. Tgrek the unfertilized eggs into
action, provoking them to develop into male beeflémse bacteria are, of course, just
the kind of parasites that, | argued, should céabe parasitic and become mutualistic,
precisely because they are transmitted in the efytijige host, together with the host's
‘own’ genes. Ultimately, their 'own' bodies arelykto disappear, merging into the 'host'
body completely.

A revealing spectrum can still be found today amgpecies of hydra-small, sedentary,
tentacled animals, like freshwater sea anemonesr Tissues tend to be parasitized by
algae. (The 'g' should be pronounced hard. Foramkireasons some biologists, not
least in America, have recently taken to sayingyAdg in Algernon, not only for the
plural 'algae’, which is-just-forgivable, but afeo the singular 'alga’, which is not.) In the



species Hydra vulgaris and Hydra attenuata, theeeadge real parasites of the hydras,
making them ill. In Chlorohydra viridissitnay oretiother hand, the algae are never
absent from the tissues of the hydras, and malsefallLcontribution to their well-being,
providing them with oxygen. Now here is the intéireg point. Just as we should expect,
in Chlorohydra the algae transmit themselves tothe generation by means of the
hydra's egg. In the other two species they doTiw.interests of alga genes and
Chlorohydra genes coincide. Both are interestatbing everything in their power to
increase production of Chlorohydra eggs. But theegeof the other two species of hydra
do not 'agree’ with the genes of their algae. Nohé same extent, anyway. Both sets of
genes may have an interest in the survival of hipddies. But only hydra genes care
about hydra reproduction. So the algae hang omlaifitdting parasites rather than
evolving towards benign cooperation. The key pdmtepeat it, is that a parasite whose
genes aspire to the same destiny as the genestafst shares all the interests of its host
and will eventually cease to act parasitically.

Destiny, in this case, means future generationkr@lydra genes and alga genes, beetle
genes and bacteria genes, can get into the futlyes@ the host's eggs. Therefore,
whatever ‘calculations' the parasite genes maketapdimal policy, in any department
of life, will converge on exactly, or nearly exagtthe same optimal policy as similar
‘calculations’ made by host genes. In the cadeec$nail and its fluke parasites, we
decided that their preferred shell thicknesses wWa@rgent. In the case of the ambrosia
beetle and its bacteria, host and parasite wikegn preferring the same wing length,
and every other feature of the beetle's body. Wiepcadict this without knowing any
details of exactly what the beetles might use tivaiigs, or anything else, for. We can
predict it simply from our reasoning that both beztle genes and the bacterial genes
will take whatever steps lie in their power to eregr the same future events-events
favourable to the propagation of beetle eggs.

We can take this argument to its logical conclusind apply it to normal, ‘'own’ genes.
Our own genes cooperate with one another, not sediey are our own but because
they share the same outlet- sperm or egg-intoutugd. If any genes of an organism,
such as a human, could discover a way of spreddargselves that did not depend on
the conventional sperm or egg route, they woulé taland be less cooperative. This is
because they would stand to gain by a differenbfsgtture outcomes from the other
genes in the body. We've already seen examplesnasgthat bias meiosis in their own
favour. Perhaps there are also genes that haverbmk of the sperm/egg ‘proper
channels' altogether and pioneered a sideways.route

There are fragments of DNA that are not incorpalatechromosomes but float freely
and multiply in the fluid contents of cells, eslyi bacterial cells. They go under
various names such as viroids or plasmids. A pldssneven smaller than a virus, and it
normally consists of only a few genes. Some plasraré capable of splicing themselves
seamlessly into a chromosome. So smooth is theesthlat you can't see the join: the
plasmid is indistinguishable from any other parthed chromosome. The same plasmids
can also cut themselves out again. This abilitpNfA to cut and splice, to jump in and
out of chromosomes at the drop of a hat, is ortbeMmore exciting facts that have come



to light since the first edition of this book washfished. From some points of view it
does not really matter whether these fragmentsnaigd as invading parasites or
breakaway rebels. Their likely behaviour will be game. | shall talk about a breakaway
fragment in order to emphasize my point.

Consider a rebel stretch of human DNA that is chpabsnipping itself out of its
chromosome, floating freely in the cell, perhapstiplying itself up into many copies,
and then splicing itself into another chromosoméat\unorthodox alternative routes
into the future could such a rebel replicator expl@ve are losing cells continually from
our skin; much of the dust in our houses consistaipsloughed-off cells. We must be
breathing in one another's cells all the time.olfi yiraw your fingernail across the inside
of your mouth it will come away with hundreds ofitig cells. The kisses and caresses of
lovers must transfer multitudes of cells both walystretch of rebel DNA could hitch a
ride in any of these cells. If genes could discavehink of an unorthodox route through
to another body (alongside, or instead of, theamltix sperm or egg route), we must
expect natural selection to favour their opportomand improve it. As for the precise
methods that they use, there is no reason why #temdd be any different from the
machinations-all too predictable to a selfish gexihded phenotype theorist-of viruses.

When we have a cold or a cough, we normally thiinthe symptoms as annoying
byproducts of the virus's activities. But in sonases it seems more probable that they
are deliberately engineered by the virus to help itavel from one host to another. Not
content with simply being breathed into the atmesphthe virus makes us sneeze or
cough explosively. The rabies virus is transmiitedaliva when one animal bites
another. In dogs, one of the symptoms of the desesathat normally peaceful and
friendly animals become ferocious biters, foamihtha mouth. Ominously too, instead
of staying within a mile or so of home like norndalgs, they turn into restless wanderers,
propagating the virus far afield. It has even b&aggested that the well-known
hydrophobic symptom encourages the dog to shakeehéam from its mouth-and

with it the virus. | do not know of any direct eeitce that sexually transmitted diseases
increase the libido of sufferers, but | conjectilvat it would be worth looking into.
Certainly at least one alleged aphrodisiac, Spdfighs said to work by inducing an
itch .. . and making people itch is just the kiddhong viruses are good at.

The point of comparing rebel human DNA with invagliparasitic viruses is that there
really isn't any important difference between th&inuses may well, indeed, have
originated as collections of breakaway genes. Ifwaat to erect any distinction, it
should be between genes that pass from body todadiie orthodox route of sperms or
eggs, and genes that pass from body to body vighodox, 'sideways' routes. Both
classes may include genes that originated as @womosomal genes. And both classes
may include genes that originated as external dimgaparasites. Or perhaps all 'own’
chromosomal genes should be regarded as mutuallgipe on one another. The
important difference between my two classes of gdies in the divergent circumstances
from which they stand to benefit in the future. dlccvirus gene and a breakaway human
chromosomal gene agree with one another in ‘'wartheg host to sneeze. An orthodox
chromosomal gene and a venereally transmitted aiguse with one another in wanting



their host to copulate. It is an intriguing thougat both would want the host to be
sexually attractive. More, an orthodox chromosog®ade and a virus that is transmitted
inside the host's egg would agree in wanting thet tlosucceed not just in its courtship
but in every detailed aspect of its life, down &irlg a loyal, doting parent and even
grandparent.

The caddis lives inside its house, and the pasasit | have so far discussed have lived
inside their hosts. The genes, then, are physiclilse to their extended phenotypic
effects, as close as genes ordinarily are to ttweiventional phenotypes. But genes can
act at a distance; extended phenotypes can extiemg) avay. One of the longest that |

can think of spans a lake. Like a spider web aadds house, a beaver dam is among the
true wonders of the world.

It is not entirely clear what its Darwinian purpasebut it certainly must have one, for
the beavers expend so much time and energy to builte lake that it creates probably
serves to protect the beaver's lodge from predatatso provides a convenient
waterway for travelling and for transporting loggavers use flotation for the same
reason as Canadian lumber companies use riversigimigenth-century coal merchants
used canals. Whatever its benefits, a beaver taieconspicuous and characteristic
feature of the landscape. It is a phenotype, rotlean the beaver's teeth and tail, and it
has evolved under the influence of Darwinian seactDarwinian selection has to have
genetic variation to work on. Here the choice ninzste been between good lakes and
less good lakes. Selection favoured beaver geagsnfide good lakes for transporting
trees, just as it favoured genes that made godll teefelling them. Beaver lakes are
extended phenotypic effects of beaver genes, anddin extend over several hundreds
of yards. A long reach indeed!

Parasites, too, don't have to live inside theit$idbeir genes can express themselves in
hosts at a distance. Cuckoo nestlings don't lisglenrobins or reed-warblers; they don't
suck their blood or devour their tissues, yet weehao hesitation in labelling them as
parasites. Cuckoo adaptations to manipulate thavielr of foster-parents can be looked
upon as extended phenotypic action at a distanceitikoo genes.

It is easy to empathize with foster parents dupéalincubating the cuckoo's eggs.
Human egg collectors, too, have been fooled bytitanny resemblance of cuckoo eggs
to, say, meadow-pipit eggs or reed-warbler egdgefdnt races of female cuckoos
specialize in different host species). What is Batd understand is the behaviour of
foster-parents later in the season, towards youngaos that are almost fledged. The
cuckoo is usually much larger, in some cases gyatdyg larger, than its 'parent’. | am
looking at a photograph of an adult dunnock, sollsimaomparison to its monstrous
foster-child that it has to perch on its back ideasrto feed it. Here we feel less sympathy
for the host. We marvel at its stupidity, its goility. Surely any fool should be able to
see that there is something wrong with a child thes.

| think that cuckoo nestlings must be doing ratiere than just ‘fooling’ their hosts,
more than just pretending to be something that éneg't. They seem to act on the host's



nervous system in rather the same way as an adelaitiig. This is not so hard to
sympathize with, even for those with no experienfcaddictive drugs. A man can be
aroused, even to erection, by a printed photoga#ghwoman's body. He is not 'fooled’
into thinking that the pattern of printing ink rlais a woman. He knows that he is only
looking at ink on paper, yet his nervous systerpaeds to it in the same kind of way as

it might respond to a real woman. We may find ttieations of a particular member of
the opposite sex irresistible, even though theebgiigment of our better self tells us

that a liaison with that person is not in anyof@'g-term interests. The same can be true
of the irresistible attractions of unhealthy fodthe dunnock probably has no conscious
awareness of its long-term best interests, soevén easier to understand that its nervous
system might find certain kinds of stimulation sistible.

So enticing is the red gape of a cuckoo nestliag iths not uncommon for ornithologists
to see a bird dropping food into the mouth of aybalckoo sitting in some other bird's
nest! A bird may be flying home, carrying food fts own young. Suddenly, out of the
corner of its eye, it sees the red super-gapeyofiag cuckoo, in the nest of a bird of
some quite different species. It is diverted todhen nest where it drops into the
cuckoo's mouth the food that had been destinetisf@wn young. The ‘irresistibility
theory' fits with the views of early German orniibgists who referred to foster-parents
as behaving like 'addicts’ and to the cuckoo megts their 'vice'. It is only fair to add
that this kind of language finds less favour witim& modern experimenters. But there's
no doubt that if we do assume that the cuckoo's gap powerful drug-like super-
stimulus, it becomes very much easier to explaiatugigoing on. It becomes easier to
sympathize with the behaviour of the diminutivegrdrstanding on the back of its
monstrous child. It is not being stupid. 'Foolesdhe wrong word to use. Its nervous
system is being controlled, as irresistibly as Wére a helpless drug addict, or as if the
cuckoo were a scientist plugging electrodes irgdrain.

But even if we now feel more personal sympathytiiermanipulated foster-parent, we
can still ask why natural selection has alloweddhekoos to get away with it. Why
haven't host nervous systems evolved resistantte ticed gape drug? Maybe selection
hasn't yet had time to do its work. Perhaps cuckao® only in recent centuries started
parasitizing their present hosts, and will in a featuries be forced to give them up and
victimize other species.

There is some evidence to support this theory.lBah't help feeling that there must be
more to it than that.

In the evolutionary 'arms race' between cuckoosaarychost species, there is a sort of
built-in unfairness, resulting from unequal codt$adure. Each individual cuckoo
nestling is descended from a long line of ancestiekoo nestlings, every single one of
whom must have succeeded in manipulating its fgseent. Any cuckoo nestling that
lost its hold, even momentarily, over its host wblbéive died as a result. But each
individual foster-parent is descended from a lang bf ancestors many of whom never
encountered a cuckoo in their lives. And those dihhave a cuckoo in their nest could
have succumbed to it and still lived to rear anobteod next season. The point is that



there is an asymmetry in the cost of failure. Gdoefailure to resist enslavement by
cuckoos can easily be passed down the generatioobios or dunnocks. Genes for
failure to enslave foster-parents cannot be padseah the generations of cuckoos. This
is what | meant by 'built-in unfairness’, and kgyfametry in the cost of failure'. The
point is summed up in one of Aesop's fables: "Hidbit runs faster than the fox, because
the rabbit is running for his life while the foxasly running for his dinner." My

colleague John Krebs and | have dubbed this fieé dinner principle'.

Because of the life/dinner principle, animals mightimes behave in ways that are not in
their own best interests, manipulated by some ath&nal. Actually, in a sense they are
acting in their own best interests: the whole poirthe life/dinner principle is that they
theoretically could resist manipulation but it wibdde too costly to do so. Perhaps to
resist manipulation by a cuckoo you need bigges eyea bigger brain, which would

have overhead costs. Rivals with a genetic tendenogsist manipulation would actually
be less successful in passing on genes, becatise @eonomic costs of resisting.

But we have once again slipped back into lookinkfefrom the point of view of the
individual organism rather than its genes. Whertalleed about flukes and snails we
accustomed ourselves to the idea that a paragéets could have phenotypic effects on
the host's body, in exactly the same way as anyalls genes have phenotypic effects on
its 'own' body. We showed that the very idea ofbam' body was a loaded assumption.
In one sense, all the genes in a body are ‘paragitnes, whether we like to call them the
body's 'own' genes or not. Cuckoos came into theudsion as an example of parasites
not living inside the bodies of their hosts. Thegmpulate their hosts in much the same
way as internal parasites do, and the manipulaéisnye have now seen, can be as
powerful and irresistible as any internal drug orrhone. As in the case of internal
parasites, we should now rephrase the whole matterms of genes and extended
phenotypes.

In the evolutionary arms race between cuckoos astshadvances on each side took the
form of genetic mutations arising and being favdurg natural selection. Whatever it is
about the cuckoo's gape that acts like a drug emdist's nervous system, it must have
originated as a genetic mutation. This mutationkedrvia its effect on, say, the colour
and shape of the young cuckoo's gape. But evenvdgsnot its most immediate effect.

Its most immediate effect was upon unseen cherhaggbenings inside cells.

The effect of genes on colour and shape of gapsei$ indirect. And now here is the
point. Only a little more indirect is the effecttbie same cuckoo genes on the behaviour
of the besotted host. In exactly the same sense asay speak of cuckoo genes having
(phenotypic)effects on the colour and shape of cadapes, so we may speak of cuckoo
genes having (extended phenotypic) effects onlbelsaviour. Parasite genes can have
effects on host bodies, not just when the parésis inside the host where it can
manipulate by direct chemical means, but when #ragite is quite separate from the
host and manipulates it from a distance. Indeedeaare about to see, even chemical
influences can act outside the body.



Cuckoos are remarkable and instructive creatunesalBhost any wonder among the
vertebrates can be surpassed by the insects. Eweythe advantage that there are just so
many of them; my colleague Robert May has aptlyeoled that 'to a good

approximation, all species are insects.' Inseckoos' defy listing; they are so numerous
and their habit has been reinvented so often. Sowamples that we'll look at have gone
beyond familiar cuckooism to fulfil the wildest fasies that The Extended Phenotype
might have inspired.

A bird cuckoo deposits her egg and disappears. Someuckoo females make their
presence felt in more dramatic fashion. | dong¢fgive Latin names, but
Bothriomyrmex regicidus and B. decapitans tellaystThese two species are both
parasites on other species of ants. Among all ahtxyurse, the young are normally fed
not by parents but by workers, so it is workerg #rey would-be cuckoo must fool or
manipulate. A useful first step is to dispose @ wWorkers' own mother with her
propensity to produce competing brood. In thesedpearies the parasite queen, all alone,
steals into the nest of another ant species. SHe srit the host queen, and rides about
on her back while she quietly performs, to quotev&d Wilson's artfully macabre
understatement, ‘the one act for which she is @hyggpecialized: slowly cutting off the
head of her victim'. The murderess is then adopyetthe orphaned workers, who
unsuspectingly tend her eggs and larvae. Someuanagred into workers themselves,
who gradually replace the original species in testnOthers become queens who fly out
to seek pastures new and royal heads yet unsevered.

But sawing off heads is a bit of a chore. Parasitesnot accustomed to exerting
themselves if they can coerce a stand-in. My fatw®@weharacter in Wilson's The Insect
Societies is Monomorium santschii. This speciegsy @volutionary time, has lost its
worker caste altogether. The host workers do ekgtfor their parasites, even the most
terrible task of all. At the behest of the invadpayasite queen, they actually perform the
deed of murdering their own mother. The usurpesdb@eed to use her jaws. She uses
mind-control. How she does it is a mystery; sheéopldy employs a chemical, for ant
nervous systems-are generally highly attuned tmthher weapon is indeed chemical,
then it is as insidious a drug as any known torsgeFor think what it accomplishes. It
floods the brain of the worker ant, grabs the reiniser muscles, woos her from deeply
ingrained duties and turns her against her own emofor ants, matricide is an act of
special genetic madness and formidable indeed beugte drug that drives them to it. In
the world of the extended phenotype, ask not hoaramal's behaviour benefits its
genes; ask instead whose genes it is benefiting.

It is hardly surprising that ants are exploitedplayasites, not just other ants but an
astonishing menagerie of specialist hangers-onké&f@nts sweep a rich flow of food
from a wide catchment area into a central hoard&lwtls a sitting target for freeloaders.
Ants are also good agents of protection: they aamed and numerous. The aphids
of Chapter 10 could be seen as paying out nectaréqrofessional bodyguards. Several
butterfly species live out their caterpillar stageide an ants' nest Some are
straightforward pillagers. Others offer somethiagite ants in return for protection.



Often they bristle, literally, with equipment foramipulating their protectors. The
caterpillar of a butterfly called Thisbe irenea Basound-producing organ in its head for
summoning ants, and a pair of telescopic spoutsitsegear end which exude seductive
nectar. On its shoulders stands another pair aflaszwhich cast an altogether more
subtle spell. Their secretion seems to be not fmdd volatile potion that has a dramatic
impact upon the ants' behaviour. An ant coming utfueinfluence leaps clear into the
air. Its jaws open wide and it turns aggressivenfare eager than usual to attack, bite
and sting any moving object. Except, significanthg caterpillar responsible for
drugging it. Moreover, an ant under the sway obpedpeddling caterpillar eventually
enters a state called binding', in which it becomssparable from its caterpillar for a
period of many days. Like an aphid, then, the gatar employs ants as bodyguards, but
it goes one better. Whereas aphids rely on thé mmiial aggression against predators,
the caterpillar administers an aggression-arouding and it seems to slip them
something addictively binding as well.

| have chosen extreme examples. But, in more maodkegs, nature teems with animals
and plants that manipulate others of the same diffeirent species. In all cases in which
natural selection has favoured genes for manimsiati is legitimate to speak of those
same genes as having (extended phenotypic) etiadtse body of the manipulated
organism. It doesn't matter in which body a gengsiially sits. The target of its
manipulation may be the same body or a differeet dlatural selection favours those
genes that manipulate the world to ensure their pr@pagation. This leads to what |
have called the Central Theorem of the Extended&tigpe: An animals behaviour tends
to maximize the survival of the genes 'for' thatdgour, whether or not those genes
happen to be in the body of the particular anineafggming it. | was writing in the
context of animal behaviour, but the theorem cauydgly, of course, to colour, size,
shape-to anything.

It is finally time to return to the problem with weh we started, to the tension between
individual organism and gene as rival candidateshfe central role in natural selection.
In earlier chapters | made the assumption thaethvis no problem, because individual
reproduction was equivalent to gene survival. uas=d there that you can say either The
organism works to propagate all its genes' or gdrees work to force a succession of
organisms to propagate them.' They seemed likeetywovalent ways of saying the same
thing, and which form of words you chose seemed#eanof taste. But somehow the
tension remained.

One way of sorting this whole matter out is to tieeterms ‘replicator' and ‘vehicle'. The
fundamental units of natural selection, the bdsgs that survive or fail to survive, that
form lineages of identical copies with occasioraldom mutations, are called
replicators. DNA molecules are replicators. Thegagally, for reasons that we shall
come to, gang together into large communal surwinathines or 'vehicles'. The vehicles
that we know best are individual bodies like ounow body, then, is not a replicator; it
is a vehicle. | must emphasize this, since thetgws been misunderstood. Vehicles
don't replicate themselves; they work to propagade replicators. Replicators don't
behave, don't perceive the world, don't catch prayin away from predators; they make



vehicles that do all those things. For many purpaisis convenient for biologists to
focus their attention at the level of the vehi€ler other purposes it is convenient for
them to focus their attention at the level of teplicator. Gene and individual organism
are not rivals for the same starring role in thevidaian drama. They are cast in
different, complementary and in many respects éygjuaportant roles, the role of
replicator and the role of vehicle. The replicatehicle terminology is helpful in various
ways. For instance it clears up a tiresome contsyvever the level at which natural
selection acts. Superficially it might seem logimaplace 'individual selection’ on a sort
of ladder of levels of selection, halfway betwelea gene selection' advocated in Chapter
3 and the 'group selection’ criticized in Chapteémdividual selection' seems vaguely to
be a middle way between two extremes, and mangdisis and philosophers have been
seduced into this facile path and treated it ak.sBat we can now see that it isn't like
that at all. We can now see that the organism la@d@toup of organisms are true rivals
for the vehicle role in the story, but neither loéin is even a candidate for the replicator
role. The controversy between 'individual selectaomd 'group selection' is a real
controversy between alternative vehicles. The cmensy between individual selection
and gene selection isn't a controversy at allgéore and organism are candidates for
different, and complementary, roles in the stang, teplicator and the vehicle.

The rivalry between individual organism and gro@ipr@anisms for the vehicle role,
being a real rivalry, can be settled. As it happgéesoutcome, in my view, is a decisive
victory for the individual organism. The group @®twishy-washy an entity. A herd of
deer, a pride of lions or a pack of wolves hasrtacerudimentary coherence and unity
of purpose. But this is paltry in comparison to tlkderence and unity of purpose of the
body of an individual lion, wolf, or deer. Thatghs true is now widely accepted, but
why is it true? Extended phenotypes and parasitesigain help us.

We saw that when the genes of a parasite workhegetith each other, but in

opposition to the genes of the host (which all waadether with each other), it is because
the two sets of genes have different methods efrgahe shared vehicle, the host's
body. Snail genes leave the shared vehicle vid sparm and eggs. Because all snail
genes have an equal stake in every sperm and eggryecause they all participate in
the same unpartisan meiosis, they work togethethiscommon good, and therefore tend
to make the snail body a coherent, purposeful Wehite real reason why a fluke is
recognizably separate from its host, the reasonitdiyesn't merge its purposes and its
identity with the purposes and identity of the hasthat the fluke genes don't share the
snail genes' method of leaving the shared vehacld,don't share in the snail's meiotic
lottery-they have a lottery of their own. Therefaiethat extent and that extent only, the
two vehicles remain separated as a snail and gmeably distinct fluke inside it. If

fluke genes were passed on in snail eggs and spdrensvo bodies would evolve to
become as one flesh. We mightn't even be abldltihé&t there ever had been two
vehicles.

'Single’ individual organisms such as ourselvedlaailtimate embodiment of many
such mergers. The group of organisms-the flockiraisbthe pack of wolves-does not
merge into a single vehicle, precisely becausgémes in the flock or the pack do not



share a common method of leaving the present \&hid be sure, packs may bud off
daughter packs. But the genes in the parent patk plass to the daughter pack in a
single vessel in which all have an equal share.gémes in a pack of wolves don't all
stand to gain from the same set of events in theduA gene can foster its own future
welfare by favouring its own individual wolf, atelexpense of other individual wolves.
An individual wolf, therefore, is a vehicle wortloy the name. A pack of wolves is not.
Genetically speaking, the reason for this is thidha cells except the sex cells in a wolf's
body have the same genes, while, as for the sésg a#llthe genes have an equal chance
of being in each one of them. But the cells in ekpaf wolves do not have the same
genes, nor do they have the same chance of bethg itells of sub-packs that are
budded off. They have everything to gain by strugphgainst rivals in other wolf bodies
(although the fact that a wolf-pack is likely to &&in group will mitigate the struggle).

The essential quality that an entity needs, & iioi become an effective gene vehicle, is
this. It must have an impartial exit channel irfte future, for all the genes inside it. This
is true of an individual wolf. The channel is théntstream of sperms, or eggs, which it
manufactures by meiosis. It is not true of the paickolves. Genes have something to
gain from selfishly promoting the welfare of theiwn individual bodies, at the expense
of other genes in the wolf pack. A bee-hive, wheswiarms, appears to reproduce by
broad-fronted budding, like a wolf pack. But if Ya@k more carefully we find that, as
far as the genes are concerned, their destinygsliashared. The future of the genes in
the swarm is, at least to a large extent, lodgdterovaries of one queen. This is why-it
is just another way of expressing the messagerbéeehapters-the bee colony looks and
behaves like a truly integrated single vehicle.

Everywhere we find that life, as a matter of facthundled into discrete, individually
purposeful vehicles like wolves and bee-hives. tBBatdoctrine of the extended
phenotype has taught us that it needn't have edrusdamentally, all that we have a
right to expect from our theory is a battlegrouhdeplicators, jostling, jockeying,

fighting for a future in the genetic hereafter. Maxeapons in the fight are phenotypic
effects, initially direct chemical effects in celiat eventually feathers and fangs and even
more remote effects. It undeniably happens to betise that these phenotypic effects
have largely become bundled up into discrete vekj@&ach with its genes disciplined
and ordered by the prospect of a shared bottleokeskerms or eggs funnelling them into
the future. But this is not a fact to be takendmanted. It is a fact to be questioned and
wondered at in its own right. Why did genes congetber into large vehicles, each with
a single genetic exit route? Why did genes choogming up and make large bodies for
themselves to live in? In The Extended Phenotygtéempt to work out an answer to this
difficult problem. Here | can sketch only a partleft answer-although, as might be
expected after seven years, | can also now takéttte further.

| shall divide the question up into three. Why da&hes gang up in cells? Why did cells
gang up in many-celled bodies? And why did bodaspawhat | shall call a
‘bottlenecked' life cycle?



First then, why did genes gang up in cells? Whytdate ancient replicators give up the
cavalier freedom of the primeval soup and takemarsiing in huge colonies? Why do
they cooperate? We can see part of the answemobkinip at how modern DNA
molecules cooperate in the chemical factoriesdahativing cells. DNA molecules make
proteins. Proteins work as enzymes, catalysingqudait chemical reactions. Often a
single chemical reaction is not sufficient to sy#ize a useful end-product. In a human
pharmaceutical factory the synthesis of a usefahtbal needs a production line. The
starting chemical cannot be transformed directly the desired end-product. A series of
intermediates must be synthesized in strict sequéviach of a research chemist's
ingenuity goes into devising pathways of feasibterimediates between starting
chemicals and desired end-products. In the samesingle enzymes in a living cell
usually cannot, on their own, achieve the synthelsegsuseful end-product from a given
starting chemical. A whole set of enzymes is neangs®ne to catalyse the
transformation of the raw material into the firstearmediate, another to catalyse the
transformation of the first intermediate into tleesnd, and so on.

Each of these enzymes is made by one gene. Ifueeseg of six enzymes is needed for a
particular synthetic pathway, all six genes for mgkhem must be present. Now it is
quite likely that there are two alternative pathw&yr arriving at that same end-product,
each needing six different enzymes, and with ngtlinchoose between the two of them.
This kind of thing happens in chemical factoriesit¥t pathway is chosen may be
historical accident, or it may be a matter of maeéberate planning by chemists. In
nature's chemistry the choice will never, of coulsea deliberate one. Instead it will
come about through natural selection. But how Georal selection see to it that the two
pathways are not mixed, and that cooperating grotipempatible genes emerge? In
very much the same way as | suggested with my gpalbthe German and English
rowers (Chapter 5). The important thing is thataeyfor a stage in pathway 1 will
flourish in the presence of genes for other stageathway 1, but not in the presence of
pathway 2 genes. If the population already happebs dominated by genes for
pathway 1, selection will favour other genes fathpay 1, and penalize genes for
pathway 2. And vice versa. Tempting as it is, pasitively wrong to speak of the genes
for the six enzymes of pathway 2 being selected @®up’. Each one is selected as a
separate selfish gene, but it flourishes only eaghesence of the right set of other genes.

Nowadays this cooperation between genes goes amwills. It must have started as
rudimentary cooperation between self-replicatindanales in the primeval soup (or
whatever primeval medium there was). Cell wallhpps arose as a device to keep
useful chemicals together and stop them leaking/aiany of the chemical reactions in
the cell actually go on in the fabric of membrareesjembrane acts as a combined
conveyor-belt and test-tube rack. But cooperatietavben genes did not stay limited to
cellular biochemistry. Cells came together (orddito separate after cell division) to
form many-celled bodies.

This brings us to the second of my three questidfisy did cells gang together; why the
lumbering robots? This is another question aboapemtion. But the domain has shifted
from the world of molecules to a larger scale. Mapiled bodies outgrow the



microscope. They can even become elephants or svii2deng big is not necessarily a
good thing: most organisms are bacteria and vevyafe elephants. But when the ways
of making a living that are open to small organisrage all been filled, there are still
prosperous livings to be made by larger organid@sge organisms can eat smaller ones,
for instance, and can avoid being eaten by them.

The advantages of being in a club of cells doo}p stith size. The cells in the club can
specialize, each thereby becoming more efficiepeaiorming its particular task.
Specialist cells serve other cells in the club ey also benefit from the efficiency of
other specialists. If there are many cells, sonmespeecialize as sensors to detect prey,
others as nerves to pass on the message, oth&mgsg cells to paralyse the prey,
muscle cells to move tentacles and catch the gexygetory cells to dissolve it and yet
others to absorb the juices. We must not forget #tdeast in modern bodies like our
own, the cells are a clone. All contain the sameegealthough different genes will be
turned on in the different specialist cells. Geimesach cell type are directly benefiting
their own copies in the minority of cells speciatizfor reproduction, the cells of the
immortal germ line.

So, to the third question. Why do bodies parti@gata 'bottle-necked' life cycle?

To begin with, what do | mean by bottlenecked? Nudter how many cells there may be
in the body of an elephant, the elephant begara$ifa single cell, a fertilized egg. The
fertilized egg is a narrow bottleneck which, duregmgbryonic development, widens out
into the trillions of cells of an adult elephantnndno matter how many cells, of no matter
how many specialized types, cooperate to perfoeuthmaginably complicated task of
running an adult elephant, the efforts of all thoskis converge on the final goal of
producing single cells again-sperms or eggs. Téehalnt not only has its beginning in a
single cell, a fertilized egg. Its end, meaninggidgl or end-product, is the production of
single cells, fertilized eggs of the next generatibhe life cycle of the broad and bulky
elephant both begins and ends with a narrow bettlenThis bottlenecking is
characteristic of the life cycles of all many-cdl@nimals and most plants. Why? What is
its significance? We cannot answer this withoutsodering what life might look like
without it.

It will be helpful to imagine two hypothetical spes of seaweed called bottle-wrack and
splurge-weed. Splurge-weed grows as a set of singggmorphous branches in the sea.
Every now and then branches break off and driftyawaese breakages can occur
anywhere in the plants, and the fragments canrige lar small. As with cuttings in a
garden, they are capable of growing just like thgimal plant. This shedding of parts is
the species’'s method of reproducing. As you witlagg it isn't really different from its
method of growing, except that the growing partsobbee physically detached from one
another.

Bottle-wrack looks the same and grows in the sanaggly way. There is one crucial
difference, however. It reproduces by releasinglsitelled spores which drift off in the
sea and grow into new plants. These spores areglistof the plant like any others. As



in the case of splurge-weed, no sex is involvee@ ddéughters of a plant consist of cells
that are clone-mates of the cells of the paremitplehe only difference between the two
species is that splurge-weed reproduces by hivilhghoinks of itself consisting of
indeterminate numbers of cells, while bottle-wragggroduces by hiving off chunks of
itself always consisting of single cells.

By imagining these two kinds of plant, we have eéro on the crucial difference
between a bottlenecked and an unbottleneckedyidke cBottle-wrack reproduces by
squeezing itself, every generation, through a shoglled bottleneck. Splurge-weed just
grows and breaks in two. It hardly can be saidasspss discrete 'generations’, or to
consist of discrete 'organisms’, at all. What albadtle-wrack? I'll spell it out soon, but
we can already see an inkling of the answer. Dbbsttle-wrack already seem to have a
more discrete, 'organismy’ feel to it?

Splurge-weed, as we have seen, reproduces byrnie@acess as it grows. Indeed it
scarcely reproduces at all. Bottle-wrack, on thieephand, makes a clear separation
between growth and reproduction. We may have zdroed the difference, but so what?
What is the significance of it? Why does it mattehave thought a long time about this
and | think | know the answer. (Incidentally, it sMaarder to work out that there was a
guestion than to think of the answer!) The ansveerlwe divided into three parts, the first
two of which have to do with the relationship betweavolution and embryonic
development.

First, think about the problem of evolving a conxpbegan from a simpler one. We don't
have to stay with plants, and for this stage ofdfgeiment it might be better to switch to
animals because they have more obviously compticatgans. Again there is no need to
think in terms of sex; sexual versus asexual ratan is a red herring here. We can
imagine our animals reproducing by sending off eanal spores, single cells that,
mutations aside, are genetically identical to omatlaer and to all the other cells in the
body.

The complicated organs of an advanced animal likeraan or a woodlouse have
evolved by gradual degrees from the simpler orgdascestors. But the ancestral organs
did not literally change themselves into the dedeehorgans, like swords being beaten
into ploughshares. Not only did they not. The podmant to make is that in most cases
they could not. There is only a limited amount lbcge that can be achieved by direct
transformation in the 'swords to ploughshares' raarfReally radical change can be
achieved only by going 'back to the drawing bodhdgwing away the previous design
and starting afresh. When engineers go back tdrdnging board and create a new
design, they do not necessarily throw away thesidiean the old design. But they don't
literally try to deform the old physical objectanthe new one. The old object is too
weighed down with the clutter of history. Maybe yman beat a sword into a
ploughshare, but try 'beating’ a propellor engirie a jet engine! You can't do it. You
have to discard the propellor engine and go batkdarawing board.



Living things, of course, were never designed awing boards. But they do go back to
fresh beginnings. They make a clean start in egengration. Every new organism

begins as a single cell and grows anew. It inhéngsdeas of ancestral design, in the
form of the DNA program, but it does not inherié tbhysical organs of its ancestors. It
does not inherit its parent's heart and remoulitata new (and possibly improved)

heart. It starts from scratch, as a single cell, grows a new heart, using the same design
program as its parent's heart, to which improvemardy be added. You see the
conclusion | am leading up to. One important thabgut a 'bottlenecked:' life cycle is that
it makes possible the equivalent of going back&drawing board.

Bottlenecking of the life cycle has a second, eglatonsequence. It provides a 'calendar’
that can be used to regulate the processes of eiobyy In a bottlenecked life cycle,
every fresh generation marches through approximétel same parade of events. The
organism begins as a single cell. It grows by dwikion. And it reproduces by sending
out daughter cells. Presumably it eventually diess that is less important than it seems
to us mortals; as far as this discussion is comtethe end of the cycle is reached when
the present organism reproduces and a new genesatigcle begins. Although in theory
the organism could reproduce at any time duringritsvth phase, we can expect that
eventually an optimum time for reproduction wouildezge. Organisms that released
spores when they were too young or too old woubtligmwith fewer descendants than
rivals that built up their strength and then reéeha massive number of spores when in
the prime of life.

The argument is moving towards the idea of a stgpedl, regularly repeating life cycle.
Not only does each generation begin with a singléed bottleneck. It also has a growth
phase-'childhood'-of rather fixed duration. Thestbduration, the stereotypy, of the
growth phase, makes it possible for particularghito happen at particular times during
embryonic development, as if governed by a strisigerved calendar. To varying
extents in different kinds of creature, cell digiss during development occur in rigid
sequence, a sequence that recurs in each repaetitiba life cycle. Each cell has its own
location and time of appearance in the roster bfdbasions. In some cases, incidentally,
this is so precise that embryologists can giveraentb each cell, and a given cell in one
individual organism can be said to have an exaght@ypart in another organism.

So, the stereotyped growth cycle provides a clockalendar, by means of which
embryological events may be triggered. Think of hreadily we ourselves use the cycles
of the earth's daily rotation, and its yearly cmmavigation of the sun, to structure and
order our lives. In the same way, the endlesslgaiggal growth rhythms imposed by a
bottlenecked life cycle will-it seems almost in@bike-be used to order and structure
embryology. Particular genes can be switched ornofirat particular times because the
bottleneck/growth-cycle calendar ensures that tisesach a thing as a particular time.
Such well-tempered regulations of gene activityapeerequisite for the evolution of
embryologies capable of crafting complex tissuas@gans. The precision and
complexity of an eagle's eye or a swallow's wingldon't emerge without clockwork
rules for what is laid down when.



The third consequence of a bottlenecked life hysitoa genetic one. Here, the example
of bottle-wrack and splurge-weed serves us agasuming, again for simplicity, that
both species reproduce asexually, think about @y might evolve. Evolution requires
genetic change, mutation. Mutation can happen duany cell division. In splurge-weed,
cell lineages are broad-fronted, the opposite ttldaecked. Each branch that breaks
apart and drifts away is many-celled. It is therefguite possible that two cells in a
daughter will be more distant relatives of one hapthan either is to cells in the parent
plant. (By 'relatives’, | literally mean cousinsagdchildren and so on. Cells have definite
lines of descent and these lines are branchingosds like second cousin can be used of
cells in a body without apology.) Bottle-wrack @if§ sharply from splurge-weed here.

All cells in a daughter plant are descended frosmgle spore cell, so all cells in a given
plant are closer cousins (or whatever) of one ardtian of any cell in another plant.

This difference between the two species has impbogeanetic consequences. Think of
the fate of a newly mutated gene, first in splungeed, then in bottle-wrack. In splurge-
weed, the new mutation can arise in any cell, ymtaanch of the plant. Since daughter
plants are produced by broad-fronted budding, lideacendants of the mutant cell can
find themselves sharing daughter plants and grangdater plants with unmutated cells
which are relatively distant cousins of themselhedottle-wrack, on the other hand, the
most recent common ancestor of all the cells itaatps no older than the spore that
provided the plant's bottlenecked beginning. It 8@ore contained the mutant gene, all
the cells of the new plant will contain the mutgane. If the spore did not, they will not.
Cells in bottle-wrack will be more genetically umiin within plants than cells in splurge-
weed (give or take an occasional reverse-mutatlorfottle-wrack, the individual plant
will be a unit with a genetic identity, will deserthe name individual. Plants of splurge-
weed will have less genetic identity, will be lesgitled to the name 'individual' than
their opposite numbers in bottle-wrack.

This is not just a matter of terminology. With nmtidas around, the cells within a plant of
splurge-weed will not have all the same genetiergdts at heart. A gene in a splurge-
weed cell stands to gain by promoting the repradoatf its cell. It does not necessarily
stand to gain by promoting the reproduction ofiitdividual’ plant. Mutation will make it
unlikely that the cells within a plant are gendticalentical, so they won't collaborate
wholeheartedly with one another in the manufactiirergans and new plants. Natural
selection will choose among cells rather than Yglaim bottle-wrack, on the other hand,
all the cells within a plant are likely to have t&me genes, because only very recent
mutations could divide them. Therefore they wilppdy collaborate in manufacturing
efficient survival machines. Cells in different pta are more likely to have different
genes. After all, cells that have passed throuffbrdint bottlenecks may be distinguished
by all but the most recent mutations-and this méla@snajority. Selection will therefore
judge rival plants, not rival cells as in splurgeed. So we can expect to see the
evolution of organs and contrivances that servemtae plant.

By the way, strictly for those with a professioirdkrest, there is an analogy here with
the argument over group selection. We can thirknohdividual organism as a 'group’ of
cells. A form of group selection can be made tokwprovided some means can be found



for increasing the ratio of between-group variationvithin-group variation. Bottle-
wrack's reproductive habit has exactly the effé@horeasing this ratio; splurge-weed's
habit has just the opposite effect. There are sitedarities, which may be revealing but
which | shall not explore, between 'bottleneckeg two other ideas that have
dominated this chapter. Firstly the idea that peeasvill cooperate with hosts to the
extent that their genes pass to the next genergtithe same reproductive cells as the
genes of the hosts- squeezing through the samlenmtk. And secondly the idea that the
cells of a sexually reproducing body cooperate wdhh other only because meiosis is
scrupulously fair.

To sum up, we have seen three reasons why a letked life history tends to foster the
evolution of the organism as a discrete and unitahicle. The three may be labelled,
respectively, 'back to the drawing board', 'ordérhing-cycle’, and 'cellular uniformity'.
Which came first, the bottlenecking of the life leyar the discrete organism? | should
like to think that they evolved together. Indeesii$pect that the essential, defining
feature of an individual organism is that it isratuhat begins and ends with a single-
celled bottleneck. If life cycles become bottleretkiving material seems bound to
become boxed into discrete, unitary organisms. thednore that living material is
boxed into discrete survival machines, the morétivd cells of those survival machines
concentrate their efforts on that special classetié that are destined to ferry their shared
genes through the bottleneck into the next germralihe two phenomena, bottlenecked
life cycles and discrete organisms, go hand in hAsdeach evolves, it reinforces the
other. The two are mutually enhancing, like theang feelings of a woman and a man
during the progress of a love affair.

The Extended Phenotype is a long book and its aegtisannot easily be crammed into
one chapter. | have been obliged to adopt heredersed, rather intuitive, even
impressionistic style. | hope, nevertheless, thatve succeeded in conveying the flavour
of the argument.

Let me end with a brief manifesto, a summary ofdhtre selfish gene/extended
phenotype view of life. It is a view, | maintaimat applies to living things everywhere in
the universe. The fundamental unit, the prime mav¥ell life, is the replicator. A
replicator is anything in the universe of which @&spare made. Replicators come into
existence, in the first place, by chance, by timeloan jostling of smaller particles. Once a
replicator has come into existence it is capablgenferating an indefinitely large set of
copies of itself. No copying process is perfectyaeer, and the population of replicators
comes to include varieties that differ from onethero. Some of these varieties turn out to
have lost the power of self-replication, and thkénd ceases to exist when they
themselves cease to exist. Others can still replitat less effectively. Yet other
varieties happen to find themselves in possesdioew tricks: they turn out to be even
better self-replicators than their predecessorscantemporaries. It is their descendants
that come to dominate the population. As time dngthe world becomes filled with the
most powerful and ingenious replicators.



Gradually, more and more elaborate ways of beiggaal replicator are discovered.
Replicators survive, not only by virtue of their mwmtrinsic properties, but by virtue of
their consequences on the world. These consequeandse quite indirect. All that is
necessary is that eventually the consequencesMeowatuous and indirect, feed back
and affect the success of the replicator at geits®if copied.

The success that a replicator has in the worlddeiiend on what kind of a world it is-
the pre-existing conditions. Among the most impatrtaf these conditions will be other
replicators and their consequences. Like the Emglisl German rowers, replicators that
are mutually beneficial will come to predominateeach other's presence. At some point
in the evolution of life on our earth, this ganging of mutually compatible replicators
began to be formalized in the creation of discveteicles-cells and, later, many-celled
bodies. Vehicles that evolved a bottlenecked Mee prospered, and became more
discrete and vehicle-like.

This packaging of living material into discrete iaé&s became such a salient and
dominant feature that, when biologists arrivedlmgcene and started asking questions
about life, their questions were mostly about vigisigndividual organisms. The
individual organism came first in the biologisttssciousness, while the replicators-now
known as genes-were seen as part of the machised/hy individual organisms. It
requires a deliberate mental effort to turn bioldlgg right way up again, and remind
ourselves that the replicators come first, in inb@ace as well as in history.

One way to remind ourselves is to reflect thatheteelay, not all the phenotypic effects
of a gene are bound up in the individual body inchfit sits. Certainly in principle, and
also in fact, the gene reaches out through theiohal body wall and manipulates
objects in the world outside, some of them inanenabme of them other living beings,
some of them a long way away. With only a littleagimation we can see the gene as
sitting at the centre of a radiating web of extehgkenotypic power. And an object in
the world is the centre of a converging web ofuafices from many genes sitting in
many organisms. The long reach of the gene knowsbrmus boundaries. The whole
world is criss-crossed with causal arrows joinieges to phenotypic effects, far and
near.

It is an additional fact, too important in practtoebe called incidental but not necessary
enough in theory to be called inevitable, that ¢hemusal arrows have become bundled
up. Replicators are no longer peppered freely tiindbe sea; they are packaged in huge
colonies-individual bodies. And phenotypic consegés, instead of being evenly
distributed throughout the world, have in many sasengealed into those same bodies.
But the individual body, so familiar to us on odaupet, did not have to exist. The only
kind of entity that has to exist in order for lif@arise, anywhere in the universe, is the
immortal replicator.

THE END
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