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PREFACE

T his book is based on a series of lectures delivered in
January 1931 at the Prifysgol Cymru, Aberystwyth,
and entitled “ A Re-examination of Darwinism.5
These lectures were endowed by the munificence
of the Davies family, with the provision that their
substance should be published in book form. This
admirable condition ensures that, unlike the average
university lectures, which stale with great rapidity,
they should only be delivered once, and also that
they should be made generally available before any
novelty which they may possess has worn off.

Apart from the Appendix, | have added very
little to the lectures as delivered. | doubt whether
the time is yet ripe for a really comprehensive book
covering the same ground, because our knowledge
of the cytological nature of differences between
species is increasing so rapidly as to render any
account of these differences very provisional.

Readers who are not versed in biology will be
well advised to skim lightly over Chapters Il and 111,
which summarise our knowledge of those branches
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PREFACE

of genetics which are most important to the book’s
argument. | fear that the mathematical appendix
will have a limited appeal. But | venture to hope
that certain arguments in the body of the book
(in particular that which purports to prove that
mutation, Lamarckian transformation, and so on,
cannot prevail against natural selection of even
moderate intensity) will not be rejected unless a
fallacy is discovered in the mathematical reasoning
on which they rest.

I have to thank my colleagues of the John Innes
Horticultural Institution, not only for permission to
mention their unpublished work, but for many of
the ideas which are here presented. Finally | wish
to record here the very pleasant memories which
I preserve of the week during which | had the
honour to be a member of the staff of the National
University of Wales.

Vi
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THE CAUSES OF
EVOLUTION

CHAPTER 1

INTRODUCTION
“ Darwinism is dead.”— Any sermon.

Seventy-two Yyears have now elapsed since Darwin
and Wallace (1858) formulated the theory that
evolution had occurred largely as a result of natural
selection. The doctrine of evolution was not, of
course, new. ButLamarck and other eminent bio-
logists had failed to convince the scientific world or
the general public that evolution had occurred, still
less that it had occurred owing to the operation of
any particular set of causes. Darwin contrived to
carry a considerable measure of conviction on both
these points. The result has been that a generation
ago most people who believed in evolution held that
it had been largely due to natural selection. Nowa-
days a certain number of believers in evolution
do not regard natural selection as a cause of it,
1 B



THE CAUSES OF EVOLUTION

but I think that in general the two beliefs still go
together.

So close a correlation is rather rare in the history
of human thought. For example, men had been
aware for ages of the existence of a past history of
the human race before Daniel (or the author of the
Book of Daniel) made the first attempt to view that
history as a whole, and give a summary account of
it. 1f Daniel had been the first person to persuade
thinking men that the past had differed appreciably
from the present, it is clear that his particular
account of the historical process would have had
a greater intellectual influence than it has actually
had. We must therefore carefully distinguish
between two quite different doctrines which Darwin
popularised, the doctrine of evolution, and that of
natural selection. It is quite possible to hold the
first and not the second. Similarly with regard to
the doctrines of Darwin’s great contemporary Marx,
it is possible to adopt socialism but not historical
materialism.

Darwinism has been a subject of embittered con-
troversy ever since its inception. The period up
till Darwin’s death saw a vast mass of criticism.
This was mostly an attack on the doctrine of evolu-
tion, and was almost entirely devoid of scientific
value. The few really pertinent attacks were lost

2



INTRODUCTION

amid a jabber of ecclesiastical bombinations. The
criticism was largely dictated by disgust or fear of
this doctrine, and it was natural that the majority
of scientific men rallied to Darwin’s support. By
the time of Darwin’s death in 1882, Darwinism had
become orthodox in biological circles. The next
generation saw the beginnings of a more critical
attitude among biologists. It was possible to
criticise Darwin without being supposed to be sup-
porting the literal authenticity of the Book of
Genesis. The criticism came from all sides.
Palaeontologists, geneticists, embryologists, psycho-
logists, and others, found flaws of a more or less
serious character in Darwin’s statements. But
they almost universally accepted evolution as a
fact.

The rising generation of biologists, to which I
belong, may now perhaps claim to make its voice
heard. We have this advantage at least over our
predecessors, that we get no thrill from attacking
either theological or biological orthodoxy; for
eminent theologians have accepted evolution and
eminent biologists denied natural selection.

In this course of lectures | do not propose to argue
the case for evolution, which | regard as being quite
as well proven as most other historical facts, but
to discuss its possible causes, which are certainly

3



THE CAUSES OF EVOLUTION

debatable. It will, however, be worth while
briefly to explain what is meant by evolution, and
to indicate the arguments which lead the over-
whelming majority of biologists to believe in it.

(By evolution we mean the descent from living
beings in the past of other widely different living
beings. How wide the difference must be before
the process deserves the name of evolution is a
doubtful question. Many would refuse to dignify
the changes which man has effected in the dog as
evolution, though they have certainly an obvious
bearing on the question of evolution. In the first
generation after Darwin it was pointed out that
artificially produced races, if they were incapable
of breeding together, were so on mechanical grounds
only, and never gave sterile hybrids like the mule.
Since then races which, like species, are sterile on
physiological grounds, or which give sterile hybrids,
have been artificially produced ; but those who
have produced them are chary of claiming that
they have originated a new species.

Certain of the critics of evolution have admitted
the possibility of fairly large structural or functional
changes, but not of such a profound change as the
origin of consciousness or reason. | sympathise
\Vith their attitude, but cannot share it, because it
seems to me to rest on a refusal to face certain per-

4



INTRODUCTION

fectly amazing facts of everyday life. The strangest
thing about the origin of consciousness from uncon-
sciousness is not that it has happened once in the
remote past, but that it happens in the life of every
one of us. An early human embryo without
nervous system or sense organs, and no occupation
but growth, has no more claim to consciousness than
a plant— far less than ajelly-fish. A new-born baby
may be conscious, but has less title to rationality
than a dog or ape. The evolutionist makes the
very modest claim that an increase in rationality
such as every normal child shows in its lifetime has
occurred in the ancestors of the human race in the
last few million years. He does not claim to be
able to explain this process adequately, or even to
understand it. But he claims that such an increase
in rationality is a fact of everyday experienced It
is conceivable, though to my mind unlikely, that
there was a sharp break at some point in human
evolution at which a new type of mental activity
suddenly became possible. But there is a vastly
greater probability of finding evidence of such a
discontinuity in individual than in racial history.
I do not think the likelihood very great, but if I
believed in such radical changes, that is where
I should be inclined to look for them.

This is, | think, a fair sample of the reply to a

5



THE CAUSES OF EVOLUTION

great many criticisms of any theory of evolution.
The world is full of mysteries. Life is one. The
curious limitations of finite minds are another. It
is not the business of an evolutionary theory to
explain these mysteries. Such a theory attempts
to explain events of the remote past in terms of
general laws known to be true in the present,
assuming that the past was no more, but no less,
mysterious than the present.,
£Bist du gehemmt, das neues Wort dich start,

Willst du nur horen, was du schon gehort,

Dich store nichts, wie es auch weiter klinge,

Schon langst bekannt der wunderbarste Dinge.”

While | shall not attempt to defend the historical

side of the evolutionary theory, | propose to review
the type of evidence on which it is based. First
and foremost comes the evidence offossils. Where a
hundred years ago we had only small samples of a
few populations at certain dates in the past, we have
now in a few cases continuous records over enormous
periods, and where the record is not continuous,
very numerous different stages. Thus, thanks
mainly to the work of Osborn and his colleagues,
we now know of over 260 fossil species lying on or
near the line of descent of the modern horse and its
living relatives from four-toed and short-toothed

ancestors. When one has made acquaintance with
6



INTRODUCTION

such series of related types any hypothesis other
than evolution becomes fantastic.

If we had no fossil record at all, evolution would
still be a plausible hypothesis to account for the
structural relationships between living plants and
animals, but there would often be a controversy as
to whether certain simple forms were primitive or
degenerate. Such disputes occur with reference to
various groups of worms whose ancestors have left
no fossils. A generation ago it was rather fashionable
in such cases to support the hypothesis that certain
simple forms were degenerate, just as Darwin’s con-
temporaries had plumped for the opposing view.
To-day we find that the older generation was often
right. Thus the lamprey and its relatives the
cyclostomes, fish-like vertebrates which have no
lower jaw, were naturally regarded as representing
a phase of vertebrate evolution earlier than the
ordinary fish. This was confirmed by the brilliant
work of Stensio, who has recently shown that the
Ostracodermi, a group of fish which was dominant
about 400 million years ago when fish first appear
in the geological record, possessed many features
of internal anatomy characteristic of the lamprey.

Again, comparative embryology has been of great
value in tracing relationships. On the one hand
the fact that every one of us, before birth, had at

7



THE CAUSES OF EVOLUTION

different times gill-slits, a tail, and a coat of hair,
is barely intelligible on any hypothesis other than
that of evolution. Moreover, apparently unrelated
animal groups, such as molluscs and segmented
worms, start life as embryos of the same type, and
are therefore generally believed to have had a
common ancestor before the fossil record began.

Geographical distribution again becomes intel-
ligible ifdifferent plant and animal groups originated
in different centres. Darwin and Wallace used such
data to great effect, and more recently Willis (1922)
and Vaviloff (1922) have drawn conclusions ofgreat
importance from the study ofdistribution. Roughly
speaking, the older a group of organisms, the wider
its distribution, apart from relict species on the
verge of extinction. Relatively recent groups are
usually restricted, e.g. the guinea-pig family to
South America. In the same way, recently
separated islands, such as England, have far fewer
peculiar species than islands of long standing,
such as New Zealand.

O flate years several new branches of comparative
biology have been of value in working out relation-
ships. For example, the majority of mammals are
capable of oxidising uric acid to a more soluble
substance, allantoin. Man is not; hence he is
liable to gout. Most of the monkeys can oxidise
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uric acid. Our inability is shared by the tailless
apes such as the gorilla and the chimpanzee. This
fact certainly adds to the improbability of the view
held in some quarters that man and the tailless apes
sprang separately from tailed stock. Again, a
study of blood transfusion shows that human bloods
fall into four groups. A pint of my blood could be
injected into any other man or woman with fair
safety. A pint of most human bloods would Kill
me. | happen to belong to the group of so-called
universal donors. There are three other groups,
each with specific properties. The human blood
groups are found in apes, such as the chim-
panzee. Hence comes the paradoxical fact that
it may be no more dangerous to have a trans-
fusion of blood from a chimpanzee than from
your own brother, let alone a lower animal. ( In-
numerable facts of this kind go to show that the
relationships between plants and animals indicated
by the evolutionary hypothesis extend to chemical
composition as well as structure.

Lastly, comparative parasitology supports the
evolutionary hypothesis. If two animals have a
common ancestor, their parasites are likely to be
descended from those ofthe ancestor. This principle
has been applied with considerable effect to the
classification of frogs and other groups. O f course

9
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it does not imply that parasites cannot pass from
one species to another. Thus that common enemy
of man, the bed-bug, belongs to a family whose
members are mostly parasitic on bats. Dr. Buxton
has, | think, suggested that it is a relic of the
association of our palaeolithic ancestors with bats
in caves.

We must now consider some of the hypotheses
which have been put forward to explain evolution.
The fact to be explained is why one generation
differs a little from its parents; why the average
weight is slightly greater, the proportion of blue-
eyed less, the average milk-yield greater, to take
three possibilities. It is at once clear that some of
these differences may be directly due to changed
environment. Thus good feeding of cattle has a
huge influence on their weight and milk yield. In
order to allow for such effects it is desirable to com-
pare two generations brought up in environments
as similar as possible. In any case it is quite certain
that changes of environment only produce notable
effects on a species within a single generation in a
very few cases. You can often make the progeny
of a thin cow fat, or conversely, by good or bad
feeding. But there is no question that both are
cows. In a few highly plastic species such as
Polygonum amphibium or Amblystoma tigrinum, one can

io
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convert a land form into a water form, or conversely,
and they differ structurally as much as do different
species or even genera. In a few evolutionary series
it is possible that continuous changes in environ-
ment may have played an important part. If in
one or two generations we could have brought
a group of Ammonitesl from the sea water of
Devonian times into a medium containing the salts
of Cretaceous sea water their shells would probably
have been altered slightly, and some of the evolu-
tionary changes in Ammonites may have been due
to causes of this kind. But it is clear that changes
producible in the course of a few generations have
been ofa quite subordinate importance in evolution.
We may now proceed to classify the causes which
have been suggested for the deeper transformations
shown by the geological record.

(@ Inheritable variations of an essentially
random character. A good example is furnished
by the colours of kittens in a mixed litter. We
now know that variation of this kind is mainly
due to the process of segregation, which will be
described later. Taken by itself it will not explain
evolution.

(3) Inheritable variation due to the action of the

1 Here and throughout | use the word “ Ammonite” to denote a
member of the Ammonoidea, and not in its more restricted sense.
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environment on the organism. It was once thought
that all differences due to variations of environ-
ment were inherited. This was Lamarck’s theory.
We now know that this is not true ; nevertheless
since the time-scale of evolution is much longer
than Lamarck supposed, a very slight tendency of
characters so acquired to be inherited might have
an important evolutionary effect.

(N Variation due to internal causes, but not at
random. It is thought by certain biologists that
the lines of its future evolution are laid down in any
organism, and that it will evolve on these pre-
destined lines in spite of a variety of obstacles. An
exposition of this point of view is to be found in
Berg’'s “ Nomogenesis,” in my judgment by far the
best anti-Darwinian book of this century. An
English translation is available, though the ori-
ginal was published in Russian, in spite of the de-
finitely Darwinian bias of the ruling group there.
I wish to take this opportunity to acknowledge my
indebtedness to Berg for several facts quoted in
this book.

In so far as they are formulated at all, most of
the various theories which ascribe evolution to the
guidance of an intelligent spirit or spirits should be
grouped here. The Bishop of Birmingham, how-
ever, has recently suggested that variation is at

12
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random, God controlling evolution by means of the
environment, and not from within.,

(d) Variation due to hybridisation. This process
may merely lead to new combinations of the char-
acters of the species or groups which hybridise, but
we shall see that it may also produce something
entirely fresh.

(e) Selection. Darwin distinguished between
natural and sexual selection. But the distinction
is not fundamental. Thus we now know that the
asexual workers of termites are attracted by the
smell of the queen and apparently feed her for this
reason, while wasp grubs repay the workers for
their food by a drop of sweet secretion. These
sensual attractions are clearly comparable to those
which draw one sex to the other, and we shall see
later that from the evolutionary point of view sexual
selection is only one of a group of similar types of
selection.

Darwin believed that selection acted on variations
of types (@) and (b), i.e. random variations and
inherited effects of use and disuse. Lamarck had
attempted to ascribe all evolution to variations of
type (b). Darwin saw that type (&) was more
common, but also attached importance to type (b),
especially to the inherited effects of use and disuse.
R. A. Fisher, in his brilliant book, “ The Genetical

*3
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Theory of Natural Selection/5to which I am much
indebted, points out the reason for this fact. Darwin
believed that the crossing of two types generally led
to a blend, and that consequently bisexual repro-
duction tended to make a species uniform. He
therefore had to postulate some cause constantly at
work to keep up the inheritable variation within a
species. He very naturally looked to the effects of
differences of environment. It is clear that he was
not comfortable about the matter. Thus he wrote
to Huxley on November 25, 1859, “ If, as | must
think, external conditions produce little effect, what
the devil determines each particular variation ? %
Now Darwin’s evidence as to blending came from
crosses between lines of domesticated animals and
plants which had been kept separate for considerable
periods. |If we cross members of a large and small
race of poultry, the offspring are fairly uniform and
intermediate in size. But this is not so if we continue
the mating for several generations. The second
generation of such a cross gives a great variety of
sizes. Ifthe blending had been permanent, as when
water and ink are mixed, the second generation
would be uniform. Actually in a population mating
either at random or according to any law which is
the same in every generation the amount ofheritable
variation is practically constant, apart from the

14
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effects of selection. The tendency to blending is
exactly balanced by the opposite process of segrega-
tion, by which the offspring of a given union vary
among themselves in respect of heritable characters.
But whereas the phenomenon of heredity had been
known in a general way for ages, that of segrega-
tion was first seriously studied by Mendel, in the
nineteenth century, and it was above all Bateson
who stressed its significance as a biological fact as
important as heredity.

The amount of variation can in general only be
altered by selection on the one hand and changes
in the system of mating on the other. Thus if in
man only persons over six feet high were allowed to
have children the population would become taller
on the average, and also more uniform. If incest
were allowed and practised it would become more
diverse owing to the appearance of monstrosities of
many different kinds. Darwin observed blending,
i.e. a diminution of variation, because the mating
system of his domestic animals and plants was sud-
denly changed, for example, when two races of
pigeons, which had been bred separately for many
years, were mated together.

Further, though differences of environment do
cause variation, this variation is not usually inherited
to any measurable extent. This fundamental fact,

*5
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which had been guessed at by Kant and others, was
first demonstrated during the nineteenth century by
the de Vilmorin family in France, and was part of
the basis of the methods of selective breeding which
they invented. But Louis de Vilmorin's “ Notices
sur Is|melioration des plantes par les semis et con-
siderations sur I'heredite dans les vegetaux ” was
regarded as a mere practical handbook, and only
runs to sixty pages (for a summary of his views see
de Vilmorin, 1856). If, like most writers on heredity,
he had gone beyond his facts, he would doubtless
have attracted more attention. Weismann’s state-
ment of the principle was based on inadequate
evidence, but his a priori arguments in its favour
carried conviction in many quarters. His great
service to science was his account of the behaviour of
the chromosomes in connection with reproduction.
The first really conclusive proof was given by
Johannsen in 1903. He showed that when plants
are self-fertilised for many generations the progeny
of one of them forms what is called a pure line, in
which differences are not inherited.

For example, Table | shows the non-inheritance of
weight within a pure line ofbeans. In each genera-
tion Johanssen bred from light and heavy beans,
and on the whole there was no resemblance between

parents and offspring as regards weight, as appears
16
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from the fact that the negative entries in the last
column outweigh the positive. The weight is very
susceptible to environment, as appears on comparing
the weights in different years. But the changes
produced by the environment are not inherited.
Of course an ordinary population of beans consists

Table 11

Mean Weight of

Mean Weight of Offspring.
Parents. 9 P 9

Year.

No. of Beans.

Light
Heavy.
Difference.

Parent Light. Parent Heavy. Difference.
1902 145 600 700 100 631 *5+£10%2 648*577 *6 «+ 1705 1 2%7
1903 252 550 soo 250 75i-9xio-i To8.8+ 8%9 43. .. 13'5
1904 711 hoo 870 370 545.9. 4*} see-8+3*6 + 20%9+ 5-7
1905 654 430 730 300 gag+d. 5-6 636-d+ d+i + o.0: 6o
1906 384 460 840 380 [43+sx s-i (3. -+ 1'2 - is-8:io-8
1907 370 560 810 250 690-7% 7-9 676-6+7%5 - 14-1% 10-9

of a number of pure lines, so selection is quite
effective at first. But its ultimate result is to isolate
the pure line with the largest or smallest mean weight.
The same holds true for other characters and other
organisms. Selection is effective during the first
few generations, but sooner or later a pure line is
generally reached, and selection becomes ineffective

1 After Johannsen 1909. Weights in mgms.

17 G
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because the differences selected were due to environ-
ment and not inherited. Fig. i shows the result of
selection for number of bristles on the scutellum
(part of the thorax) of the fly Drosophila melanogaster.
After twenty generations no further progress was
made during another forty generations. And as a
nearly pure line had been obtained selection in the
opposite direction was almost equally ineffective.

The pure line theory has recently been severely
criticised by Pearson (1930). But the experiments on
which his criticism is based are largely on vegetative
reproduction in Protozoa, where selection has a slight
effect within the progeny of one individual. Such
a race, however, is not a pure line in the sense in
which that phrase is applied in the genetics of
multicellular organisms. Moreover, Pearson believes
that a pure line, though homogeneous, tends to
deviate progressively from the original type. This
is not borne out by experience. Thus fifty years of
self-fertilisation have led to no progressive changes
in many of the de Vilmorin wheats.

Such was the position of the selection theory ten
years ago. /It was shown that Darwin had been
wrong in supposing that variations due to environ-
ment were inheritable. Selection merely picked out
the best available line from a given population, and
would not, as Darwin had believed, give rise to an

18



Fig. i — Effect of selection for high (full line) and subsequently low (dotted line)
bristle number in Drosophila melanogaster (after Payne, 1921).
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unlimited amount ofchange; A number ofbiologists
consequently proclaimed their belief that natural
selection could not account for evolution. But
no satisfactory alternative was forthcoming. The
Lamarckian principle had been even more com-
pletely disproved than the Darwinian. On the top
ofJohannsen’s work came such experiments as those
of Payne (1911), who grew Drosophila for sixty-nine
generations in darkness and found that neither the
size of their eyes nor their tendency to move towards
the light had been altered. Lamarck had believed
that just as organs of an individual atrophy from
disuse, this atrophy may be transmitted to their
descendants, But wherever sufficiently careful ex-
periments have been done, this has been shown not
to occur. We shall have, later on, to consider some
other theories of evolution which have been put
forward. But | propose to anticipate my future
argument to the extent of stating my belief that, in
spite of the above criticisms, which are all perfectly
valid, natural selection is an important cause of
evolution.

While the geneticists were disproving many of
Darwin’s ideas, the palaeontologists were determin-
ing the actual historical facts of evolution. Where
the data were adequate they were able to verify the

law of succession, first explicitly given by Darwin’s
20
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colleague Wallace. *“ Every species has come into
existence coincident, both in time and space, with
a pre-existing closely allied species." This would
clearly be true on any theory of evolution, and
probably false on a theory of numerous successive
special creations. The evidence is most conclusive
where we have records of marine life in fairly uni-
form conditions over many millions of years, as in
the Welsh mountains and the English chalk. It is
naturally less satisfactory for land animals, where
the geological record is never quite continuous over
very long periods.

But palaeontology has done far more than that.
It has actually enabled us to follow the course of
evolution in great detail, particularly in the case of
marine organisms. The cases which have attracted
most attention are those which clearly demonstrate
slow and continuous evolution. Thus in a number
of cases a species of mollusc producing a shell suffi-
ciently like that of the common oyster to be placed
with it in the same genus Ostrea, has gradually
developed into something more like a cockle. The
final forms are placed in the genus Gryphaea, which
has been extinct since the age ofthe chalk. Now the
process was gradual. If we collect a number of
shells of the evolving species at any level, we find a
certain type commonest, and others, more and less

21
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coiled than the type, somewhat rare. But at any
level we could pick out from the population a few
individuals representing the most frequent type a
hundred thousand years earlier or later. Evolution
in such cases has clearly been a very slow and
almost (if not quite) continuous process, exactly as
Darwin had predicted,

We must remember, however, that the organisms
studied in this way are far from representative.
They are in general the most successful members of
animal associations living in very constant marine or
lacustrine environments. We have not got similar
data for land species, because the record, for obvious
reasons, is not continuous over very long periods.
Nor do we possess them for the rarer forms. \We
shall see later that perhaps dominant species in a
uniform environment are the least likely to undergo
sudden change to a new type.

Even in the record of the dominant marine forms
there are breaks which suggest that some more
sudden process was at work. Such is the break in
the ammonite series which occurs in the Rhaetic.
Along with the old Triassic types which they were to
displace, new forms appear which were the ancestors
of all later Ammonites. The palaeontologist can
always postulate a slow evolution in some area
hitherto unexplored geologically, followed by migra-

22
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tion into known areas. But until a continuous series
is discovered sceptics may well ask whether the gap,
which is not a very vast one, was not bridged by a
discontinuous process.

Further observation of these marine races show-
ing slow continuous evolution displayed an extraordi-
nary group of phenomena which are not obviously
explicable on any theory of evolution whatever.
Characters appear to go on developing past their
point of maximum utility. Thus the coiling of the
Gryphaea shells went on until it must have been very
difficult for them to open at all, and impossible to
open widely. This state of affairs occurred several
times, and always portended the extinction of the
race. The same thing sometimes happened in land
animals. Thus in the Titanotheria (large Oligocene
hoofed mammals) gigantic size and horn develop-
ment were the prelude to extinction in a number
of separate lines of descent. One is left with the
impression that the evolutionary process somehow
acquired a momentum which took it past the point
at which it would have ceased on a basis of utility.

But sometimes another process occurred, which
has been particularly studied in the Ammonites.
These animals, which in a general way resembled
cuttlefish, made spiral shells with many chambers,
but only lived in the last of them, the others being
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presumably filled with water or gas. The inner
chambers were made by the young animals, the
latter by the adult. So we can contrast the shell-
making activity of the same animal at different ages.
We then find that the earlier chambers often resemble

te)
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Fig. 2— Development of suture lines in four Ammonites : (A) Anar-
cestes, (5; Tornoceras, (C) Glyphioceras, (D) Dactylioceras; i. First
septum, 2. Second septum.

(From Swinnerton's “ Outlines of PalaeontologyEdward Arnold & Co.)

those produced by the adults of ancestral forms some
millions of years earlier. The phenomenon can be
especially well studied in the suture lines between
different chambers. The correspondence is not
exact, and often new features appear in the earlier
stages which were not present in any ancestors.
Fig. 2 shows the development of suture lines in four
Ammonites belonging to the early Devonian, late
Devonian, middle Carboniferous, and late Lias
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respectively, a span of some two hundred million
years. This is quite analogous to the phenomenon
of partial recapitulation seen in the early develop-
ment of such forms as man. An early human
embryo has rudimentary gill-slits and a tail. Later
on it develops a thick coat ofhair which is shed before
birth. Of course the gill-slits and tail are unlike
those of any adult animal, and it has special organs
such as the umbilical cord which are not and never
were found in adults. But many of its features
recapitulate those of its adult ancestors.

All this can be explained on Darwinian lines.
The less a new adult character interferes with normal
development the more likely it is to be a success.
When, however, it has been fixed in the adult stage
the complicated developmental process may well be
slowly modified so that the advantages of the new
character appear earlier and earlier in the life-cycle
and its appearance is less and less abrupt. This
process is, however, likely to be very slow.

So far so good, but in the later stages of Ammonite
historyamuch more surprisingphenomenonoccurred.
A number of different lineages began to alter in the
opposite direction. Features appeared which had
not been seen for a hundred million years, but which
strongly resembled those of the earliest known
Ammonites. The suture-line became simplified, and
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the shell uncoiled. Sometimes the primitive features
seem to have been present right through the animafs
life history. In other lines of descent (e.g. Baculites)
the shell was at first coiled, but in the fully adult
animal it was straightened out. This reversion to
primitive types was always the prelude to extinction.
It happened on a large scale in the late Trias, when
most of the great Ammonite groups died out. Then
there was a brilliant renaissance during the Liassic
period, one of the older groups giving rise to many
new types. But an epoch of archaism set in once
more in the Cretaceous, and at the end of that period
the last Ammonite died. The closing stages of Am-
monite evolution were marked, not only by retrogres-
sion, but by the appearance of new shell types, with
“ hairpin bends ” as in Hamites, or an asymmetrical
snail-like spire as in Turritelites. These bizarre
forms, however, were only temporarily successful.
After about 400 million years of life the Ammonites
became extinct.

The account here given is that due to Hyatt and
Wurtemberger, and is, | think, accepted by most
palaeontologists. However, Spath’s (1926) views on
Ammonite lineages, which are easier to reconcile
with Darwinism, command much support. | am not
competent tojudge between them, but wish to state
the anti-Darwinian position as fairly as possible.
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Now this process of “ racial senescence ” was not
peculiar to the Ammonites, although it can best be
studied in them, owing to the fact that their early
stages are preserved. It seems to have occurred also
in the Graptolites, Foraminifera, and other groups.
The preservation, in the adult stage, of what were
embryonic characters in the ancestor is called
neoteny. It was probably one of the processes con-
cerned in the retrogression of the Ammonites.
When the embryonic stage whose features persist in
the adult was itself primitive, neoteny clearly leads
to a partial reversal of the evolutionary process.
Often, however (to some extent even with the
Ammonites), this is not the case. In the course of
evolution features appear in embryonic life which do
not correspond to anything in the ancestral series.
Such is the mammalian placenta (originally developed
as a respiratory organ within the egg, but unrepre-
sented in fish). The appearance of novel embryonic
features is called caenogenesis. When neoteny super-
venes on caenogenesis, although certain features of
the ancestral adult are lost, new characters appear
which have not previously been seen in adult an-
cestors, and thus important evolutionary novelties
come into being. This combination, i.e. neoteny
supervening on caenogenesis, seems to have occurred
in human evolution. Man is far more like a young
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gorilla or chimpanzee than an adult, and perhaps
even more like a foetal one. In human evolution
some characters of recent ancestors, such as the hairy
coat, have been thrust back to pre-natal life. But as
regards the general shape, and especially the head
form, it is more nearly true that the final stages of
individual development have been left out. Bolk
has called the process leading to man foetalisation)
I shall have to discuss it again later.

The story of the Ammonites is not very easy to
reconcile with evolution by natural selection. And
while acceleration of development, i.e. pushing
back of adult characters into early life, might be
explained on a neo-Lamarckian view as due to the
cumulative action of something like racial memory,
the reverse process would involve a progressive
racial forgetting of certain tendencies. Nor are the
facts any more consonant with the view that evolu-
tion represents the working out of a purpose, and
is intelligently directed. On numerous occasions
related species have gone through very similar
changes as a prelude to extinction. We should
have to suppose the directing mind intelligent
enough to design new types of organism (perhaps
only a biochemist can form an adequate idea of the
difficulties of doing this), but not intelligent enough

to learn from its own mistakes. For the above
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reasons many palaeontologists to-day confine them-
selves to stating the facts of evolution, and laying
down general laws which they obey, rather than
attempting to discover the causes underlying those
laws. Apart from any hypothesis, it seems likely
that, for example, the birds and the gastropod
molluscs are now at or near their maximum of
complexity, success, and variability, the mammals
perhaps slightly past it, the reptiles very definitely
so, and the amphibians still more markedly on the
down-grade.

Meanwhile, however, Darwinism was attacked
from quite a different angle by naturalists and some
geneticists. As an example of the criticism of an
extremely competent student of wild life 1 should
like to cite Willis’ “ Age and Area ” (1922), a book
packed with facts which any theory of evolution
will ultimately have to incorporate. The fact that
it offers no theory as to the causes of the evolu-
tionary process may explain the (to my mind)
entirely unmerited neglect of the data presented in
it. Willis first produced strong evidence that a
number of rare plant species of restricted habitat
were new, as opposed to relicts of species now dying
out. For example, of the 809 species of flowering
plants found only in Ceylon, about 100 were con-
fined to the tops of single mountains, and 200 to
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very restricted areas. But the areas of the 228
moderately rare species overlapped in every con-
ceivable way, like coins thrown down at random.
All this is quite intelligible if the very rare species
are mostly new, the moderately rare a little older,
and so on. It is unintelligible on the hypothesis
that these species are old ones in the course of dying
out. If so one would have expected that a very
rare species would frequently be found in two or
three isolated spots wide apart. This was some-
times so, but very uncommonly. A large amount
of other evidence agreed with the same hypothesis.
Clearly if it is true we can study a number of
newly born species. When we do so we discover
that they differ sharply from the surrounding species.
Now | suspect that some of Dr. Willis’s rare species
are after all dying relicts, and some few are mere
varieties due to the action ofa single gene with many
different effects. But | have far too much respect
for his ability as a taxonomist to suppose that this
is often the case. When the difference between
species are analysed genetically they usually turn
out, as we shall see later, to be of a more complex
character than those between varieties. The species
Coleus elongatus, which consists of about a score of
plants on the top of one mountain, differs from the
widely spread Coleus barbatus found alongside it,
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in respect of fourteen different characters. There
are no intermediates. Unfortunately their gene-
tics are unknown. Willis, then, believes that the
birth of a new species from an old is often a
sudden process. The new species must, of course,
justify its existence by surviving, but natural selec-
tion, on this view, does nothing to make the new
species. It merely decides which of a large number
of new species formed by mutation will survive.
In the case of flowering plants Willis estimates the
number of new species starting on a successful
career at about two per century. For that reason
it is intelligible that till recently the process had not
been observed, though many varieties had originated
under close observation.

From his studies of the genetics of Oenothera, de
Vries (1904) was led to the conclusion that new
species originate abruptly. Other geneticists took
refuge in agnosticism on the ground that nothing
comparable to a specific difference had ever arisen
in cultivation. Thus Bateson (1928) said, “ In dim
outline evolution is evident enough. . . . But that
particular and essential bit of the theory of evolution
which is concerned with the origin and nature of
speciesremains utterly mysterious. . . . The produc-
tion of an indubitably sterile hybrid from completely
fertile parents which have arisen under critical
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observations from a common parent is the event
for which we wait. Until this event is witnessed,
our knowledge of evolution is incomplete in a vital
aspect.” | may add that this event has since
occurred.

It will be seen that the evidence from palaeon-
tology and from modern rare species is contra-
dictory. This is natural, because species rare in
their own day are in all probability absent from
the geological record. Also we have no really
satisfactory evidences of perfectly continuous evolu-
tion in plants, where the evidence of abrupt species
formation is strongest.

To sum up the situation so far, we may say that
the criticism of Darwinism has been so thorough-
going that a few biologists and many laymen regard
it as more or less exploded. At least we may claim
to have cleared the ground for an impartial survey
of the facts. In the remaining chapters | shall try
to answer the following questions: What is the
nature of heritable differences within a species ?
Are the differences between species of the same
or of a different character? Does selection really
occur in nature ? If so, will it account for the for-
mation of species ? Must we allow for other causes
of evolutionary change ? And, finally, when we
have surveyed the process of evolution we shall
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have to ask what judgment we can make about it.
Is it good or bad, beautiful or ugly, directed or
undirected ? These are largely value-judgments,
and are thus not scientific. But it is the answer to
them which makes evolution interesting to the
ordinary educated man and woman. In making
them 1 can, of course, claim no special standing.
I can write of natural selection with authority
because I am one of the three people who know
most about its mathematical theory. But many
of my readers know enough about evolution to
justify them in passing value judgements upon it
which may be different from, and even wholly
opposed to, my own.



CHAPTER 11

VARIATION WITHIN A SPECIES

“ Varieties, as we shall see, may justly be called incipient species.”
— Darwin.

T he individuals belonging to a species differ to a
greater or less extent. We can divide the causes of
variation into those which operated before and
during the life of the individual, We take that life
as beginning with the fusion of the nuclei of the
gametes which formed it, namely, the egg and the
spermatozoon in most animals, the ovule and pollen
grain in higher plants. (The organism produced
by the fusion of the gametes is called a zygote.) In
many plants and a few animals we can study the
effects of nurture, i.e. causes operating during the
life of the individual, almost apart from those of
nature, i.e. causes operating earlier. When a plant
or animal can be propagated vegetatively, the
vegetative progeny of a single individual resemble
one another to an extraordinary degree, and are
called a clone. Thus all the Cox’s Orange Pippins
in the world are grafted from one seedling. ( The
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differences which exist between members of a clone
are mainly due to environment and not to heredity,/
Thus Cox’s Orange is a very different plant accord-
ing as it is grafted on French Paradise, which gives
a suburban garden bush, or Broad-leafed English
Paradise, which gives an orchard tree, yet in a given
environment it behaves in a predictable way. Even
within a clone new types may appear (so-called
bud-sports). These generally produce their like
when vegetatively propagated. But with these
exceptions, differences within a clone are not
inherited. They are the best example of what is
called fluctuating variability, due to differences of
environment, not transmissible by inheritance, and
therefore irrelevant for the problem of evolution.

You cannot propagate guinea-pigs by cuttings,
but by many generations of inbreeding you can
produce a line of guinea-pigs extraordinarily alike.
After twenty or more generations of brother and
sister mating there is no more resemblance between
parent and offspring than between cousins. You
do not abolish variation, and if you choose a piebald
race it is easy to study it. The pattern is affected
by environment, especially by the age of the mother,
but these variations are not inherited (Wright,
1926).

Now attempts are constantly being made to prove
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that differences due to different environments are
inherited. We shall see that this is true in a few
cases. But in the vast majority of the experiments
(as far as | know, in all but one) on which the neo-
Lamarckian case is founded, no attempt has been
made to establish a pure line to start with. It is
therefore impossible to say whether the variations
which are observed are not, at least in part, due to
internal causes— that is to say, nature rather than
nurture—and therefore determined and inherited
according to the laws of ordinary genetics,)

Table I (p. 17) gives some idea of the immense
differences which may exist within a pure line, and
the fact that they are not to any appreciable extent
inherited. It is commonly supposed that the case
against Lamarckism is largely based on the apriori
arguments brought forward by Weismann. Weis-
mann pointed out that in a higher animal such as
man or guinea-pig the germ-plasm, which is to give
rise to the next generation, is segregated at an early
stage, and largely independent ofthe restof the body.
We now know further, what Weismann did not fully
realise, that its chemical and physical environment
is kept extraordinarily constant in a higher animal.
Whereas in an insect the germ cells are at varying
temperatures, which may affect their genetical
behaviour, and in some lower animals at least the
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chemical composition of the blood varies a good deal
with the external environment, this is not the case
among us higher animals. Moreover, our gonads
will function, at least for a considerable time,
without connection with the nervous system. To
guote the somewhat over-emphatic words of Claude
Bernard (1878), u All the vital mechanisms, varied
as they are, have only one object, that of preserving
constant the conditions of life in the internal
environment,5 He might have added “ and thus
to prevent the germinal transmission of acquired
characters.%

But in plants there is no such early segregation
of the germ cells. They are formed like any other
cells from the undifferentiated tissue of the growing
points. In plants Weismann’s a priori argument is
worth nothing. We might expect to find evidence
for Lamarckian effects among them. With one
possible exception, to be noted later, we do not.

Let us turn to the facts concerning inheritable
variation. Naturally we know most about varia-
tions of characters which are not readily affected
by the environment, or which are at least stable in
such a relatively constant environment as that of a
breeding-pen or greenhouse, and it is mainly with
these that | shall deal. A very rough classifi-
cation divides these variations into six classes
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according to the mode in which they are genetically
determined.

i. The simplest case is that of a character due to
an extra-nuclear factor, or plasmon, as Wettstein
(1928) calls it. There are two races of Primula
sinensis,* one with green, one with yellowish leaves.
No matter what pollen we use, the seeds of the green
plant will produce only green seedlings, of the yellow
only yellowish seedlings. We can use pollen from
the yellowish plant on green plants for many genera-
tions, but never get a trace of the character carried
over. The reason is quite simple. The leaf colour
is due to chloroplasts in the cells. All the chloro-
plasts in the egg are contributed by the mother.
The father contributes none to the pollen grain.
Other characters than leaf colour can be affected
by plasmons. In flax (Gairdner, 1929) the sexuality
of the plant depends on a balance between the
plasma outside the nucleus, contributed by the
mother only, and the genesin the nucleus contributed
by both parents. Upset this balance, and you get
plants with no pollen. It is very likely that some
of the remarkable results of Goldschmidt (1920) on
sexuality in moths are due to cases of the same kind.
Unfortunately, however, in this case one of the

1 For a full account of the genetics of this plant, see de Winton
and Haldane (1932).
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chromosomes is contributed by the mother only, so
we cannot be sure of the importance of extra-nuclear
factors.

2. The next simplest case is that of a character

Fig. 3.— Types of leafin Primulasinensis. 1, Normal. 2, Fem,jv>>.
3, Slightly crimped, f § s. 4, Strongly crimped,f 11 The
last two are due to genes allelomorphic with one another
and with the gene for flat leaf.

determined by a single Mendelian factor or gene.
I am not going to give a full exposition of Mendelism,
but just to recall some of its essential features.
Fig. 3 shows a normal individual of Primula sinensis,
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and one with the longer type of leaf called “ fern.”
If we start with pure lines of normal and fern leaf,
and cross them either way, we get normal-leaved
hybrids. Grossed with normal they give normals,
with fern leaf half normal and half fern. Half the
pollen grains and half the eggs of the hybrids carry
something which we call Y, whose presence in a
plant causes the leaves to be, roughly speaking,
round instead of long. The other half carry some-
thing called”. In this case we cannot pick out the
the pollen grains carrying Y from those carrying”,
but this is possible in some similar cases. Normal
leaved plants may be of composition YY like the
pure line of normals, or Yy like the hybrids. Fern-
leaved plants are alwaysyy. Y andy are called
genes. Each cell of an adult plant or animal
generally contains two of each kind. If they are
alike, as in YY andyy, the organism is called a
homozygote, and if unlike a heterozygote. Y ad>>
count for this purpose as one kind, fory is really a
modification of Y. Each gamete contains one gene
only of each kind. A pair of genes related like
Y andy are called allelomorphs.

In this particular case YY and Yy are indis-
tinguishable to the eye. In other words, Y is
dominant, and y recessive. There is a good case

ofincomplete dominance in the same plant. DD has
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white flowers with a pink flushed centre, dd has red
flowers, Dd is intermediate. Sometimes we only
know two modifications of the same gene, sometimes
quite a number. They are then called multiple alle-
lomorphs, and generally affect the same character
to different degrees. The same figure shows, also
in Primula sinensis, a normal leaf and two types of
crimped leaf caused by the genes allelomorphic with
normality. You may have as many as eleven multiple
allelomorphs. They obey a simple rule. You cannot
get more than one gene of the series into a gamete,
nor more than two into a zygote, i.e. an adult organ-
ism. A set of multiple allelomorphic genes affect
the same organ or character in different degrees.
By a study of organisms with too many or too few
chromosomes it has become clear that any given
gene goes with a certain chromosome.l If there
are three chromosomes of a kind in a zygote, it con-
tains three of the genes in question, and so on.
Sometimes we can say whereabouts in a chromosome
a given gene is to be found. Occasionally we can
see this directly. You are all familiar with double

1 1t will be remembered that the chromosomes are small bodies
which are visible in a nucleus while it is dividing. They can be
seen in living material, but they are best shown up by a number
of stains. Hence their name. Their number and shapes are
generally very constant in a given species, except that the two sexes
may differ. Occasionally, however, individuals are found with too
many or too few chromosomes.
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stocks. They are sterile, but some races of single
stocks produce seed of which a little over half give
double plants. Gross ordinary singles with their
pollen, and all the hybrids behave as ordinary
heterozygotes for the recessive character of double-
ness. But if the ever-sporting race were hetero-
zygotes we should expect only half their pollen to
carry the recessive gene s for doubleness. What has
happened to the pollen carrying the dominant
gene S for singleness ? It will not germinate. When
this was discovered, and indeed before Snow and
Waddington (1929) showed that it would not
germinate, this was put down to its lack of a gene P
needed for proper germination. P issomewhere in a
little knob or trabant on the end of one ofthe chromo-
somes, and the double-throwing plants have only one
P and only one knob (Philp and Huskins, 1931).

The main work on the location of genes has been
done by Morgan and his colleagues in America
(Morgan, 1926). They have shown by a study of
the way in which they hang together in the off-
spring of animals heterozygous for several genes at
a time that the genes are arranged in a row along
the chromosome in a definite order of which a map
can be made. Fig. 4 is a map of the four chromo-
somes of each of which there is a pair in the female
of the fly Drosophila nmelanogaster. The map distances
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Fig. 4.— Maps of the chromosomes in Drosophila melanogaster (M) and Drosophila simulans (F) (after Sturtevant,
1029). Only genes which have mutated in both species are shown. The abnormal characters caused
by them, reading from left to right, are as follows : Yellow body, Prune eye, White eye, Facet (rough)
eye Ruby eye, Gross-veinless wing, Singed wing, Dusky wing, Garnet eye, Rudimentary wing, Forked
bristles, Fused wing veins, Bobbed bristles, Truncate wing, Black body, Nick wing, Arc wing. Sepia
eye, Straw-coloured body, Peach eye, Aristapedia (legs in place of antennae), Delta wing veins, Hairless,

Claret eye, Minute bristles.
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represent probabilities of interchange between the
genes. They are not strictly proportional to their
real distances, but the order is correct. When two
genes are near together on the map, this means that
if they have gone into a female zygote together
they will probably come out in the same gamete.
The rearrangement is due to an exchange of parts
between a pair of chromosomes, one derived from
each parent. The nearer together two genes are
in the chromosome, the less likely is an exchange
which will separate them. If the distance between
the genes is one unit, this means that the probability
of their parting company, if they have gone in
together, is one-hundredth.

V3 Commonly we find that two races differ by
several genes. If these genes affect quite different
characters, e.g. hair length, hair colour, and fat
colour, there is no difficulty in distinguishing them.
If they affect the same character, e.g. body weight,
the problem is much more serious. In Primula
sinensis we know of eight genes which may affect
stem colour. One is incompletely dominant, so
there are at least 384 possible genetically different
types of plant with (on the average) different stem
colours. If we had members of all they would
form a nearly continuous series. In certain crosses
we have got forty-eight of the stem colours, and the
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series from green to deep purple did seem to be
continuous. My colleague, Miss de Winton, who
is a good enough geneticist to take Mendelism
seriously, accepted this challenge, and we can now
isolate the various stages in the series. This has
been possible because all but one of the genes con-
cerned have some marked effect other than that on
stem colour. Most of them affect the colour of the
petals, one that of the stigma, and so on. This
enables us to label the individual genes, so to say,
and determine their responsibilities.

No procedure of this kind is as yet possible in the
case of such an apparently continuously variable
character as the height of men or the weight of
rabbits. Ultimately it may well be found that of
the genes influencing human height some act
through the thyroid gland, others through the
pituitary, others through the gonads in delaying
maturity, others again more directly on the bones,
and so on. That is mere speculation. At present
we cannot even prove conclusively that such con-
tinuously varying characters are due to genes at all.
But we can render it extremely plausible. If we
cross two fairly constant races, say Hamburgh fowls
with a mean weight of 1300 gramsl and Sebright

1 Weights of cocks at thirty-five weeks. The reference is to
Punnett and Bailey’s (1914) experiments.
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bantams with a mean weight of 750, the hybrids are
intermediate and fairly constant, just as when we
cross green-stemmed and dark purple-stemmed
Primulas. But on crossing these hybrids we get a
wild outburst of variation, and in later generations
birds are obtained lighter than the bantams and
heavier than the large parent, e.g. cocks weighing
1700 grams. |If there are n dominant genes we
have 2n types, if the genes are not dominant 3*.
Thus ten genes would be enough to give 31Q or
59,049 different types, in other words a range of
variation which is for all practical purposes con-
tinuous. Qualitatively the inheritance of rabbit
weight is as would be expected if it is mainly deter-
mined by multiple genes.

In man, where far more evidence is available, the
agreement is quantitative. Pearson and his col-
leagues studied the inheritance of stature and other
characters which appear to vary continuously, and
obtained very definite results, not obviously ex-
plicable on any theory. They did not agree with
Galton’s law of ancestral heredity, nor with
Mendelism as then understood. Recently Fisher
(1918) has shown that these results agree exactly
with the expectation if stature is determined by a
large number of genes. As the data regarding

human stature are far more precise and extensive
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than for similar characters in plants and animals
a presumption is established that a similar explana-
tion holds good in non-human cases.

4, Until recently it was thought that the order of
the genes in a chromosome was something definite.
It had long been known that when certain races of
Drosophila are crossed the expected rearrangement
of certain of the genes of the hybrid, which are
carried by chromosome No. 3, does not take place.
When maps are made of the genes in the third
chromosomes, those which rearrange themselves are
in the same order in both races. Those which will
not interchange lie in a section of chromosome in
which the order in the two races is opposite. It is
as though the end section of the chromosome of one
race, with all its genes, had been removed, and stuck
on in the opposite order in the other. Several such
cases have now been described as the result of
treatment with X-rays in Drosophila.

There are other more serious kinds of aberration
which involve an alteration in the arrangement of
the genes, but not in their number or quality. For
example, two chromosomes which are normally
separate may be stuck together. In this case the
genes in them, which are not normally linked,
exhibit linkage.

Or a piece of one chromosome may be stuck on to
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another (quite a frequent result of X-ray treatment
in Drosophila). Thus Dobzhansky (1929) obtained
several races in which bits of the second or third
chromosome had been stuck on to the fourth. The
linkage results were in accordance with expectation.

From our point of view the most interesting case
of this kind is one recorded by Stern (1929). It
will be remembered that in many animals the female
carries two X chromosomes, as they are called, the
male an X and aY. The Y contains very few genes,
and is more or less ofa dummy. A male Drosophila
without it looks normal, but is sterile. For fertility
this chromosome, or a least a large part ofit, must be
present, but at least part ofit may be attached to the
X chromosome without harm. Stern studied an
aberrant but quite fertile race (obtained by X-raying
the normal race) in which the long arm of the
J-shaped Y chromosome had been stuck on to the X,
and a fragment had been broken off the Y, so that
its two arms were of equal length. The cytological
conditions are shown in Fig. 5. It will be seen that
when the two races are crossed the females are
always fertile. In one cross the males are fertile, in
the other they are sterile, because they do not con-
tain a complete Y chromosome. We shall see the
importance of this when we come to consider inter-
specific hybrids.
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Occasionally halves of two chromosomes are
interchanged. Galling the original chromosomes
AA' and BB' the new pair is AB' and A'B. At the

9 6 9m
ML V.
0 r

Normal race Abnormal race

T-11

) . I
Normal 9 x Abnormal cf Abnormal 9 x Normal cf
Fx cf sterile F2 fertile

Fig. 5.— Diagrams of the sex chromosomes in two races of Droso-
phila melanogaster (after Stern, 1929). In the abnormal race
a piece of the L-shaped Y chromosome has been attached
to the X. This is necessary for fertility, and males which
do not receive it from either parent are sterile.
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reduction division such chromosomes pair in a set of
four, which often opens out into a ring (Fig. 6).
The genetical effect of this is to produce linkage
between genes which are normally in different
chromosomes, and therefore unlinked. Hammar-

Fig. 6.— Behaviour of chromosomes at meiosis in a species where
segments have been interchanged between two of them.
In the hybrid four chromosomes pair as shown. Unless
they separate as shown, inviable gametes or zygotes are
formed. Thus a gamete containing chromosomes ab and
ac is useless because it lacks d.  Such hybrids are therefore
usually semi-sterile (after Darlington, 1929).

lund (1923) detected abnormal linkage of two
genes in the pea, and Hakansson (1929) found that
the plants giving it had a ring of four chromosomes.
As some of the types of gamete formed by the break-
up of such a ring are inviable, a certain amount of
sterility is found in plants with such a chromosome
ring. But the two types whose hybrid forms the
rings may be fully fertile.
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5. We now come to a group of cases in which
some, but not all, of the genes are represented more
or less than twice in the aberrant type of individuals.
This is the cause of sex-differentiation in most
animals and some plants. In female mammals
there are two X chromosomes, in the male an X and
aY. The Y contains very few genes, and perhaps
in some cases none. From a feministic point of
view maleness may be considered an aberration.
Generally the male is the heterogametic sex, with an
unequal pair of chromosomes, or rarely with an
X and no Y. But in birds, lepidoptera, and some
fish, the male is homogametic and the female
heterogametic.

In plants it is not uncommon to find one
chromosome represented three times. This usually
causes quite noticeable morphological changes,
generally, if not always, more marked than when
there are three of all the chromosomes. In the
latter case the number ofgenes ofall sorts is increased
equally, in the former the balance is upset. Such
trisomic plants, as they are called, may be quite
vigorous. But generally the pollen grains carrying
the extra chromosome are less viable than the normal
type, and often they do not function at all, at least
in competition with the normal.

Datura Stramonium, the American Jimson Weed, is
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particularly prone to this type of aberration. It has
twelve pairs of chromosomes, and also twelve easily
distinguishable trisomic forms, in each of which one
chromosome is represented thrice. There are fur-
ther types in which the extra chromosome is com-
posed ofpieces of two ofthe normal ones. Blakeslee,
Belling, and their colleagues (1928) have made an
exhaustive study of this phenomenon in Datura,
butitis notuncommon elsewhere. Thus Darlington
(1928) found that all the cultivated types of sweet
cherry (except the * Dukes,%which are tetraploids)
have from one to three more chromosomes than the
wild species. For the reason given above, such plants
do not breed true from seed, but as they are repro-
duced by grafting this does not prevent their being
useful in cultivation. In animals the presence of
an extra chromosome generally produces a very
unhealthy type, unless the chromosome in question
is a very small one, or the Y sex chromosome, which,
as it carries very few genes, is nearly a dummy.

6. The last type of heritable variation is due to the
addition of one or more whole sets of chromosomes.
If 2nis the normal number, an organism with 3n
is called a triploid, with 4n a tetraploid, and so on,
the general name for such plants being polyploids.
Where all the sets of chromosomes are derived from
the same species they are called autopolyploids.

52



VARIATION WITHIN A SPECIES

Autotetraploid varieties are very common in cul-
tivated plants. Not to go outside the Primulaceae,
they are found in Primula sinensis, P. obconica,
P. malacoides, and Cyclamen persicum. In these cases
they have arisen in cultivation, and have been pre-
served for their large flowers. The origin, which
has now twice been observed under absolutely
critical conditions in Primula sinensis, is quite sudden.
Tetraploidy generally leads to an increase in size
and a diminution in fertility. The tetraploids are,
however, fertile enough for commercial purposes
except where, as in the tomato, the size of the fruit
depends upon the number of seeds. But they are
only fertile with one another. The cross with the
diploid (2n) is generally either a failure, or gives rise
to asterile hybrid. Thus in Primulasinensisgreat effort
has been devoted to crossing the diploid and tetra-
ploid forms. When tetraploid pollen is put on a
diploid the tubes generally grow up into the air
instead ofdown the style. On one occasion, however,
there is a credible record of a seedling being obtained
from such a cross. The opposite cross occasionally
gives a seed. Nine fertile seeds had been obtained
from it up to 1929. Seven of these gave rise to
triploid plants (with three sets of chromosomes).
Their nuclei divide unequally, so they are very
sterile. Two gave rise to tetraploids, having
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apparently been produced by unreduced pollen
grains with a double set of chromosomes.

In the tomato it is possible to produce tetraploids
at will. If we take a hundred tomato plants, cut
them down, and cut back the new shoots until the
plant is nearly exhausted, about 6 per cent, will
produce a branch with larger leaves, which is a
tetraploid. The only account yet published is that
ofJorgensen (1928). Ifthe flowers on such branches
are self-fertilised, the seedlings are also tetraploids,
quite easily distinguished from the ordinary diploid.
We have here the exception which, so to speak,
proves the very general rule that the effects of
injury are not inherited. They are inherited in this
case because the injury has provoked a stable type
of rearrangement of the nucleus. It would seem
that the nuclear changes associated with ordinary
reactions to the environment are reversible, while
induced tetraploidy is not, except under very
unusual circumstances. It is also noteworthy that
in this case only those germ cells are affected which
are actual descendants of injured cells. There is
no effect whatever on the seedlings from branches
which have not become tetraploid. Hence no sup-
port is offered to the view that the effects of injury,
use, or disuse of a part might be carried over to the
offspring in a higher animal, where the germ-cells
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are early separated from the somatic cells. In the
tomato the diploid selfed yields about seventy fertile
seeds per fruit, the tetraploid about twelve, but
rather more fruits per plant than the diploid. The
triploid, on the other hand, gives much less than one
viable seed per plant per year, though about a dozen
fertile seeds all told have been obtained from tri-
ploids self-fertilised or crossed with other triploids.

It is noteworthy that we have here a case of the
origin, spontaneous or provoked, of a variety so
different from the original type as either to refuse to
hybridise with it, or to give sterile hybrids. Such
behaviour was considered in the past to be the
note of a specific difference. Huxley and Romanes
lamented that it could not be produced artificially.
To-day Catholic apologists, whom | sometimes read,
because their arguments are at least coherent, still
taunt us poor Darwinians with our failure, though
R. P. Gregory’s account of tetraploids and their
origin and genetical behaviour, was published in
1914. | should like to take this opportunity of
calling attention to the work of Gregory, whose
name would by now be familiar if he had not died
of influenza in 1918 at the height of his powers.

All hereditary differences which have been
thoroughly investigated seem to fall into one or more
of these six classes. A few, such as the 4irogue ”
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character in peas, remain mysterious, but are still
under investigation.

How do these intraspecific differences originate ?
Partly no doubt by combinations of those which
existed before. Ifwe have races of white rose comb
and black ordinary comb poultry, it is very easy to
make the new combination of white normal and
black rose. But this is not the whole story. New
genes arise from time to time by a process called
mutation. The majority of new genes are recessive
to the wild type, and are probably wild type genes
which have wholly or partly lost their activity. But
some at least are dominant. As a dominant gene
produces a visible effect on its first appearance, while
a recessive must wait for a generation, we know more
about the origin of dominants than of recessives,
although they do not seem to differ in principle. In
Drosophila melanogaster at a time (1925) when about
fifteen million individuals had been bred from known
parents and fairly carefully inspected, the principal
gene determining eye colour had been observed to
mutate twenty-five times, no other gene having
mutated so often. This gives an upper limit ofabout
io-4 for the mutation frequency of a given gene per
life-cycle if we allow for the fact that only about
1% of the flies are bred from. On the other hand,
many lethal mutations occur in Drosophila, and some
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of these may be commoner, though this has little
relevance for evolution. In maize, on the other
hand, Stadler (1930) conducted an experiment in-
volving the counting of a million and a half seeds.
Seven out of eight of the normal genes mutated at
least once, and one gene had a mutation frequency
ofabout 4 x i0-4 per generation. Such high values
are entirely exceptional. Gregory, de Winton, and
Bateson have grown over 200,000 Primula sinensis
under close observation. No mutation has occurred
more than once, so far as is known, though about one
visible mutation of one kind or another occurs in
20,000 plants. We can get some idea of the fre-
guency of mutation in man by considering the
frequency of rare and very disadvantageous genes
such as that causing haemophilia (failure of the
blood to clot). Here the rates of production by
mutation and elimination by natural selection must
about balance, and the probability of mutation of
the normal gene works out at about io-5 per
life-cycle. One important point is that mutation is
a sudden process. A single gene alters, and the
alteration takes place at once and not by successive
steps.

The fundamental importance of mutation for any
account of evolution is clear. It enables us to
escape from the impasse of the pure line. Selection
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within a pure line will only be ineffective until a
mutation arises. Among a few million individuals
a mutation of the desired type is not unlikely.
Among a few thousand it is most improbable.

The rate of mutation can be enormously increased
in two ways at least. Muller showed in 1927 that
in Drosophila it was increased about 150 times by
X-rays, p rays from radium are equally effective.
It was natural to attribute normal mutation to high
frequency radiation or rapidly moving electrons
from potassium or other radio-active bodies, or
other sources. Muller (1930) has shown that this is
very improbable. Muller’'swork has been repeated,
with similar results, both on Drosophila and other
animals and plants. In 1929 Goldschmidt showed
that mutation could be induced in Drosophila by
heating the eggs to such a degree as to kill most of
them. The mutations obtained were not, like
Muller’s, at random, but there was a specially large
yield of two new types, a dark body and an abnor-
mally veined wing. Jollos (1930) has confirmed
Goldschmidt, Rokizky (1930) has partially done so.
Ssidorov, Ferri, and Shapiro (1929) have failed to.
Rokizky’s work suggests that heat may produce an
instability among the genes not culminating in
mutation until after some generations. Harrison
(1928) reported the induction of melanism in several
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species of moths by feeding them with lead and
manganese salts. The melanism, when it had once
appeared, behaved in a Mendelian manner. As,
however, Hughes (1931) has failed to repeat the
work, though using much larger numbers of one
species than Harrison, it seems unjustifiable to draw
very far-reaching conclusions from this work. There
is no doubt, however, that mutation rate varies
with external conditions.

A few abnormal genes are very mutable. Such
are those responsible for flaked flowers in many
plants, and for a few characters in Drosophila.
They are recessive, but have a tendency to mutate
back to the normal with a probability varying from
about 0-3 to io~4 per generation. In these cases
the mutation frequency is undoubtedly influenced
by other genes. There is some inconclusive evidence
that this is also the case with the mutation of normal
genes. But whether this influence is highly specific
or general we do not know, though the latter seems
more likely.

Some kinds of chromosomal aberrations are quite
common. Forexample, in Drosophila melanogaster the
two sex chromosomes go to the same pole about once
in 2000 reduction divisions, thus producing zygotes
with too many or too few chromosomes. X-rays
will cause irregular nuclear divisions and breaking
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of chromosomes. Similar results are produced in
nature by such plant parasites as mites (KostofF and
Kendal, 1929).

Such, then, are the main causes of variation within
a species. It is important to realise that none of
these were known to Darwin. Mendelian inherit-
ance was only discovered in 1900. The other four
causes have gradually been discovered since that
date. But while some writers on evolution have
considered Mendelism, they have paid very little
attention to other modes of variation.

Before leaving this topic | should like to guard
myself against certain suggestions. There is a tend-
ency in some quarters to describe the phenomenon
with which | have just dealt as “ the mechanism
of heredity,” and to suppose that the introduc-
tion of atomism by Mendel has reduced genetics
to biophysics. 1 do not think that this is so. We
can, in principle at least, speak of the mechanism
of segregation. But the things segregated, the
genes, reproduce themselves or are copied at each
cell division. And this process of reproduction
cannot at present be explained in physico-chemical
terms, whatever may be possible in the future.l But
it is a common-place of biology. The genes are
biological atoms, just as the struggling individuals

1 For a step in this direction see Haldane (1932 c).
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of Darwinism are regarded essentially as organisms,
not machines. It is at present irrelevant to genetics
whether life is or is not ultimately explicable in
terms of physics and chemistry. Hence it is irrele-
vant to the general argument of this book, which is
based on the facts of genetics. Genetics can give
us an explanation ofwhy two fairly similar organisms,
say a black and a white cat, are different. It can
give us much less information as to why they are
alike. In the same way a complete theory of evolu-
tion might tell us how the various different species
had originated from common ancestors. But it
would give us little direct information concerning
the nature of life.

61



CHAPTER 111

THE GENETIGAL ANALYSIS OF INTERSPECIFIC
DIFFERENCES

“ All flesh is not the same flesh ; but there is one kind of flesh of
men, another flesh of beasts, another of fishes, and another of
birds.”— St. Paul (i Cor. xv).

1t is unfortunately impossible to give a satisfactory
definition of the term “ species” as used in zoology
and botany. In many cases the species may be
defined as a group of organisms which can breed
together without loss of fertility in the first or sub-
sequent generations. But this will not apply to
organisms which do not reproduce sexually. You
cannot cross two dandelions, but it would be very
unsatisfactory for that reason to divide up the
species Taraxacum officinale into some thousands of
different species. No doubt systematists have some-
times based specific rank on trivial differences of
morphology, and at other times have included
within one species organisms which will not breed
freely together. Nevertheless genetical work usu-
ally supports the opinions of systematists as to the
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more fundamental nature of specific than varietal
diversity. In what follows | shall mainly deal with
the analysis of differences between species which
are distinct on any reasonable criterion. (For a
discussion see Robson (1928).)

If Darwin was correct we should expect constantly
to find difficulties in separating recently formed
species. On the view here adopted specific differ-
ences are sometimes clear-cut from the first: The
species problem is quite typical of the problems of
science. We are compelled to investigate before
we know what we are investigating, and as our
knowledge increases we must continually restate
our questions. For this reason, although some of
the observed results recorded in this chapter are
clear enough, the conclusions drawn from them
will certainly need restatement in the future.

Species are usually defined by morphological
differences, occasionally by chemical ones (e.g. of
flower or feather colour), more rarely by differences
of physiology, as in the case of yeasts or bacteria
differentiated by their capacities for fermenting
different substances. We are only at the very
beginning of an analysis of the causes of these
differences. If we want to analyse the difference
between two varieties of one species, say a Manx
tabby short-haired cat and a tailed blue long-haired
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cat, it is often sufficient to cross them and mate the
offspring together or with the parents. In the case
cited we should find the differences due to four
dominant genes, causing short tail, short hair,
banded hairs in certain areas, and dense pigment
respectively. Sometimes we can do this with
species, but rarely is the analysis complete. Often
one of two things happens. The species will not
hybridise, or else the hybrids are sterile like mules,
or of one sex only, like fowl-pheasant hybrids, which
are all cocks and sterile to boot. Even then, as we
shall see, the geneticist, aided by the cytologist, can
tell us a great deal. But before we pass on to the
results of such analyses, we must consider two
further topics—namely, comparative genetics and
allopolyploidy. When we have a number of related
species (or groups of species which are fertile inter se)
and compare their genetics, we generally find a
striking parallelism. To take two examples familiar
to animal breeders, in most domesticated and many
wild species we find a variety with white hair and
pinkish eyes, the so-called albino. This pretty well
always behaves as a simple Mendelian recessive to
the normal form, the apparent exceptions being
due to the fact that occasionally several other genes
together may produce a pink-eyed white. Black-
eyed and blue-eyed whites behave quite differently.
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Another extremely common recessive type is the
long-haired, often called an “ Angora.”

In the case of the albino at least there can be
very little doubt that the pink-eyed white in dif-
ferent species are due to inactivation of the same
gene. | use the word “ same” to denote homo-
logous structure and similar function, as | might
refer to the eye as the same organ, speaking of a
rabbit and a mouse. Actually, however, the same-
ness may extend to molecular structure. The
principle of homology between genes extends to a
large number, as is clear from Table Il. This is
taken from a paper of mine published in 1927, but
since publication a number of the gaps have been
filled. For example, d* was discovered in Mus
nonvegicus by Roberts in 1929. In the table +
means that the new gene type is present in a wild
form ; but where several allelomorphic genes, i.e.
modifications of the same gene, are present in wild
types, the letter W is used. The letter D means
that the new gene is present in a domesticated
type, but only as a rarity, if at all, in wild nature.
The parallelism is obvious. Similar results have
been obtained by Vavilofif (1922) in cereals and
other plants, though his genetical analysis is less
complete. Some of VavilofFs results are reproduced

*1.e. the recessive allelomorph of the gene D present in the wild race.
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genetical interest, owing to the production of what
is called an allopolyploid. An example taken
from the work of Newton and Pellew (1929) will
make my meaning clear. The frontispiece shows
two species of Primula, Primula Jloribunda from the
Himalayas, and P. verticillata from Southern Arabia.
It will be seen that they differ in several respects ;
in particular, P. verticillata is covered with meal.
They can be crossed with some difficulty. The
hybrid is vigorous, but, like the mule, almost
absolutely sterile, though, unlike the mule, it can be
propagated by cuttings. The sterility occurs for
a somewhat different reason. Each cell of the mule
contains a set of horse chromosomes and a set of
donkey chromosomes, which co-operate to produce
the characteristics of the mule. When the time
comes to halve the number of chromosomes so as
to produce gametes the machinery breaks down,
and monstrous spermatozoa with too many, or
defective with too few, chromosomes are produced.
Things are not quite so bad in the hybrid Primula.
The chromosome number of 18, 9 from each parent,
is reduced normally, but the gametes almost all die,
presumably because for viability a Jloribunda or a
verticillata set is needed, and the chance of getting
such a set is only 1 in 29 or 512. This number

is really too small, because exchanges probably
67



THE CAUSES OF EVOLUTION

occur between the chromosomes of different
species. Now when these sterile hybrids are grown
from cuttings a surprising thing occasionally
happens. A shoot is produced with somewhat
larger leaves and flowers, which are quite fertile,
and their seeds yield the well-known horticultural
hybrid, Primula kewensis. The increased size is due
to a doubling of the chromosome number, which
is now 36 ; the fertility to the fact that each chromo-
some can find a proper mate, aJloribunda chromosome
pairing with another Jloribunda chromosome, and
one going into each of the two gametes formed on
reduction. Thus each gamete gets one complete
set ofJloribunda and one complete set of verticillata
chromosomes.

In consequence all the gametes are alike and
the hybrid breeds true. This is, as a matter of fact,
an exaggeration. A small amount of interchange
takes place betweenJloribundaand verticillata chromo-
somes, and Primula kewensis is variable for some
characters, such as mealiness. It is also more liable
than most species to drop a chromosome. But the
aberrant forms are sufficiently rare to make the
new plant a horticultural success. It is, as a matter
offact, much better adapted to horticultural require-
ments than either parent. Polyploids of this kind,
which contain chromosomes from two different
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species, are called allopolyploids. They are quite
common among plants, but although a case border-
ing on allopolyploidy has been reported in moths
by Federley (1913) it is clear that among animals
allopolyploidy is rare if it occurs at all.

With these prolegomena we turn to the main
results of species crossing. In the simplest case the
two species behave like varieties of the same species
differing by several genes. Thus Chittenden (1928)
investigated the results of crossing species within
the Vernales section of the genus Primula, which
includes the primrose, cowslip and the purple
Caucasian Primula Juliae. The primrose Primula
acaulis has yellow pigment in plastids, but no antho-
cyanin in its sap. Primula Juliae has sap pigment
but no plastid pigment. The hybrid has both, and
each is due to one gene. Thus when the hybrid
is back-crossed to acaulis Chittenden got 130 with
and 115 without anthocyanin (or nearly equality).
Hence on selfing the hybrid we should expect to get
one double recessive, lacking both sap and plastid
pigment (i.e. a white) in 16. Chittenden got 4 out
of 68. Other characters, e.g. the umbellate habit
of the Bardfield Oxlip, Primula elatior, were shown
to be due to single genes. Yet others, such as
hairiness, were clearly due to several genes, but the
discontinuous nature of the variation found in the
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second generation showed that the number of genes
was not very large. In these cases the hybrids were
rather sterile, so that Chittenden was unquestionably
dealing with species crosses.

How are these genes determining interspecific
differences related to those which determine the
varieties on whose analysis Mendelism is based ?
In plants they seem to be of the same general
character. In animals the investigation has not been
carried so far, but the results are very interesting (for
summary, see Haldane, 1927c). TurningtoTable I,
we notice that the gene Agis present in the normal
wild guinea-pig, Cavia aperea and its tame descendant,
C. porcellus. It acts by making an anti-enzyme, of
whose chemical properties we know a little (Koller,
193°) ?which inhibits the formation of black pigment.
The inhibition is complete on the belly, which is
yellow ; on the back the hairs have alternate black
and yellow bands, as in the wild rabbit. When
this gene is inactivated as the result of mutation
we get a black guinea-pig (aa). Wild colour is
completely dominant to black. Now Detlefsen
(1914), mated ordinary guinea-pigs to the wild
species, Cavia rufescens, whose belly, instead of being
yellow, has banded hairs like the back. The male
hybrids are sterile, and it was necessary to back-

cross the partly fertile females for two generations
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with ordinary guinea-pigs before fertile males were
obtained. When fertility was re-established some
of the cavies had the rufescens type of coat. It was
found that this character was recessive to the por-
cellus type, but dominant to black. It was in fact
due to a gene which was a multiple allelomorph
of A8 differing from it less than the gene a of the
blacks, or even alof the black-and-tan rabbit.

The colour difference between the geographical
subspecies alexandrinus and tectorum of the #black”
rat Epimys rattus, is due to a pair of allelomorphs of
the same kind. So is that between two races of
mice which differ in habit rather than geographical
distribution. Other rodent and carnivore species
differ in the same way. Even the ferret and polecat,
which have, perhaps erroneously, been placed in
different genera, only differ as regards colour by a
single gene. Of course the species and subspecies
considered must differ by many other genes de-
termining morphological, physiological and psycho-
logical characters. But as regards colour they
differ less than the domestic races of one species.
It seems probable, therefore, that in so far as inter-
specific differences can be analysed on Mendelian
lines they are due to a number of small units of
difference rather than a few large ones. It is at
least quite certain that Mendelian gene differences,
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presumably due to mutation, have played a certain
part in the origin of species.

In a small group of cases it can be shown that
extra-nuclear factors, or plasmons, are partly
responsible for interspecific differences. The clearest
case is that demonstrated by Wettstein (1924, 1928)
in the mosses Funaria and Physcomitrella. Reciprocal
crosses give not only different hybrid sporogonia,
but the spores from these give different series of
haploid hybrids, and Wettstein showed clearly that
this was due to extra-nuclear differences. Generally,
however, reciprocal hybrids are fairly similar,
showing that interspecific differences are mainly
due to nuclear components.

Another case was discovered by W. C. F. Newton,
and is still under investigation at Merton. The
results were demonstrated to the Royal Society in
1926, but have not yet been published. When
Geranium striatum and G. Endressii are crossed, the
hybrid is more or less intermediate. Three genes
of striatum and one of Endressii are dominant. The
results of reciprocal crosses are indistinguishable in
the first generation. But in F2 from striatum x
Endressii, though not from the reciprocal, rather
less than a quarter of small-flowered, male-sterile
plants appear. Such plants can be obtained in
various ways. In every case it appears that to
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obtain a male-sterile plant a pair of recessive genes
from Endressii must be present in cytoplasm derived
from striatum. The parallelism with Gairdner’s
case in Linum is thus complete. There is a good
deal of evidence as to interspecific differences in
chloroplasts among plants, and much less conclusive
evidence for cytoplasmic differences in animals.

While an analysis of the effect of several genes is
often possible in the case of interspecific differences
in colour or certain morphological features, it is
more rarely so in the case of size. We usually find
that the F2hybrid generation is fairly uniform, but
when they are mated together or self-fertilised we
get a wide range ofvariation, often including dwarf
or otherwise abnormal types. This is what might
be expected. Punnett and Bailey (1914) found that
when the first cross between Bantam and Hamburgh
fowls were crossed together, birds heavier than
Hamburghs appeared in the second generation.
The whole question of abnormal segregates in F2
will be considered again in the next chapter.

We have now found evidence of interspecific
differences corresponding to our first three types of
inter-varietal difference. It will be remembered
that the fourth type was a difference in the order
in which genes are arranged in the chromosome.
This has been demonstrated as between Drosophila

73



THE CAUSES OF EVOLUTION

melanogaster and the related species, D. simulans.
They can be crossed, but give sterile hybrids. But
the possibility of hybridisation renders it possible
to homologise genes with more certainty than in
rodents. Thus it is a matter of faith that a cross
between an albino rabbit and a guinea-pig, if it
were possible, would give albinos, a matter of fact
that the cross between white-eyed melanogaster and
simulans gives white-eyed offspring. On the other
hand, several genes with fairly similar effects were
shown by this test not to correspond. The chromo-
some maps resulting from this analysis are shown
in Fig. 4. 1t will be seen that in the course of
evolution a piece of the third chromosome has got
reversed, as it occasionally does in geographical
races and X-rayed forms of melanogaster. In Droso-
phila obscura there are five pairs of chromosomes,
instead of the four pairs of melanogaster. Hybridisa-
tion is impossible, but a number ofgenes very clearly
correspond in the two species. It turns out that
the X chromosome of obscura is about twice as long
as that of melanogaster. A group offour genes which
lie at one end in melanogaster lie near the middle in
obscura, in the same order, and the other half of
its X chromosome seems to correspond to part of
the third in melanogaster. Similarly in the rodents
G and P are linked in the mouse and rat, but not in
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the guinea-pig. E is sex-linked in the cat (hence
the difficulty of obtaining tortoiseshell tom-cats)
but not in any other mammals so far investigated.
In the course of evolution, then, there must have
been a considerable amount of rearrangement of
the material from which the chromosomes are built
up, and which is the physical basis of heredity.

We have presumptive evidence that a rearrange-
ment of the materials of the sex chromosomes is
very common. In 1922 | (Haldane, 1922) formu-
lated the following law : “ When in the first genera-
tion between hybrids between two species, one sex
is absent, rare, or sterile, that sex is always the
heterogametic sex %—that is to say, the sex which
produces two sorts of gametes, namely the male in
most animal groups, the female in birds and Lepi-
doptera. This rule was formulated on the basis of
forty-eight agreements and one exception. Since
then Grew and others have found a number
of further agreements and no further exceptions.
When | formulated the law in question | attempted
to explain it, but the explanation was somewhat
inadequate. Since Stern has produced the condi-
tion experimentally within a species (p. 48),
I regard his explanation as probably valid for most,
if not all, of my cases, which are therefore due to
interspecific differences in the sex chromosomes.
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A concrete example was found by Lancefield
(1929), who worked with Drosophila obscura. He
found two morphologically indistinguishable races
or subspecies of this species, whose habitats over-
lapped, although they were not quite identical, and
there was a moderate psychological obstacle to
crossing, perhaps a matter of odour. When they
were crossed the males were sterile but the females
fertile. Gytological examination showed that the
Y chromosome was twice as large in one race as
the other.

At this point it becomes necessary to consider the
extraordinary, and so far unique, state of affairs
found in the genus QCenothera. Some of its species,
including Cenothera Hookeri, contain fourteen chro-
mosomes which pair regularly, and the species
breeds true. In others, such as OCenothera Lamarckiana,
the conditions are very different. Only two of the
chromosomes pair before reduction. The other
twelve form a ring, in which alternate members go
to each pole, like men and women who have been
dancing alternately in a ring, and then separate.
When Lamarckiana and Hookeri are crossed we get
two sharply different kinds of hybrid, so that
Lamarckiana turns out to be a permanently hetero-
zygous organism. It does not, however, when
self-fertilised give a progeny in the ratios 1:2:1
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like an ordinary heterozygote. Both the homo-
zygous types die before germination. Occasionally,
however, crossing-over occurs, giving rise to a new
type which is viable. About 2 per cent, of the seed-
lings of Lamarckiana selfed differ from it, the cause
being sometimes rearrangement due to crossing-
over, but more frequently the presence of an extra
chromosome. De Vries, who discovered the pheno-
menon, called these abnormal plants mutants. It
is clear that they are quite different in their origin
and behaviour from the far rarer mutants of
ordinary species, and throw little light on the
general problem of evolution. The ring-forming
species of Oencthera seem to have been evolved from
the normal species by a series of interchanges
between different chromosomes, such as we saw
occurred in Pisum. The differences between dif-
ferent Oenothera species depend mainly on this inter-
change. They have most recently been analysed
by Darlington (1931), but a condensed account is
hardly possible.

It is extremely common among plants to find
groups of closely related species where the numbers
of chromosomes are simply related. Thus in the
genus Chrysanthemum, the number of chromosomes
going into a gamete in nineteen species is 9, 18, 27,
36, or 45, all multiples of 9. Similarly in Rosa we
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have a series of multiples of 7, in Prunus of 8, in
Salix (with one exception) multiples of 19. Clearly
the process of species-formation in these cases must
have been sudden.

It is an important fact that many of our
most valuable cultivated plants have two or
three times the chromosome numbers of related
species.  These include wheat, oats (but not
barley, maize, and rice), plums, many cherries,
most roses, the dahlia, and many others. Now,
most of these polyploid plants, when their genetics
are investigated, do not behave like the autopoly-
ploid Primula sinensis, where two chosen at random
out of a set of four homologous genes go into a
gamete. They resemble rather the allopolyploid
Primula kewensis. And their cytology shows that
each chromosome has a definite mate. They unite
in pairs, not in fours or sixes such as are found
in an autoploid, though a moderate amount of
secondary association is not rare. There can, |
think, be little doubt that the forms with the smaller
chromosome number are the more primitive. The
most obvious theory is that a species with, say,
twenty-eight chromosomes, like the hard wheats
(Triticum durum and related forms), has arisen by
hybridisation of two fourteen-chromosome species
and subsequent doubling. However, Percival, our
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greatest authority on wheats, in his classical book
* The Wheat Plant ” (1921), held that the twenty-
eight-chromosome hard wheats are probably auto-
polyploids of the fourteen-chromosome wild small
spelt, Triticum monococcum It may be that in the
course of ten thousand years or so (a negligible
period from the point of view of evolution) an auto-
polyploid would be able to evolve so that each
chromosome had one and only one definite mate.
On the other hand, the third set of chromosomes
found in the bread wheats such as Triticum wulgare,
with forty-two chromosomes, almost certainly comes
from the wild grass Aegilops ovata, or some nearly
related species. This was conjectured by Percival
on morphological grounds, but has since been
made almost certain by the studies of Kihara
(1929) and Percival (1930) on Triticum-Aegilops
hybrids. Unfortunately time does not permit
me to dwell on the entirely fresh light which
Vaviloff (1926) has thrown on human prehistory
by his studies of the wheat plant. But | cannot
pass them over completely. When crossing is
possible one can, as in the case of wheat, obtain
a little evidence as to the origin of the sets of
chromosomes in natural polyploids. Where it is
impossible comparative morphology may give us
strong indications.
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Until quite recently we had no analogy among
interspecific differences to the fifth type of inter-
varietal difference described in the last chapter—
namely, the reduplication ofsome, but not all, of the
chromosomes. This has recently been found by
Darlington and Moffett (1930). In the Rosaceae the
basic number is generally seven, as in the various
species of Rosa and Rubus. In the apple, Pyrus malus,
and some related wild species, the haploid number
is seventeen, the somatic number being thirty-four
or fifty-one. But in the formation of pollen in a
diploid the chromosomes do more than pair. They
associate in groups which may include four groups
of four and three groups of six similar chromosomes.
Galling the gametic complement of Rosa or Rubus
abcdefg, that of Pyrus seems to be :

abcdefqg,

abcdefg,

abc.
Thus three of the chromosomes are represented six
times in the zygote, four of them four times. The
ordinary balance isclearly upset. When this happens
within a species, as in the trisomic mutants of Datura,
the plant so produced isgenerally alittle weaker than
the original type, and moreover does not breed true.
We must suppose that in the evolution of Pyrus from
some form like Rosa or Potentilla, which have basal
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haploid numbers of seven and fourteen respectively,
part of a set of chromosomes was either dropped or
reduplicated. The new balance proved viable, and
gradually the chromosomes found definite mates so
that pairing became regular.

A few words may be said on other types of species
cross which throw little light on the nature of
specific differences. When Nicotiana tabacum and
N. sylvestris are crossed (Goodspeed and Clausen,
1922), the hybrid is very like the variety ofN. tabacum
employed. This is natural enough, as tabacum has
forty-eight chromosomes and sylvestris only twenty-
four. The hybrids, being triploids, are very sterile,
but if carefully pollinated may give about 1 per
cent, of the normal number of seeds. Grossed with
tabacum pollen we get a fair variety of forms, but all
pretty like tabacum, and from these we can get races
indistinguishable from N. tabacum. Crossed with
sylvestris most of the seedlings are monstrous, but
about 10 per cent, resemble sylvestris and breed true.
Clearly the only functional gametes are those which
contain a set of genes almost the same as those of
the parent species. This type of hybrid behaviour
is unfortunately useless for analysing the nature of
the interspecific differences. But in nature it may
serve occasionally to bring across a gene from one

species to another.
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To sum up, interspecific differences are of the
same nature as intervarietal. But the latter are
generally due to a few genes with relatively large
effects, and rarely to differences involving whole
chromosomes or large parts of them. The reverse
is true of differences between species. The number
of genes involved is often great, and cytologically
observable differences common. It is largely these
latter which are the causes of interspecific sterility.
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CHAPTER IV
NATURAL SH ECTION

“ Per uarios casus, per tot discrimina leti
Tendimus ad Latium.”
Vergil, Aeneid.
Before We discuss natural selection, it will be well
to consider populations which are in equilibrium,
although several different genotypes exist. | will
give two examples out of many. The common
snails, Cepea hortensis and C. nemoralis (the Helix
of our childhoods) possess several varieties which
differ as regards the banding on their shells. They
are due to the action of several genes which are
multiple allelomorphs, or at least very strongly
linked. In the various breeding experiments done
on them by Lang (1911) and others, Mendel’s laws
were qualitatively obeyed, i.e. no mutations ap-
peared. So mutation is infrequent. Diver, in very
careful unpublished work which he kindly allows
me to quote, found no selective destruction of any
type by birds. A typical population to-day consists
of rather more banded than unbanded individuals.
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Now deposits of these snail shells exist going
back to the Red Crag Age in England and the
Miocene in France. In early Iron Age and Neo-
lithic deposits, the types are found in about the
present proportions. In Pleistocene deposits the
two types are more nearly equal in number (Diver,
1929). So the population, though polymorphic, is
very stable. One cannot be sure that it has altered
significantly in so short a time as a quarter of a
million years.

In man a series of three multiple allelomorphs
divides us into four blood groups, which determine
whether or not blood can safely be transfused from
one individual into another. The proportions of
these genes are characteristic of different races.

Tabre Il

Percentages belonging to the Four Blood Groups

AB A B o
Germans in Heidelberg . g 12 40
Germans i
Magyars < in Hungary . 12 :
Gypsies 6 21 A
Indians in Northern India . 9 19 4 i

The Jews of Salonica had lived there as an endo-

gamous community for over four centuries after
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their expulsion from Spain, but still resembled
Arabs rather than their Greek neighbours in 1918.
Similarly the Germans in Hungary resembled their
relations in Germany, the gypsies being like Indians.
Clearly selection affects the proportions of these
characters very slowly, and mutation is known to be
much too rare to produce appreciable effects in
a thousand years. Any given people is therefore
nearly in equilibrium.

If mating in any population is at random, it
reaches equilibrium within a single generation as
regards the proportions carrying two, one, or none
of a given autosomal (i.e. non-sex-linked) gene.
The ratios are :

UAA :2uAa : 1 aa
For example, if one man in ten thousand is an
albino, u— 99, and nearly one person in fifty is
heterozygous for albinism. Actually these condi-
tions are not quite fulfilled. Marriages of cousins
are much commoner than would be the case if we
married at random, and about a sixth of human
albinos are the offspring of such unions. So
albinism is commoner than it would be were mating
strictly at random. But it is important to realise
that the proportion of the population bearing a
recessive character shows no tendency to diminish
further after the first generation of random mating,
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unless the character is disadvantageous. Extra-
nuclear factors behave in a similar way. Apart
from selection or mutation, they do not tend to
spread. The same applies to chromosomal abnor-
malities unless they interfere with the normal
reduction mechanism, or lower the fertility or
viability of the gametes or zygotes carrying them,
which, however, they very often do.

Before, however, we deal with the theoretical
effects of natural selection, it will be well to give a
few examples of it, because the statement is still
occasionally made that no one has actually observed
it at work. It is quite true that the observations
so far made are far from adequate. But at least
they prove the existence of natural selection as a
fact. In a random mating species matters are
complicated because type A produces type B off-
spring, and so on. Hence observations have often
been confined to one part of the life cycle. For
example, di Gesnola (1904), tied up twenty green
and forty-five brown specimens of the insect Mantis
religiosa with silk threads in green grass, and found
that thirty-five of the brown and none of the green
had been eaten by birds in nineteen days. Twenty
browns and twenty-five greens were tethered in
brown grass, all the greens were dead in eleven days,
five having been killed bgv ants. The browns were



NATURAL SELECTION

all alive at the end of nineteen days. Clearly
protective colouring is a reality in this case.

More satisfactory results are obtained in organisms
which are either self-fertilising or apogamous, so
that type A produces only type A offspring, and so
on. Here the best work has been done in Russia,
where Darwinism, being part of the official creed,
is a much more vital question than in other countries.
A good deal has been done on cereals, in answer
to the question of what becomes of the progeny
of a given mixed batch of seed when it is harvested
in several successive years. Fig. 7, from Sapegin’s
work, shows a typical example. It will be seen that,
under these artificial conditions, selection is ex-
tremely intense. The whole question of natural
selection under cultural conditions has been taken
up by the Russian school. It appears that under
these conditions there is mimicry like the well-
known mimicry of natural species. Thus Russian
flax seed commonly contains seeds of Camelina
linicola, which mimics flax both in habit and in size
and shape of its seeds. The seeds of Camelina
glabrata, which is probably an ancestral form, are
smaller, and presumably unconscious and unwilling
human selection has picked out the largest seeded
types and thus modified the species. Berg (pp. 324-
328) gives seven similar cases.
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It may be argued that we are here dealing with
artificial, rather than natural selection. 1 think
such a criticism can only apply when selection is

Fig. 7.— Percentages of wheats of different types in a mixed
population in successive years (after Sapegin, 1922). No
artificial selection was practised.
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deliberate. Apart from such cases, man is merely
creating a new type of environment. Thus when
the present breakwater was built across the mouth
of Plymouth harbour the water inside became on
the whole muddier, and the crab Carcinus maenas
developed roomier gill chambers (Weldon, 1898).
This may not have been due to natural selection,
but it was certainly not a case of artificial selection.

In many ways the work of Sukatschew (1928) on
dandelion (Taraxacum officinale) is more striking.
This species consists of a number of pure lines which
breed perfectly true, and do not cross, as they pro-
pagate by apogamy. Sukatschew worked with six
lines: A, B, and C from the same lawn at Leningrad,
X from Archangelsk in the far north, Y from
Vologda, a little south but a long way east of
Leningrad, and Z from the Crimea.

The plants were morphologically distinguishable.
Thus A had the most finely divided leaf, B the
hairiest, and C was the tallest and had red petioles.
Large numbers of the six types were grown from
seed, and then planted out. They were planted
in two densities, either 18 or 3 centimetres apart.
The latter arrangement gives thirty-six times as
many plants on a given area as the former.

Z, the Crimean type, was a hopeless failure in
Leningrad. Even on the sparsely sown plots over
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50 per cent, died in the first year, as compared with
none of A, G and Y, 4 per cent, of X, and 10 per
cent, of B. The others competed more equally.
The results of competition between A, B and G are
given in Table I1I.

Tabte IV1
Per cent. Dead.
Race. First Year. Second Year.

Sparse. Dense. Sparse. Dense
[A o 70 22-9 73-2

gz:teures |B ioo*?’ 1? 31 i
c '5 10-3 ?]Sd

; A — 16-5 -
uixed B - - 22, [
Cultures lc 5*5 42-0

As it was necessary to pull up the plants in the
mixed cultures to distinguish the races, no counts
were made in the first year. Duplicate experiments
agreed. It will be seen that in three cases out of
four the order of viability was G, A, B, but in the
pure dense cultures the order was reversed. In
order, however, to estimate the fitness, in a Darwinian
sense, of the three races, we must go further, and

1 From Sukatschew.
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compare the fertility. In the sparse cultures A pro-
duced on an average twenty-seven flowers per plant,
B thirty-eight, and G ten. A and B produced about
seventy seeds per flower, G about a hundred and forty.
Thus B was probably the most successful type, though
it had the greatest mortality. But in the dense mixed
cultures G was not only the most viable, but the best
cropper.

Thus the “ fitness®depends in a quite complicated
way on the environment. In order to test fitness
in the Darwinian sense it would have been necessary
to grow the plants in competition and in presence
of grass in a plot covered in with a gauze roof
to prevent the entrance of foreign seed. Quite
possibly in the presence of grass the order of fitness
might have been different.

Similar cases are recorded by Engledow (1925)
in wheat and Sax (1926) in beans. Engledow found
that when two wheats, Red Fife and Hybrid H,
were spaced at 2 inches by 2 inches the former yields
the larger crop ; at 2 inches by 6 inches the yields
are nearly equal. At greater distances Hybrid H
is the better cropper. Sax compared bean races
differing in respect of a gene for colour. The whites
generally gave a smaller crop, but in very favourable
conditions a larger.

The best example known to me where the effects
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of selection have been watched over many genera-
tions is described by Todd (1930), in the case of the
organism of which different races cause scarlet
fever, puerperal fever, and erysipelas, Streptococcus
haemolyticus. It rapidly loses its virulence for
animals when bred in artificial media. This
phenomenon was at first taken for a Lamarckian
inheritance of the effects of disuse, and its analysis
by Todd is typical of the results obtained when
such phenomena are carefully studied. He found
that his Streptococcus when grown on agar produced
hydrogen peroxide. But occasionally a variant
appears which gives rather different colonies, is less
virulent, and produces much less peroxide. We do
not know how these variants arise because the details
of the process of reproduction in bacteria are not
known. There is no reason to think that bacterial
mutation is a phenomenon essentially different from
mutation in higher organisms, and it is not even
clear that it is commoner.

Now the normal type of bacteria, when grown on
agar, make enough peroxide to kill themselves, or
at any rate to slow down their growth very greatly.
When parasitic they are protected by the catalase
of their hosts. This is a widely distributed en-
zyme which destroys hydrogen peroxide. Hence
the glossy and non-virulent type is the only survivor
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after a few weeks of culture. But if a little catalase
is added to the medium the virulent type grow as
well as the non-virulent, and can be preserved in
culture indefinitely. These bacteria divide about
once every half-hour, so Todd’s experiments, which
lasted thirty-nine days at a minimum, covered some
2000 bacterial generations, corresponding to about
50,000 years in human evolution, and a century
even with so rapidly breeding a creature as Droso-
phila. It took Calmette and Guerin (1924) fourteen
years, or about 25,000 generations, to convert the
bovine tubercle bacillus into a harmless and indeed
beneficial organism by growing it on artificial
media. There is thus no reason to put down such
modifications of bacteria to anything but natural
selection, acting on the results of mutation.

The following example, from the work of Harrison
(1920), shows natural selection at work among the
moths of the species Oporabia autumnata. About
1800 a mixed wood of pine, birch, and alder on
Eston Moor in Yorkshire was divided into two parts
separated by halfa mile of heather. In 1885, after
a storm, the pines were replaced by birch in the
southern portion, while in the northern birches and
alders are now rare. Presumably in 1800 the two
populations were similar. By 1907 they were quite
different. In the pine-wood 96 per cent, belong to
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a dark variety, 4 per cent, to a light. In the birch-
wood about 15 per cent, are dark and 85 per cent,
light. The reason for this is fairly clear. In the
pine-wood owls, nightjars, and bats feed on the
moths, leaving their wings when the bodies are
eaten. Although only 4 per cent, of the moths in
the pine-wood are light, the majority of the wings
lying on its grass belong to the light variety, which
is thus some thirty times as likely to be caught
as the dark. We do not know for certain what
advantage the light-coloured insect enjoys in the
birch-wood, where birds and bats are relatively rare.
But as the light race lays its eggs later than the dark
they are less likely to hatch in the same year instead of
(as normally) in the spring, an event which entails
the death of the larvae during the winter. It may
be added that an attempt to make the pine-wood
insects lighter in colour by feeding them for three
generations on birch met with no success.

It is perfectly true, as critics of Darwinism never
tire of pointing out, that in these observations no
new character appears in the species as the result
of selection. Novelty is only brought about by
selection as the result of the combination of pre-
viously rare characters. Supposing that in a popu-
lation fifteen characters, not correlated, are each
present in 1 per cent, of the individuals. The com-
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bination of all fifteen would only be present in one
in ioA i.e. i per (English, not American) quintillion.
This is a large number even on the evolutionary
scale. The earth’s land surface is only io18square
centimetres. There have not been 03 higher
plants in the whole of geological history (io9years),
including all members of all many-celled plant
species. The combination of all fifteen characters
would not occur in practice even once in the whole
history of plants larger than unicellular.

Now suppose that natural selection acts on all
these fifteen characters, so that they are found in
99 per cent.,, not i per cent, of the species. The
combination of all fifteen would now be found in
86 per cent, of the population. It would, in fact,
be the normal character. No one has ever observed
this happening in nature, because, owing to the
slowness of natural selection, it would probably
require ten thousand years of observation in a
favourable case. But, as Darwin realised, it has
happened as the result of artificial selection. A
middle-white pig differs from a wild boar in some
thirty to forty distinct respects. Some may be due
to the action of the same gene on several organs.
Others require several genes. Some of these genes
were doubtless present as rarities in the wild species.
Others may have turned up after domestication,
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but if so they had probably often occurred in the
wild species.

It is important to realise that the combination of
several genes may give a result quite unlike the mere
summation of their effects one at a time. This is
obviously to be expected if genes act chemically.
Thus in Primula sinensis a dark stem (recessive) is
associated with no great change in colour of acid-
sapped (red and purple) flowers. But blue (reces-
sive) flowers, which have a neutral sap, when
growing on a dark stem, are mottled. The same
recessive dark stem genes, along with genes for a
green stem, give plants which will not set seed,
though they give good pollen. So selection acting
on several characters leads, not merely to novelty, but
to novelty of a kind unpredictable with our present
scientific knowledge, though probably susceptible of
a fairly straightforward biochemical explanation.

We have seen that there is no question that
natural selection does occur. We must next con-
sider what would be the effect of selection of a given
intensity. The mathematical theory of natural
selection where inheritance is Mendelian has been
mainly developed by R. A. Fisher, S. Wright,
and myself. Some of the more important re-
sults are summarised in the Appendix, but I shall
deal with a few of them here. The first question
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which arises is how we are to measure that intensity.
I shall confine myself to organisms, such as annual
plants and insects, where generations do not overlap.
The more general case, exemplified by man, can
only be treated by means of integral equations.
Suppose we have two competing types A and B,
say dark and light moths or virulent and non-
virulent bacteria. Then if in one generation the
ratio of A to B changes from r to r(i + A we shall
call k the coefficient of selection. Of course k will
not be steady. In one year an early spring will
give an advantage to early maturing seeds. In the
next year a late frost will reverse the process.
Nor will it be constant from one locality to another,
as is clear in the case of the moths just cited. We
must take average values over considerable periods
and areas. The value of k will increase with the
proportion of individuals killed off by selection, but
after selection has become intense enough to Kkill
off about 80 per cent, of the population it increases
rather slowly, roughly as the logarithm of the
number Killed off per survivor—sometimes even as
the square root, of the logarithm. In what follows
I shall suppose k to be small.

The effect of selection of a given intensity depends
entirely on the type of inheritance of the character
selected and the system of mating. | will confine
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myself for the moment to characters inherited in
an alternative manner, in a population either mating
at random or self-fertilised. If two races do not
cross, or if the inheritance is cytoplasmic, and if
unis the ratio of A to B after n generations, then

un= eknuQ or kn = Iog*ﬁ If the character is due

to a single dominant gene, and unis the ratio of
dominant to recessive genes, then

kn= un — u0+ Iog*uO

This means that selection is rapid when populations
contain a reasonable proportion of recessives, but
excessively slow, in either direction, when recessives
are very rare (see Fig. 8). Thus if K —toW? 1001
of one type survive to breed for every 1000 of the
other, it would take 11,739 generations to increase
the number of dominants from one in a million to
one in two, but 321,444 generations to increase the
number of recessives in the same way. It is not
surprising that the only new types which have been
known to spread through a wild population under
constant observation are dominants. For example,
the black form of the peppered moth, Amphidasys
betularia, which replaced the original form in the
industrial districts of England and Germany during
the nineteenth century, is a dominant. When the
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NATURAL SELECTION

8 — Theoretical results of selection on the composition
of a population when dominants are favoured. Abscissa,
number of generations multiplied by coefficient of selection.
Ordinate, ratio of dominants to recessives. If the races do
not interbreed the effect is the same as for an extra-nuclear
factor. In the case of the double dominant, the genes are
supposed to be present in equal numbers. If recessives
are favoured, the sign of the abscissa is changed. For
example, if k = o-oi, it will be seen that about 400 genera-
tions are needed for the ratio of dominants to recessives to
change from 1 to 10, if autosomal single dominants are
favoured.
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character is due to several rare genes the effect of
selection is also very slow even if the genes are
dominant. But however small may be the selec-
tive advantage the new character will spread, pro-
vided it is present in enough individuals of a popula-
tion to prevent its disappearance by mere random
extinction. Fisher has shown that it is only when k
is less than the reciprocal ofthe number of the whole
population that natural selection ceases to be effec-
tive. An average advantage of one in a million
will be quite effective in most species.

A curious situation arises when two genes one
at a time produce a disadvantageous type, but taken
together are useful. Such a case was found by
Gonzalez (1923), with three of the well-known genes
in Drosophila. It will be seen from Table V that

Tabte V

Mean Life in Days, and Average Progeny per Fertile Mating
of several types of Drasophila melanogaster

Pro-

Type. Life of «y. Life of 9 geny.
wild . . . . 38-08d:0'36 1 40'62+0-42 247
Purple (eyes) . . -42+0- "837M0* 325
Arc (wings) . . . igﬁé %é ]. 518 ii ’833] 127
Speck (in axilla) . . ‘6370 8-9i+o0 103
Purple arc . . . §8 oot o%% § $é+ 230
Purple speck . . 23-72+0'22 gﬁ 1L0* 247
Arc speck . . . 38-4i+0*58 8§+ o fg 106
Purple arc speck . . 38-38+0-62 q *o 118
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two of the genes, Purple and Arc, lower the expecta-
tion oflife in both sexes. The third, Speck, increases
the expectation of life in males, without altering it
significantly in females. Purple and Arc together
give considerably longer life in both sexes, but
especially in the male, than either alone. The com-
bination of all three genes restores the normal
duration of life in both sexes, the increase being
insignificant.

The figures for progeny in the last column are
based on few families, but the fertility of Purple is
significantly greater than that of the wild type. |If
the percentage of fertile matings is not greatly
lowered by this gene, it would tend to spread in a
mixed population under Gonzalez’ cultural con-
ditions, though doubtless in a state of nature this
is not so.

Of course the life-lengths of Table V do not
represent selective advantages, but they only refer
to five of the hundreds of genes known in Drosophila.
No doubt none of the other common mutant genes
by itselfis advantageous in nature, or it would have
spread through the species and established itself.
But it is quite possible that a combination of two,
three, or more would be so. The number ofpossible
combinations of all the known genes is very large

indeed. The combined mass of a population
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consisting of one fly of each possible type would
vastly exceed that of all the known heavenly bodies,
or that of the universe on the theory of general
relativity. It is not an extravagant theory that
at least one member of this population would
be better adapted for life than the present wild
type.

If we consider a case where the double dominant
AB and the double recessive aabb are both more
viable than the types Abb or aaR, then a population
consisting mainly of either of the favoured types is
in equilibrium (see p. 192), and mutation on a
moderate scale is not capable of upsetting this
equilibrium. But the change from one stable
equilibrium to the other may take place as the
result of the isolation of a small unrepresentative
group of the population, a temporary change in the
environment which alters the relative viability of
different types, or in several other ways, one of
which will be considered later.

This case seems to me very important, because it
is probably the basis of progressive evolution of
many organs and functions in higher animals, and
of the break-up of one species into several. For an
evolutionary progress to take place in a highly
specialised organ such as the human eye or hand a
number of changes must take place simultaneously.
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Thus if the eye is unusually long from back to front
we get shortsightedness, which would not, however,
occur if there were a simultaneous decrease in the
curvature of the cornea or lens, which would correct
the focus. As, however, abnormal eye-length is
fairly common, being often inherited as a dominant,
while lessened corneal curvature is rare, the usual
result of the condition is short-sightedness. Actually
a serious improvement in the eye would involve a
simultaneous change in many of its specifications.
Occasionally a single gene might produce simul-
taneous and harmonious changes in many at once,
but this is not generally the case with new mutants,
although some such genes, being almost harmless,
are not eliminated, and account for much of the
variation in natural populations. Evolution must
have involved the simultaneous change in many
genes, which doubtless accounts for its slowness.
Here matters would have been easier if heritable
variations really formed a continuum, as Darwin
apparently thought, i.e. if there were no limit to the
possible smallness of a variation. But this is clearly
not the case when we are considering meristic
characters. Mammals have a definite number of
neck vertebrae and chromosomes, most flowers a
definite number of petals, exceptional organisms
being unhealthy. And the atomic nature of
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Mendelian inheritance suggests very strongly that
even where variation is apparently continuous this
appearance is deceptive. On any chemical theory
of the nature of genes this must be so.

If the only available genes produce rather large
changes, disadvantageous one at a time, then it
seems to me probable that evolution will not occur
in a random mating population. In a self-fertilised
or highly inbred species it may do so if several
mutations useful in conjunction, but separately
harmful, occur simultaneously. Such an event is
rare, but must happen reasonably often in wheat,
ofwhich the world’s population is roughly 5 x o4
plants, about 99 per cent, of which arise from self-
fertilisation. But where natural selection slackens,
new forms may arise which would not survive under
more rigid competition, and many ultimately hardy
combinations will thus have a chance of arising.
Ford (1931) describes a case which may be inter-
preted in this way in the butterfly Melitaea aurinia.
This seems to have happened on several occasions
when a successful evolutionary step rendered a
new type of organism possible, and the pressure of
natural selection was temporarily slackened. Thus
the distinction between the principal mammalian
orders seems to have arisen during an orgy of varia-
tion in the early Eocene which followed the doom
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of the great reptiles, and the establishment of the
mammals as the dominant terrestrial group. Since
that date mammalian evolution has been a slower
affair, largely a progressive improvement of the
types originally laid down in the Eocene.

Another possible mode of making rapid evolu-
tionary jumps is by hybridisation. As we saw, this
may lead to the immediate formation of a new
species by allopolyploidy. An example of this
process in Nature is given by Huskins (1930). The
rice-grass Spartina Townsendii first appeared on the
muddy foreshore of Southampton Water about
1870. It breeds true, but Stapf (1927) regards it as
a hybrid of the English S. stricta and the (probably)
American S. alterniflora. Huskins finds that these
two latter species have chromosome numbers of
56 and 70 respectively, while S. Townsendii has
126 chromosomes. The basic chromosome number
in the Gramineae is 7, so it would seem that a cross
between an octaploid and a decaploid species gave
rise to an enneaploid with 63 chromosomes, vigorous,
but somewhat sterile and not breeding true. The
doubling of its chromosome number gave an octo-
caidecaploid which combined hybrid vigour with
fertility and stability. This interpretation must of
course remain doubtful until the crossing has been
repeated under controlled conditions, but the
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conjunction of morphological and cytological evid-
ence renders it very likely.

Meanwhile the new species is proving its fitness
in a true Darwinian manner by exterminating its
parents, and also according to the ideas of Kropotkin,
by aiding the Dutch in their struggle with the sea.
Its recent origin is to be explained by the fact that
its parents only hybridised as the result of human
activity, S. alterniflora having presumably been
brought on a ship from America.

Apart from this, hybridisation (where the hybrids
are fertile) usually causes an epidemic of variation
in the second generation which may include new
and valuable types which could not have arisen
within a species by slower evolution. The reason
for this is that genes often exhibit quite novel
behaviour in a new environment. Thus Kosswig
(1929) crossed the fishes Platypoecilus and Xipho-
phorus, and found that some, though not all, of the
genes causing abnormal colours in the latter pro-
duced very exaggerated effects when introduced
into the former. Thus a gene from Xiphophoms for
black pigment produced hybrid fish which, though
quite healthy, were covered with warts of black
pigment. Lotsy (1916), in particular, has emphasised
the importance of hybridisation in evolution, and
shown that it occurs in nature. He was able, for
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example, by crossing two species of Antirrhinum
(snapdragon), namely A. majus and A. glutinosum,
to obtain in the second generation plants whose
flower would be ascribed by a taxonomist to the
related genus Rhinanthus. At one time Lotsy did not
believe in mutation, except by loss, and attributed
all variation to hybridisation. This is certainly an
exaggeration. Not only has mutation now been
fully confirmed, but no such hypothesis as Lotsy’s
will explain the slow and steady evolution to which
the geological record bears witness. Nevertheless
it is difficult to doubt that hybridisation has rendered
possible the coming together of certain combina-
tions ofgenes which could not have arisen otherwise.

Still another possible way out of the impasse is
as follows. Instead of the two or more genes
changing abruptly, they may change in a number
of small steps, i.e. multiple allelomorphs may appear
causing very slight changes in the original type of
gene. Supposing blackness conferred a small ad-
vantage of about one in a thousand on the wild
mouse by acting as a protective colour or otherwise,
it would not be favoured by selection because it
confers a definite physiological handicap. The
death-rate among black mice in their first three
weeks of life was shown by Detlefsen and Roberts
(1918), to be decidedly larger than that of the wild
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type (two other colour genes had no such effect).
Actually the handicap was about 4J per cent. But
it might pay the mouse to become slightly darker,
changing its G gene a fraction of the way towards
the gene producing black, to wait until modifying
genes had accumulated which restored the physio-
logical balance, then to proceed another step, and
so on.

It will be remembered that Detlefsen (1914)
crossed the ordinary guinea-pig, Cavia porcellus, with
the smaller and darker coloured Cavia rufescens. He
found that the dark colour was mainly due to a
modification of the gene G, which behaved as a
multiple allelomorph with the gene for black. Thus
if Cavia porcellus represents the original type, which
is highly probable, its gene G has changed part of
the way towards producing blackness in the evolu-
tion of C. rufescens. Three other crosses between
subspecies and geographical races in rodents give
similar results. It looks as if the evolution of colour
in rodents generally proceeded by rather small
steps. My own quite speculative theory of ortho-
genetic evolution such as that described in Chapter |
is that we are dealing here not only with the
accumulation of numbers of genes having a similar
action, but with the very slow modification of single

genes, each changing in turn into a series of multiple
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allelomorphs. The phrase “ modification of the
gene ” is of course a rather misleading simplifica-
tion. What | mean is that mutation was constantly
modifying the gene, and that at any given time
natural selection acted so as to favour one particular
grade of modification at the expense of the others.
One more application of mathematics, and |
have done. Under what conditions can mutation
overcome selection ? This is quite a simple problem.
Let p be the probability that a gene will mutate in
a generation. We saw that p is probably usually
less than a millionth, and so far always less than a
thousandth. Let k be the coefficient of selection
measuring the selective disadvantage of the new
type, k being considerably larger than p. Then
equilibrium is reached when the proportion of

unfavourable to favourable phenotypes is ~ if the

mutant is recessive, ifitisdominant. The above
calculations refer to a random mating population.
The ratio is always © in a self-fertilised population.

Hence, unless k is so small as to be of the same order

as /5 the new type will not spread to any significant

extent. Even under the extreme conditions of

Muller’s X-ray experiments, when mutation was
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a hundred and fifty times more frequent than in the
normal, a disadvantage ofone in two thousand would
have kept any of the new recessive types quite rare.
Thus until it has been shown that anywhere in
nature conditions produce a mutation rate consider-
ably higher than this, we cannot regard mutation as
a cause likely by itself to cause large changes in a
species. But | am not suggesting for a moment
that selection alone can have any effect at all. The
material on which selection acts must be supplied
by mutation.

Neither of these processes alone can furnish a
basis for prolonged evolution. Selection alone may
produce considerable changes in a highly mixed
population. A selector of sufficient knowledge and
power might perhaps obtain from the genes at
present available in the human species a race com-
bining an average intellect equal to that of Shake-
speare with the stature of Camera. But he could
not produce a race of angels. For the moral
character or for the wings he would have to await
or produce suitable mutations.



" CHAPTER V
WTAT IS HTNESS?

“ | returned, and saw under the sun that the race is not to the
swift, nor the battle to the strong, neither yet bread to the wise, nor
yet riches to men of understanding, nor yet favour to men of skill ;
but time and chance happeneth to them all.” — Ecclesiastes.

We have seen that natural selection is a reality, that
the facts of variation, though different from what
Darwin believed them to be, are yet such as to yield
a raw material on which natural selection can work.
We have also seen that variation directly induced
by the environment is not in itself competent to
explain the known facts of evolution. But we know
very little about what is actually selected, and any
attempt to give a concrete account of natural selec-
tion at work must be decidedly speculative. Never-
theless such an attempt must be made. | believe
that the opposition to Darwinism is largely due to
a failure to appreciate the extraordinary subtlety
of the principle of natural selection. Attention has
so far been focused (and inevitably so) on the
crudest type of interaction between organism and

environment.
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Lucretius stated the principle of natural selection
in its crudest form when he wrote :

“ Multaque turn interiisse anlm%ntum saecla necesse est,
Nec potuisse propagando producere prolem.

Nam qraecomque uides uesci uital'. DUE trels
it

Aut dolus, aut uirtus, aut denigur mobilitas est
EX ineunte aeuo genu3| tutata, reseruans.” 1

This was a magnificent intellectual discovery
when Lucretius made it two thousand years ago.
But it is only a small part of the whole story.

We must look a little deeper. There is a perfect
analogy in the field of history. Primitive history is
largely an account of battles. The state is con-
sidered in its most obvious relationship to other
states, and nothing is said about its internal structure
apart from the crudest outlines.

“Thine, Roman, |?]theﬁ) %m Roman, the sword is thine,
Theoer\éeer}etrflr;]ce ristling mound, the legion’s

is the explanation of the greatness of Rome served
out to us in our infancy. We soon realise its
inadequacy. We find that we can obtain a better
idea of the real greatness of the Roman character

1 “ And many lines of organisms must have perished then, and
been unable to propagate their kind. For whatever you see feeding
on the vital air, either craft, strength, or finally mobility has been
protecting and preserving that race from its earliest times.”
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from the ideal Roman, Aeneas, or the almost
equally mythical heroes of Livy. Still later we
realise the vast complexity of the problem, the
extraordinary concatenation of racial, economic,
and traditional influences which must have co-
operated to build Rome. *“ Tantae molis erat
Romanum condere gentem.”

So with an animal or plant. We are first struck
by its obvious adaptations ; its claws, teeth, spines,
protective colouring, and so on. Such features
impress the morphologist who is bound to note them
when engaged in taxonomic work. But there
remain a host of morphological characters which
have no obvious value to their possessor. Such
are the innumerable slight variations of leaf shape
which often distinguish species of the same plant
genus.

Later on we find subtler adaptations, for example,
the high water-imbibing power of the colloids and
the consequently low freezing-point of the cell-
contents of cold-resisting plants, or the relation
shown by Needham (1929) between the nitrogenous
end-products of animal metabolism and the capacity
of the embryo for getting rid of them.

But when we have pushed our analysis as far as
possible, there is no doubt that innumerable char-
acters show no sign of possessing selective value,
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and, moreover, these are exactly the characters
which enable a taxonomist to distinguish one species
from another. This has led many able zoologists
and botanists to give up Darwinism. But before
we follow their example it is desirable to consider
certain facts.

Darwin himself was well aware of the correlation
between different characters. To-day we see the
same phenomenon as the multiple effects of a single
gene. Since the gene exists in every cell of the
body, it may be expected to affect the organism as
a whole, even if its most striking effect is on some
particular organ or function. Thus the gene
in Primula sinensis incises the petals, doubles the
number of sepals, breaks up the bracts, produces
a more compact habit, increases the degree of crimp-
ing of the leaves when certain other genes are
present, and so on. Morgan (1926) describes a
number of cases of multiple action of this kind in
Drosophila. In particular many genes modify wings
and bristles simultaneously. Our actual descrip-
tion of a gene depends on our senses in a rather
arbitrary way. Thus the gene for large central
“ eye ” in the flower of Primula sinensis also shortens
the style in plants where it would otherwise be long,
producing a homostyle instead ofa “ pin ” flower.

If we were blind to the difference between yellow
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and white we should call it a modifier of the style
length. In the same way in order to be hairy a
stock (Matthiola incana) must have coloured flowers,
and also carry two special genes for hairiness
(Saunders, 1920). A race of blind botanists could
have detected all four of the genes concerned, but
would probably not know that two of them were
concerned in producing certain aromatic compounds
in the petals, which, though inodorous, incompre-
hensibly influenced insects in their visits. We are
not much better off than these imaginary botanists.
Most of the chemical constituents of living matter
do not absorb visible radiation, so we cannot
observe changes in them without painstaking
analysis. To my mind it is probable that every
gene produces a definite chemical effect, but we are
very far from being able to prove this as yet.

Certainly we have no reason to offer why white-
flowered beans should react more intensely to their
environment, both in producing large and small
crops, than those with coloured flowers ; why white
rabbits are not killed by an injection of nucleo-
protein that will clot the blood in the vessels of
normal rabbits, and so on. But these appear to
be facts.

It is clear that most of the differences between
species so far noted are very superficial. But along
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with them are differences of a kind which are much
more important from the point of view of natural
selection. Thus Crew (1927) describes a case of
staphylococcal infection in mice which killed a
whole group of Japanese waltzing mice, but no
white European mice nor hybrids of the first genera-
tion. It also killed one-quarter of the F2generation
and about half of the back-cross to the Japanese.
One out of fifty-one in the offspring of the hybrids
and European mice died. With this one exception,
everything agrees with the view that immunity is
due to a dominant gene found in the European
mouse, absent in the Asiatic Mus Wagneri. Just
the same straightforward Mendelian inheritance is
found in the case of rust resistance in wheat. But
presumably such genes will have effects even in the
absence of disease. The fact that Mus musculus
possesses the gene, doubtless owing to the extinction
of those mice which lacked it, almost certainly has
some effect on its other characters.

For such reasons I am not unduly impressed by
the fact that the taxonomist’s characters are not
the useful aspects of the activity of those genes
which distinguish species. Some of these genes
may be needed for their obvious effects, but others
will merely be required to restore a physiological

balance. Thus Table V showed that if natural
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selection placed a premium, other things being
equal, on arc wings in Drosophila, normal viability
could be restored by the simultaneous appearance
of purple eyes and an axillary spot. Perhaps some
other genes would be equally effective, but it would
require a combination of physiological and genetical
research to determine the reason for their utility.

But in addition to characters of the type discussed
above, we must be prepared to find within a species
apparently useless characters which nevertheless
have been selected for their own sakes, for an
entirely different reason.

Bidder (1930) has stressed the importance in
evolution of disasters which may occur only once
in very many generations, but may have a pro-
found selective effect. Thus three sponges which
live normally on rocks between tide-marks have
elaborate systems for ejecting water for great dist-
ances. These cannot be of any use to dwellers in
surf. But Bidder points out that perhaps once in
a century a violent rainstorm or great heat at a low
spring tide will kill off all the population over a
wide area, which will be replenished from those few
members of the species which are living in caves
or other sheltered spots where their canal-system is
essential owing to the stagnation ofthe water. Simi-

larly the apparently insane tendency to migration
u?
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of certain rodent species may be due to the fact
that they are all descended from unstably minded
survivors of some great catastrophes, such as an
ice-age in the past. Bidder’s argument is general-
ised on p. 177.

One may apply similar arguments to plants.
Plant dispersal is normally a very slow process.
Thus Ridley (1905) studied the dispersal of the
tropical tree Shorea. He found that the rather large
but winged fruit might fly a hundred yards, and the
tree so produced would take thirty years to grow to
maturity. Thus about five hundred years would be
needed for a migration of about a mile. This is the
normal rate, but one seed in a thousand million
carried a hundred miles by a typhoon or by
accidental adherence to an animal would entirely
upset such a calculation. For such reasons | believe
that the task which the ecologists are now rightly
setting themselves, of examining natural selection
at work, may be harder than they think. Doubtless
it will be possible to determine the normal incidence
of selection in many species. But in a great disaster
or a great migration the characters of the single
survivor are what matters. And although such
ecologists as Elton (1927) now realise that many
animal species are periodically almost wiped out

by disease, and may be able to determine the selec-
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tive effect of these epidemics, they will hardly be
able to study the single plant seed which once in a
century, or more rarely, establishes a new species
in a new continent. If it is a member of a poly-
morphic species it will establish a race differing in
many respects from the normal, and here at least
we must admit that mere chance is likely to play
a certain part in species formation, though | think
that Elton has somewhat exaggerated its importance.

But |1 must leave this fascinating topic to discuss
a fallacy which is, I think, latent in most Darwinian
arguments, and which has been responsible for a
good deal of the poisonous nonsense which has been
written on ethics in Darwin’s name, especially in
Germany before the war and in America and
England since. The fallacy is that natural selection
will always make an organism fitter in its struggle
with the environment. This is clearly true when
we consider the members of a rare and scattered
species. It is only engaged in competing with other
species, and in defending itself against inorganic
nature. But as soon as a species becomes fairly
dense matters are entirely different. Its members
inevitably begin to compete with one another. | am
not thinking only of the active and often conscious
competition between higher animals, but also of
the struggle for mere space which goes on between
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neighbouring plants of closely packed associations.
And the results may be biologically advantageous
for the individual, but ultimately disastrous for the
species. The geological record is full of cases where
the development of enormous horns and spines
(sometimes in the male sex only) has been the pre-
lude to extinction. It seems probable that in some
of these cases the species literally sank under the
weight ofits own armaments. Again, while modern
research tends to show that sexual selection in birds
is rather less important in making bright colour
and structures such as the peacock’s tail advan-
tageous in male birds than Darwin supposed, there
is still a good deal of evidence that it has certain
selective value in securing mates. And none will
contend that (except in so far as it has induced
Hindus to regard him as sacred and Europeans as
a suitable pet) the peacock’s rather cumbrous tail
has been of any advantage to him in the struggle
with the environment. | could multiply such cases
indefinitely, but they are all somewhat uncertain.
To prove our case we should want statistics as to
the number of offspring left on the one hand, and
expectation of life on the other, of long- and short-
tailed peacocks under natural conditions.

| therefore propose to deal with a case where

some at least of the required data do exist. At
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first sight it would seem that where we have a
scattered population of plants almost always
separated from one another by a foreign species,
we should expect to find very little intraspecific
competition. The poppy plants scattered about
in a wheat field are not overcrowded, at least by
one another. But there is serious overcrowding at
a stage in the life-cycle where it can only be detected
with the microscope, namely among the pollen-
grains. If we examine the stigma of any flower
after fertilisation we almost always find that there
are far more pollen grains on it than are needed to
fertilise all the ovules. We thus have to reckon with
competition of two sorts. First, there is competition
between different plants to pollinate their fellows
(I am confining myself for the moment to plants
where cross-fertilisation is the rule). Secondly,
there is competition between pollen grains from the
same parent.

The first type of competition evidently leads
to the production of [excessive amounts of pollen.
No one who has walked through a pine-wood in
summer, and above all no sufferer from hay fever,
will doubt that more pollen is produced than is
needed to assure that almost every ovule should be
fertilised. But since a start of a few hours will

probably ensure the success of a pollen grain in
121



THE CAUSES OF EVOLUTION

most cases, any plant which has pollen constantly
available in fairly large amounts for fertilisation
will be more heavily represented in the next genera-
tion than a more niggardly neighbour.

Secondly, there is competition between pollen
grains of the same plant on the basis of the genes
carried by them. This remarkable phenomenon
was discovered by Heribert-Nilsson (1923), who
called it certation. He studied the dominant type
rubrinervis of Oenothera Lamarckiana. Galling the
gene responsible for its appearance R, the corre-
sponding recessive r, he showed that a heterozygote
Rr fertilised with r pollen gave equal numbers of
red- and white-veined plants. But the reciprocal
cross, where the pollen grains consisted of equal
numbers of R and r, gave 254 red and 93 white.
Clearly the r pollen is severely handicapped in its
competition with R. This is because the r pollen
tubes grow more slowly. Although rubrinervis
plants are far more cold-resistant than the normal,
the gene R cannot establish itself in the species,
because RR homozygotes are inviable, probably
owing to linkage with a lethal. This is not an
uncommon phenomenon. Several genes in Maize,
including that for the waxy endosperm, handicap
pollen tubes which carry them. For example, in

plants with sugary endosperm Brink (1927) found
122



WHAT IS FITNESS ?

that although pollen-grains with and without the
gene causing waxy endosperm were formed in equal
numbers, the former produced only 62 per cent,
as many seeds as the latter.

Clearly a higher plant species is at the mercy of
its pollen grains. A gene which greatly accelerates
pollen tube growth will spread through a species
even if it causes moderately disadvantageous changes
in the adult plant. A gene producing changes
which would be valuable in the adult will be unable
to spread through a community if it slows down
pollen tube growth. At one time | thought that
such genes would be of overwhelming importance,
owing to the great intensity of competition between
pollen grains. This is incorrect, because if the com-
petition is so intense that only one in n survives, the
intensity of selection increases, not with n, but with
log nor yflog n3i-e- very slowly (see p. 177).

While the behaviour of pollen grains depends to
a considerable extent on the genes which they carry,
this is fortunately not in general the case with sper-
matozoa, where Muller and Settles (1927) showed
that the genes carried have, in Drosophila at least,
no influence on their viability. The pollen grain
represents the suppressed haploid generation of the
higher plants, corresponding to the green genera-

tion of mosses, and has a physiology of its own,
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influenced by special genes. The spermatozoon,
with its less distinguished past, does not depend in
the same way on its nucleus. But similar influences
undoubtedly come into play in higher animals.
In the mouse a fair percentage, generally about
a quarter, of the embryos die during pregnancy.
There is not sufficient space or nourishment for
them all, i.e. they compete with one another.
Hence in animals producing many young at a birth
there will probably be selection in favour of rapid
embryonic growth, and adult characters determined
by genes causing rapid embryonic growth will
spread through the species. We have here a possible
cause for the orthogenetic evolution of unfavourable
adult characters. This will tend to go on steadily
because the prenatal environment is more constant
than the adult environment. It is probably very
significant that man and his immediate relatives
only produce one child at a birth. For as Rubner
(1908) and Bolk (1926) showed, the most deep-
seated biological characteristic which distinguishes
man from the other mammals is a marked slowing
down of the rate of development.

I think it probable that competition based on
embryonic growth-rates and possibly gametic
characters may account for many of the obscurer

phenomena of evolution as disclosed by the geo-
124



WHAT IS FITNESS ?

logical record. Large size in an embryo necessitates
the possession of circulatory and excretory systems,
so that increased growth in the early stages of de-
velopment implies the more rapid attainment of
a certain degree of structural complexity. In other
words certain genes will begin to act earlier, and
if this is a general process, characters confined to
the adult stage will be pushed back into the
embryonic stage. Things may perhaps go further
still, and embryonic characters be pushed back
into the preceding life-cycle, thus explaining the

“ second childhood % of Ammonites. | have dis-
cussed this problem in detail elsewhere (Haldane,
1932 a).

The converse process of neoteny, which causes
the retention of larval or embryonic characters into
the adult stage, is more likely where the larva or
embryo is rather well off, and not subjected to
intense competition. The larval Amblystoma is
quite well equipped, and man is perhaps better
protected during prenatal life than babyhood. As
Madariaga (1925), put it, “ A pregnant woman
never leaves her infant behind.% Nor does a
pregnant monkey let it fall to the ground.

But it is in the struggle between adults of the
same species that the biological effects of competi-
tion are probably most marked. It seems likely
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that they render the species as a whole less successful
in coping with its environment. No doubt weak-
lings are weeded out, but so would they be in com-
petition with the environment. And the special
adaptations favoured by interspecific competition
divert a certain amount of energy from other func-
tions, just as armaments, subsidies, and tariffs, the
organs of international competition, absorb a pro-
portion of the national wealth which many believe
might be better employed.

If, like the authors of mediaeval bestiaries, | were
using zoology to impart a moral lesson, 1 should
suppress the paragraph which follows, and defend
Kropotkin’s point of view that intraspecific com-
petition is always an evil, and mutual aid an impor-
tant factor in evolution. The latter statement is
clearly true, but it is also the case that some of the
most striking cases of mutual aid appear to be
useless, or at least of very small value, to one of the
species which practises them, though necessary to its
struggling individuals and admirable to man, who
judges with a scale of values which is not merely
biological.

One of the most striking of these cases is the
insect-attracting flower. The bee or other fertilis-
ing insect usually finds in it a source of food, and is
thus enabled to increase its numbers. The plant
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manages to secure the pollination of its own flowers
and the carriage of its pollen to others. But both
these can generally be secured quite efficiently by
wind pollination, the former even by self-fertilisation.
Self-fertilisation, as we shall see later, probably has
its disadvantages, and wind-pollination doubtless
requires a larger pollen production than does insect
pollination. Nevertheless this large pollen produc-
tion would involve less expenditure of material
than the production ofa corolla, scent, and nectaries.
But a plant of an insect-pollinated species which
did not attract insects, even if it secured fertilisation
by accidental wind-blown pollen of other members
of its species, would probably fail to fertilise any of
its fellows, insects having carried pollen to them
before any grains from it were blown to them. It
would thus be inadequately represented in the next
generation, and its genes would be eliminated by
natural selection. Clearly this is not always so,
for some plants have obviously abandoned insect
fertilisation for wind pollination; but it must be so
in general. It is a remarkable fact that the orchids,
where, as Darwin showed, the adaptations for insect
fertilisation are most strikingly developed, are not
a very successful group. Sometimes even the insect
does not benefit from the association, as in the case
of the orchid Cryptostylis leptochila, which stimulates
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the male flies of the species Lissopimpla semipunctata
which visit it to a biologically disadvantageous sexual
activity (Coleman, 1928).

So with the bright colours and song of many bird
species. They serve to attract the other sex, and
incidentally delight humanity. But while they are
probably preserved and enhanced by competition
between members of the species, their value to the
species as a whole is dubious.

Man is a dominant species, and is subject to the
disadvantage entailed by that fact. The success
or otherwise of a nation in the biological sense, i.e.
the extent to which its members are represented in
future generations, depends partly, no doubt, on the
genes carried by it, partly on such accidents as the
fact that England was in a favourable situation
for colonising North America, and possessed large
coalfields. But probably tradition in the broadest
sense of the word has been an influence more
important than either of these. Hence biological
selection has largely been directed upon those
characters which determine that one individual
member of a nation shall be represented in the next
generation by more children than another.

These characters include resistance to disease
and a certain measure of physical vigour. But they

do not include a number of the qualities which man
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himself finds most admirable, or which make for
the multiplication of the species as a whole. Let me
take two very different groups of men who have
aroused the admiration oftheir fellows— the Christian
saints and the winners of the Victoria Cross. Both
include a large number who died young precisely on
account of their heroic qualities. And the majority
of saints were childless for other reasons. So with
many of the great scientists and artists. Their
choice of career made it economically or psycho-
logically impossible for them to found families.
Their genes are therefore unrepresented to-day,
and their lives constituted a sacrifice of the future
to the present.

The classes which are breeding most rapidly in
most human societies to-day are the unskilled
labourers. Society depends as much, or perhaps
more, on the skilled manual workers, as on the
members of the professional and ruling classes.
But it could well spare many of the unskilled.
There are, of course, tendencies acting in the
opposite direction. Thus, on the whole, the earlier
emigrants to new countries, whose descendants now
constitute a considerable part of the population,
were above the average in physical or psychological
vigour.

However, | have no desire to discourse on
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eugenics ; | merely wish to point out that some, at
least, of the evils against which the eugenic move-
ment is directed affect man not only because he is
a social animal but because he is a dominant one.
It can be shown mathematically that in general
qualities which are valuable to society but usually
shorten the lives of their individual possessors tend
to be extinguished by natural selection in large
societies unless these possess the type of reproductive
specialisation found in social insects (see p. 208).
This goes a long way to account for the much com-
pleter subordination of the individual to society
which characterises insect as compared to mam-
malian communities. Of course on Lamarckian
principles one would expect exactly the opposite
effect. The worker bees are descended from queens
and drones, none of which have worked for very
many generations, probably some million. One
would expect the complex instincts of the worker
to be gradually lost by disuse in these circumstances.
They are not. Man on the other hand is, on the
whole, induced by society to behave better than he
would if left to his own devices. On Lamarckian
principles he ought to be getting innately better
in each generation. There is, unfortunately, no
evidence for this view.

What is more, for reasons given in the appendix,
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I doubt if man contains many genes making for
altruism of a general kind, though we do prob-
ably possess an innate predisposition for family life.
But psychologists are perhaps right in regarding
social life as an extension of family life, and theo-
logians can use no more vivid metaphors than the
fatherhood of God and the brotherhood of nan.
For in so far as it_makes for the survival of one’s
descendants and near relations, altruistic behaviour
is a kind of Darwinian fitness, and may be expected
to spread as the result of natural selection.

But the altruism of the social insects is more
thoroughgoing. That is why moralists tell us to
imitate them. But it is hard to see how'such
behaviour could become congenitally fixed in a
species which did not practise reproductive speciali-
sation. It may be that, as Hudson (1919) suggested,
man will adopt this practice, but the first steps to it,
as pointed out by my wife (Haldane, 1926), would
involve a very drastic interference with our present
moral code, and would be most violently opposed
by the moralists who would like us to imitate the
insects in other respects.

A dominant species is perhaps subject to certain
other disadvantages. It has large numbers and
is consequently somewhat more variable, a fact
first pointed out by Darwin, and later confirmed
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by Fisher and Ford (1929). The reason for the
increased variability was first given by Fisher (see
p. 203). He points out that the efficiency of selec-
tion is proportional to the variance of a species,
so we may expect evolution to be relatively rapid in
numerous species. On the other hand, their very
numbers will tend to prevent them from breaking
up iito local races which are probably the pre-
cursors of new species. Of course such local races
exist in dominant species, such as the herring, but
a certain degree of crossing between them is almost
inevitable unless they are isolated by geographical
barriers. It is difficult to imagine that so widely
distributed a fern as bracken (Pteris aquilina) is
likely to break up into several species in England.
On the other hand, the far rarer prickly buckler
fern (Nephrodium spinulosum) has four British varieties
which have been ranked as species, and some of
which have a rather restricted distribution. Clearly
these varieties have a relatively good chance of
evolving along their own paths without being
swamped by crossing.

I am speaking, of course, of species of which
the members intercross freely. Things are quite
differem; where self-fertilisation or apogamy is the
rule. Flere a common *“ species® consists of a
swarm of innumerable varieties. Taraxacum and
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Hieracium are good examples. Of course the de-
limitation of species in such a case is quite arbitrary.
Different pure lines, or Jordanons, of such species
are adapted to slightly different environments, as
Sukatschew (1928) showed, and for this reason the
species as a whole is in equilibrium, different races
living side by side in the same area, some perhaps
thriving only in a rather restricted habitat, but not
being swamped by the others, since they do not
Cross.

In such species we find the maximum of varia-
bility, and this enables them to fill a large number
of slightly different ecological niches in the same
territory. But this adaptation is probably less
elastic than that of the outcrossing species. Such
a species contains innumerable genes which under
the existing circumstances are more or less dis-
advantageous. But if the environment alters, these
genes will be able to form new combinations suited
to the new environment. An out-breeding species
is therefore far more elastic than one where cross-
fertilisation is rare. If our climate were to change
suddenly it is likely that most of our Jordanons of
Taraxacum and Hieracium would perish. But the
related genus, Crepis, which habitually outcrosses,
would be in a position to produce new combinations
of genes, some of which would survive.
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We now begin to see some possible clues to
the very different pictures of evolution given by
palaeontologists and systematists. The former are
mainly concerned with dominant species of aquatic
animal, the latter mainly with relatively rare species,
and as much with plants as with animals. Willis,
for example, is a botanist. Now a widely distributed
marine animal, which is mobile at least in one
stage ofits life cycle, and very rarely self-fertilising
or apogamous, could rarely form a new species
suddenly. A plant can often do so by polyploidy,
whether as the result of hybridisation or otherwise.
And in a rare plant or animal a local race has a far
better chance of evolving without being swamped
by hybridisation.

One entirely unsuspected type of natural selection
has recently been shown by Fisher to be probable.
Supposing a gene A constantly mutates to a, then
if the species originally contains a gene B but its
allelomorph b is equally viable in combination
with A, while Aabb is more viable than AOBB, the
effect of selection will be to substitute b for B.
Fisher believes that the effect of this process has
been to make most genes which frequently mutate
recessive. Wright (1931) and | (Haldane, 1930 a)
have criticised this theory, and | doubt if it can
stand in its original form. Nevertheless it un-
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doubtedly has some truth in it, and there ca? be
little doubt that mutation pressure has been a .cause
of evolution, if perhaps a less important one than
Fisher believes.

We must now consider some of the other suggested
causes of evolution. We have seen that in experi-
ments lasting for a few score generations Lamarckian
results are not generally obtained. When such
results are claimed it is generally found that there
has been conscious or unconscious selection. If we
expose animals to a certain light, which alters their
average degree ofpigmentation, and then for several
generations breed from those which have varied
most in the direction favoured by the environment,
we shall naturally find a permanent and inheritable
change when we go back to the old environment.
But so we do if we select those which have changed
least. This was done by Bateson (Hall, 1928)
with considerable effect in sugar beet. This plan
commonly “ bolts,% i.e. puts up flowering shoots
from a certain percentage of tubers in its first
year. To eliminate the habit Bateson sowed his
beet so early that about 50 per cent, bolted. The
non-bolters were selected in this way over several
years, and thus a strain was obtained which would
not bolt under the ordinary conditions. He also
selected a race which bolted more than usual, but
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did not, ofcourse, interpret his result on Lamarckian
lines.

One Lamarckian experiment at present stands out
from therest. Macdougall (1927,1930) used a highly
inbred stock of rats—in fact a very nearly pure line.
These rats were placed in a tank from which they
could escape by swimming. There were two land-
ing places, one illuminated, one not so. Those
that landed at the light received an electric shock.
On landing in the dark they received no shock
and were able to escape. The conditions were con-
stantly altered so that it was useless always to swim
to the right or to the left. In the first few genera-
tions it took more than a hundred trials to establish
the habit. This number was gradually reduced,
and in the last ten generations fell from eighty to
twenty-five, until after twenty-three generations only
twenty-five trials were needed. Even when the
slowest learners were selected to breed from, dis-
tinct progress occurred. The quality inherited was
not an instinct for avoiding light, but apparently
a cautious type of behaviour. Crossing trained and
untrained stock gave a blend, even when the trained
animal was a male ; hence education of the young
cannot explain the phenomenon. Now it is note-
worthy that capacity to learn to find the way through
a maze is not improved by many generations of
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training, as shown by Koltsova (1926), differences
between races of rats remaining unaltered through
ten generations. Several other experiments of this
kind led to negative results. Thus Macdougall’'s
results at present stand alone, and until they have
been confirmedl it is rash to build a theory ofevolu-
tion on them, especially as apparently equally
striking results of the same character obtained by
others in the past have not been substantiated by
later workers. |If they are correct we shall have to
envisage the possibility that with the appearance of
mind a new factor in evolution has come into being.
But in such a case it will be extremely hard to
explain why, for example, the instincts of worker
bees do not come to resemble those of queens or
drones.

Apart from Macdougalfs work, the effects of use
have not been shown to be inherited in the course of
a few score generations. But it is suggested that
they, or unknown internal causes which tend to
make organisms vary in a definite direction, may
have very large effects in times to be measured in
thousands or millions of generations. | believe this
apparently very plausible idea to be false, for the
following reason. Variation does not appear to
take place continuously, but by steps, even if they

1 For a criticism see Sonneborn (1931).
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are very small. This must be so if it has a material
basis at all. Now if the effect of the environment
or of the unknown cause was to make a large pro-
portion of the individuals of the race vary in each
generation, we should expect to obtain measurable
results within the period of an ordinary experiment.
If, on the other hand, only a few individuals change
in each generation, we can show mathematically
that the new character will not spread through the
population in the face of a very mild degree of
natural selection. Thus the most that these slowly
acting causes of change could accomplish, would
be the production of characters that were practically
neutral as regards survival value. On the other
hand, it is important to note that a recessive
character, even if advantageous, has little chance
of being selected unless it crops up fairly frequently
as a result of mutation. Any single mutation will
almost certainly disappear as the result of mere
random extinction unless the population is highly
inbred. Thus we certainly cannot neglect the
frequency of mutation as a factor determining
evolution.

But if we come to the conclusion that natural
selection is probably the main cause of change in a
population, we certainly need not go back com-
pletely to Darwin’s point of view. In the first place,
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we have every reason to believe that new species
may arise quite suddenly, sometimes by hybridisa-
tion, sometimes perhaps by other means. Such
species do not arise, as Darwin thought, by natural
selection. When they have arisen they must jus-
tify their existence before the tribunal of natural
selection, but that is a very different matter. As
Darlington (1928) pointed out, an allotetraploid
hybrid usually possesses the vigour characteristic
of hybrids, but without the usual disadvantages of
hybrids—namely, either sterility or the failure to
breed true. But this vigour is not the result of
selection acting on random variations. It is the
result of hybridisation.

Secondly, natural selection can only act on the
variations available, and these are not, as Darwin
thought, in every direction. In the first place,
most mutations lead to a loss of complexity (e.g.
substitution of leaves for tendrils in the pea and
sweet pea) or reduction in the size of some organ
{e.g. wings in Drosophila). This is probably the
reason for the at first sight paradoxical fact that, as
we shall see later, most evolutionary change has
been degenerative. But further, as we saw in the
last chapter, mutations only seem to occur along
certain lines, which are very similar in closely
related species, but differ in more distant species.
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This is fairly clear from the history of the domestic
animals, where all sorts of mutations have been
selected. The cow has shown a great capacity for
variation in the direction of an increased milk yield,
which has been exploited. The Scythians, accord-
ing to Herodotus, lived largely on the milk of mares,
and if mares had varied in the same way there can
be little doubt that man would have selected mares
with a high milk production, as he has selected
she-goats. But we no more breed milch mares than
racing bulls. So with other variations. Horns
have appeared in the past in a great many races of
hoofed animals. They do occasionally appear on
horses, and it would very likely be possible to pro-
duce a race of horned horses. But in spite of the
example of Pegasus, | doubt if the horse possesses
the capacity for producing feathers.

We can now understand the parallelism and
occasional convergence in evolution which has led
many biologists to an anti-Darwinian standpoint.
Related species will vary in similar directions and
be subject to similar selective influences. They may
therefore be expected to evolve in parallel. We
need not be surprised if, say, the modern genus
Cervus is descended from two distinct tertiary
genera, Cervavus and Dicroceras, as many palaeon-
tologists believe.
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The believers in orthogenesis, due to internal
causes, can still point to the parallelism in evolution
of species which have developed similar characters,
to all appearance useless or even harmful, as a pre-
lude to extinction. Many such cases—for example,
the development of large size or large horns—can,
I think, be put down to the ill effects of competition
between members of the same species. Others,
such as the exaggerated coiling of Gryphaea (Chap-
ter 1) cannot at present be explained with any
strong degree of likelihood.

But several explanations are possible. A study
of the causes of death in man, animals, and plants
leaves no doubt that one of the principal characters
possessing survival value is immunity to disease.
Unfortunately, this is not a very permanent acquisi-
tion, because the agents of disease also evolve, and
on the whole more rapidly than their victims.
Now, immunity is often correlated with physical
characteristics. We all know the finely built type
of man and woman who is most liable to succumb
to phthisis. Macdonald (1911) produced strong
evidence that immunity to measles and other diseases
of childhood is correlated with hair and eye colour.
In the United States the white and coloured popula-
tions die from very different types of infection. It

seems likely that when a species is subjected to a
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series of attacks by an evolving parasite it may be
forced along a path of structural change by its tem-
porarily successful acquisitions of immunity. But
in the end it may be driven, so to say, into a corner,
where further immunity involves structural changes
which are disastrous to it in its everyday life.
Disease may have played a very important part in
the decay of human civilisations. The same is
possibly true of species, and especially of dominant
species.

Finally, Fisher, as the result of a rather intricate
mathematical argument summarised on pp. 194-198,
which is independent of the theory of dominance
(in my opinion probably false), in terms of which
it is stated, shows that, given certain assumptions,
when a character such as size, determined by many
genes, is being selected, the population is at any
moment unstable if left to itself, and that the process
of change will proceed further when selection stops
or isreversed (see p. 198). Whether this momentum
would carry a species to extinction is doubtful, but
it might well carry it past the point of most perfect
adaptation.

To sum up, it would seem that natural selection
is the main cause of evolutionary change in species
as a whole. But the actual steps by which indi-
viduals come to differ from their parents are due
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to causes other than selection, and in consequence
evolution can only follow certain paths. These
paths are determined by factors which we can
only very dimly conjecture. Only a thorough-
going study of variation will lighten our darkness.
Although we have found reason to differ from
Darwin on many points, it appears that he was
commonly right when he thought for himself, but
often wrong when he took the prevailing views of
his time— on heredity, for example—for granted.
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CHAPTER VI

CONCLUSION

* They saw the day how brief, the night how long,
The right how faint, how stark the groping wrong,
Man'’s lighted world how narrow, and how wide
The untrodden dark where all dark things abide ;
With what grim toil the high gods keep at bay
The desperate leaguer of the haunts of day,

How at their side the souls of men outworn

Battle to hold the perilous pass of morn,

And, overborne, with agony maintain

The high adventure of the world, in vain.”
Betts (1916).

We now come to the most difficult part of our task,
the attempt to survey and evaluate evolution as a
whole. As a preliminary it will be desirable to
describe briefly the history of life on our planet.1
Unfortunately, the opening acts of the drama are
almost completely unknown to us. Geologists are
too late a product of evolution to be able to tell us
much of what went on before the Cambrian epoch,
some 500 million years ago. One reason is that,

1 Much the best account known to me of this history is given by
Wells, Huxley, and Wells (1931) in The Science of Life, but | cannot
share all their opinions on the causes of evolution, and note that
they have misquoted me on this topic.
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until the Cambrian, scene-shifting for the drama
of life was still in very vigorous progress. Almost
all Pre-Cambrian rocks are severely folded, and the
folding has blotted out most of the relics of life.
We have fairly definite traces of the existence of
calcareous seaweeds, of protozoa, and of worm-like
marine animals with rudimentary legs. There is
no evidence of life on land. Probably the intense
folding confined the seas into smaller areas than at
present, and the land surface of the globe was
largely covered by almost rainless deserts. There
were, however, at least two ice-ages before the
Cambrian. The evidence of terrestrial rocks shows
that the earth was already over a thousand million
years old in Cambrian times. It was quite probably
nearly twice that age. We do not know how long
life had existed on it, but probably for at least five
hundred million years, possibly for much longer.
The first scene which is at all clear to us is
the Cambrian epoch. Preserved in the Cambrian
rocks we have remains of most of the main animal
groups, or phyla. Thus we have skeletons of pro-
tozoa, sponges, coelenterates, worms, brachiopods,
echinoderms, molluscs, and several branches of
arthropods. The only important phylum unrepre-
sented was the vertebrates, to which we belong.
These.did not appear till the Silurian, though
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presumably their boneless, wormlike ancestors were
present in the Cambrian sea.

Most of the main animal types were thus already
differentiated, though comparative anatomy, embry-
ology, and biochemistry enable us to trace their
relationships to one another, and to conjecture with
some confidence the course of evolution of certain
forms. Thus there can be little doubt that arthro-
pods are descended from annelid worms, and that
the various mollusca had a common ancestor.
And a biochemist at least, who finds the same quite
complex molecules in all plants and animals, can
hardly doubt their common origin. There may be
some reason in the chemical nature of things why
all living creatures must contain glucose. But there
appears to be no reason, other than common
ancestry, why they should all contain dextrorotatory
glucose, and none of them its mirror image.

Since the Cambrian we men can look back on
a fairly steady progress among our ancestors. In
the upper Silurian they were already fish with jaws
(probably recently acquired, since jawless forms
persisted beside them for a while). They rapidly
developed paired fins from lateral folds. In the
Devonian they developed bones, and probably
about the end of that period left the water. The
earliest land plants, somewhat resembling horsetails,
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date from the early Devonian. In the Carboni-
ferous age our ancestors had definite legs, and were
air-breathing swamp-dwellers not unlike the modern
newt. Towards the end of the Carboniferous they
were definitely reptiles and presumably capable of
living on dry land, although incapable of lifting
their bellies from the ground. By Permian times
they were, however, probably walking on their feet,
and beginning to differentiate their teeth. During
the Mesozoic period, the age of the great reptiles,
our ancestors were small animals whose remains have
been inadequately preserved. They are classed as
mammals, but we do not know at what stages they
developed warm blood, a four-chambered heart,
and mammary glands.

Meanwhile the land plants had been evolving
rapidly. By the late Devonian many of the modern
groups, such as ferns and club-mosses, were repre-
sented, and primitive seed-plants occur in the Lower
Carboniferous, while by the end ofthe Coal Measures
conifers were common. The dominant plants of
the Mesozoic era resembled the modern Cycads,
and possessed large flowers of a peculiar and rather
primitive type. But they can hardly have been the
ancestors of the modern flowering plants. The
Caytoniales, an obscure middle Jurassic group,

probably represent the first angiosperms.
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During the Cretaceous age, as the great reptiles
disappeared, the mammals suddenly increased in
size, and since then they have been the dominant
land animals. The main changes in the mammals
in the last thirty million years have been a general
increase in brain size, and a specialisation in many
directions, giving us such highly differentiated
animals as the horse, stag, elephant, bat, and whale.
But this last was largely accomplished in Eocene
times. Thus whales and bats were already present
at the end of the Eocene.

During the same period the modern flora took
shape. Many modern families of flowering plants
were already present in the upper Cretaceous, and
there is very little evidence of serious evolutionary
change in them during the tertiary period.

One mammalian order, the Primates, retained
rather primitive limbs and teeth, but the brain
developed to a considerable extent. Finally, a
branch of them underwent an extraordinary arrest
of development— foetalisation, as Bolk has.termed it.
The period of growth was greatly lengthened.
There is a general law which gives the amount of
food eaten by a mammal before it becomes adult.
The same formula applies to the mouse and the
elephant. For a man it must be multiplied by
about seven. Putting the matter rather differently,
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a human baby doubles its birth weight in 180 days,
a calf in 47 days. And yet the calf is a heavier
animal, and is born in a more advanced state than
a man, for both of which reasons we should expect
it to develop more slowly.

During a very long period the higher vertebrates
had been undergoing a process which de Beer (1930)
called “ clandestine evolution.% The embryo had
been diverging more and more from any past adult
form. An embryo dog or chick has a relatively
large brain, and the head is bent forwards so that its
axis forms a right angle with that of the trunk.
In later development this is straightened out. But
in man the retardation of development, or of certain
phases of it, has led to a retention of embryonic
characters into adult life. The snout is a late
development in other mammals. In man it never
develops at all. Consequently we can look hori-
zontally when standing erect, and focus both eyes
on the same point. Many other human characters
are similar to those of foetal or baby apes. Our
cranial sutures do not close till the age of thirty ;
we do not develop bony brow ridges. We do not
develop a second coat of hair. Some of the apes
are intermediate in these respects. Thus the gorilla
has a moderately human face, and is born with the
head covered with hair, the rest of the body being
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covered later. A concise account ofthese facts, with
references, is given by de Beer (1930).

Neanderthal man, as shown by his brow ridges
and his more rapid development of teeth, was some-
what less foetalised than ourselves. He very prob-
ably reached maturity at a much earlier age than
modern man, and was therefore probably less
teachable. If human evolution is to continue along
the same lines as in the past, it will probably involve
a still greater prolongation of childhood and
retardation of maturity. Some of the characters
distinguishing adult man will be lost. It was not
an embryologist or palaeontologist who said,
“ Exceptye . . . become as little children, ye shall
not enter into the kingdom of heaven.”

The essential feature of the last stage of our
evolution has thus been not so much the acquisition
of new characters as the preservation of embryonic
and infantile traits which had been developed at a
period in the life cycle when the individual was
sheltered from violence. Their retention by man
has enabled him to shed a good deal of animalism.

The evidence regarding the last stages of human
evolution is now accumulating fairly rapidly. The
single specimen of Pithecanthropus from Java is now
supplemented by several skeletons of the closely
related Sinanthropus from China. These creatures
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had a skull capacity 40 to 50 per cent, larger than
any ape, and only slightly less than those of the
smallest brains of sane adult men. Their skele-
ton had many ape-like features. In view of their
existence it is somewhat ridiculous to talk of the
missing link. Their striking efficiency as links is
shown by the fact that opponents of man’s animal
ancestry have not yet been able to decide among
themselves whether they are to be regarded as the
remains of apes or men !

Now this makes a very heartening story of fairly
steady progress. A similar, though afar less detailed,
history might be made out for a highly developed
flowering plant such as a daisy or a snapdragon.
But these histories of progress are exceptional. If
we take some of the commonest early Palaeozoic
animals we shall find that in general they have
undergone no obvious progress. The lamp-shell
Lingula has changed so little in 400 million
years that the same generic name is used for the
animals living to-day and in the Ordovician. The
limpet Patella has persisted since the Silurian.
The graptolites, ammonites, and trilobites changed
along well-defined lines, but these changes were
about as often in the direction of simplification as
complication. Ultimately all three groups became
extinct, probably without leaving descendants.

151



THE CAUSES OF EVOLUTION

One other line besides the vertebrates has shown
marked progress. This is the insects. In the course
ofinsect evolution since the Carboniferous the wings
have been considerably improved, the mouth parts
specialised, the eyes enlarged in many cases, the
segments of the thorax fused together, and so on.
But here there has been much degeneration. Many
groups have lost their wings, some have become
parasitic, mere sucking and egg-laying machines ;
and so on.

The usual course of evolution appears to have
been a modification in the relative sizes and shapes
of various structures, with very little real novelty.
Occasionally true progress was made, aswhen insects
and birds developed wings, but for every form
which has improved, dozens have degenerated.
Probably all the birds are derived from one ancestral
species which took to the air, but very many have
independently lost the power offlight. The ostriches
and their allies, the dodo, the kiwi, the flightless
parrots and rails of New Zealand, have all lost their
flying power and gained nothing in exchange.
Only the penguins have transformed their wings
into fairly effective fins.

Very numerous groups whose ancestors were
motile have taken to sessile habits or internal
parasitism. Degeneration is a far commoner pheno-
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menon than progress. It is less striking because
a progressive type, such as the first bird, has left
many different species as progeny, while degenera-
tion often leads to extinction, and rarely to a wide-
spread production of new forms. Just the same is
true with plants. Many primitive forms have not
progressed. A few have done so, but relapses of
various kinds are equally common. Certainly the
study of evolution does not point to any general
tendency of a species to progress. The animal
and plant community as a whole does show such a
tendency, but this is because every now and then
an evolutionary advance is rewarded by a very large
increase in numbers, rather than because such ad-
vances are common. But if we consider any given
evolutionary level we generally find one or two
lines leading up to it, and dozens leading down.

I have been using such words as “ progress,%“ ad-
vance,%and “ degeneration,%as | think one must in
such a discussion, but I am well aware that such
terminology represents rather a tendency of man to
pat himself on the back than any clear scientific
thinking. The change from monkey to man might
well seem a change for the worse to a monkey. But it
might also seem so to an angel. The monkey is
quite a satisfactory animal. Man of to-day is prob-
ably an extremely primitive and imperfect type
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of rational being. He is a worse animal than the
monkey. His erect posture leads to all sorts of
mechanical troubles, such as hernia and a narrow-
ing of the pelvis which makes childbirth painful
and dangerous. The last stage in man'’s evolution
certainly has its dark side. You will find a highly
symbolic account of it in the second chapter of the
Bible. Our first parents are represented as living
in a state ofignorance, and then suddenly acquiring
the knowledge of good and evil. This may con-
ceivably be true. A decisive step from animal to
human mentality may have occurred by mutation,
though only a very convinced disciple of Harrison
would nowadays ascribe such a mutation to changed
diet. Perhaps it is more likely that it occurred in
several steps. But this change is not chronicled as
“ Man’s ascent to reason ” or “ Man’s new nature ”
but t Man’s shameful fall.” The writer of Genesis
very clearly felt “ la honte de penser et I'horreur
d’etre homme,” and we must remember that when
we speak of progress in evolution we are already
leaving the relatively firm ground of scientific ob-
jectivity for the shifting morass of human values.
Nevertheless, just because we are men, we cannot
avoid doing this, and we may as well attempt to do
it as well as lies in our power.

Any such attempt involves us in philosophy, so
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before I make it | may as well frankly state my
philosophical prejudices, for perhaps they should
be rated no higher than that. My main prejudice
is in favour of monism. Roughly speaking, the
monistic systems may be grouped under absolute
idealism, materialism, and intermediate systems
such as the “ neutral monism %of Russell. Materi-
alism of course includes many forms far more subtle
than the crude materialism of fifty years ago, and
if you are willing to concede enough unexpected
properties to so-called dead matter it becomes dis-
tinctly idealistic. To quote Lenin’s words, “ For
every materialist the laws of thought that reflect
the forms of the real existence of things are totally
like, and in no way different from, those forms.”
If Lenin was right, as seems to me not unlikely,
so much the better for “ things.”

Over against these stand various pluralistic
systems which hold that the distinction between
different minds, or between mind and matter, is
irreducible. My objection to them is just that they
proclaim certain problems to be insoluble merely
because three thousand years of thought by a few
members ofa species which may have many thousand
million years ahead of it has not yet solved them.
For a scientific man a philosophy is a programme
rather than a creed. Some parts of the monistic
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programme may be impossible, but we need not
abandon it until a really serious attempt has been
made to carry it out. Thus a study of cerebral
physiology is leading to results which at present can
be interpreted either as the mind-like nature of
certain objects which we generally call material
systems, or as the mechanical character of conscious
behaviour. Until the attempt has failed we need
not, | think, fall back on mind-body dualism.
Meanwhile, monism has the advantage that if it is
wrong it will ultimately lead to self-contradiction,
whereas dualistic systems, which purport to give
a less complete account of the world, are therefore
less susceptible of disproof. My preference among
monistic systems has been stated elsewhere, and is
irrelevant to the present discussion.

Particularly hostile to true scientific progress are
the extremer forms of the doctrine of emergence.
According to these, a material system of a certain
degree of complexity suddenly exhibits qualitatively
new properties such as life or mind, which cannot
be explained by those of the constituents of the
system. There is clearly an element of truth in
this view. We can only discern a little mind in a
dog, and at present none in an oyster or an oak.
Nevertheless science is committed to the attempt
to unify human experier}ce by explaining the com-
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plex in terms of the simple. This may be a vain
endeavour, but | do not at present see any evidence
of its vanity.

I will give an example of its success in the
realm of physics. J. J. Thomson and Rutherford
showed that the hydrogen atom could be separ-
ated into two components, the electron and the
proton, which behaved in many situations like very
small spherical electric charges attracting one
another according to Coulomb’s law. But the
hydrogen atom has very complex properties. It
emits a series of characteristic radiations whose
frequencies are related by definite laws like those
ofthe notes ofa piano. This is the simplest example
of emergence, or holism, the properties of the whole
being far more complex than those of the parts.
It held up the progress of theoretical physics for
a generation. Then de Broglie (1930) produced
wave mechanics. To explain these facts, he said,
we must attribute to the electron certain undulatory
properties. These properties were soon afterwards
experimentally verified by G. P. Thomson (1930)
and others. The electron and the proton were shown
to be more complex than they at first appeared,
though by no means so complex as the hydrogen atom.

I regard this as a model for scientific explanation.
If we ever explain life and mind in terms of atoms,
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I think we shall have to attribute to the atoms the
same nature as that of minds or constituents of mind
such as sensations. Many philosophers have, of
course, said this long ago, but in my opinion the
details of all metaphysical systems have been
incompatible with certain observed facts. More-
over, these systems have generally been used to
support some particular form of religion or irreligion
adopted by their framers on grounds which were
largely sentimental or economic.

Only when science has progressed to this stage
will we be able, so it seems to me, to speak with any
great confidence about the mind-like qualities, if
any, to be attributed to the universe as a whole.
Such are the philosophical prejudices with which
I look at evolution.

I have given my reasons for thinking that we
can probably explain evolution in terms of the capa-
city for variation of individual organisms, and the
selection exercised on them by their environment.
This excludes the action of a mind or minds higher
than that of the evolving individuals, except in so
far as such a mind is concerned in the general nature
of the universe and its laws, a question too vast to
discuss here.

The most obvious alternative to this view is to
hold that evolution has throughout been guided
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by divine power. There are two objections to this
hypothesis. Most lines of descent end in extinction,
and commonly the end is reached by a number of
different lines evolving in parallel. This does not
suggest the work of an intelligent designer, still
less of an almighty one. But the moral objection
is perhaps more serious. A very large number of
originally free-living Crustacea, worms, and so on,
have evolved into parasites. In so doing they have
lost, to a greater or less extent, their legs, eyes, and
brains, and have become in many cases the source
of considerable and prolonged pain to other animals
and to man. If we are going to take an ethical
point of view at all (and we must do so when
discussing theological questions), we are, | think,
bound to place this loss of faculties coupled with
increased infliction of suffering in the same class as
moral breakdown in a human being, which can
often be traced to genetical causes. To put the
matter in a more concrete way, Blake expressed
some doubt as to whether God had made the tiger.
But the tiger is in many ways an admirable animal.
We have now to ask whether God made the tape-
worm. And it is questionable whether an affirma-
tive answer fits in either with what we know about
the process of evolution or what many of us believe
about the moral perfection of God.
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We can answer the question in three ways. We
can regard the dark as well as the bright side of
evolution as a manifestation of divine ingenuity.
“1 make peace, and create evil: | the Lord do
all these things” {lsaiah). Secondly, we can go
for our answer to Plato. Socrates in the “ Republic”
says, “ God therefore, since He is good, cannot be
responsible for all things, as the many say, but only
for good things.” This answer, however, leads us
into Manichaeanism, for the tapeworm presents just
as much ingenuity in construction (if we regard it
as designed) as does the rose. We should have to
give the Devil credit for a large share in evolution.
Or, finally, we can say that at present it does not
seem necessary to postulate divine or diabolical
intervention in the course of the evolutionary pro-
cess. The question whether we can draw theological
conclusions from the fact that the universe is such
that evolution has occurred in it is quite different,
and very interesting.

The minds of evolving animals are, however, con-
cerned in evolution in several ways. If Macdougall
is confirmed, they are concerned in it directly. In
any case it is important to note with Elton (1930)
that every animal has at least a motile period in its
life cycle during which it chooses its environment,
and therefore the system of selective agencies to
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which it will be subjected. Moreover, in the cases
of sexual selection and the evolution of flowers,
survival value has been determined by animal
aesthetics, which are not altogether unlike our own.
In social animals the form of the society, and there-
fore the type of selection, depends on the social
instincts of the individual animals. These facts
would be irrelevant if we regarded mind simply as
a product, and a by-product at that, of natural
selection acting on random variations. But | do
not think we can do so. Clearly we cannot if we
adopt an idealistic standpoint, but | do not think
such a view is consistent even with materialism, as
I propose to show.

For the materialist mind is a by-product or
epiphenomenon of certain material systems. These
systems are very complex and easily deranged.
Now, in biochemistry we find plenty of examples
of material systems which have very complex and
specific properties. For example, we have the
oxygen-carrying pigments of blood, which must be
able to take up and unload oxygen very rapidly
over quite a small range of gas pressures. Only
two types of pigment, haemoglobin and haemo-
cyanin, are of any great value in this respect.
Similarly it is to be expected that the types of
material system associated with mind, and hence the
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types of mind possible, will be severely restricted.
We shall not be surprised to find considerable
similarities between minds which have developed
on quite different lines of descent. We shall not
regard it as a mere coincidence that man cannot
merely sympathise with the bee’s devotion to its
hive, but with its preferences regarding the colour
and smell of flowers, and with its habit of dancing
when it has satisfied its desires. Clearly, if we are
idealists, these resemblances will be still more easily
intelligible.

For such reasons as these | do not share the view
that mind, as we know it, cannot be a product of
evolution. An essential element of evolution is
variation. Variation is at random in the sense that
it may lead in many directions, mostly of no survival
value, and that those which possess survival value
for the individual may lead to degeneration and
extinction of the species. But it follows chemical
and biological laws, and only certain combinations
will lead to mind. If we are to have mind at all,
it must probably conform to certain laws. There
iSs no need to suppose that these laws, any more
than those of biochemistry, are products of natural
selection. Selection no doubt accounts for certain
details, but in all probability not for the general
character of mind.
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At this point or earlier some of my biological
readers will doubtless object that it is unscientific
to describe animal and human behaviour in terms
of mind. We should always try to explain it (they
will say) on physico-chemical lines. This objection
seems to me to savour of philosophy rather than
science. As a scientist | am engaged in an attempt
to unify my experience, and will describe A in terms
of B, or B in terms of A, as it suits my convenience.
The idealist wants me always to describe matter in
terms of mind, the materialist makes the opposite
demand. Now in plane geometry | use point co-
ordinates or line co-ordinates as it suits me.
Although on the whole the point is the simpler idea,
it may suit my convenience to describe every point
by specifying two lines which meet in it. The
idealists, to speak metaphorically, would like me
always to do this ; the materialists would forbid it.
Personally I find geometry difficult enough to excuse
my employing any co-ordinate system | choose. So
with biology. It is only in systematic philosophy or
mathematics that we can as yet attempt to deduce
a complex system from a few premises. The bulk
of science is still in the heuristic stage.

Now the hypothesis that mind has played very
little part in evolution horrifies some people.
Shaw’s preface to “ Back to Methuselah ” is a good
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example of a strong emotional reaction. He admits
that Darwinism cannot be disproved, but goes on
to state that no decent-minded person can believe
in it. This is the attitude of mind of the persecutor
rather than the discoverer. Shaw’s case is compli-
cated by his admiration for Samuel Butler, who was
undoubtedly a better stylist than Charles Darwin.
But he had less respect for facts.

My reaction is entirely different. If evolution,
guided by mind for a thousand million years, had
only got as far as man, the outlook for the future
would not be very bright. We could expect very slow
progress at best. But if now for the first time the
possibility has arisen of mind taking charge of the
process, things are more hopeful. We certainly do
not know enough at present to guide our own evolu-
tion, but we have only been accumulating the know-
ledge necessary for such guidance during a single
generation. There is at least a hope that in the next
few thousand years the speed of evolution may be
vastly increased, and its methods made less brutal.
If human evolution continued in the same direction
as in the immediate past, the superman of the
future would develop more slowly than we, and be
teachable for longer. He would retain in maturity
some characteristics which most of us lose in child-
hood. Certain shades of the prison house would
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never close about him. He would probably be
more intelligent than we, but distinctly less staid
and solemn.

Various imaginative writers have attempted to
depict such supermen. Wells5 (1923) “ Men like
Gods % are probably no better than the best
thousandth 1 of the present human race placed in
a favourable environment. Shaw’s (1921) ancients
in “ Back to Methuselah % have reversed the most
essential step by which man evolved from monkeys.
They reach complete maturity in about four
years, and then lose most of the characters which
we find attractive in our fellow-creatures. To a
biologist they are unconvincing. On the other
hand, Stapledon (1930) in “ Last and First Men %
describes the human race 2 x i09 years hence.
His “ last men 5 require two thousand years to
come to maturity, and although they have five
eyes and other evidences of evolutionary change,
besides great intellectual and moral perfection, are
likeable creatures who fall in love, indulge in sport
and ritual, and enjoy life like ourselves, only more
so. Fortunately the account of their origin and
nature is much more consonant with what we
know of biology than is that of Shaw’s creations.

1 wells puts the proportion at half. | do not share his high
opinion of his fellows.
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If anyone desires a speculative, but not (in the
light of our present knowledge) wildly impossible,
account of man’s future, |1 advise them to read
“ Last and First Men.” Wells (1895) and |
(1927 d) have given less alluring accounts, both
involving a bifurcation of the human species into
two, each of which loses certain qualities which we
admire in contemporary man.

Bergson attributed evolution to an Sian vital, or
vital impulse, which pushed organisms forward
along the path of evolution. He laid special stress
on convergence, i.e. the production of very similar
structures by different means in different lines of
descent. For example, he pointed out that verte-
brates and molluscs have independently developed
eyes with a lens and retina, and regarded this as
disproving Darwinism. Now, as far as we can see,
there are only four possible types of eye, if we
define an eye as an organ in which light from one
direction stimulates one nerve fibre. There is the
insect type of eye, a bundle of tubes pointing in
different directions, and three types analogous to
three well-known instruments, the pinhole camera,
the ordinary camera with a lens, and the reflecting
telescope. A straightforward series of small steps
leads through the pinhole type to that with a lens,

and it is quite easy to understand how this should
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have been evolved several times. On the other
hand, the type with a reflector would be little use
in its early stages, and has never been evolved.
However, if | were designing an animal as a con-
struct with no historical background, like the ideal
state, | should very probably give it an eye with a
concave mirror rather than a lens.

But the main objection to elan vital is that it is
so very erratically distributed. That sturdy little
creature, the limpet, has watched the legions of
evolution thunder by for some three hundred
million years without changing its shell form to any
serious extent. And the usual course taken by an
evolving line has been one of degeneration. It
seems to me altogether probable that man will take
this course unless he takes conscious control of his
evolution within the next few thousand years. It
may very well be that mind, at our level, is not
adequate for such a task, probably on account of
its emotional rather than intellectual deficiencies.
If that is the case we are perhaps the rather sorry
climax of evolution, and less can be said in favour
of existence than many of us suppose.

If I were compelled to give my own appreciation
of the evolutionary process as seen in a great group
such as the Ammonites, where it is completed, |

should say this : In the first place, itis very beautiful.
167



THE CAUSES OF EVOLUTION

In that beauty there is an element of tragedy. On
the human time-scale the life of a plant or animal
species appears as the endless repetition of an
almost identical theme. On the time-scale of
geology we recapture that element of uniqueness,
of Einemaligkcit, which makes the transitoriness of
human life into a tragedy. In an evolutionary line
rising from simplicity to complexity, then often
falling back to an apparently primitive condition
before its end, we perceive an artistic unity similar
to that of a fugue, or the life work of a painter of
great and versatile genius like Picasso, who began
with severe line drawing, passed through cubism,
and is now, in the intervals between still more
bizarre experiments, painting somewhat in the
manner of Ingres. Possibly such artistic work gives
us as good insight into the nature of the reality
around us as any other human activity. To me at
least the beauty of evolution is far more striking
than its purpose.

In my moments of wilder speculation I some-
times go further. 1 imagine that associated with
an evolving line there may be some “ emergent,” just
as mind is associated with brain. Royce (1901) tried
to give a concrete picture of such an emergent as
a mind with a vast time-scale, and suggested that
the intense feelings associated with reproduction
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were in that mind as well as our own. If there is
an element of truth in such speculations, 1 question
whether such an emergent should be regarded as
probably mind-like. Man, if it is anything more
than an aggregate, is presumably no more like an
individual man than the British nation is like the
lady on the reverse of a penny. We have already
seen reasons to doubt whether mind has played any
important part in guiding evolution, nor should
I expect it to appear in the absence of brain. My
suspicion of some unknown type of being associated
with evolution is my tribute to its beauty, and to
that inexhaustible queerness which is the main
characteristic of the universe that has impressed
itself on my mind during twenty-five years of
scientific work.

But | realise only too well how futile must be any
attempt to pass judgment of value on evolution
until we know more about it. The first five chapters
of this book have served, | hope, to reveal the
depths of our ignorance. But they do also reveal
the fact that our ignorance is diminishing. We can
say appreciably more about evolution to-day than
was possible ten years ago. The way to still further
knowledge lies largely in the accumulation of more
facts concerning variation and selection. But man
is a theorising animal. He is continually engaged

169



THE CAUSES OF EVOLUTION

in veiling the austerely beautiful outline of reality
under myths and fancies of his own device. The
truly scientific attitude, which no scientist can
constantly preserve, is a passionate attachment
to reality as such, whether it be bright or dark,
mysterious or intelligible. 1 would have you re-
member of this book only so much as | have been
able to show you of the real, and forget the frame-
work of speculation which, like myself, is transitory
and ephemeral.
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1 The Genetical Theory of Natural Selection.
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mtncate m thematrc r S arising In this case.
rhw hat follows wes con |ne ours% es to t e case
w F?generatrons 0 not over P as t %rnvoves ve] ey
litt sotheneralrtly and greafysrm les the mat
matlcs When genf trrﬂw verap the finite drﬁerence
gﬂgﬂgﬂgwmchwr eveloped later become integra
The values of « ¥ary grea ¥ For a_lethal recessiye
k= . «= + (0] forman femrethagensrn
Drosophila k. exceeds 0-9, an robably for most 0f those
studied 0-1. In many ¢ eg those ¢ aractensrn
1;he ra\ces of T axacum scn ed .on J)
air| are an Posrtrve or negatrve c?ordrn to the
envr (P Primula sinensis We 0N OSSESS data
regar ng morta Ity, as opposed to fertllity. Here «
vanes from less than 0-01 upwards. Of 24 mutgnt
genes 20 are neutral or nearly so, two give values of «

bout 0*%5 one about 0*[o, and one about 0-6 For
some of the colour Igenes In mice It aplﬁ)ears to he less
than ¢-gs, w ||e f? the genes determining banding In
Cepea It 15 10-5 or [ess.

Causes Influencing the Intensity of Selection

general this problem s too complex for. mathe-
matlc treatment, but two cases have been discussed.

Fisher (1930) dlscu%es the selective value of simul-
taneousc anﬂes n(] e Various parameters of an organ
eg. &Y length and corneal curvature. (s P/ To
simplify matters, consider first vanatro Involving only
two parameters x and y, whose optimal values“are a
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and vy in a given environment, and with the other
characters of “the organism constant. Then we can
ent an)f organism by a porn% In the «. y plane.
g arther away we 0o from (a, b) in an
|rect|on the worse off 15 the or an!)srp e oorns
f re entrng %arysms of ec1 ity will lie |r]
closed curves a, b). s er consrders the specia
casew here th securvsarecrrc es. They will| |ng neral
e elli |Rses whatever the scales of %dy, ecause a
[mo l0US varra]tron of the two will be less unfavou)r
ble than an Inhaymanious one. They can on
converted into crrce(? by choosr g Very artrfrcral char
acters for our « an For example, an Increase In
qmentairon in an anrmal might %drsadvanta%eo
Inless balanced by an mcrease In the cag % fIts
Iver for storing vitamin D d urrno sunny weat But
It would be very artificial to take the sum and ddﬁerence
of two numbers re%resentuh lp Igmentation ﬁrrng
Eower as our variables, rather than the numbers t

IF Instead of only two variables, x and y, we have «
varjables, we sQaII have cIosed “Varieties,” ie. 3}
surfaces in . dimensions round our optimum
Consider nowa chan e In the variables x, yf etc., which
?]represente otion of the representatrv% point
through a dlista cer What Is the chance that t enew
reljo e]sentatrve ornt will I|e msrde the * surface ”

which, the original point a¥ If 1t is Inside, t
organism repre ented er be fitfer, 1+ IS very sm II
this change 'is J, for In genera the curvatu of the

surface within a small distance - |sneglrg|b When
15 larger th n the distance to the farthést point on the

“surface,” the chance I1s 0. Fisher shows that In the
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special .case of er-sphere in a | enumber of
rP Imensions, of da an%eFt)er dP trns probabalr ity approxrmates
0 »=Vhil  «

where = """ When  is equal to the radius of the
sphere, i.e. achange in the rrghtdrrectron would achieve

the best possible results, » = . approximately.
This quantity is very small when « is large, but it |s
%ero ¥’rovr eg ?rowever the chan v

neve[ mqe 0 eeds

fma steps, represented on the lagra ISt ances
ess th an rraa, the probability of an ultimate ad atg)
ation 15 large. Such a course of events is sure but

w
{Haldane 1931 have considered %he effect. on
selec lon Intensity of yar r%rnagt e [ntensity of competition.
srmge ex:il mple from artificial ?ele tron will make
the matter ¢ ? Consr er two of Jo an fssen 'S >é)ure
|nes of be ns, line A with a mean wel
stan ar evratrg e dline B |t mean wel ht
stan ar? deviation ¢—p. In actual fact
and p are often fair| smaII compared to e the
drstrrbuth)ns are nearly the s:ilme No 0se we
start wit mrxture 0 % ﬁr e num rs rom _the
two pure lines, an ? %se all eans whose weight
ecees + x hat wi etheﬁ) ortronothoArg
the chosen batch.? We can call this ratio 1 —«, an
r%ecr the intensi gofcompetrtron PyEt rt)ro ortion
beans eIrmrnat to chosen competition 1S no
more Intense than between. children in a civilised state
where the Infantile mortality 1S less than 9 per cent.,
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218, Iesslfhan Oi. Ifit |sa5|nftense ﬁs among the pollen
ramso a Sequoia g %am of which one In the course
f some centurles fger ses a seed that grows |nto an
adut freg” zw? De very largg, perhaps ex-
ceg |{1 |o Values from 100 t0°10,000"are common
in na re.
Common sense tehls us thaft k increases }Nlth Z but |
thin exaggeraﬁest rate o mcreas% If Xand (x are
sufficiently"small compared to ave

1
*+!

e~utdu

and

v 27T (7

the value of * being ibtamed from the first equation.

w20+ 2) (g+ ) A

fo= 0 ie. the standard deviations are the, same, the

relatlonshlp between K and Z is as shown in Fig. 9,

whereq= Whenz islarge, k= — ~\oge— approxi-
mately, Ie the |nten3|ty of selection onIT Increases

very Slowly_indeed ... Thus k only Increases Y
times W(h rt/ Z 1S raise trom 1&50 per enéy(e Imination)

to 1012 IS not zero, ie. the standar eV|at|0ns of
the two uIatlons are not the same, the value of k
tlmate ecomes J)rﬂoortlona to lo g . But in this
case sele nges gn at Some value of .-

tion alwa
It IS easy 1o se whzthlss o eso. |Twe wer OB
se lecting one Dean in a m| I|on We should proba
favour, ‘not the race with the fger average weight,
but that with the higher spread ofWeights, i.e. the ore
variable race. S0 interse copetition favours variable

177 N



THE CAUSES OF EVOLUTION
resporse 10 the environment than high
(see pp.tcﬂ?, ﬁ‘fﬁ Wereﬁmnot so,lgl e%é? that the

Fig. 9.— Intensity of selection as a function of intensity of com-
petition. Abscissa, log” ordinate, g.
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world would be much duller than is actually the case.
If the coefficient of variation is the same in the two

populations, ie. - = - the value of « changes sign when

Z— 01886, i.e. W|th amortaht of 159 per cent.
How far can these calculatio sbe applied to natural
selection? In some cases the fanao y IS very close,
Thus \Aﬁ]ollen tubes carryin d| ferent genes drow_at
rates which can be expressed by frequency curves. The
first to arrive at ovules roduce seeds, the othfrs die.
In thls case theorg nd exPerlment a ree well. The
same be trug for spermatozoa. “In the case of
seed Iantls aeletchtlon |s ||r|1tensed and tfhose whic
escape an early death generally produce a alramoun
of seed. heycharac?r sele)c/td IS robab rapi é
grovvt -rate.  On the other hand In man heram al
ecles énatters 51 de dlﬁerent Sele tlon | not ver
tense ur qg h é)o and depen s t0 a large exten
one ectlve rt |t uring adult'lite.  Here we canpot
ﬂ]ve a definite value to the number £, and further
vestigation |s re uired.

To stm up, an e in the intensit ofselectlon may
reverse the relatlve tness of two types, and It IS not
seY\é%¥S true that Intense competltlon means  intense

Slow Selectionfor a Fully Dominant Gene in a Large
Population

have deaIt W|th this, case rather full ?Haldane
192 a).. ITthe opu atbon |salp amousors ertilisin
or practlses obI gatory rothe -sister mating, the situation
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|s he Sﬁﬁme as If the unit |nh$]r|ted IS a g)lasmon

ratio of A to B in the nth generation, then
un+ 1= Prew since k is small.
w»= Edue Orkn= Iog—n . ()

Thus the ratio wn Increases in a r%;eometrlcal

ression. Ifwe lot its quarlthm against the numb r of

enerations et a straignt ling (Fig. 3 No other
Kstem orin erJ ance or mating Is more €ffective than

this in promoting selection. The rurter of gereratiors
requiredfor a given change in the population is inversely pro-
portional to the intensity of selection. This is true for all
systens of sloyv selection.

Now con3|d?r a group matln% at random. In what
follows, we shall constantly use the varlable wn t0 denote
the ratio ofdognn nt to rﬁcesswe geresin th % genera
tion. It can wn that a chan?e In t eﬁ tem?
matmg boes not_a ect the VIIue of un, Whic oyf

altere tyseec ion. t[ denotes the number
AA zygotes, and so on, it'is Clear that

[AA] + |[Ad]
“ A+ M
In a random-mating_group a population composed
of the three enotﬁ:)es in the ratio u2AA 2uAa - | aa

15 stable in the apsence of selection, and_any grou
whatever rea?hes IS stable equmbrlum a era% I%

In
eneration of random matl IS Is only true 9
gutosomal genes. For a sexq?nked charactery the stab?

Pf?g%leﬁ%?g ISI gmogametm Iligm%rlum IL not ref]cFeJ
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at once, but the approach is rapid, and in each genera-
tion the difference between the values of ' in the

actual and flnal | ponula uIatfons s halved I Seltion is
fow not ong opulation, aw%ys exacuy In €q P
Sle nun efor utosomal gene pairs, but nearly so for

X-ll

Now a erselectlon the population u 2AA :2unaa : 1aa
IS reduced t unna . (I —K) aa
u,-\- |+—]Iil ()

For the moment we are only considering the case
when « 15 small.

ku,,

Aw Inti— = i - @)

If K is small we can neglect it in comparison with i, and
treat the above as a differential equation, i... write

L»+

du_ ku
dh | fu
Hence kn= in—wt log* ¢ e @)

orif o= i, kn= wnt log*un
The actual proportion of recessives is zn— (w2
S0.kn= zer~t g% fzn-i - 0 —2. The ratio of

domlnants 0 recess espn—uz + 2u

- vit pntlog* (Vi +pn—i) —2
rTf‘;ure 8 log pn s ?Iotted against kn. S0 long as
pnlss all ominants few, o » Increases or decreases
geome rical pro ression. When pn IS large, .
rece SIves few, pn's ughly equal t0 k22 50 it Increases
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or decreases pretty slowly, the proportion of recessives
being In other WOrQS, selection is not very effective

Inp?uttlﬁlelorrvse s ﬂ< mf ction nasmfa)fcrfg&'ﬁ

whenever thF successrve va ues of un approximate to
a %eometrrca Series.
number of other tyPes of selection in. random-
frtrng rouPs havri een nvestrr%ated Cr()pfrnrn our-
se Ves td autosoma genes we ay_consider the case
where, selection operates slow on he two sexes with
mtensrtres and sz This leads to ? anges at th e%anre
rate ase ectron mtensrty\ (kx-T- k2 acting on
We can consider a selection whrch operates
between members of the same famrl Such would
% election OLP atrng entirely on erri ryonic charaeters
where t e number Of survivors is. limited, and is not
Increased by the posse?sron of the character in rt]uestron
Here the arch of selection IS ?J gr]) e(ina lon 2
#Jttheva ueg o kme emut Iy\r membe
competrn\g family have b nts in cgmmon
Payt ersthey have a common mot er but several different

Where selection %)er teson the %ametes of one gender
eg. pollen tubes, we have kn—2log* uny or ur -

The proportion of recessives iSyn=, 50 when

recessrves are few theg Increase or dec[]ease in geo-
metrrca rEro gression, as_do domrnanﬁ en theseare
few. Hence Selection of tPrs e Wl be In operatrhr
t once on a new and th ereoe e recess| e ene

ct that the expression of this gene In 0l
E ras qlsa vantageous will n t b%gern to s Its
prea unt It 1S Tairly common. the coefficient
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of selection in the diploid, equilibrium is reached when

u= iK< -1 If competition-is only between gametes

from the same indjvidu i commonly the case, the
rate tOl?t se?ectlon IS E1ve35 %ut the p%enomenon IS
ua| ively similar.

| %e ca%e ofasex linked gene, if the coefflm nts of
seectlon agamtt erecesswe pes are «x In the homo-

amet|c sua 3/ female) . sex, and 2 In te he ero-
§ameiJ rpu lation  is nFarIy r(but not quite) In
quilibrium a art from the effects of selection, an

S0 that

When kz- o this becomes Zoxn= un—u0-F-log* 'n

|f however «2is not 0, i.. selection is at all effective on
the heterogametic sex, It grocee s.at a reasonable rate
BVen When'recessives ar (i It is worthy of note that
In species with ha El males, .o the social hymen-
optera, all ?enes hehave as sex-linked.  This fact may
have accelerated their evolution.

A summary of the numerical results deducible from
these ¢ uaélons Is given in Table VI, In each case it
IS Sypp ? that a"dominant ene Is favoured, te|n
ten5| se ectloP eing qi %nf Iy k= oooohl
nymp er of generations, required for a given change s
tabulated. grhe second coﬁlumn gives tf?e Sex on w%lch
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selectlon acts, in the case of a_sex- Ilnked ene, and the
yPe of selection otherwise.  Only t r\ inary type of
selection Is cons|dered as re ar ex-linked geries.” The
third column gives. the se Ich %e flg0 res refer
Exactly the sa eflgures wou ave peen obtained
Bhe selectlon had been mtere erse direction. tW|I
e seen t at onl¥ a geards e last column, WhIC
deals with the period when recessives are rare, is.there
a great dlfference between different types of sefection.

T able Vl
Gererations requiredfor given Change in Proportion of
Dominants
favGoeuand. sTe}I/:cetig; Sex. OSA)OI- 1-50%. 50-09%. 99.99-99%,
Plasmon  Any Both 6,021 4*592  4*502 6,921
Auto- Ordinary » 6,920 4,819 11,664 309,780
somal
w Familial W 13,841 9+638 23,328 619,560
W Gametic W 13*831 s.s19 (157 7,112
Sex- Ordinary Homo- 6,916 4,668 5*593 10,106
linked gametic
W W Hetero- 6,928 5*]64 11,070 20,693
gametic
W Homo- Homo- 10,380 7,228 17,496 464,670
gametic  gametic
only
W = Hetero- 10,392 8,378 153*893 149,860,377
gametic
W Hetero- Homo- 20,746 13,228  9*236 10,668
gametic  gametic
only
w = Hetero- 20,753 13*785 13*785 20,753
gametic
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I next considered (Haldane, 19247) the results if the
population, instead of being wholly inbred or mating
at random, was partly inbred.

If a proportion X of the population is self-fertilised
while the rest mate at random, un being the gametic
ratio as above, the proportion of recessives is nearly

2 — X+ Xun
2—X @1+ u,)2

and kn= log,g ) + llog,(*Z IH *j
so that even when recessives are few, their numbers

increase or decrease in a geometrical progression whose
L . n L
common ratio is approximately 1 + o4 x Similarly
+

if a proportion X of the population is mated to whole
brothers or sisters the recessives, when rare, increase or
decrease in a geometrical progression whose common

ratio is approximately 1 -l------------ . So a small amount
4 . 3«

of inbreeding (matings between cousins have a similar

but less effect) will enable selection to act on rare

recessives.

On the other hand assortative mating or selective
fertilisation has no appreciable effect. The reason for
this is simple. If u= 999, there is one recessive in a
million in a random mating population, but one
dominant in 500 is heterozygous. It does not much
matter how the recessives mate, but it is very important
that a large proportion of the heterozygous dominants
should mate with themselves or one another.

In autopolyploid plants the laws of selection are very
similar. With a gene ratio un the proportion ofrecessives
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in a random mating population is (i + un)~" in a
tetraploid, and the rate of change of un under slow
selection is given by —- = Z—+———— 0 that selection

«
is a slower process than in diploid, except when domi-
nants are very few.

Equilibria Involving only one Gene

| have considered two cases in large random-mating
populations, one in which the heterozygote is fitter than
either homozygote (Haldane, 1926), and one in which
the effect of selection is balanced by mutation. If the
population, after selection, is in the ratios
(1 —K)un2AA :2unAa: (1l —k)aa}
then

K — K
Ac»= JLi I-——L—JQ

k
so the population is in equilibrium when aM= iV and
stable if k and K are positive. Ifk = 1, i.e. the gene a
is lethal, W the population in equilibrium being

iAA :2KAa. The equilibrium is fairly quickly ap-
proached from both sides. A stable equilibrium is
also possible in the case of a sex-linked gene. If K is
negative, i.e. dominance incomplete, the homozygote
being fitter than the heterozygote, selection is fairly
rapid in all stages. A new recessive gene has thus a
far greater chance of spreading through the population
if it is not completely recessive than if it is so.

A large number of equilibria are possible involving
lethal genes which are of advantage when heterozygous.
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They are ofevolutionary importance, because, as pointed
out in Chapter Il, many chromosomal abnormalities
behave like lethal genes. | have nowhere discussed this
question fully, because there are very many individual
cases to be considered. If the lethal gene operates early
enough we have to deal with familial selection. Thus in
Oenothera many species are heterozygous for genes, groups
of genes, or deficiencies which kill off half their pollen
grains, half their seeds, or both. The former is of no
disadvantage to species which are mainly self-fertilised,
the latter of very little. For the numerous seeds from
the same plant mostly fall together, and compete with
one another, the number surviving in nature being much
the same in a species such as Lamarckiana where half
perish inevitably as the result of lethals, and in Hookeri
where nearly all survive under very favourable con-
ditions. The net result of my calculations, as of the
unpublished calculations of Muller (1930) is that it is
hard to see how an Oenothera-Mkt condition could arise
as the result of selection in an out-breeding organism.
The discovery of such a condition in animals would
therefore tell against the theory ofits evolution by natural
selection. So far, however, it has only been found in
plants which are usually self-fertilised.

Selection may be, and indeed commonly is, balanced by
mutation (Haldane, 1927 b). Consider a population con-
taining a disadvantageous recessive gene a. Then if the
probability ofA mutating toa in each generationisp, that

of the reverse mutation q, instead of un+ T TRy n K
we have
_ @ =P)K 2+ »)+ gK + 1 —jj
T =9 @+ 1 ~ KF»2+ “»)
1S?
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So, ifk, p, and g are small equation (3) becomes :

A @= . —M. K + i)+ ?2(«»+ i) * (5)

un 1

Hence if A be positive, at equilibrium u+ 1= "\J-, and

the proportion of recessives is equal to This latter

K
is also the case in a self-fertilising population. In par-
ticular if the gene is very disadvantageous, so that k is
nearly 1, the proportion of abnormals in the population
will be roughly equal to the mutation frequency. A

similar expression, namely U= — approximately, holds

for the proportion of the heterogametic sex carrying a
semilethal, e.g. males with haemophilia. We can con-
clude that the frequency of mutation of the correspond-
ing normal gene to that found in haemophilia is of the
order of once in a hundred thousand generations, i.e.
p is about io-5 or somewhat more. Similar expressions
are obtained for the balance in the case of an unfavour-
able dominant. If mutation occurs in both directions
matters are more complicated, and under certain con-
ditions two different stable equilibria are possible.
Equilibrium is always approached fairly rapidly.

Rapid Selection

If in equation (3) k is not small we can still solve it.
If k= 1, we have n+1= N+ 1, so the proportion of
recessives in successive generations is

1 1 1
IP (a+ )2 («+ 2)2
and so on.
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. J Pare 2
In general we write = —, so 21+ —wn— — .
un i~ W\t
This is a special case of the equation A wn— £9\n),
whose solution is now in the press. It is (subject to

(/n wav where w= SDK—rTr:-L/f(p)
r!

and, if we writer = qw), andjv = dfy then

/i(») =y-1
M>)=rbi
/()= -ilrW +ji)
f*) = jrijis+ 2~2
and so on.
_ .y log (i + i/wn) .
Hence «= constant + ” } T

‘_TK_ log (i + un) approximately.

This enables us to solve a problem posed by Elton’s
(1927) work on fluctuations of animal populations. Is
intense selection with a coefficient km, but operating
only every mgenerations, more effective than moderate
selection of intensity k, but operating in every genera-
tion? For moderate values of km this will depend on
the rate of change with unof the coefficient of k in the
above series. Cataclysmic selection is faster when
dominants are favoured, and slower otherwise, but the
difference is not very great.

Slow Selection involving Several Genes

This question has been discussed by Fisher (1930) and
by myself (Haldane, 1926) in a more pedestrian but, as
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| think, sometimes maqre accurate manner. When
chgracter depends for Its existence on the Rresence 0
mINants (e.q. COIOUN IN Laghyrus, FEQUIreS t %prfes nce
of two), and It ryn e the genic ratio for the rth of these
genes ‘in the nth genera lon, then the proportion of

dominantsy n — W [l —(i + wn)~2, and

[1 comparlp wm\ the single gene case it is seen that
selection'is a assower
When (as In allopolyploids) a character is a multiple

recessive, the proportion of recessweSjyI\A: W
;il -2 ky * 2 run

This is soluble by ellmlnatlng between
y«= n_ (I a J 2
and -

where the ¢ s are constants depending on initial_con-
%Irtll(ire]s erfZ,electlon proceeds more slowly than for a
jﬂte eneral case where manygene pairs are present,
ﬁ every phenot ?e— erhaps ‘even eve[y geﬂot\(lp%
as its own sgec ifi |tnTs it will ultimately be desirable
to regr sent eac r%oﬁ atuin asa pomt In the analogue
ybe in m-dimensional space, Thus F|% 10 repre-
sents the case of two genes. I the length of the sides
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of the 5q#]ares Is taken as unity, the point («.y) represents
a random-mating populatior’ where two geng pairs A, B,
arein t eratlosgl —o A xarand (I =) Boyb. The

Fig. io.— Theoretical effects of selection on a population where
the relative fitnesses of four phenotypes are
AB, i; aaR, 1—4 k; Abb, i—k; aabb, 1+ n k.
Abscissa, proportion of gene a. Ordinate, proportion of
gene b. Trajectories of points representing populations
are represented by continuous lines, and boundaries between
families of trajectories by dotted lines. (Haldane, 1931 b.)

effect of selection will be to move thi's #ooint. S0 a series

0f ﬁ?lntS Imn on.a trajectgra/ will represent the state

o e ‘;%i)ﬁt O s o ] o
WI pP ? JECLOTY, fl . n%/

trajectory will pass to a point of ‘stable equilibriunt.
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Two such groups separated kﬂ}/a boundary are shown in
the fiqure.” In three é)r four dimensiqris matters are
more complicated, arh IThave S0 far failed to 0 ham
xplicit equations erther for the trajectories or their

0 ndﬁrles. . :
. In the two-dimensional case we have two gene-pairs
in the ratios
i i *= A = =N
unA.Ia.vnB.Ib,and |+(())’y |+vn
Then if the relative fitnesses of the four genotypes are :
AB |
aB | —kx
Abb i — k2
aabb | -j— K
A - e pi2e - approximately

(I+ «) (I + )2
whence - — x2 (i —x [(K +wy2—£), and a

similar expression for . Putting

o— h = )
K+7~+V 2 K+2+V
we have

dy _y?2 El —v) xl—az)

dx  x2 |l —x) (y2—b2)

:-fLy>h) -/(*> a)= ¢
where | o, = = 2—azlog, *+ @2—i) log, (i —*)
and ¢ is determined bg the initial condigions.  The
1gra ectories given by thése equations are divided into
our groups by the boun ar;g curves (shown dotted)
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f(j,bb—/(’jf a) = f(b, by —f{a, a). IN the figure

a= b=

Mutation Pressure as a Cause of Evolution

Fisher (19313 a | believe, the first to point out the
fact of mutation alters the environment In which other
enes are placed and thus the incidence of selection.
po(p ation is riddled with unfavourable 0Jenes,
eCessive. an domrnant eac present in ver
sma p)ortron of the pop ulation, and save

extrnctron mutation. But ther are so man of these
thatalarlge proportron of an ou red popuaronr at
least hete oz?/gous for one of them, as Tschetwerikoft
1929 Jenkin (1928), and others have founde err

ent I . Now suppose we have two allelomo
%enes Axan A2 which are neufral |n presence o te
orma gene assortment ie. selectron does not favour pne
at the expense of the other. Next suppose that another
normal gene B as an aIIeIomorphB either dominant,
recessive” or mte]rmedrate which is a handicap to its
possessor Fur p ose that In the presence of
B" 1S less harmful than in presence 0f v Then
thrs will constrtute a selectrve advant]ge n favour of

A and Joac acint og flron
ISher 1931 has base at eor of the volution of
omrnance on. thrs basis. He befieves that abnormal
%enes are originally Intermediate in dominance, rather
an recessive. B tmodrfrers are. se ected whrch render
the heterozygote norma Initsviah ||t% ave crrtrcrsed
this theory” (Haldane, 1930 thou | believe It to be
true |n some cases.  Fortunately, “"howeyer, It s sus-
ceptible of ex errmental proofordrs roof (Fisher, 1930,
p. 62), and since Fisher Is undertakrng the necessary
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experlments ther%ls no need to state ﬁhe arguments for
and against lf eohy here, since ﬂ east one of these
aur uments will be shiown fo be fallacious in the near

Mutatlon ressure musg be a ?Iow gausﬁ of evolution,
but It ceTrta nly cannot be. neglecte en or anjsg1
are in a a]lr constant enV|ro ment ?ver 8 eriods.
?ﬁOtf tln?s It will fvourg glpm S a Ipar
ticularly allopoly R]mds whic e% severa alrs
sets of genes, So é dn ? |thou(5
disadvantage, provided its HCtIO S ca? erforme
hy a ene In one of the other sets of chr m?somes
(i nal P]l We can point to Its probable results n a
Thus |n Prlmula smersls ants OSSQSSIH
e <‘; 0r| ose to 5 calyx teet etc.) ave
un tlona ? sand leaves. Blilt other enes,
suc crlmﬁ]ed eaves) and npgma% eaves?]pr duce
reater abnor allt% heh thah In cheh
lants, thus favourihg the gene ch

Selection of a Metrical Character determined by
mery Genes

Consider an apparently continuously varying char-
acter such as hurﬁ%n statL}J/re The dis rlbutl%n gof such
characters 1s usually normal, ie. accord mg t% auss
ﬁrro[) curve. When' a ?pu atIOH IS1In e ru
as_been shown In several cases that morta Ity 15 ||%
or fertlllty less in' those Individuals which dlverge ost

fr
(Enshers @5&8 ) analysis of Pearson’s data on the
corre latio \?/een relatlves shows thaﬁ human statur(i

H} herite &apa[t rom ra& er small environmenta
Intluences) |t were determined by a arge number of
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nearly completely dominant genes, each acting nearl
In e)enr?enPl X the charagter concerned Qf there
were no do magrce the a rage stature of childr H
would ern that of thelr parents. Wesor1
get very little further information on it (as we actua Sy
0) fro aknowled%e of the stature ?fre ?terancestor

isher’s (1930) analysis o thee fect of se ectr?n on
schr HOR lation involves his theory of the evolution

ominance, w |ch] 0 n?t myselt oI His analysis
IS ver %reaﬂy simplified If we” restrict ourselves, &s |
sha o ere, 10 the case where all the genes concerned
are fully dominant,

Consider a dominant gene A which is present with
genlc ratlo uni ie. tE three genotypes are in the
pr ortions WEAA “ Zuma s - 1 e

Let a be the difference between the mean stature of
the . dominants and . recessjves. Then the average
deviation of the dominants from the general mean of

the population must be i 1P that of the recessives

i1

a2t 2>>n)<*

The dominants will form a normally distributed grou
with a mean stature exceeding the” general mean b@

-y—" where a may, of course, be negative. The

siandard deviations of the two r%mUpS will be q#
%t their average divergences fromi the mean will d
roug Pose meeﬁr sta{ure IS neﬁrest 0 tr]at of the
genefl P (5) ation will be fittest. The two w drvere
qua fdominants an recessrves are present in equal
NUMBEYS, ie. u 2t 2un= L OFun= V2—1 Inthrscase
the population Isin equrlrbrrum ITun exceeds thisvalue
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there will be more Homlnants Bhan recesswes anF thg
recessives will, on the whole emore bnormal an
therefore less fit than the domlnanﬁs the praportion
of domj nan s and hence w). (J increase, - Similarl
funis less t an 2—1 | WI ecrease still further
the resul(s 8f se ectlon e argument can obvious g/
be exten %pOB atlon?] % complete. o artidl
|nbreed|n 15 the rule. ers ows that It |s IS0 true
when ﬂ inance is | comp lete, |ntfh artlcu rcase
where the relative un |tness or coefficie t of se ectlon
varies as the square of the mean deviation from the
general average.

Hence a normally distributed population cannot ke in stable
equmbrlum as a, result of selectionfor the characters normally
distri ThIS rather sensa orhal fact vitiates a Iargg
numner of the arguments which are commonly u

it ar%?aﬁ%%'“vfaﬁﬂ?ef'“ a#ém'P?y”%'P'ém opltr
JVErges r%m th e Mmeéa

whosT mean statur
ation b e 1 —ox2, Which follows from any

? of a number of5|mple hypot eses then

s = (A JK2+2%92- 1]
= g UP+ 2th— i)
K+ )2
and A in= SRCLp N approximately.

\Un -
We cannot, however, foIIow the course of events In
suchae opulation, because the genic ratios forﬁnumber
ofdlffe% genes will bevajrxlng at once, and hence the
mean will v Wlnanunpre ta emanner Ingenera
however, unWill increase or decrease until its tgndenc
to do so i checked by mutation in the opposite directio
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If» be the probability of A mutatmﬁ t0 a in One genera-
tion, 4 that of the reverse process, then

Aco» = (ot gan«Z_ pun{un t I) + qunt I)
»

For equilibrium this must vanish. So if x=  —
(the proportion of recessive genes), then

x2(| —x) (I — 22y + e —
Ifo and 4 are small compared Wltch 2 this has three
roots between o and i, one approximating to —

defining an unstable equilibrium, the others near

and i — 7 defining stable equilibrium. ~ Since » and

are smaII “Sither dominants or recessives are fairly rare.
Hence most of the varlance IS due to rare and “disad-
vantageous genes whose su? a¥ 15 only kept u
utation. But_only In so it mcluites such (enes
0es a population ossess the %enetlc elasticity which
permits It to respond to a ch % ?e In enwronment b
evolvmg [t must be remembered thatl an (h;en
ﬁpartfom Its effect on staturf Is advantageous | the
eterozygous condition, 1t will tend to an equilibrium
with . 10 the neighbourhood of 1. Proba ly some at
Iefas}t of the heritable stature (ﬂ erences are ue {0 t(j;enes
this class. Noton¥t e we nownwgouroh rids

but the marked e}mou t ofheteroz %ousf und In s& e%ted
gx??teesnceg (UI'[ trees and };tatoes makes their

Fisher Rext considers, what will hagé)en if a popula-
tion In equilibrium of this type Is acted on by selection
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in favfour of say, a Iarger size. _The numerous rare
?enes or small sr e will become still rarer he r]are enes
ftrge Size ecomrn%vcommoner

smal will be reversed when the selectron ceases But

some of the rare genes for | arne size will Increase ||n

num ersso muc toHasstheg [)mer oint ofunstab
{n will therefore become very common

|n tea 0f very rae

Now If the condrtronf of selection chang e back t(i
normal these agenes will not return % Ir orrqrna
%uency and” the mean stature wll ave been ‘rre-
Increased. gsarn su pposing . that  selectign
mcreases the opt mum Stature of asPecres yacertarn
quantity, then when the mean stature reaches the new
trmu somebgeneswr be gastthelrpornt of unsta Ie
equilib rrum t still increasing 1n" numbers.
st ture wr thus, 5o to speak, over%hoo the mark armed
tf selection. We have_here, for the first %rme an
nation, on strictly Darwinian lines, of useless

enesjs.
In %ertarn r]are cases | have.shown tljaldane 1927 )
thatt IS M toccur even wrth regard to a character
etermrne a srn ¥ omrnant ne. But this
IS ong1 S0 wh Ise ec |0n fa ogrs dom% %'“s and three
meqtﬁ lities nvo vrn bt and , are d. It mﬁy
also en as regargs a gene {qfsuch exrst where t
neterozygote 1S Iess frt t an either homozygote. But
though”these may he subsid |arg causes of evolution
beyond the optimm, they can have far less importance
than the Fisher effect,

\ery Rare Characters

So far we have argued as.if the populations dealt
with were infinite, and, what is more, Fasplfth numboers
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ofthth sor aII% the comgetm types were infinite. We
will first remove the second restriction, .. ?on3| er
what WI|| happen If there ?re a few Individuals of an

bnormal ty very. large population.  We will
? rst con3|der a se]f fertlhz./mg ogr aBoBamous popu?atlon

suc as wneat or dandelions.
Let o be the E)robablhty of an |nd|V|duaI leaving

« Offspring, and etf 00 -ee
Hence/ )= 1/(0) Is the roBablhtg of Ieavmg no
offspring, and/" (i |s the probable number ofotfs ring.
If we start with |nd|V|duaIs the I[T)1r0bab| ity of them
leaving descendants between them is the coefficient
0f «r I [/( )w, If, after » generations the probablhty
of finding « jndividuals W|th a certain gharacter IS the
coefﬂmen 0f 1 |n F ()3 the correspon mg Rro abilit
|n t e (n + i)th gfen ration 1s the coefficient of xr |
] ence ) ?eneratlons the probability that

any glven individual will have left - descendants’is the

coefficient of xeinjj co. 1.8 /([ (/ (| .. .10 ...)))
the operation being repeated » times, and the proba-
bility ofextinctionis (o). 1f/* (i) is zero or negative,
i.e. If the character is neutral or disadvantageous, then
Fe | (0)= 1, ie the character will ultimately dis-

appear. But Koenigs showed that Lt L (0) is the

root ofx = | é ) in the nmghtgturhood ofo If
| + «y ie. {he Character 1§ advantageous, x = F ) has
two and onIy two real positive roots one= i, theother
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lying between o and i, though small if « be small
Hence { ?w character has Wways a flnl'[F chance of
survival FHa dane, 1927 ). The Chance of extinction

after » generations J” (0) may be written .. Hence
/n+| / In), an equation solved for a particular/(#)

Ipsher A1930) considers. . the _case where e -
e+ ) (x-i" g probabilities form a 0isson’ series

and the robable number of offsprin k. This

is 1
|sfjg tslflra}nge (!inma&toigﬂan* \%%o ucmg a large number
p;obabl Ity of. uItlmate extmctﬁ)n IS ?IVF]H
or putting « =

'y awherey 15 t
p?/obabl dTyO Ultimate' survival, 1—y—y e o

be small, y = 2k9 roximately. If in the
who(i I\lstory orpa Species a nev%ype appea?/rs more than
10 2 tes, t will probably spread through the species.
Exactly the same considerations apply to a rare dominant

%us su(%)ose a New %ene has an advant zhge Tmeasured

l, a Ippe ? mutation witha frequency

| 6|t must. ap ? 2, or 347 times before the
dds are In fav ur of Its sprea mg This_requires the
agh) %rance % 4\7 000,000 Indivi u s. S0 If we ar?
sidering the flea, or even man, the new %ene wil
start off oY its conquering career within a singlé genera-
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tion. But if we are conadepng Elephas jndicus, WIth @
total num er of the order of 20,000, and a generation
nﬁ rPS forty years on the average It WI|| be nearly

illi0 years berore a new gene 1S likely to spread o
a ar%e enoug fraction to besure of spréading fartner.
The Case of r]ew recessive Fne IS muc fss hoperul.
In a su |C|ent|¥ % P atjon a smg recessive
mutation has an infinitely ‘small chance of spreadm%
nowever favourable 1t s, simpl ?use selectio
cannot begin to operate in its fav ur till two recesswe
ﬂenes are present In the same zyqote. . But hefore this
aﬁpens blind accident and bllindering mischances
will have extinguished the gene. Of course, {there 1S
finite mutation vace the numper ofrecesswes will increase
according to eratlon ( K negative.  But
mutation, not selection, Will tak e t e .main responsi-
bility for spreading it unti the proportion of recesswes

Finite Populations, Random Extinction

The investigation of the case where the total é)opula
tlon IS finite bias been wholly due to Fisher (19 8 and

right (1931), It Eresents the most serlous dlffl u tles
et et with'in thi mvestlgatlon and in eed some o
hese have not}/et been sqlved, but the work has alread
ralsed some blems of very real mat ematlcal an
biol oglca Interest,

et'us fiyst con3|der the su fgestlon which is constand
em mage, e.q. l){ % Eg1921% and Elton (1930
th at random extinctio Imporfant "cause
of evolution. Ifa populatlon of N Individuals possesses
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varlatllon due t0 m asqenes how much of this will have
been lost, we may after » generations ? There are
N sets of ¢ romosomes s%eac ene %ausmg variation
ma %g sentlg %n?/num er of these from Ito 2N
pr gt abl tthatagene IS present In - setsof
c romosomes Its_allelomorph emg é)resent in
other 2N — We con5|e eg rge and | aeo
morph. IXT as and 9(1) 1s the
total num er o ene considered, . 2m hen in
the next generaftlon the correspondmgf nctlon is 9L/(e gl
orin the case of a Poisson Serfes cpe P
he enesw have

an ansolute term p esenting t
vanished, an aret erg{ore presgentl 0 Sets of chromo-

SOmes. Let Us sup Lﬁoset at the num er of gene differ-
ences in the population 1s s% that one’is lost er
eneratlon at each end ? e distribution, i.e.
e thsagﬂears ? ﬂ Its a eomorP tfecomes mesent
sets of chromosomes. ~ In alarge population
thls rate of loss WI emuc the same over Very man
generatlons 50 the P E) |r(])n will eamostlg stead
tate. Hence the, %to eosso one Ifference
per qeneratlon WI| e spread th rou?h a the values of
or 1T We confine oeratentlon to the values cifprfor
which « Is not very large, i... Ifwe take any value of x
less than 1, we have

()] - =1
Now copsider a pOS[It(IV%] nurﬁé?r 1o less than 1, and
defined by the e quatlons in+1=t(il), 10= 0

F+i)— RN = |
ThIS 1S cle]arl y true |fn- s/n Mor over9():
IS ar%ew BN |snﬁar um}/ as we shall see, S0 we are
only oncerned with tie relation befween » and 1 When
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o 1S [arge.  Fisher solves the problem whentx) = ex- X
S0 that me 1= G1, fr= 1,

Put
o+l = (I —«&
=W T gy
A=l 2 vt
T NSt O

where 0 does not increase indefinitely with ». Butwe= 1,
and after simplification, we find w-= ™+ g log* n >

o being less than unity. When « is large v = “approxi-
mately, S0 n- _ »L approximately,

2(«) = #— 2 x +x 2] x3+ "

Hence there are approximately one palr of genes, in
each of the p033|bP frequenmgs 0{ = 2N Fisher
9|ves a much more exact exgresswn or op(#) and a more

se(IlfO ltgrlé?hg rdoo and theret$ G entlrely

homozygous, qene diffe
ences |saPrpear twice ai ast, anfl m= N. In the first
case t

ction of all genes lost per generation is

S EE o and after » %eneratlons the number

of gene differences is reduced to . So a time of
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r% 2N or |-39N enerations. is needed t? halve thra
In a num roui species this Is a ong Peno

even on an astronomrca et alone a eoo time
scale, In other S rando extrnctlon grgsno part

In evolution. Eton $1930 \Wever, reH It as'im-
é) ercatastrophe

or antn] eCi sw e eane emic or of
errodrﬁa reduces the nu
em|n| um number o adu ts

ers. In siich csewe

rin

ac?ce ang the enﬂth ofa cycle, w |ch ma varyl*rorﬂ
22 years in the cases considered by him as the

‘generation.” He congicers th arctrc 0X, and. takes
it “that every 3 years the number of this species In
Kamschatka™is reﬂuced from 800, 0?0 to 80,000, So
N = 80,000, ana the period needed for an even chance
of random extinction of a given gene is 33?000 ears.
This errod takes us hack well beyond the last ice-age,
™ Irrme hen ecological congrtrons Were ( |te
drfferent romt 0se to-day. S random extinction
probably Ba ed a very subordinate part In evolutron
even In‘favodrable casts.

Other events of the same character eg thes read of
a new gene from an orr inal single in IVIP al 10 a
ma on of the species, WI| re urre erro so the order
ﬁ rations, e can t the ave never

Ptp twe can sa att ey avePv ed a art
u & subor nate compare that o ectro

even mutation.

Finite Populations, Random Extinction Balanced by
Mutation

Consider, with Fisher (1930), Pnulatlon as in the
last part, save that 1t Is 1 %Ulhb #J because, In the
whole popu ation, one new gene-difterence per genera
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tion occur through mutation, and this {ust balances
the. Iolss of variance. due to rando dm extinction. H
entirely. novel mutation 1S, sup Pose 0. ?ccur In eac
enera |on ) the case 1S sli t art|f|0|a In general

WI only gP n¥ ?enesw occur very rarel
s th eresut utation, and not to 0se which muﬁat
requenty Adopting the terminology of the last
section,

?[/(M)] - <p<x> I —

ﬁlnce the effect of mutatjon, re resented b¥ th

and side IS to diminish th? abs0l te t%rm 0
and to mcrea% pv_the coefficient of # ust
just balance the effect of random extinction.

oM+ 9N = -
But, if va= __ we have

an
ein—lYn

¥iefi— &
.o *T ~g* An+l logg”™n
9("+1) + log',+i= 9(4) + log* » = C(a constant)
9(4)=« —log
But when nis large = —2  approximately,

din (1
9 ) constant —2log* (1 —n

.W -¢C A+ + Js+ L L)

The total number g of ene dlfferences 9 c,) IS this
series summed to 2 erm o%* f onstant.
Fisher evaluates the constant as 10355,
m= 2log* N + 2741
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Now if p Hﬁ g1ean mutation frequency, Np
New genes dre pro uced per generation, S0
. PN (2 log +h 2;541%
in are s emes re should be man
affferent % ales av |E % a smay

le than |
refers to eutr ?enes lke those %r Bandln in Cepea_
enwronment may cause them to

utac ge 0
acquire selective value. Thy species, bein
m%ev nelF le than asmaill W|?I tena([J ep morepFastlg
under the Influence of selection.

Finite Populations, alloning for Random Extinction,
Mutation, and Selection

Fisher has considered this ca%e but has only dealt
thoro hly with the situation w ?h arises when there
IS N0 omlnance and the effect of selection Is to make
mmcreaﬁe or decrease in a GROMELTIC Series, as. alwas
0c uri en dominants are_rare, or inbree mg mtr
|'shall do no more than indicate the method of analysis.

Defining 0 by the equation cos 0 = e and defining
the frequency of 0 by a=yd0, an expression is obtained
for . This is only valid for intermediate values of 0,

and nbre%iks down at 0= 0 01 77T where the possible
values of uare relatively far apart.

The expression for r)fy contams terms such as 4N 102
expressing the effect ‘of random survival, and a term
—\k % (ysm 0) expressing the effect of selection. The

relatlve |mRortance of these r[erms de endfs on the value
of kn,  Only when &N'is of the order of 1 or less can
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the gene be regarded as angthm Irke neutral.  Thus
ﬁ]roba [yver% ?enes are at all"nearly neutral at an
oment. The e either dlsadvanta equs, an on|
ept |n existe ce by mutatlon or spr adlng relativel

ra |d througn the po uatlg

% ersana SIS oes not cover the caseqs of
domlna ce and mtense nbreed mg an extension to t
wil| only invol vie oubm? Iving the values of K
which render selection definitely efrective.

Socially Valuable but individually Disadvantageous
Characters

A stud of these traits mvolves tttte cotnsrderatron of
small For a character of this can on
Pread thrdju h the o ulation 1f the geneg deetermrmné

are orneb a group of related mdrvrduals whos
chances of| eavrn 0 sprm arerncrease by the presence
of these genes in an m \[ ual member of the group
whose own private viability they lower.

Two srm le cases er aki th clear. Broodiness
IS |n errte In pou tr¥ In the wil stateabrood hen
|s [ e¥nt0 Ve asho ter life than a non roo Iy g, as
she Is ore |ez be caugh ﬂ enemy
whresrttrn t the nan- roo treara
Tamily, s %enes determlnlng IS character will be
ehmrnatedr nature With r to maternal metrncts

trs type eectron erI res mb strike a aance

While a“mother that abandoned her eggs or ounﬁ
the face of the slrghtest danger would be"ill-represented

osterity, one w 0, like the average brrd does so

ra su |crent]y Intense trmul s will live t]o rear
anot er famil ich atoo evote parent wauld not.

teca%e of soclal_insects; there |s no limit tot
devotion and self-sacrifice which may be of brologrcal
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advantage in a neuter.  In a beehive the v¥0rkers and

s ol b as%]ﬁ’refn%éhf%ﬁ%?ﬁ eévé’ev%?”s%ty il

'r%?ea‘(he %u¥“v.'v%| o %eﬁanae”rtagﬁd“t’hhseteh%? 0 P

rou les. The only. bar to such a spr
tHe p ss&) |rt3P f]at the enesyln qtestlon ma méuce

unduly ueens, (enes
causl] such bethawour W? dtend to b% eliminated.
\ve pass to smaI soclal 9rou S W ere ever
|nd|V|duaI ISa ﬁ)otenu?] Pgrent matters are complicated.
Consider a Jr e ndividuals matmg at
ran om, and In the ratios AhA Soumaa | aa LEL
?] ossession of the recesswe C ﬁracter fgq altruistic
ehaviour caused by aa decrease the pro a rogen
o Its possessors to (1 —xy times that of the dominant
Let the presence 0 fractlon « 0f |nd|V|duaIs In the
tribe increase the probable progeny of an Its mempers
to |+ K# tlmes at ofat be no ses?)ln no recesswe?
¥v% we ‘may fake to be i ‘equilibrium, We will
urther su ose t at a_tribe composed entlrely of re-
cesswesw% tend to Increase, hence K >
Now in the next generation the number of the tribe

will be increased to N _ K The number «n
. . i+ w)2le
of recessive genes will have cﬁeanged from
N N W+ 1—K
i+ wun [+ (r¥80D (1+*0s
approximately. Hence, neglecting «« .

A xb= + /
(I+ W2
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Hence the number of recessive genes will increase so
long as un - 1> ﬁ recessive genes will only increase

as. Iong as theg %re falrlg common.. But meanwhile .
IS |nf asing, s this proc ssw? tend to come to an end.
If altruism™is dominant, that the numbers of

the gene for it tend to increase if (i + w§2> ——-. In

other W?rds the blolo%lcal advantages of altruistic con-
duct on ouf;wel e disa vanﬁ ges If a su stantlfll
pro ortl n of the tribe behave alt U|st|call¥] It on
as raction behaves | |n this manner, It has a ver
smaII effec on the viahjl |t&/ of the tribe, not sufficient
to counterbalance the bad effect on the individuals

concerned. IfﬁK be large, the proportion of altruists
need not be great. If?> N in the case of a dominant

gene, < B> \IN in the case of a recessive, a single altru-

istic m?mdual will have a net bIO|0%IC&| advantage.
Hence for smal| values osteIectlon IS at once ffectlve
But In large trlbes the initial stages of the evo utlon of
altryis epeH not on se ect? ut on random
survwa .. What in physics is called fuctuatlon T |s
ulte os?lble Whe 1S small, verP/ unli e?; (Yv e]n
W

Prom%te con(meg nei aﬁ(e)afom gart]dvgnrtnaareobs {0 tﬁh

ndividual |n aIIt 5 OT society, but yet dvan&ageg
{0 soclety, te m aves read w en man was divi e
mto sma 3 do am?us rou% As manly eugenists
have pointe selection in large societies operates
In the reverse |rect|on
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But the COfndI'[IOHS %ve[t above, thou h necess for
t e spread of congenit Hursm are fa from ent
ons er a tribe”In Ipro1port|on o truists
IS surficient_to cause t enume the en or It to
mrirease Even so the other al eomorph Wi I mcrease
str more raﬁ ty ote prop ortllon of aItrurs(ss wil
diminish. ribe, owever will enlarge, and ma
e expected utrmatel to frt)ht ke that of Abra
Genesis XIl. 113 In genera hrswrllnotmend matters
ut iometlmes ne fractron will get most gneé
oratrursW and Es rate of incre ?eb urt er spéed
tribe homozygous for this enem

PO uced. T ese events ar normous?/more

N"is small, and endogamy fairly strict Eenwen
homoz gosrs is eacpd however he re%/erfe %tIOP

ur an | to spread,
to %)ose that many genes for absolute altruism are
common 1N man.

A]t the rsk of repetrtron I Wrsht add that Jhe above
n VSIS re rs only to conducﬁwm actuall |m|n|?1 &S
e Individual’s ch cg avin ste
chance thoog small, does exrste n or wo ees?
A greatd ? human condfuct which we call aItrurstc
90|stg rom the lpornt of view of na]tura(! selection
5 often correlated with well-develope arentiil
eav J atterns. I\/Ioreover altruism I commo
rewarde overtk/ and In most modern socretrest
poor breed qurcker han the rich.

Isolation

| have considered in some detail gHaIdane 1930% the
conditions under which Isolation iS effective. - Suppose
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roup of a sgegles to be isolated in an environment
r(| a Cave or esertg Where a enotyEe which in the
ormal environment is unsuccesstul has an advantage
measured by «. _Fyrther squose that |n each genera-
tjon a number of migrants of the orlgma ty F egual to
the po uIatlon of the Isolated ared mulfiplie V\y a
racwJ Immigrate mto the area considered. ha(s
utlibrium, if afy, will be re%he 2| have considere
ten cases, but wil onI descr g ree In th|s summary.
kan  are throughou Suﬁ 0sed to be small.
or| fmtaettWO s OIOe av&ﬂ?grb[ﬁetihear?e(\i/v%n\llﬁrme
ent, angpun thelr |>/ %0 In the 72h generation. The

proportlon of A in the nen generation is mL;‘ X in the

(((+|)th (l ~ )Un+|

un— 1 (1 '\]'W]) kun
w = I

e, t'te final ratio |f.A (—k B, provided « > 1 The
equilibrium is stab

It z ygotes dominant for a single gene are favoured,
but reCessIves Immigrate,

Aan= -7 - [A-/(i+ 04

Hence the flnal ratlo IS of « —n. dominants io |
recessIves, Prow ded «> 1. Thee uﬂlbrlum IS stab
I recessives are favoured but dominants immigrate,|

I (i + U)2— kun
A un o
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There are two equilibria, a stable where
k-2 Vk k-41)

and an unstable where
e . k21+ {£-40

For eth_tlgrlum to be posslbIT « must exceed 4/, and
even So, If there are original \)/ t00 few recessives, 0
bewggreaterthan the unstable value, ofuw, the recessives
will be wiped out.

In all cases considered  must exceed a certain value

before seIecHonc n do anything in the gice ofmlgr tion
Even so, where the character Tavoured In the Tsolated
area IS recessive or derpends on the ?o-oper,?_tlo_n of
several dominants, there is an unstable equilibrium,
and a suddeP rusi} of immigrants may swamp the
Isolated population for ever.

Wright's Theory

ight’s (1931) very extensive jnvestigation .of the
r%e%n of ¢ olul)lon sonT veu%(llghe,% er this book
aswritten. It resembles th ?r of Fisher more than
that of Haldane, but like the latter, considers mlgra-
tITOH. It 1S based on anpt’_s formHIa%fort edgcr as
0 terozg%oms In anP ation, which In turn %en
on the usé of path coefficients of correlation. Un rti"
natel¥t e exposition ofthlsve%Po erfu_methog would
re TI e agood m nx pages. |tg t arrives at formujae
aw gousand often equivalent to those of Fisher for
the distrioution of gene ratlo? In_populations under the
simultaneous Influences of selection, mutation, random
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survival, and migration. Unfortunately the type of
selection considered is almost always one involving no
dominance, i.e. in which (under the influence of selection
alone) the values of un in successive generations form
a geometrical progression. | suspect that some of his
most important theoretical conclusions would no longer
hold if dominance were allowed for. This would
greatly complicate the mathematical treatment, but
| believe that it must be done before full weight can be
given to Wright's results.

He concludes that evolution should be slow in popula-

tions which are very small, so that ~ is larger than

the average values oip and k (the mutation and selection
coefficients). Here he is undoubtedly correct. In such
cases there will be little variation on the population on
which selection can act. He also holds that evolution
would be a slow process in very large populations where

~ is small compared with p and k.  On the other hand

medium-sized populations are large enough to be reason-
ably variable, but not too large to permit of large
changes in gene-ratios due to random survival. He
holds that this random survival has played a part in
evolution much more important than that assigned to
it by Fisher or myself. Only a very thorough discussion,
which has not yet even begun, can decide which of us
is correct.

But Wright's theory certainly supports the view taken
in this book that the evolution in large random-mating
populations, which is recorded by palaeontology, is not
representative of evolution in general, and perhaps gives
a false impression of the events occurring in less numerous
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species. It is a striking fact that none of the extinct
species, which, from the abundance of their fossil
remains, are well known to us, appear to have been in
our own ancestral line. Our ancestors were mostly
rather rare creatures. “ Blessed are the meek : for they
shall inherit the earth.”

Other Investigations

I have only dealt with such of Fisher’s theoretical
investigations as seem to me to bear on the questions
raised in this book, and have therefore omitted several
important topics, e.g. the theory of correlations between
relatives in a population in equilibrium under selection
and mutation. Nor have | mentioned the beautiful
work of Volterra (1930) and Lotka (1925) on mathe-
matical ecology, which, however, bears on the struggle
between different species rather than between different
varieties of the same species.

Much remains to be done, even in the development
of the elementary theory which has been followed in
my papers. In particular the case of multiple allelo-
morphism remains for consideration. | do not think
that it will lead to any very novel results from the
biological point of view, and it is rather involved mathe-
matically. Linkage has generally very little obvious
effect, for, as | have shown (Haldane, 1926) a pair of
linked genes under selection distribute themselves
evenly between the two chromosomes concerned if
/<&, where 100/ is their cross-over value and k the
coefficient of selection. Fisher (1930, p. 103), however,
thinks that natural selection may in certain cases increase
or decrease linkage. In organisms where linkage is
very intense, e.g. Orthoptera, matters are different.
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Fisher (1931) has begun the investigation of this problem,
but its full treatment must await further experimental
analysis of the linkage relations concerned.

Conclusion

I hope that | have shown that a mathematical analysis
of the effects of selection is necessary and valuable.
Many statements which are constantly made, e.g.
“ Natural selection cannot account for the origin of a
highly complex character,” will not bear analysis. The
conclusions drawn by common sense on this topic are
often very doubtful. Common sense tells us that two
bodies attracting one another by gravitation tend in-
evitably to fall together, which would sometimes be true
if the force between them varied as r—n} n exceeding 2.
It is not true with the inverse square law. So with
selection. Unaided common sense may indicate an
equilibrium, but rarely, if ever, tells us whether it is
stable. If much of the investigation here summarised
has only proved the obvious, the obvious is worth
proving when this can be done. And if the relative
importance of selection and mutation is obvious, it has
certainly not always been recognised as such.

The permeation of biology by mathematics is only
beginning, but unless the history of science is an in-
adequate guide, it will continue, and the investigations
here summarised represent the beginning of a new
branch of applied mathematics.
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