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GENERAL PREFACE

Dov Gabbay, Paul Thagard, and John Woods

Whenever science operates at the cutting edge of what is known, it invariably
runs into philosophical issues about the nature of knowledge and reality. Scientific
controversies raise such questions as the relation of theory and experiment, the
nature of explanation, and the extent to which science can approximate to the
truth. Within particular sciences, special concerns arise about what exists and
how it can be known, for example in physics about the nature of space and time,
and in psychology about the nature of consciousness. Hence the philosophy of
science is an essential part of the scientific investigation of the world.

In recent decades, philosophy of science has become an increasingly central
part of philosophy in general. Although there are still philosophers who think
that theories of knowledge and reality can be developed by pure reflection, much
current philosophical work finds it necessary and valuable to take into account
relevant scientific findings. For example, the philosophy of mind is now closely
tied to empirical psychology, and political theory often intersects with economics.
Thus philosophy of science provides a valuable bridge between philosophical and
scientific inquiry.

More and more, the philosophy of science concerns itself not just with general
issues about the nature and validity of science, but especially with particular issues
that arise in specific sciences. Accordingly, we have organized this Handbook into
many volumes reflecting the full range of current research in the philosophy of
science. We invited volume editors who are fully involved in the specific sciences,
and are delighted that they have solicited contributions by scientifically-informed
philosophers and (in a few cases) philosophically-informed scientists. The result
is the most comprehensive review ever provided of the philosophy of science.

Here are the volumes in the Handbook:

Philosophy of Science: Focal Issues, edited by Theo Kuipers.

Philosophy of Physics, edited by John Earman and Jeremy Butterfield.
Philosophy of Biology, edited by Mohan Matthen and Christopher Stephens.
Philosophy of Mathematics, edited by Andrew Irvine.

Philosophy of Logic, edited by Dale Jacquette.

Philosophy of Chemistry and Pharmacology, edited by Andrea Woody and
Robin Hendry.



vi

Dov Gabbay, Paul Thagard, and John Woods
Philosophy of Statistics, edited by Prasanta S. Bandyopadhyay and Malcolm
Forster.

Philosophy of Information, edited by Pieter Adriaans and Johan van
Benthem.

Philosophy of Technological Sciences, edited by Anthonie Meijers.
Philosophy of Complex Systems, edited by Cliff Hooker and John Collier.

Philosophy of Earth Systems Science, edited by Bryson Brown and Kent
Peacock.

Philosophy of Psychology and Cognitive Science, edited by Paul Thagard.
Philosophy of Economics, edited by Uskali Maki.
Philosophy of Linguistics, edited by Martin Stokhof and Jeroen Groenendijk.

Philosophy of Anthropology and Sociology, edited by Stephen Turner and
Mark Risjord.

Philosophy of Medicine, edited by Fred Gifford.

Details about the contents and publishing schedule of the volumes can be found

at http://www.johnwoods.ca/HPS/.

As general editors, we are extremely grateful to the volume editors for arranging

such a distinguished array of contributors and for managing their contributions.
Production of these volumes has been a huge enterprise, and our warmest thanks
go to Jane Spurr and Carol Woods for putting them together. Thanks also to
Andy Deelen and Arjen Sevenster at Elsevier for their support and direction.
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PREFACE

Philosophy of Biology has taken flight in the last quarter of the twentieth cen-
tury. In very large part, of course, this is because biology itself has made huge
strides in this period of time. Not only has it taken large strides, but it has done
so in a way that it has made it a player in many of the largest public issues of the
day: DNA, cloning, evolution, evolutionary psychology. It is not an exaggeration
either to say that Darwin, cloning, and DNA now occupy as much space
in academic and intellectual conversations as Shakespeare or the Bible. This
has had a dramatic effect on philosophers. What kind of process is evolution? Are
morals and meaning reducible to biology? What is the significance of genetic in-
heritance? Of the molecular substrate of life? Questions like these bubble up from
common discourse, from popular culture, from discussions in coffee shops. And
philosophers have been willing and well-equipped to take them up.

As recently as 1975, philosophy of biology was not generally recognized as a
subfield, though texts by Michael Ruse and David Hull had appeared. Many of
those whom we recognize today as the most prominent philosophers of biology
were engaged in other things: Elliott Sober was writing about simplicity, Daniel
C. Dennett about Rylean theories of mind, Philip Kitcher about mathematics.
Virtually no University Department thought: “What we really need right now is
a philosopher of biology.” Philosophical discussions of biological issues were only
just beginning to go beyond the rather mechanical business of localizing debates
emanating from general philosophy of science. The pioneers were in place, of
course. Logical empiricists like Carl Hempel and Ernest Nagel had discussed tele-
ology. David Hull and Nicolas Jardine had done some startlingly original work on
biological systematics. Arthur Burks, the visionary from Michigan, was provoking
interest in genetic algorithms. Marjorie Grene and Michael Ruse blazed trails in
discussions of evolution (not to mention Karl Popper in his peculiarly opinion-
ated way). There was desultory interest in philosophical issues surrounding the
reduction of Mendelian genetics to molecular biology, though here the general as-
sumption was that the issues were really no different from those in the reduction of
thermodynamics to statistical mechanics. Some of the philosophically interesting
work in this period took place in historical discussions — in the work of such Aris-
totelian scholars as David Balme and Geoffrey Lloyd on taxonomy, for example,
and in T. S. Hall’s Ideas of Life and Matter. And then, of course, there were those
outside philosophy, writing in ways that were recognizably philosophical: Richard
Dawkins, E. O. Wilson, Richard Lewontin, Stephen Gould, Michael Ghiselin, and
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Donald Campbell are scholars from whom we can all still learn. Further afield,
there were the vitalists, the mysterians, the Bergsonians. But there was
nothing like a discipline, no agreed upon central issues or standards or reading
lists. And no paths were recognized as dangerous to traverse. That was how things
were in the seventies: a thousand flowers bloomed, but it was impossible, or at the
very least dangerous, to try it on in graduate school.

Things have changed. There is now a clearly defined dialectic and many more
scholars who contribute to it. Nonetheless, because the field is so young, it is
difficult to define problem areas and dialectics that will be valid twenty years
from now — and this is what we took our job to be as editors of this volume.
Broadly speaking, there are two kinds of inquiry that we wanted to include: first,
the conceptual investigation of biological problems, and second, the ways that
biology has been a source of illumination for problems outside of the philosophy
of biology itself. It is perhaps in the second area that the “new biology” has most
significance. Physics is never going to throw much light on human nature, or
the nature of cognition, or of society, and so philosophers of physics do not have
to concern themselves with these things. But biology clearly intrudes into these
areas of inquiry, legitimately or not, and it is the task of scientifically well-informed
philosophers and philosophically minded scientists to probe, monitor, police, and
regulate these studies. On the other hand, the illumination is reciprocal: the
applications of biology tend to confirm or disconfirm the ambitions and pretensions
of biological speculations. For these reasons, the philosophy of biology is much
broader than biology itself. It is concerned with conceptual analysis, but with an
eye to a broad range of issues.

Evolution occupies a great deal of this Handbook. In the part explicitly devoted
to the topic, Christopher Stephens deals with broad issues of explanation and
confirmation in the theory of natural selection, Anya Plutynski with neutralism
(i.e., evolution in which the intensity of selection is relatively muted), Robert A.
Wilson with the units of selection debate, and Kim Sterelny with the relatively
new topic of evolvability. This part of the Handbook concludes with two essays,
by Michael Brady and Catherine Wilson, on norms that arise out of evolution.

Evolution is also crucial to the discussion of other areas of biology - such as the
nature of development, dealt with by Denis Walsh in Part I, and taxonomy, dealt
with by Marc Ereshefsky in Part IV, as well as the closely related issue of race,
which is the topic of Robin O. Andreason’s entry in Part IV. In evolutionary theory,
there has been a recrudescence, in recent years, of Darwin’s essentially historical
approach to explaining the origin of species — which for a while was neglected in
favour of studies of adaptation and optimization (see A. W. F. Edwards’ entry)
in the middle part of the last century. Part IV explores this in the context of
taxonomy, where in addition to the essays by Ereshefsky and Andreason, Brian
Hall provides an introduction to the foundations of this historical approach in his
entry on Homology and Homoplasy.

Then there is genetics. In Part III, Rafi Falk traces the emergence and devel-
opment of the gene-concept in his entry “Genetic Analysis”. Margaret Morrison
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recounts the emergence of population genetics. (Her discussion is complemented
by that of Sahotra Sarkar in his entry on Haldane.) Alexander Rosenberg and
Michael Wheeler discuss molecular genetics, Rosenberg dealing with issues of re-
duction, and Wheeler digging into the notion of genetic coding.

Part V concerns a group of essays dealing with philosophical applications arising
out of the practice of biology. Here, Paul Thompson deals with formal systems
that are meant to capture the content of biological theory; Tim Lewens writes on
functions, Karen Neander on mental representation, André Ariew on innateness,
and Mark Bedau on artificial life.

The reader will not fail to notice the orientation of Part I, which is devoted
to intellectual biography. For as we were planning this section, we found that
our attention came willy-nilly to be focussed entirely on one interpretation of how
evolution is important. Thus, we included not only Charles Darwin in this section
(the entry is by Michael Ruse), but also the four great figures of population genet-
ics, R. A. Fisher (Robert Skipper), Sewall Wright (Jim Crow), J. B. S. Haldane
(Sahotra Sarkar), and Motoo Kimura (Jim Crow again). In so doing, we left out
not only such fascinating figures as Gregor Mendel (but see Falk), James Watson,
and Francis Crick, but also competing figures in the study of evolution such as
Ernst Mayr (whose bitter disagreement with the heroes of population genetics is
recorded in the last ten pages of Sahotra Sarkar’s essay on Haldane). In part,
this has to do with the theoretical character of this branch of evolution — pop-
ulation genetics deals with abstractions, and as such it attracts the attention of
philosophers more than natural history does. More relevantly, it reflects actuality:
what philosophers of biology want to write about. No doubt, this will change; for
in time, questions about genetics may come to occupy more of the foreground.
When that happens, the intellectual biographies of figures such as Thomas Hunt
Morgan and Herman J. Miiller may occupy the attention of more scholars within
philosophy. For now, we can only hope that the issue-oriented histories presented
by Falk and Morrison will serve to provoke more philosophical discussion of the
history of genetics.

We canvassed a large number of people in the field, and we learned a great deal
about what occupied their attention. We learned, for example, that creationism
just does not occupy the attention of philosophers of biology the way it did even
a few years ago. While not everything that needs to be said about this subject
has been said, many philosophers now view it as more of social and political than
of philosophical interest. As it turned out, the Handbook is pre-eminently focussed
on historical and conceptual issues surrounding evolutionary theory. This is so for
two reasons. First, evolution is arguably at the conceptual centre of contemporary
biology, with a number of particularly interesting philosophical dimensions.
Second, most of the scholars of the last few decades have in fact focussed
on the conceptual, methodological and historical issues in evolutionary theory.
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In this sense our anthology reflects the bias of the interests of these scholars.
We would hope and expect that in another few decades, the field will continue to
grow and look comnsiderably different than it does now, and that if we were
to commission scholars for such a Handbook in 2050, we could look back and
see that progress had been made on a number of other issues, and that new topics
and approaches to old problems were revealed, just as looking back now we see
the progress that has been made in approaches to evolution even in the last
thirty years.

We should like to thank John Woods for encouragement and advice, and Jane
Spurr for her superb (and very fast) job of editing.

Mohan Matthen
Christopher Stephens

October 2006
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Part 1

Biography



CHARLES DARWIN

Michael Ruse

Charles Robert Darwin was born in the English Midlands county of Shropshire on
February 12, 1809, the same day as Abraham Lincoln across the Atlantic. He died
at his home in Kent, south of London, on April 19, 1882. The fourth child, second
son, he was born into a distinguished and wealthy, upper-middle-class family. His
paternal grandfather, Erasmus Darwin, was well known as a brilliant physician,
friend of industrialists, and popular poet. His father, Robert Darwin, was also an
excellent physician, as well as being a money man. He would arrange mortgages
between landed gentry and aristocrats, with need of cash and land to mortgage,
and industrialists looking for safe ways to invest their earnings. On his mother’s
side, the line was even more distinguished, for Darwin’s maternal grandfather
was Josiah Wedgwood, who had industrialized the British pottery trade. Darwin
further sealed the Wedgwood connection (and supply of cash) when he married
his first cousin, Emma Wedgwood.! It is important from the start to emphasize
both the family status and wealth, to explain why Darwin never held a paid job
throughout his life — he had no need to (and he was a canny investor) — and
to make clear that Charles Darwin was never going to be the Christian God. He
was not about to reject his background. He was a genius of the first order, but his
genius would be to take what he had been given and to make of it a new picture
— rather like a kaleidoscope being rotated. Darwin was not in the business of
making something out of nothing.

Darwin was sent as a teenager to one of England’s leading private (confusingly
known as “public”) schools, Shrewsbury. From there, at the age of 17 he was
packed off to Edinburgh University, in the path of his father and grandfather, to
train as a physician. He hated the course, and two years later transferred down
to Cambridge University intended to become a Church of England parson. On
graduating in 1831, however, his clerical plans were postponed (and then shelved)
when through a friend of a friend he was offered a place on HMS Beagle, then
about to embark on a trip to South America in order to chart the waters. In all,
Darwin spent some five years on the Beagle, returning to England in the fall of
1836. One result of the voyage is that he wrote up his diary as a narrative, and
this was published and became one of the most-loved travel books in Victorian

IThe most reliable and detailed biography of Charles Darwin is the two volume work by
Janet Browne [1995; 2002]. The most fun to read, although highly unreliable given the authors’
Marxist leanings, is by Adrian Desmond and James Moore [1992]. Even the title is over the edge.
Darwin’s own autobiography is not always reliable but a good read nevertheless [Darwin, 1969].
I have written on the Darwinian Revolution in Ruse [1979, new edition 1999a]. More generally
on the history of evolutionary thought, consult Ruse [19960;, 1999b;, 2003;, 2005]).

Handbook of the Philosophy of Science. Philosophy of Biology
Volume editors: Mohan Matthen and Christopher Stephens
General editors: Dov M. Gabbay, Paul Thagard and John Woods
© 2007 Elsevier B.V. All rights reserved.



2 Michael Ruse

England [Darwin, 1845]. By the mid-1840s, “Darwin of the Beagle” was one of
the better-known figures in the country. The warmth and sheer love of travel and
of nature infected his fellow citizens, and by mid-century he was well on the way
to being one of the people of whom the English were genuinely affectionate and
proud. This incidentally continues to this day. Darwin’s portrait is on the back of
the ten pound note.

For reasons that are still not completely understood, shortly after the Beagle
voyage Darwin fell sick with an illness that plagued him for the rest of his life.
Headaches, insomnia, boils, bad breath, bowel upsets, and more. Some think it
was psychological — being the author of a theory that was to be so controversial
or perhaps fearing his father’s disapproval (despite the fact that Darwin always
claimed to love and admire his father) — and others think it was physical —
perhaps Chagas Disease, picked up from an insect bite when he was traveling
across the Andes. Whatever the cause, Darwin became an invalid and near recluse,
retiring with his new wife to the village of Downe, where they proceeded to have
a typically large Victorian family. Ten children were born, and seven lived to
maturity. The most famous was George Darwin, who became a leading authority
on the tides. The most loved was Annie, who died at the age of ten, leaving Darwin
and his wife with a hole never to be filled.

Although isolated, Darwin carried on a tremendous correspondence, and (clearly
using his illness to his own advantage) worked non-stop at projects that interested
him. He was also good at networking, and encouraged young men whose interests
he shared and (more importantly) whom he saw as those who would push his
ideas. Notably in this group were the botanist Joseph Hooker and the morphologist
Thomas Henry Huxley (the grandfather of Aldous Huxley, the novelist). Building
on his fame as a travel guide, Charles Darwin increasingly became known both to
professional scientists and to laypeople as one of the truly great men of his time.
It was therefore absolutely no surprise whatsoever that when he died, by the
overwhelming demand of the country, Charles Darwin was buried in the English
Valhalla, Westminster Abbey. There he lies to this day, right next to Sir Isaac
Newton.

DARWIN THE GEOLOGIST

Let us start now to look at Charles Darwin as a scientist. His own Autobiography
is somewhat misleading on this issue. There he presents himself as a rather slow
fellow, who succeeded in spite of his deficiencies. But we must not let that upper-
middle-class modesty — a group where “swanking” is the worst of all possible sins
— mislead us. It is clear that Darwin was no very great shakes as a scholar when
he was at school. Tt is clear also that Darwin (unlike his son George) was never
very good at mathematics. However, this said, negatively we should know that
English education in those days was an uninterrupted diet of Latin and Greek,
with Euclid for the truly gifted, and Darwin was not of this nature. Positively
we know that even as a teenager, Charles Darwin and his older brother Erasmus
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tried out various chemical experiments in a shed at the bottom of the garden. No
surprise here. Chemistry is the industrial science par excellence, and the Darwin-
Wedgwood family were doing very well out of industry. When Darwin went off
to Edinburgh, he may have hated the courses in medicine — one major factor
with which anyone could sympathize was the need to rise early in the morning,
in the winter long before daybreak, to listen to Scots professors on pharmacology
— but he started to mix with people interested in natural history, biology as we
would call it today. One figure in the group was Robert Grant, one of the few
evolutionists of the day.

The pattern continued down at Cambridge. Becoming a clergyman for one such
as Darwin was the ideal profession. It was respectable, it did not require too much
work (especially if one could afford to hire a curate to do the hard jobs), and
(to speak very euphemistically) it was not a post that required an abundance of
grey matter. It was the perfect job for a gentleman. Darwin was not expected to
work too hard at his studies and he did not. Enough to get through respectably.
However, he continued with his interests in natural history — collecting beetles,
attending the lectures of the Professor of Botany, John Henslow, and talking to
those few men who were trying to make Cambridge more science friendly. The
offer of the Beagle voyage at the end of the time was no chance. Initially Darwin
was intended to be basically a companion for the captain, but soon he matured
into the ship’s naturalist, sending massive collections back home to England.

Darwin’s first major scientific forays were into geology [Herbert, 2005]. This
was a much-discussed science around the 1830s. Like chemistry, it was a major
factor in the Industrial Revolution. Minerals were needed, and coal also. No one
wanted to spend a fortune on sinking mines in areas that were simply not going to
be productive. Roads were being built, and canals were the major way in which
goods could be transported. Again, no one wanted to try to bore a tunnel through
a mountain that proved to be granite rather than sandstone. Railways were just
around the corner. Hence interest in geology was high, and the scientific group to
which Darwin had attached himself was in the thick of things.

There were two major theories about geological change. On the one hand,
named by the scientific polymath William Whewell [1837], there were the catas-
trophists. Much influenced by the thinking of the French comparative anatomist,
Georges Cuvier [1813], they argued that every now and then there are mighty
convulsions, and after these cataclysmic events organisms are recreated miracu-
lously, to meet the new conditions. Earth’s history is directional, from hot to
cold, and leads to the world that we have today. On the other hand, there were
those that Whewell labeled uniformitarians. Their leader was Charles Lyell, and
in his three-volume Principles of Geology [1830-1833] he argued that the same
laws and effects hold throughout geological history — rain, sleet, wind, volcanoes,
earthquakes, and so forth can do it all. The only requirement is masses and masses
of time.

Darwin might have been expected to attach himself to the catastrophic camp.
His teacher of geology was a leading catastrophist, Adam Sedgwick, professor of
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Geology at Cambridge University. But probably in part because of the isolation on
the Beagle — Darwin took with him the first volume of Lyell, and the others were
sent out on the voyage — he became an ardent uniformitarian. This set the scene
for two major pieces of geological work that Darwin did — one successful and one
very much non-successful. Lyell wanted to deny not just catastrophes but also (for
reasons to be given shortly) the directional nature of the world. How then could
he account for the seeming effects of cooling? The fossil plants around Paris are
tropical, clear evidence that things are not as they once were. Lyell introduced his
“grand theory of climate.” It is a mistake to think that temperature is a function
of distance from the equator. It is rather a function of relative distributions of
land and sea. Consider Britain, much warmer than it should be, thanks to the
Gulf Stream. What happens is that the world acts rather like a water bed. (This
is my analogy, not his!) As the rivers carry silt from the mountains down to
the sea, where it is deposited, the sea bed starts to sink because of the weight,
whereas the mountains start to rise because they are not as heavy as previously.
Things shift around, and then natural processes affect the terrain in new ways.
The consequence is that, because of Gulf Stream effects, the temperature around
the globe keeps shifting. Never the same, always moving up and down, but within
limits, rather like a sine curve.

Darwin bought into this completely, and his two major geological theories were
in fact responses to challenges posed by Lyell in the Principles. First there is the
question of coral reefs [Darwin, 1842]. In the tropics, one often finds circular reefs
around islands, rings of coral. Sometimes, indeed, there are no islands and just
the reefs. How can this be? Somewhat optimistically, Lyell suggested that they
might be the tops of extinct volcanoes. The coral just forms on them. The great
weakness here — one that Darwin seized on — is that it is highly improbable
that so many volcanoes would have risen from the sea bed just to the point where
they break the water’s surface. Darwin therefore turned the problem on its head.
He pointed out that coral can only live at the surface of the water. Hence he
suggested that initially the coral grows around the edges of islands, and then its
weight causes everything to start sinking. The islands go down and perhaps vanish
beneath the sea, but the coral keeps building on what is there and so stays visible
at the surface.

This was a triumph of reasoning. Darwin admitted that he had thought it all
up even before he had seen a coral reef! Today it is accepted as true. Borings of
coral reefs bear out Darwin’s hypothesis that they go all the way down. Notice,
however, to what extent it was a corollary of Lyellian geology. Precisely what
Thomas Kuhn [1962] would have called normal science within the paradigm. The
same is true of Darwin’s [1839] second major piece of geologizing, the so-called
Parallel Roads of Glen Roy. Along the sides of one of the small valleys off the
Great Glen in Scotland, there are parallel tracks. What could have caused them?
General opinion was that they were not human-caused — old hunting tracks —
but natural, being the remains of shores of water once filling the glen. But where
is the water now?



Charles Darwin 5

There were two hypotheses. One was that there had been a lake that was now
gone. The other was that the sea had once run into the glen but no longer. After
he arrived back from the voyage, Darwin dashed up to Scotland to look at the
glen for himself. He was already predisposed to think that the sea-hypothesis was
the right one. This was the speculation in the Principles, and it fit right into
the theory of climate. The land in Scotland around the Great Glen had been
rising, and this meant that the sea ran out of Glen Roy. Darwin expected to find
remains of marine organisms on the tracks, but the failure to find such specimens
did not deter him. After all, if it had been a lake, where now is the barrier
that kept it in? This work resulted in Darwin’s one and only one paper in the
prestigious Philosophical Transactions of the Royal Society — Sedgwick was one
of the (favourable) referees, showing that the uniformitarian/catastrophist divide
was not personal — but alas it was all a massive mistake. A year or two later,
the Swiss ichthyologist Louis Agassiz (he who was later to go to Harvard and
become a bitter critic of Darwinism) visited Scotland. Used to glaciers and skilled
in studying rocks for their evidence, he immediately announced (what is true) that
the glen had held a lake, kept in place by a glacier that has since melted. Many
years later Darwin agreed that he had been wrong. The length of time that it
took for Darwin to admit his mistake was not simply a function of pride. Agassiz
was tying in his glacier work with the thesis that there had been ice ages — which
was fair enough — evidence that he took of God’s intervening powers — which
was not fair enough [Rudwick, 1974].

DARWIN BECOMES AN EVOLUTIONIST

At least not fair enough in the eyes of a Lyell or a Darwin. We move towards our
main story, Darwin and evolutionary theory. But as we do so, let us take a moment
to reflect on religion, both generally at the time and specifically in the mind of
Charles Darwin. No one but crackpots on the fringe took Genesis absolutely
literally. The Bible was true throughout but those early bits were to be understood
in a metaphorical or allegorical sense. Although there had been speculation on
the possibility of Noah’s Flood, by the time that Darwin went to Cambridge that
was denied. The catastrophists were certainly closer to a literal reading than the
uniformitarians — some thought the six days were six long periods of time, whereas
others thought there were unexplained passages of time unmentioned in Genesis
— but everyone thought the earth very old. How old, catastrophists generally
preferred not to say, on the sensible grounds that being specific could only lead to
trouble.

As an undergraduate, it seems that Darwin was really quite conservative theo-
logically. Indeed at first on the Beagle the officers used to twit him for his literal
beliefs. But shortly after setting off, Darwin’s views started to change. He began
as a Christian theist — that is as someone who believes that God interferes in His
creation (most obviously in the Incarnation) — but evolved into a deist — that
is as someone who believes in God as unmoved mover. God set things going and
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then lets unbroken law do the job. In other words, Darwin moved from seeing
miracles as the greatest evidence of God’s existence (something he would have
gleaned from reading Archdeacon Paley’s standard text, Evidences of Christianity
[1794], when at Cambridge) to seeing laws as the greatest evidence of God’s ex-
istence (something he would have gleaned from reading Charles Lyell’s Principles
of Geology on the voyage).

One should stress that this was no great move for Darwin, and certainly not
something that would have been socially ostracizing. Lyell was openly a deist, at
that time worshiping with the Unitarians (a group who, in those days, believed
in God but denied the Trinity and hence the intervention of the Incarnation).
Darwin’s grandfather Erasmus was a deist, and the whole of the Wedgwood family
were Unitarians. So really Darwin was just changing one family belief for another.
(Darwin’s father Robert was probably an out-and-out atheist, but for professional
reasons obviously had to keep his non-belief under cover. He was certainly cynical
— or sensible depending on your viewpoint — in packing Charles off to Cambridge
to become a parson. But what else was a concerned father to do when faced with
an undirected son?)

It is probable that deism stayed with Darwin for many years, but then late in
life his beliefs drifted into the agnosticism of so many late Victorian intellectu-
als. Darwin never became an atheist — towards the end of his life he admitted
that sometimes he had flashes of belief — but generally found agnosticism both
emotionally and intellectually satisfying. He never wanted to deny his beliefs or
non-beliefs, but as an English gentleman never wanted to parade them. His clos-
est personal friend was the local vicar, with whom he worked for the welfare of
the villagers and with whom he carried on numerous friendly, if argumentative,
discussions over the dinner table. In the end, the State Church had no problem
calling Darwin home.

Darwin knew of what we might call the organic origins problem. Indeed, the
genesis of species was a hot topic when he was a young man. The astronomer-
philosopher John F. W. Herschel, writing to Lyell (in a letter that became public),
referred to it as the “mystery of mysteries” [Cannon, 1961]. Darwin also knew
of the evolutionary solution. His grandfather Erasmus Darwin, first in his major
work Zoonomia [1794-1796] and then in verse had held forth about evolution.
Robert Grant had almost certainly talked to Darwin on the topic. And then in
the second volume of the Principles, Lyell had given a very clear exposition of
the evolutionism of the French biologist Jean Baptiste de Lamarck [1809]. Poor
Lyell was in a quandary. By rights, as a uniformitarian he should have agreed that
organisms have natural origins. He certainly argued at length that their demise is
natural, and hinted that their origin is likewise. But he could never really bring
himself to accept evolution (late in life he more or less staggered over the line).
It has been suggested that the progressive nature of evolution went against his
steady-state view of the world, but a much more probable cause is the case of
Homo sapiens. Deist or not, Lyell could not stomach the idea that we might have
natural causes. Hence no evolution, even though a whole generation of biologists
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(notably including Herbert Spencer) was to be converted to evolution by Lyell’s
exposition of Lamarck. They read the positive side and ignored the critique.

Darwin did not become an evolutionist on becoming a deist, but the deism
primed him. He was looking for laws and their consequences as evidence of God’s
power. In 1835, having finished in South America, the Beagle set out across the
Pacific, intending to return home by circling the globe. It put into the Galapagos
Archipelago, that group of volcanic islands on the equator (now belonging to
Ecuador). As always, Darwin was making collections, especially of the little birds
he found there — mockingbirds and finches, of different species and similar to
specimens he had found on the South American mainland. He did not realize that
the differences were significant until he dined with the governor of the islands.
Famously the Galapagos has giant tortoises and the governor told Darwin that
one can distinguish the specimens from one island to another. Darwin realized
that the same is true also of the birds he had been catching.

This discovery caused a massive problem in natural theology, if nothing else.
At Cambridge, Darwin had been much exposed to the argument from design — the
argument that God’s existence and nature can be inferred from the organization
of the world, especially the organic world. The move to deism changed his belief
in this not one wit. But think about the Galapagos animals, birds and tortoises.
The islands are only a few miles apart, and yet they carry different forms. Darwin
had seen cases in South America where the same species of birds might be found
in the jungles of Brazil and the snowy deserts of Patagonia. Did God so love the
Galapagos that he made different kinds for each island? And why did he make
the denizens like South America rather than like Africa, say?

Darwin held fire until he returned to England. Then he showed his bird spec-
imens to John Gould, England’s leading ornithologist. (This shows how fast and
how far Darwin, thanks to his Cambridge mentors, was rising up the scientific
scale.) Gould declared the birds unambiguously to be members of different species.
There was only one answer to a young man who saw unbroken law as the key to
science and theology: evolution. In the early spring of 1838, Darwin moved across
to the belief that species are formed by natural processes, by a long connected
chain of development.

Why was the human question never the barrier for Darwin that it was for Lyell?
The reason seems to lie in one of those accidents of history. On an earlier voyage,
the Beagle had picked up three of the natives who live at the bottom of South
America, in Tierra del Fuego. The captain (Robert Fitzroy) had taken them back
to England, where they were an overnight sensation. Suitably civilized, they were
now being returned on Darwin’s trip, together with a missionary, to start a process
of civilizing their kinfolk and converting them to Christianity. The project was an
absolute disaster. The England-returning natives reverted almost overnight to the
most abject savage state, and the poor missionary had to be rescued. The ship’s
naturalist learnt a lesson he never forgot. We are just a fine suit of clothes away
from gross animality. Never let us pretend that we are not part of the organic
world.
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Darwin was not about to tell the scientific world of his conversion. The big
problem with evolution in the late 1830s was not so much its anti-biblical cast, but
more the fact that it was associated with radical ideas. Evolution was taken to be
unabashedly progressive — scum to animal, monad to man, blob to Briton. Indeed,
amusingly, Lyell reinforced this connection by portraying Lamarck’s evolution as
trying to explain a progressive fossil record, when truly Lamarck was doing no
such thing at all. The trouble with biological progress was that properly it was
taken to be a cousin of social progress, and with reason social progress was taken
to be a radical idea — it had led to the American Revolution and, far worse,
the French revolution. More than this, the social notion of progress was thought
anti-Christian. It implies that we humans unaided can make for a better world,
whereas the Christian knows that we are sinners, and only through God’s grace is
improvement possible. Providence rather than progress.

The late 1830s radicals, including Robert Grant, had taken up evolution with
enthusiasm, seeing it as support for their anti-Christian, progressivist program
[Desmond, 1989]. There was no way that the socially respectable young Darwin,
terrifically ambitious and desperate to be well regarded in the scientific world, was
going to blot his copy book by announcing himself an evolutionist. (Interestingly,
the one person with whom he might have discussed evolutionary ideas in a semi-
friendly manner was a new pal, the anatomist Richard Owen. Although Owen was
later to become the violent enemy of the Darwinians, after the Beagle voyage he
and Darwin became close and there is evidence that there was some vague talk
about the transmutation of forms.)

NATURAL SELECTION

So Darwin stayed quiet, filling notebook after notebook with his readings and
speculations [Barrett et al., 1987]. Why did he bother? Simply because he was an
Englishman, educated at Cambridge. The greatest scientist of them all, another
Cambridge-educated Englishman, Isaac Newton had made his name by finding the
cause behind the Copernican Revolution. Before Newton, others like Kepler and
Galileo had done the spadework. Now it was for Newton to provide the universal
force of gravitational attraction, that made everything work. Darwin wanted to
be the Newton of biology. He was not the first to propose evolution. He was going
to be the first to find the cause. Remember the point about Darwin not being the
Christian God and not making everything form nothing. Keep this in mind, as we
follow him through to his great discovery.

It seems that it was a quick move for Darwin to sense that some kind of selection
must be the key behind change. Darwin knew of so-called Lamarckism — the
inheritance of acquired characteristics — it is in Zoonomia apart from anything
else. He always accepted that it is true in some respects, but he could see that
it could never be a fully adequate explanation of change. Apart from anything
else, animal and plant breeders told him this. But they did also tell him that if
you want change in your cows or sheep or turnips or pigeons, then what you must
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do is select rigorously and breed only from the desired forms. Darwin was well
placed to pick up on this information. The Darwins lived in rural England and the
younger generation of Wedgwoods could afford to play at gentlemen farming, so
Charles was able to tap into the lore of the breeders. (Something at that time being
much pursued and discussed, given its significance in the Agricultural Revolution,
a necessary concomitant to the Industrial Revolution.)

But does it make sense to convert the artificial world of the breeders into a
universal force for change in nature? It certainly does. It was here that Darwin’s
Cambridge, Anglican background came into play. If we can say that his later
deism made Darwin an evolutionist, we can say that it was his earlier theism that
made him a Darwinian, meaning the man of the mechanism. Darwin just knew
that the selection hypothesis had to be on the right track. Again Archdeacon
Paley figures in the story. Previously he was important for his contributions to
revealed theology, miracles and their meaning. Now, moving from faith to reason,
it was natural theology that came into play. Paley’s Natural Theology [1809], with
the detailed discussion of the argument from design, was taken as absolutely basic
by Darwin. In the case of the Galapagos animals, it had been the meaning of
their distributions that had been at issue. Now it was the very organization of
organisms themselves that was important. Paley emphasized that organisms are
not just thrown together. They are as if designed — Paley thought because they
are designed. Organisms show adaptation, or to use the language that stayed
with Darwin all of his life, they show “final cause.” The hand and the eye show
purpose, function, end, to the cause of helping their possessors. It was just this
teleological aspect of the living world to which selection spoke. The breeder of
pigs, for instance, wants bigger and fatter pigs, to suit his ends. The size and
the fatness are not incidental — they are designed, just like the eye seems to be.
Selection is a final-cause-producing mechanism.

But still Darwin could not see how to get selection to work in nature. If any-
thing, the selective powers of breeders seem limited and perhaps transitory. Then
at the end of September 1838, Darwin read a very conservative political tract by
another Anglican clergyman, the Reverend Thomas Robert Malthus. In his Prin-
ciple of Population (Darwin read the sixth edition of 1828) Malthus argued that
food supplies will always be outstripped by population pressure. The latter tend
to go up geometrically (1, 2, 4, 8,...), whereas the former go up just arithmetically
(1, 2, 3, 4,...). There will inevitably be struggles for existence, for only a few can
survive. This means that grandiose plans for state welfare are doomed to failure.
If you feed the poor in this generation, you will only have more in the next. (In
person, Malthus was a gentle man, who cared deeply for his parishioners. He saw
his calculations as demonstrating God’s providence. If there were no stimulus to
action, then we would simply spend our days doing nothing. As it is, we had
better get up and work for our bread.)

Under pressure, Malthus had conceded that the struggles could be avoided, if
only people would practice “prudential restraint” — namely not marrying too early
and so forth. (Despite the fact that Aldous Huxley’s Brave New World refers to
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putting in contraceptives as Malthusian drill, Malthus himself was horrified at such
practices.) Darwin saw that there can be no prudential restraint in the animal and
plant worlds, and hence there would be ongoing unrestricted struggles for survival.
This was the motive force that he needed behind a natural form of selection. More
organisms are born than can survive and reproduce, some win and some lose, and
on average the winners are different from the losers. Given time, this process leads
to ongoing change or evolution, and in the direction of adaptive advantage. The
winners have things that the losers do not have, and these are the things that
make for victory.

An idea is not a theory. Darwin mulled over his ideas, and in 1842 wrote up a
35 page sketch of his thinking followed by a longer, 230 page essay in 1844 [Darwin
and Wallace, 1958]. But he did not publish. Instead he then went off for almost
ten years on a massive taxonomic study of barnacles [Darwin, 1851a; b; 1854a; b].
Thomas Henry Huxley’s explanation for the delay was that Darwin recognized that
he was not a trained biologist and so set off to get that training and the authority
that came with it. The trouble with this explanation is that there really is not that
much difference between these early versions and the account that finally appeared
in 1859, the Origin of Species. More plausible is the suggestion that in 1844, an
anonymous author (since revealed as the Scottish publisher Robert Chambers)
published an evolutionary work, The Natural History of the Vestiges of Creation.
All hell was let loose, with the senior members of Darwin’s circles — Sedgwick
and Whewell particularly — excoriating it in articles and books. Darwin — the
now really sick Darwin — had no taste for that kind of controversy. So he sat on
his work, year after year. Finally, in the mid 1850s, with supporters now around
him — with the old guard no longer in major authority, with the idea of evolution
(thanks in major part to Chambers) no longer so controversial — Darwin started
to put together his ideas for publication. A massive work that would convince by
argument and footnote.

But he had nearly left things too late. In the summer of 1858, Darwin of all
people — surely showing that the scientific world was becoming aware of Dar-
win’s evolutionism — received from a young, naturalist collector in the Malay
Archipelago, an essay based on the idea of natural selection. The mechanism was
not called that, but there was no ambiguity — even the Malthusian calculation
was included. Darwin’s friends, Lyell and Hooker, immediately arranged for publi-
cation in the Transactions of the Linnaean Society, of this essay, by Alfred Russel
Wallace, together with selected passages of Darwin’s writings. Then, claims to
originality and priority established, Darwin set about writing up his ideas. On the
Origin of Species by Means of Natural Selection, or the Preservation of Favoured
Races in the Struggle for Life appeared at the end of November, 1859. 1250 copies
were published and booksellers snapped them up on the first day. Darwin started
right in on a second edition. (In all there were six editions, the last appearing in
1872.)
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THE “ORIGIN OF SPECIES.”

Darwin referred to the Origin as “one long argument,” and this is the way to
read it. For all that it is written in a friendly, almost folksy style, it is a very
sophisticated piece of reasoning that reflects the influences that Darwin felt when
he was learning to be a scientist in the 1830s. Mention has already been made
of Newton. The shadow lay over everything. Darwin set out to find a force, the
equivalent in biology of gravitational attraction in physics, and in natural selection
he thought he had found it. But one could not, as it were, just plonk the force
into the discussion without preparation or argument. The authorities on scientific
methodology, primarily Herschel and Whewell, agreed that really one ought to be
building a connected system of laws — what in the twentieth century we learned
to call hypothetico deductive systems — and that cause must be located within
these.

But what kinds of causes? Only the best, what Newton somewhat mysteriously
labeled “true causes” or verae causae. Now came the question of what constitutes
a vera causa — what is the mark that one has one? Here Herschel and Whewell
parted company. Herschel [1830] took a more empiricist approach, arguing that
one must have experience of such causes or analogous phenomena like them. That
was a major reason why he liked Lyell’s theory of climate. We may not have
experienced the past, but we have experienced the Gulf Stream. Whewell [1840]
took a more rationalist position. Rather than arguing from experience, he wanted
to argue to experience. We may never have encountered a catastrophe or anything
like it, but if today’s aftereffects point to one, then so be it. He argued that
true causes are located at the heart of what he called “consilience of inductions.”
Unification. Many areas point to a hypothesis; the hypothesis explains many areas.

The debate over geology on one side, this was no mere academic exercise. The
wave theory of light was now succeeding beyond all dreams and the methodologists
were trying to explain the success. No one could see waves, so why should anyone
think them true causes? Herschel [1827] virtually bent himself in half trying to
think up analogies — literally, pieces of string and sealing wax — to show how
interference patterns could take place. Whewell [1840], rather smugly, sat back
and argued that the effects are what counts. Who cares if anyone has seen a light
wave or not?

The young Darwin took all of this in, and decided that he had to show his force
of natural selection to be a wvera causa. But empiricist or rationalist? Darwin
covered himself in the Origin by going both routes! First he introduced the topic
of artificial selection, showing just how powerful it could be and how far it is
possible to change organisms to one’s will.

The great power of this principle of selection is not hypothetical. It is
certain that several of our eminent breeders have, even within a single
lifetime, modified to a large extent their breeds of cattle and sheep. ...
Breeders habitually speak of an animal’s organization as something
quite plastic, which they can model almost as they please. If I had
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space I could quote numerous passages to this effect from highly com-
petent authorities. Youatt, who was probably better acquainted with
the works of agriculturists than almost any other individual, and who
was himself a very good judge of animals, speaks of the principle of se-
lection as “that which enables the agriculturist, not only to modify the
character of his flock, but to change it altogether. It is the magician’s
wand, by means of which he may summon into life whatever form and
mould he pleases.” Lord Somerville, speaking of what breeders have
done for sheep, says:

“It would seem as if they had chalked out upon a wall a form perfect
in itself, and then had given it existence.” [Darwin, 1859, 30-31]

You might think that this is all pretty obvious stuff. Darwin was leading the
reader into the main topics gently, by referring to his own route to discovery of
natural selection. But the discussion is intended to do more than this, for apart
from anything else, general opinion at the time was that the very thing you need
to do is to separate natural selection from artificial selection — the latter is very
limited and cannot support the former. Wallace, in his essay, argued explicitly
that there is no true analogy. Darwin to the contrary pushed the analogy, and
again and again through the Origin returned to it. For instance, in his discussion
of embryology, he wanted to argue that the reason for the similarities of embryos
of very different adult forms is that selection does not work on the embryos, only
the adults. To make this point, he showed that animal breeders do not work on
the young, only the adults, and this shows.

Some authors who have written on Dogs, maintain that the greyhound
and bulldog, though appearing so different, are really varieties most
closely allied, and have probably descended from the same wild stock;
hence I was curious to see how far their puppies differed from each
other: I was told by breeders that they differed just as much as their
parents, and this, judging by the eye, seemed almost to be the case;
but on actually measuring the old dogs and their six-days old puppies,
I found that the puppies had not nearly acquired their full amount
of proportional difference. So, again, I was told that the foals of cart
and race- horses differed as much as the full-grown animals; and this
surprised me greatly, as I think it probable that the difference between
these two breeds has been wholly caused by selection under domestica-
tion; but having had careful measurements made of the dam and of a
three-days old colt of race and heavy cart-horses, I find that the colts
have by no means acquired their full amount of proportional difference.
(444-445)

Adding: “Fanciers select their horses, dogs, and pigeons, for breeding, when they
are nearly grown up: they are indifferent whether the desired qualities and struc-
tures have been acquired earlier or later in life, if the full-grown animal possesses
them.” (446)
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The analogy was crucial for Darwin, for it was the empiricist’s way of saying
that natural selection is a true cause. We have a force, under our control, and
this makes reasonable another cause like it in nature. A textbook example of a
vera causa. In fact, Herschel introduced his discussion of a vera causa by asking
why we should think that there is a force pulling the moon towards the earth and
keeping it in orbit. He asked us to think of a stone on a piece of string, being
whirled around in a circle. We sense the force along the string and the need to
keep pulling. A force sensed or controlled by us made reasonable the force in
nature. Likewise for Darwin.

Darwin was not going to get very formal in his discussion of selection. There
would be no explicit laws and tight deductions as the concept was introduced. But
he obviously had something like this in mind as he argued to the struggle — the
Malthusian calculation is, after all, based on a truth of mathematics.

A struggle for existence inevitably follows from the high rate at which
all organic beings tend to increase. Every being, which during its nat-
ural lifetime produces several eggs or seeds, must suffer destruction
during some period of its life, and during some season or occasional
year, otherwise, on the principle of geometrical increase, its numbers
would quickly become so inordinately great that no country could sup-
port the product. Hence, as more individuals are produced than can
possibly survive, there must in every case be a struggle for existence,
either one individual with another of the same species, or with the in-
dividuals of distinct species, or with the physical conditions of life. It
is the doctrine of Malthus applied with manifold force to the whole an-
imal and vegetable kingdoms; for in this case there can be no artificial
increase of food, and no prudential restraint from marriage. [Darwin,
1859, 63|

To get to natural selection, Darwin needed a source of variation — what one
might call the raw building blocks of evolution. This he supplied to his satisfaction
by surveying the living world and finding that everywhere there is evidence of
massive variation in populations. Then he was ready to offer another quasi-formal
argument.

Let it be borne in mind in what an endless number of strange pecu-
liarities our domestic productions, and, in a lesser degree, those under
nature, vary; and how strong the hereditary tendency is. Under do-
mestication, it may be truly said that the whole organization becomes
in some degree plastic. Let it be borne in mind how infinitely complex
and close-fitting are the mutual relations of all organic beings to each
other and to their physical conditions of life. Can it, then, be thought
improbable, seeing that variations useful to man have undoubtedly
occurred, that other variations useful in some way to each being in
the great and complex battle of life, should sometimes occur in the
course of thousands of generations? If such do occur, can we doubt
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(remembering that many more individuals are born than can possibly
survive) that individuals having any advantage, however slight, over
others, would have the best chance of surviving and of procreating
their kind? On the other hand we may feel sure that any variation in
the least degree injurious would be rigidly destroyed. This preservation
of favourable variations and the rejection of injurious variations, I call
Natural Selection. (80-81)

Here then was the master mechanism. There was more work to do in elabo-
ration. One important addition was the so-called Principle of Divergence: “from
the simple circumstance that the more diversified the descendants from any one
species become in structure, constitution, and habits, by so much will they be
better enabled to seize on many and widely diversified places in the polity of na-
ture, and so be enabled to increase in numbers” (112). Darwin claimed to have
thought of this sometime in the early 1850s, although there are intimations in the
earliest species notebooks. For Darwin, the course of evolution was always one of
branching. This was built into the Galapagos discovery. A group splitting and
the parts going different ways, rather than all change being one of ancestor and
descendent without splitting. (Although he admitted some splitting, Lamarck’s
view of things was essentially that all change is from one form to another, in a
line.)

This key principle of divergence was one very much modeled on one of Darwin’s
favorite metaphors, namely the division of labor — something highlighted in the
economic world by the eighteenth-century, Scottish economist Adam Smith, and
a foundational principle of industrialists like Darwin’s grandfather Josiah Wedg-
wood. You get much more by breaking things up and specializing — intermediates,
the best at nothing, get wiped out quickly. In the organic world, Darwin saw adap-
tation functioning at its optimum when an organism stuck to its last and did what
it could best.

The advantage of diversification in the inhabitants of the same region
is, in fact, the same as that of the physiological division of labor in
the organs of the same individual body... No physiologist doubts
that a stomach by being adapted to digest vegetable matter alone,
or flesh alone, draws most nutriment from these substances. So in the
general economy of any land, the more widely and perfectly the animals
and plants are diversified for different habits of life, so will a greater
number of individuals be capable of there supporting themselves. A set
of animals, with their organization but little diversified, could hardly
compete with a set more perfectly diversified in structure. (115-116)

Hence, divergence leading to (another famous metaphor) the tree of life.

The affinities of all the beings of the same class have sometimes been
represented by a great tree. I believe this simile largely speaks the
truth. The green and budding twigs may represent existing species;
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and those produced during each former year may represent the long
succession of extinct species. At each period of growth all the growing
twigs have tried to branch out on all sides, and to overtop and kill the
surrounding twigs and branches, in the same manner as species and
groups of species have tried to overmaster other species in the great
battle for life. The limbs divided into great branches, and these into
lesser and lesser branches, were themselves once, when the tree was
small, budding twigs; and this connexion of the former and present
buds, by ramifying branches may well represent the classification of
all extinct and living species in groups subordinate to groups. Of the
many twigs which flourished when the tree was a mere bush, only two
or three, now grown into great branches, yet survive and bear the other
branches; so with the species which lived during long-past geological
periods, very few have left living and modified descendants. From the
first growth of the tree, many a limb and branch has decayed and
dropped off; and these fallen branches of various sizes may represent
those whole orders, families, and genera which have now no living
representatives, and which are known to us only from being found in a
fossil state. ... As buds give rise by growth to fresh buds, and these, if
vigorous, branch out and overtop on all sides many a feebler branch, so
by generation I believe it has been with the great Tree of Life, which
fills with its dead and broken branches the crust of the earth, and
covers the surface with its ever-branching and beautiful ramifications.
(129-130)

Darwin still had a little more mop-up work to do. He had but scanty (and gen-
erally wrong) ideas about the principles of heredity — what we today call genetics
[Vorzimmer, 1970]. He knew that somehow features — new variations — had to
be transmitted from one generation to the next. But beyond a hodgepodge of
farmers’ lore and old wives’ tales and fanciers’ convictions, he had no real overall
picture. One basic problem was that Darwin thought that features would tend
to be blended from generation to generation — which of course is true in many
respects at the physical level — but at this time he had no underlying theory to
explain either the blending or the many exceptions. (A paradox often noted by
historians was, at this time, the obscure Moravian monk Gregor Mendel was un-
weaving the tangle, starting to grasp the true principle of heredity. However, it
seems generally agreed that even had Darwin had Mendel’s work, he would not
necessarily have recognized it for what it was. Mendel knew of Darwin and did
not think he (Mendel) had made a breakthrough. When Mendel was rediscov-
ered at the beginning of the twentieth century, it took a decade or more before
people really grasped that Mendel and Darwin are complementaries rather than
contradictories.)
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THE CONSILIENCE

Convincing himself that he had done enough in this respect, Darwin now moved
on to the rest of the Origin — about three fifths of the total. Here he set about
showing that natural selection is a true cause in the rationalist sense — that is,
he set about providing a consilience of inductions with natural selection as the
unifying causal core. And this he did in fine fashion, as he moved in succession
through instinct, paleontology, biogeographical distribution, anatomy, embryology,
systematics and more. All of these areas are illuminated and explained by natural
selection and in turn they make the truth of selection more secure. And remember,
throughout the discussion, the emphasis is not merely on evolution alone, but
evolution in the direction of adaptive advantage.

Take by example the honey bee and its hive building. The cells made from wax
are perfect hexagons. Why should this be? Because this is the most efficient way
of building cells and economizing on wax — a relatively scarce resource and one
that requires much labor. Could it be that natural selection is at work here? “We
hear from mathematicians that bees have practically solved a recondite problem,
and have made their cells of the proper shape to hold the greatest possible amount
of honey, with the least possible consumption of precious wax in their construction.
It has been remarked that a skilful workman with fitting tools and measures, would
find it very difficult to make cells of wax of the true form, though this is effected
by a crowd of bees working in a dark hive. Grant whatever instincts you please, it
seems as first quite inconceivable how they can make all the necessary angles and
planes, or even perceive when they are correctly made” (224). However, showed
Darwin in great detail, not only is this possible, it is positively probable. It is all
a question of basic instincts and following a few simple rules. The bees are not
thinking, they are merrily following the actions as it were preprogrammed into
them. Those groups of bees that had the best building patterns survived and
reproduced and those that did not did not.

It seems at first to add to the difficulty of understanding how the cells
are made, that a multitude of bees all work together; one bee after
working a short time at one cell going to another, so that, as Huber
has stated, a score of individuals work even at the commencement of
the first cell. T was able practically to show this fact, by covering the
edges of the hexagonal walls of a single cell, or the extreme margin
of the circumferential rim of a growing comb, with an extremely thin
layer of melted vermilion wax; and I invariably found that the colour
was most delicately diffused by the bees — as delicately as a painter
could have done it with his brush — by atoms of the coloured wax
having been taken from the spot on which it had been placed, and
worked into the growing edges of the cells all round. The work of
construction seems to be a sort of balance struck between many bees,
all instinctively standing at the same relative distance from each other,
all trying to sweep equal spheres, and then building up, or leaving
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ungnawed, the planes of intersection between these spheres. It was
really curious to note in cases of difficulty, as when two pieces of comb
met at an angle, how often the bees would pull down and rebuild in
different ways the same cell, sometimes recurring to a shape which they
had at first rejected. (231-232)

Similar kinds of arguments — partly experimental, partly personal observa-
tional, partly general gathering of knowledge from others — occur again and again
in this part of the Origin. Why do we find a roughly progressive fossil record? Be-
cause organisms have changed through time and they have become more and more
efficient thanks to the battles leading to selection. This is a kind of forerunner
to what today’s evolutionists call “arms races” where lines of organisms compete
against each other — the prey gets faster and then the predator gets faster — as
they refine their adaptations. An addition to a later edition of the Origin made
the case for humans.

If we take as the standard of high organisation, the amount of differ-
entiation and specialization of the several organs in each being when
adult (and this will include the advancement of the brain for intellec-
tual purposes), natural selection clearly leads towards this standard:
for all physiologists admit that the specialization of organs, inasmuch
as in this state they perform their functions better, is an advantage to
each being; and hence the accumulation of variations tending towards
specialisation is within the scope of natural selection” (Darwin 1959,
222).

Biogeography, naturally brought in the Galapagos and related areas.

Although in oceanic islands the number of kinds of inhabitants is
scanty, the proportion of endemic kinds (i.e., those found nowhere
else in the world) is often extremely large. If we compare, for instance,
the number of the endemic land-shells in Madeira, or of the endemic
birds in the Galapagos Archipelago, with the number found on any
continent, and then compare the area of the islands with that of the
continent, we shall see that this is true. This fact might have been
expected on my theory, for, as already explained, species occasionally
arriving after long intervals in a new and isolated district, and having to
compete with new associates, will be eminently liable to modification,
and will often produce groups of modified descendants. (390)

And again:

The Galapagos archipelago [is] situated under the equator, between
500 and 600 miles from the shores of South America. Here almost
every product of the land and water bears the unmistakeable stamp of
the American continent. There are twenty-six land birds, and twenty-
five of these are ranked by Mr. Gould as distinct species, supposed to
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have been created here; yet the close affinity of most of these birds to
American species in every character, in their habits, gestures, and tones
of voice, was manifest. So it is with the other animals, and with nearly
all the plants, as shown by Dr. Hooker in his admirable memoir on the
Flora of this archipelago. The naturalist, looking at the inhabitants of
these volcanic islands in the Pacific, distant several hundred miles from
the continent, yet feels that he is standing on American land. Why
should this be so? why should the species which are supposed to have
been created in the Galapagos Archipelago, and nowhere else, bear so
plain a stamp of affinity to those created in America? There is nothing
in the conditions of life, in the geological nature of the islands, in their
height of climate, or in the proportions in which the several classes
are associated together, which resembles closely the conditions of the
South American coast: in fact there is a considerable dissimilarity in
all these respects. On the other hand, there is a considerable degree
of resemblance in the volcanic nature of the soil, in climate, height,
and size of the islands, between the Galapagos and Cape de Verde
Archipelagoes: but what an entire and absolute difference in their
inhabitants! The inhabitants of the Cape de Verde Islands are related
to those of Africa, like those of the Galapagos to America. (398)

How else can one explain any of these facts except by supposing that they are
produced by evolution through natural selection? So Darwin kept going until
right at the end, he was able to give his triumphant conclusion.

It is interesting to contemplate an entangled bank, clothed with many
plants of many kinds, with birds singing on the bushes, with various in-
sects flitting about, and with worms crawling through the damp earth,
and to reflect that these elaborately constructed forms, so different
from each other, and dependent upon each other in so complex a man-
ner, have all been produced by laws acting around us. These laws,
taken in the largest sense, being Growth with Reproduction; Inheri-
tance which is almost implied by reproduction; Variability from the
indirect and direct action of the conditions of life, and from use and
disuse; a Ratio of Increase so high as to lead to a Struggle for Life, and
as a consequence to Natural Selection, entailing Divergence of Charac-
ter and the Extinction of less-improved forms. Thus, from the war of
nature, from famine and death, the most exalted object which we are
capable of conceiving, namely, the production of the higher animals,
directly follows. There is grandeur in this view of life, with its several
powers, having been originally breathed into a few forms or into one;
and that, whilst this planet has gone cycling on according to the fixed
law of gravity, from so simple a beginning endless forms most beautiful
and most wonderful have been, and are being, evolved. (489-490)
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Some people get terribly excited by the fact that in the Origin Darwin never
used the word “evolution,” and only just squeezes out “evolved” as the last word.
This is an emotion based on ignorance. The original sense of the word “evolu-
tion” had more to do with embryonic development and only came to mean change
through time around the middle of the nineteenth century — Herbert Spencer was
much responsible for popularizing this use. People more generally used “transfor-
mation” or “transmutation” or, in Darwin’s case, “descent with modification.”
They meant “evolution” in our modern sense [Richards, 1992].

AFTER THE “ORIGIN”

Anyone’s life would necessarily be a bit anticlimatical after writing and publishing
the Origin, and so it proved for Darwin — although he was to live more than
twenty more years. He intended to go back to the beginning, writing books for
each separate chapter or section of the Origin. In the end, Darwin completed only
one, because other ideas and projects kept coming to the fore. His first book after
the Origin was a little work on orchids, intending to show how a topic could be
illuminated by someone who took seriously natural selection [Darwin, 1862]. Then
later on there were books on climbing plants, on insectivorous plants, and even
one on earthworms [Darwin, 1875; 1880; 1881]. A connecting thread for all of
these topics was that they could be studied by someone in his own home, someone
with the leisure and cash to run simple experiments, someone with a wide range
of correspondents who could run around and gather pertinent facts.

The one completed work of the big project was on artificial selection — The
Variation of Animals and Plants under Domestication [1868]. This was a massive
two-volume compendium of just about everything known on the subject. Its main
interest for posterity is that Darwin took the opportunity to introduce his “provi-
sional hypothesis of pangenesis.” This was his answer to the heredity problem. He
argued that all over the body there are little particles, “gemmules,” that are carried
around and down to the sex cells where they accumulate. Then in reproduction
these are passed on to the next generation, the gemmules of parents mingling in
the offspring. Note that this hypothesis centrally incorporates a Lamarckian per-
spective on generation, something to which Darwin always subscribed. A physical
change in the adult will be reflected in changes in the gemmules and thus open to
transmission across the generations. The hypothesis also assumes that generally
features in the offspring will be mixtures of features in the two parents. However,
it does leave open the possibility that effects of the gemmules from one parent
might swamp the effects of gemmules from the other parent. Moreover, and this
was a topic that fascinated Darwin, it lays open the possibility that — since the
gemmules themselves remain entire from generation to generation (any blending
effects are in the organism and not the causes) — an organism could revert to the
features of earlier generations. Some characteristic might be possessed by grand-
parent say, not the parent, but by the child. The gemmules allowed the possibility
of features skipping generations.
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Obviously this theory leaves as much unexplained as it explained. Cell theory
was now being accepted universally, and Darwin only uneasily used this to under-
pin his hypothesis. (An earlier unpublished version made no mention of cells.) No
real attempt was made to explain how gemmules could switch their effects on and
off. Most crucially, no real discussion was given of how the gemmules would be
transported around the body and deposited in the sex cells. One would think it
would be the blood that would be the key fluid here, but when Darwin’s cousin
Francis Galton ran experiments shifting blood from one rabbit to another with
negative effects, Darwin responded rather huffily that he had never said it was
the blood that was important. Which may have been true, but which also leaves
the question of transport even more open. Not surprisingly, although Darwin ex-
pressed relief at having some hypothesis of any kind, generally it was not a great
success or much adopted by others. Although one might legitimately point out
that no one else had much idea about heredity. It required years of painstaking la-
bor with the microscope, working out the details of the cell, before answers started
to emerge at the beginning of the twentieth century.

The really major project that occupied Darwin in the years after the Origin
was his work on our species, Homo sapiens. His study, The Descent of Man and
Selection with Respect to Sex, appeared in 1871, with a kind of follow-up volume,
The Expression of the Emotions in Man and in Animals, in 1872. I noted earlier
that Darwin, almost uniquely, never had any problems whatsoever in thinking of
our species from a natural perspective. Those Tierra del Fuegians had struck deep
into the heart of the Beagle’s naturalist. We are animals like the others. Indeed,
the very first jottings that we have in Darwin’s notebooks, showing that he had
grasped the idea of natural selection, deal with humans. And not just any aspect
of humans, but that which makes us special.

[November 27, 1838] An habitual action must some way affect the brain
in a manner which can be transmitted.— this is analogous to a black-
smith having children with strong arms.— The other principle of those
children. which chance? produced with strong arms, outliving the
weaker ones, may be applicable to the formation of instincts, indepen-
dently of habits.— the limits of these two actions either on form or
brain very hard to define. [Barrett et al., 1987, N 42-43¢]

In the Origin, Darwin was circumspect. He knew that the implications of his
theory for humans would be the major point of controversy. (He was right about
that!) So he wanted first to concentrate on getting the full details of his theory
out on the table, as it were. Hence he stayed away from the human question in
the Origin. But he did not want to conceal his opinions — no one was going to
say that Charles Darwin did not realize where it all led. Hence, one of the most
understated comments of all time: “Light will be thrown on the origin of man and
his history” (488).

The early 1860s saw a spate of books on the man question. Thomas Henry
Huxley jumped right in with Man’s Place in Nature [1863], with a frontispiece
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that left no doubt about our continuity with the apes. Charles Lyell also had
things to say in The Antiquity of Man [1863]. Probably, Darwin would have been
happy to let sleeping dogs lie. But it was not to be. It was Alfred Russel Wallace
of all people who stirred the pot. As a young man, he seems to have had no
more religious belief than anyone. In the 1840s, he was able to read Vestiges and
at once convert to evolutionism. After the Origin was published, and Wallace
had returned to England, at first it was he who pushed an evolutionary selection-
inspired treatment of the human question in an article that was much praised by
Darwin [Wallace, 1864]. But then disaster struck. Wallace became enamored with
spiritualism, and started to think that the world is under the control or influence
of some great force. Most particularly that the arrival of humans on this planet
was not purely natural. And in support of his position, Wallace listed several
features of humans that he thought could not possibly have been produced by
natural selection. These included things like our hairlessness and our intelligence.
Wallace had had first-hand experience of living with natives, and he knew that
they had much higher intelligence than most Victorians supposed possible, and
yvet they do not generally use this intelligence to the full and so clearly it must
have arrived through processes other than selection [Wallace, 1870].

Darwin was appalled. Something had to be done, and hence his book on hu-
mankind. Much of the work was fairly straightforward and predictable, as Darwin
discussed what is known about humans and their origins. Basically, he saw no rea-
son to think that we call for anything but general processes of natural selection.
He did pay some attention to actual paths of evolution. In the Origin, Darwin had
more or less stayed away from these kinds of questions. Although the earlier work
on barnacles was not set in an evolutionary context, the knowing reader could
with little difficulty work out how Darwin thought that their actual evolution had
proceeded. In the Origin, Darwin had rather different fish to fry — causes —
and so he did not indulge in much path tracing (in modern language, phylogeny
tracing). In the Descent, Darwin felt able to discuss rival hypotheses and in the
end he came down to one favoring an African origin for our species. This tied in
with the romantic view that the Victorians then had of the dark (and mysterious)
continent. (The Descent appeared in the year that H. M. Stanley discovered Dr
Livingstone at Ujiji, on the edge of Lake Tanganyika.)

Nevertheless, the Descent of Man is far from a conventional book. Taken overall,
it has a very peculiar structure and contents. Most of the book is not about humans
at alll Right from the beginning back in the early 1840s, Darwin had always
argued that there is a secondary form of selection, what he called sexual selection.
Influenced by his readings of animal breeders, Darwin saw two kinds of selection
— that for general living, as when the breeder makes a bigger cow or a shaggier
sheep, and that for competition within the species, as when the breeder makes
a stronger bull terrier or a prettier bird. The former was analogous to natural
selection and the latter analogous to sexual selection. Refining the concept, the
two breeding activities just mentioned led Darwin to distinguish between sexual
selection for male combat (the dogs fighting) and sexual selection by female choice
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(the two pretty birds displaying before the females).

Sexual selection was introduced into the Origin, although it was not given much
prominence. Now, in the light of Wallace’s apostasy, it was to be brought out
into the open and given a job of its own. Darwin wanted to agree with Wallace
that natural selection could not account for the peculiarities of humankind, but
to disagree with Wallace about the need of a non-natural explanation. Instead,
Darwin argued that sexual selection is a major force in human evolution. Hence
the need of a general survey of the topic in a book on humans, so that then it
could be applied directly to us. As it was.

With barbarous nations, for instance, the Australians, the women are
the constant cause of war both between members of the same tribe and
between distinct tribes. So no doubt it was in ancient times; ”nam fuit
ante Helenam mulier teterrima belli causa.” With the North American
Indians, the contest is reduced to a system. That excellent observer,
Hearne, says:— ”It has ever been the custom among these people for
the men to wrestle for any woman to whom they are attached; and, of
course, the strongest party always carries off the prize. A weak man,
unless he be a good hunter, and well-beloved, is seldom permitted to
keep a wife that a stronger man thinks worth his notice. This custom
prevails throughout all the tribes, and causes a great spirit of emulation
among their youth, who are upon all occasions, from their childhood,
trying their strength and skill in wrestling.” [Darwin, 1871, 2, 324]

Obvious consequences follow:

There can be little doubt that the greater size and strength of man,
in comparison with woman, together with his broader shoulders, more
developed muscles, rugged outline of body, his greater courage and
pugnacity, are all due in chief part to inheritance from some early male
progenitor, who, like the existing anthropoid apes, was thus charac-
terised. These characters will, however, have been preserved or even
augmented during the long ages whilst man was still in a barbarous
condition, by the strongest and boldest having succeeded best in the
general struggle for life, as well as in securing wives, and thus having
left a large number of offspring. (2, 325)

PHILOSOPHICAL ISSUES

A matter of some interest, especially to those caring about philosophy, is where
Darwin stood on such issues as human knowledge (epistemology) and human
morality (ethics). In turning to these questions, it is important to stress that
Darwin was always first and foremost a scientist. He was not a philosopher nor
was he obsessed with philosophical questions. (Huxley had philosophical preten-
sions, writing a book on Hume, With Helps to the Study of Berkeley.) Darwin had
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read Plato as a student (he claimed also to have read Aristotle), as well as more
modern philosophers like Locke and Hume. He could talk and write knowledge-
ably about Kant, knowing the heart of the moral philosophy. (“Duty! Wondrous
thought, that workest neither by fond insinuation, flattery, nor by any threat, but
merely by holding up thy naked law in the soul, and so extorting for thyself always
reverence, if not always obedience; before whom all appetites are dumb, however
secretly they rebel; whence thy original?” [Darwin, 1871, 1, 70]). Darwin realized
that in writing about humans, he was going to steer close to philosophical issues,
and did not shirk the task. However, as a scientist, he was more interested in why
we think and act as we do — questions that today would occupy the “evolutionary
psychologist” — rather than in the foundations of why we think and act as we do
— questions of the philosopher.

As far as reason and knowledge is concerned, Darwin was straightforwardly
naturalistic. The reasoning ability is a good thing to have in the struggle for
existence, and this is shown by the fact that other animals have it also. There is
no reason to think it a special feature of humankind.

Of all the faculties of the human mind, it will, I presume, be admitted
that Reason stands at the summit. Few persons any longer dispute that
animals possess some power of reasoning. Animals may constantly be
seen to pause, deliberate, and resolve. It is a significant fact, that the
more the habits of any particular animal are studied by a naturalist,
the more he attributes to reason and the less to unlearnt instincts. (1,
46)

Reason and knowledge help animals to survive and reproduce. The same is true
of humans. No more discussion of the main point is needed, although Darwin did
offer detailed discussion of language, beauty appreciation, beliefs in divinities, to
show how these too can be explained in a naturalistic fashion.

If the philosopher persists in asking his or her questions, then he or she might
use Darwin’s empirical claims as grist for the mill. But there is not much more.
Today, one particularly favoured application of evolution to epistemology comes
by analogy from the processes of evolution to the processes of knowledge acquire-
ment and development [Ruse, 1986]. People like Stephen Toulmin [1972] and Karl
Popper [1974] have argued that just as we get a struggle for existence in the animal
world, so also we get a struggle for existence in the intellectual world — one theory
beating out another in the competition for acceptance. There are elements of this
line of thinking in Huxley, but little in Darwin. The other favoured application
of evolution to epistemology comes through taking things literally, arguing that
the truths of logic and methodology and so forth are no more (or less) than rules
that have proven their worth in the struggle. This approach welcomes Darwin’s
discussion. Somewhat tantalizingly, in his early notebooks, Darwin himself even
flies a kite for this kind of philosophy. “Plato... says in Phaedo that our ‘imagi-
nary ideas’ arise from preexistence of the soul, are not derivable from experience.
— read monkeys for preexistence” [Barrett et al., 1987, M. 128]. It is no more
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than a comment, although it has certainly been enough for some contemporary
philosophers to claim Darwin for their own.

There is a detailed discussion of morality in the Descent. Darwin is concerned
first to get moral norms, and then to see why they have their force, something he
puts down to conscience. The precise nature of the moral norms is not of great
interest to Darwin — basically he wants something along the lines of common
sense, a sort of mishmash of utilitarianism, Kantianism and subscription to the
Golden rule or the love commandment. The main thing is that we do have such a
sense of obligation.

I fully subscribe to the judgment of those writers who maintain that of
all the differences between man and the lower animals, the moral sense
or conscience is by far the most important. This sense, as Mackintosh
remarks, “has a rightful supremacy over every other principle of human
action;” it is summed up in that short but imperious word ought, so
full of high significance. It is the most noble of all the attributes of
man, leading him without a moment’s hesitation to risk his life for that
of a fellow creature; or after due deliberation, impelled simply by the
deep feeling of right or duty, to sacrifice it in some great cause. [Then
follows the above-given quotation from Kant.] (1, 70)

But how does morality get enforced? Conscience kicks in. “The following propo-
sition seems to me in a high degree probable —namely, that any animal whatever,
endowed with well-marked social instincts, would inevitably acquire a moral sense
or conscience, as soon as its intellectual powers had become as well developed, or
nearly as well developed, as in man” (1, 71-72). In more detail:

At the moment of action, man will no doubt be apt to follow the
stronger impulse; and though this may occasionally prompt him to the
noblest deeds, it will more commonly lead him to gratify his own desires
at the expense of other men. But after their gratification, when past
and weaker impressions are contrasted with the ever-enduring social
instincts, retribution will surely come. Man will feel dissatisfied with
himself and will resolve with more or less force to act differently for the
future. This is conscience; for conscience looks backwards and judges
past actions, inducing that kind of dissatisfaction, which if weak we
call regret, and if severe remorse. (1, 91)

There is an interesting subtext here, one that connects directly with a topic much
discussed today [Sterelny and Griffiths, 1999]. Charles Darwin was always inter-
ested in the level at which natural selection operates [Ruse, 1980]. We have seen
that he had no proper knowledge of (what we call) genetics, so he could not take
what Richard Dawkins [1976] has called the “selfish gene” approach, but he could
and did take (what we call) a hard-line “individual selection” approach. That is
to say, he thought that natural selection pits individual against individual, rather
than group against group. Any group contests resolve themselves ultimately as
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individual contests. Of course, the struggle for existence may take place between
an individual and nature, rather than between two individuals, but the end result
is that one individual is going to do better against nature than another individual.
What you are not going to get therefore is one individual helping another individ-
ual just for the sake of niceness. Natural selection will put an end to that pretty
sharply, because the selfish individual will take advantage of the nice individual
and hence do better in life’s struggles.

There are some obvious counter examples and Darwin wrestled with these. Most
obviously there are the social insects, a major topic of discussion in the section on
instinct in the Origin. Why do you get sterile workers giving their all for the nest?
Darwin could see how features possessed by the sterile workers could be passed on.
Steers have features much prized by breeders, who go back to the family stock to
repeat them. But what is the benefit for the workers? Eventually, in the Origin,
Darwin decided to treat the whole nest as a unit, as an individual, and hence
argued that selection could modify parts — just as an ordinary individual has parts
(heart, lungs, etc) that can be selected for and against.

But he went on worrying about this issue, and in the 1860s he and Wallace
discussed the issue at length. Wallace was always a committed socialist and for
him a group perspective was not only scientifically sound but psychologically com-
pelling. (Did Darwin, the grandchild of a major industrialist, feel the same way
about individual selection? Possibly.) The two mean differed particularly over
sterility. Is the mule sterile because it is good neither as horse or donkey, and this
benefits the parent species? Or is the mule sterile by chance? In which case, any
benefit for the parent species is quite incidental. Darwin thought chance, because
otherwise the mule would be laying down its reproductive life for others, whereas
Wallace thought in group terms and the benefit of the parent species. The two
men had to agree to disagree. (Wallace, incidentally, other than for humans where
he had some very odd ideas about what makes a young man attractive in the
eyes of a young woman, was never that enthused about sexual selection by female
choice. Given that sexual selection is strongly tilted towards individual selection,
this fits the pattern.)

When it came to human morality, however, Darwin rather buckled at the knees.
Perhaps here uniquely we have a case where a form of group selection takes over.
A tribe where individuals help each other would outcompete a tribe where indi-
viduals are selfish. Generosity helps the group even if the individual suffers. But
Darwin was not enthusiastic about this move. And after all, tribes were usually
kin structures, so we have a kind of family situation as in the social insects. More-
over, in an anticipation of what today’s evolutionists call “reciprocal altruism,”
Darwin also suggested that morality may be a function of “you scratch my back
and I will scratch yours.”

But it may be asked, how within the limits of the same tribe did a
large number of members first become endowed with these social and
moral qualities, and how was the standard of excellence raised?...
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In the first place, as the reasoning powers and foresight of the members
became improved, each man would soon learn from experience that if
he aided his fellow-men, he would commonly receive aid in return.
From this low motive he might acquire the habit of aiding his fellows;
and the habit of performing benevolent actions certainly strengthens
the feeling of sympathy, which gives the first impulse to benevolent
actions. (1, 163-164)

Again the philosopher will ask his or her questions and again the philosopher
will have to be satisfied with less than full answers. The most popular way of
getting ethics from evolution is by arguing by analogy that, as go the processes of
evolution, so go the norms of proper behavior. This is so-called Social Darwinism,
and often it takes the form of moving from a bloody struggle for survival in nature
to the claim that that is what we have — and what we should have — in society.
Unrestricted laissez faire, with widows and children going to the wall and the
strong surviving and flourishing. Expectedly, most Social Darwinians have been
a bit more sophisticated than this [Richards, 1987; Ruse, 2000; 2005]. But there
are certainly elements of this kind of thinking in the Descent of Man.

With savages, the weak in body or mind are soon eliminated; and
those that survive commonly exhibit a vigorous state of health. We
civilised men, on the other hand, do our utmost to check the process
of elimination; we build asylums for the imbecile, the maimed, and the
sick; we institute poor-laws; and our medical men exert their utmost
skill to save the life of every one to the last moment. There is reason
to believe that vaccination has preserved thousands, who from a weak
constitution would formerly have succumbed to small-pox. Thus the
weak members of civilised societies propagate their kind. No one who
has attended to the breeding of domestic animals will doubt that this
must be highly injurious to the race of man. It is surprising how soon
a want of care, or care wrongly directed, leads to the degeneration of a
domestic race; but excepting in the case of man itself, hardly any one
is so ignorant as to allow his worst animals to breed. (1, 168)

The comments on the virtues of capitalism, on women, on savages, and the Irish
rather make one’s hair stand on end.

Or as Mr. Greg puts the case: “The careless, squalid, unaspiring
Irishman multiplies like rabbits: the frugal, foreseeing, self-respecting,
ambitious Scot, stern in his morality, spiritual in his faith, sagacious
and disciplined in his intelligence, passes his best years in struggle and
in celibacy, marries late, and leaves few behind him. Given a land
originally peopled by a thousand Saxons and a thousand Celts — and
in a dozen generations five-sixths of the population would be Celts, but
five-sixths of the property, of the power, of the intellect, would belong
to the one-sixth of Saxons that remained. In the eternal ‘struggle for
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existence,’” it would be the inferior and less favoured race that prevailed
— and prevailed by virtue not of its good qualities but of its faults.”
(1, 174)

Fortunately selection is a little more sophisticated. The Irish might breed like
rabbits, but they tend to be careless about the raising of their offspring, so many
die without issue. The Scots to the contrary, work hard and make sure that their
offspring do succeed them. In the long run, nature values the good and decent.

Social Darwinians justify their appeal to the processes of nature by claiming
that evolution is progressive. It is right and proper to support natural selection, to
cherish it as a beneficent mechanism, because the end justifies the means. Humans
are higher than slugs and worms. Some humans (the Scots) are higher than other
humans (the Irish). It may seem cruel to ignore the pleas of widows and orphans,
but better overall for society if you do. Darwin was certainly a progressionist,
about society and about evolution. He realized that in science it was politic to
play down explicit progressionism — in the 1830s when he entered the game, (as
we have seen) social progress too strongly identified with atheism and radicalism,
and biological progress was generally identified with the worst excesses of German
romanticism, Naturphilosophie, the English then regarding continental philosophy
in much the way that they regard it today.

In the first edition of the Origin, progress certainly gets mentioned and in the
fossil record gets a somewhat tepid endorsement.

The inhabitants of each successive period in the world’s history have
beaten their predecessors in the race for life, and are, in so far, higher
in the scale of nature; and this may account for that vague yet ill-
defined sentiment, felt my many paleontologists, that organisation on
the whole has progressed. [Darwin, 1859, 345]

And again:

As all the living forms of life are the lineal descendants of those which
lived long before the Silurian epoch, we may feel certain that the or-
dinary succession by generation has never once been broken, and that
no cataclysm has desolated the whole world. Hence we may look with
some confidence to a secure future of great length. And as natural se-
lection works solely by and for the good of each being, all corporeal and
mental endowments will tend to progress towards perfection. (489)

Later editions of the Origin, for reasons to be given shortly, were more progress-
explicit and friendly than earlier editions.

Although we have no good evidence of the existence in organic beings
of an innate tendency towards progressive development, yet this nec-
essarily follows,... through the continued action of natural selection.
For the best definition which has ever been given of a high standard
of organisation is the degree to which the parts have been specialised
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or differentiated; and natural selection tends towards this end, inas-
much as the parts are thus enabled to perform their functions more
efficiently. (Darwin 1959, 241; from the sixth edition of 1872)

The Descent of Man is unambiguously progressive, both through the animal
kingdom and when we come to our own species. Although Darwin was strongly
against slavery — before and during the Civil War — there was no doubt in
his mind that white people are superior to all others, and little doubt that the
inhabitants of a small island off the northwest coast of Europe are the top among
whites. We have seen already Darwin’s endorsement of Greg on the Irish and the
Scots. So we can certainly say that the ingredients for a Social Darwinian attack
on foundations are there in Darwin’s writings. But as I have said, he was not
really a philosopher and we do not find explicit inferences being drawn. Nor do we
find any other attempt to make a philosophical picture from his science. Darwin
was an evolutionary psychologist, first and foremost.

THE DARWINIAN REVOLUTION

This now brings to an end the direct examination of Darwin and his work. Let us
conclude by turning to broader issues. Darwin was not a man working in isolation.
He was influenced by people who came before him, and obviously he influenced
those who came after him. General opinion is that he was one of the great thinkers
of all time — indeed it has been said that there is no greater discovery than natural
selection. The Darwinian Revolution is one of those events in human history that
stands right up there, with the Scientific Revolution in thought and with the
American, French, and Russian Revolutions in politics. It is about this revolution
we must now turn our attention.

Let us not waste time asking if there was indeed a Darwinian Revolution. Some
nervous historians have started to worry whether such talk is ever appropriate,
so let the robust philosopher in us brush past this anxiety (see [Hodge, 2005]).
By any significance measure, the Darwinian Revolution was revolutionary. At
the beginning of the nineteenth century, by and large people did not believe in
evolution. At the end of the nineteenth century, by and large people did believe in
evolution. More than this, they accepted that it applies to our own species, Homo
sapiens. This was a terrific move. We can agree that it was not necessarily purely
a scientific revolution. Perhaps it was not even primarily a scientific revolution,
being more one to do with religion — Does God still exist and what does He
care about us? — or culture or whatever. But it was a revolution and moreover,
whether the most important overall factor or not, science was a very important
factor. We can go further and say that it was the prime causal factor, for without
the scientists I do not see how you could have had a shift to what is (after all) a
scientific claim: organisms, including humans, evolved.

What about a more serious worry, that Darwin gets too much credit for the
revolution? How much credit does Charles Robert Darwin merit for the revolution
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that carries his name? In one sense, no one can deny that he deserves some, a lot
in fact. Before the Origin of Species appeared in 1859, the idea of evolution was a
minority position and in many respects not very respectable. After the Origin, it
became in many circles — middle class and working class, religious and not — the
accepted position on origins. More than this, Darwin put forward the mechanism
of natural selection, and today this is generally accepted as the right mechanism.
Darwin got it right about causes.

But there is more to the question than this. Start with the period before Darwin.
There was already significant acceptance of evolutionary ideas. In Germany, the
despised Naturphilosophen were inclined to evolution. Even Goethe, towards the
end of his long life, embraced the idea [Richards, 2003]. In France, there was
a whole group of evolutionists around Lamarck [Corsi, 1988; 2005]. And this
continued through the century. Britain too yields many evolutionists, starting
with Charles Darwin’s own grandfather, Erasmus. He did not merely influence his
grandson. Zoonomia was translated into German and read (and commented on)
by the aged Immanuel Kant [Ruse, 2006]. Add to this Robert Grant and Robert
Chambers and the Vestiges. For all of its controversial nature and its being hated
by Sedgwick and Whewell and company, this latter work was a major inspiration
for many, and not just Wallace. The poet Alfred Tennyson, as he struggled to
finish (what rapidly became) his much-loved and read poem, In Memoriam, drew
heavily on Chambers’s thinking. Apparently Tennyson’s long-dead friend Arthur
Hallam, in whose memory the poem was written, was an anticipation of a higher
form, too precious for life today.

A soul shall strike from out the vast
And strike his being into bounds,

And moved thro’ life of lower phase,
Result in man, be born and think,
And act and love, a closer link

Betwixt us and the crowning race. ..

Whereof the man, that with me trod
This planet, was a noble type
Appearing ere the times were ripe,

That friend of mine who lives in God.

Finally, mention the general man of letters and science, Herbert Spencer, in
the 1850s just beginning his dizzying rise upwards as the people’s philosopher in
Britain and the rest of the world. In the decade before Darwin, he was publishing
evolutionary ideas including a clear statement of natural selection [Ruse, 1996;
Richards, 1987].

So there can be no claim that Darwin was the first evolutionist or even the first
with natural selection. (Do not forget Alfred Russel Wallace either.). Yet, having
said all of this, Darwin’s reputation emerges intact. Before Darwin evolution was
still little more than a pseudo science, generally accepted because people liked the
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progressivist sentiments at its heart. Darwin made the idea of evolution serious.
Thanks to him, the idea was not just plausible but, for most folks, absolutely
compelling. The way he tied everything together in a consilience was definitive
— back then and now. Darwin did this in the Origin. The same is true of
natural selection. Darwin may have borrowed from others but it was he who made
something of it all. Any fool can take pigments and paint a picture of flowers. It
took Van Gogh to paint the sunflowers. It took Darwin to write the Origin.

This now takes us to the time after the Origin. Darwin put together the idea
of evolution and made it compelling, and it was because of him (together with his
various supporters) that people were converted to the idea of evolution. However,
after the Origin, it is well known that natural selection was a flop. No one took it
up, and it languished until the 1930s, when the population geneticists like Ronald
A. Fisher [1930] in Britain and Sewall Wright [1931; 1932] in America melded
Darwinian selection with Mendelian genetics to make the new theory, so called
neo-Darwinism or the synthetic theory of evolution. Hence in major respects, a
critic might complain that, even if you grant that there was a revolution, it was
not very Darwinian. Indeed the one historian (Peter Bowler) has gone so far as to
write a book with the title, The non-Darwinian Revolution!

There is truth in this charge, if one is concentrating less on the fact of evolution
and more on the mechanism of natural selection. Scientists generally did not pick
it up and use it. There was not a new field of selection studies. Partly, this
non-development was scientific. There were perceived problems with selection.
Without a good theory of heredity, no one could see how the effects of selection
could be long lasting [Vorzimmer, 1970]. Also the age of the earth was a problem.
Not knowing about radio-active decay and its warming effects, physicists thought
that the earth is much younger than it really is, and it seemed that a leisurely
process like selection would never get the job done in time [Burchfield, 1975].
Partly, there were other factors for the non-development, some in science and
some outside. Someone like Huxley was never really that interested in adaptation
and design, so for him selection was not really needed anyway [Desmond, 1994;
1997]. Evolution was what he needed. Outside science, the religious were happy to
accept evolution, but they still wanted a bit of guidance to get organisms, especially
humans. So they were into directed mutations and so forth, and eschewed the full
implications of the blind, cruel process of selection.

However, this is only half the story. Even if we take into account the scien-
tific problems with natural selection, there was something really odd going on.
Notwithstanding the great enthusiasm for evolution as such, the years after the
Origin, measured by the standards of mature professional science, were generally
speaking an absolute disaster for evolutionary studies. It was not so much that
people did not like selection and looked for other causes — although some did —
but that people were really not that interested in causes at all. They truly were
not that interested in evolution as a tool of science. What they sought, and found,
was a basis for a kind of secular humanism, a Christianity substitute that could be
used as the ideology of the new society that they were determined to build [Ruse,
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1996; 2005].

People like Thomas Henry Huxley were determined to reform Victorian Britain,
as were others in America after the Civil War. They worked long and hard (and
successfully) at transforming and upgrading primary, secondary and tertiary edu-
cation, the military, the civil service, the medical profession, and more. They saw
the established church as a major ally of those whom they were fighting — the
aristocrats, the landed gentry, and others with vested interests in opposing change.
Hence, they sought their own secular equivalent and in a progressivist popular evo-
lutionism they found it. They did not want a tool of research, but they did want
something that could give a moral message. And again, in Social Darwinism they
found it. (This is why one should be wary of assuming that all Social Darwinians
subscribed to a simple theory of laissez faire. In fact, like the Christians they were
trying to replace, Social Darwinians subscribed to moral views of many different
kinds, and there were strong internal disagreements. See [Ruse, 2000; 2005].)

It is true that there was some professional evolutionary work, but it tended to
the decidedly second-rate — phylogeny tracing — and it was increasingly out of
touch with reality. And it tended to be brushed aside as Huxley, the Saint Paul
of the Darwinism movement (an analogy drawn by his contemporaries), preached
the gospel of popular Darwinism non-stop — at working men’s clubs, in the news-
papers, as the president of numerous societies, and so forth. Evolution became a
Christianity substitute, a secular religion, to promote the kind of society that Hux-
ley and his chums wanted to create. There was no wonder that Herbert Spencer,
who was right into this sort of thing, was more influential than Darwin. There
was no wonder that Darwin — a man who had genuinely hoped to see a science of
evolution studies with natural selection at its core — realized that it was better
to have half a cake rather than none at all. And so he went along with the flow.
After all, he did believe in most of the ideology anyway. As noted, there was much
more about progress in later editions of the Origin, and the Descent throughout
adopts a relaxed, user-friendly style. Darwin may not have identified explicitly
with Social Darwinism and the related beliefs, but as we have seen he was no foe
of the movement.

So, in a way, the critic is right. If you are talking about pure science, in this
sense the late nineteenth century saw only a very limited Darwinian Revolution.
But, putting things in long-term context, let us never forget that — whether or
not his contemporaries got enthused about natural selection — Darwin did get it
right! Natural selection is the main cause of evolutionary change. It took seventy-
five years for this to become apparent, but then it did and it has stayed that way.
So, if you are prepared to use the present as a guide to the past, so long as you
do not gloss over how history took time to develop, there is no reason to deny
Darwin’s role in the Darwinian Revolution. And much good reason to think that
the revolution is appropriately named.

Finally, let us ask about the nature of the revolution, meaning more about what
kind of revolution it really was. Was there a change of paradigms in the sense
described by Thomas Kuhn in his The Structure of Scientific Revolutions? Was
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there a switch of world views — perhaps even a switch of worlds — that required
more of a leap of faith than an appeal to reason? Or was the change smoother,
as more conventional philosophies of science might lead one to expect. Was the
change more (say) in a Popperian vein, where basically the facts told against the
older position and people shifted because this was the reasonable thing to do? The
prize goes to both disjuncts! At a broad level, there are certainly Kuhnian aspects
to the revolution. Most strikingly, there were people who simply could not see the
other side’s point of view — clever people, that is, who knew the ins and outs of
the issues. Most prominent of these was Louis Agassiz [E. C. Agassiz, 1889]. He
had staked out an idealistic position before the Origin [Agassiz, 1859] — one that
came directly from his Naturphilosophen teachers (Friedrich Schelling and Lorenz
Oken) when he was a student in Munich — and try as he might, he could never
accept evolution.

Something like this makes perfect sense on the Kuhnian scenario and fits uncom-
fortably into a philosophy of science that makes rational choice the sole criterion
of theory change. However, in other respects the Darwinian Revolution seems very
non-Kuhnian. People may not have been able to see the viewpoints of others, but
it is hard to say that this was a function of different facts, a key element in Kuhn’s
theory of change. Fact-change is simply not true of the Darwinian Revolution.
Everything about Darwin himself denies this claim. We have seen this again and
again. Darwin was like Plato’s Demiurge, shaping what he already had. This
applied to ideas as well as facts. Everyone knew about Malthus, for instance, but
it was Darwin’s genius to put the ideas into a theory of change rather than a the-
ory that argued that change is impossible. Likewise, the facts of the successes of
animal and plant breeders were well known. It was again Darwin’s genius to make
something of these facts. The same is true of so much else — the vaguely progres-
sive fossil record, for instance, and the peculiarities of biogeography. Particularly
important for Darwin were earlier discoveries in embryology. Darwin seized on
the similarities of embryos and made this a key support for the arguments of the
Origin.

So, we have to say that the Darwinian Revolution does not fit readily into simple
theories of theory change. Probably in part this was because it was not simply
a scientific revolution, but one that included religious beliefs and thoughts about
the status of humans and (particularly for people like Huxley, including many
today) hopes for the kind of secular, progressivist society that one thinks is the
ideal for humankind today. I return to the metaphor of a kaleidoscope. It was not
so much that there was a change of facts, but that the facts were shaken up and
pushed into making a whole new picture — a picture that some welcomed, some
disliked, but towards which few were indifferent. And that thought is no bad way
to end this discussion of Charles Darwin and the revolution with which his name
is associated.
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SIR RONALD AYLMER FISHER

Robert A. Skipper, Jr.

Sir Ronald Aylmer Fisher (1890-1962) was, along with J. B. S. Haldane (1892-
1964), and Sewall Wright (1889-1988), an architect of mathematical population
genetics. His contributions to statistics were no less monumental. Indeed, Fisher’s
work in both areas of science continues its dominance. This biographical essay
focuses on Fisher’s contributions to evolutionary theory, although it very briefly
chronicles his foundational work in statistics. A detailed account of Fisher’s life
and work may be found in the biography written by one of his six daughters, Joan
Fisher Box, entitled R. A. Fisher: The Life of a Scientist [1978].

1 EARLY LIFE AND EDUCATION

Fisher was born February 17, 1890 in London, England. Fisher and his twin
brother, who died in infancy, were the youngest of eight children born to Katie
Heath and George Fisher. R. A. showed his mathematical gifts very early. But
because of his extreme myopia, his early training was unconventional. In fact,
some of his most influential early tutoring was done without pencil or paper,
which would give Fisher a remarkable ability to do complex mathematics in his
head. At the Harrow School, for instance, Fisher, at the age of 16, won the Neeld
Medal in a mathematical essay competition open to the entire school.

Fisher matriculated at Gonville and Caius College, Cambridge, in 1909. Fisher’s
interests were broad, including astronomy, mathematics, physics, and biology. In
1911, he worked to found the Cambridge University Eugenics Society, an effort that
profoundly influenced his interest in evolutionary biology. Fisher’s active interest
in evolutionary problems was also influenced by his discovery of Karl Pearson’s
series of papers collected between 1893 and 1912 as Mathematical Contributions
to the Theory of Evolution. Fisher graduated from Cambridge in 1912 with a first
in mathematics, and would stay on another year to study physics and statistical
mechanics. In 1914 he became a statistician at the Mercantile and General In-
vestment Company in London. Contrary to his desires, Fisher was kept out of
World War I because of his poor vision. Between 1915 and 1919 Fisher taught
mathematics and physics at a variety of public schools. And in 1917 he married
Ruth Eileen Gatton Guinness with whom he would parent eight children, two sons
and six daughters.
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2 AT ROTHAMSTED: A PERIOD OF INTENSE ACTIVITY

In 1919, Fisher accepted a statistician’s post at Rothamsted Experimental Station,
one of the oldest agricultural research institutions in England. There, between
1919 and 1933, Fisher made substantial contributions to statistics and genetics.
And by 1929, he was elected to the Royal Society. In statistics, Fisher introduced
the concept of “likelihood” in 1921. The likelihood of a parameter is proportional
to the probability of the data and it gives a function which usually has a single
maximum value, i.e., the maximum likelihood. The next year Fisher introduced a
new conception of statistics the aim of which was the reduction of data and the
problematic of which was the specification of the kind of population from which the
data came, estimation, and distribution. Soon thereafter, in 1925, Fisher published
Statistical Methods for Research Workers, in which he articulated methods for the
design and evaluation of experiments. The 1925 edition was the first of many.

In genetics, Fisher published the first paper, in 1922, adumbrating a mathemat-
ical synthesis of Darwinian natural selection with the recently rediscovered laws
of Mendelian heredity. In that paper, entitled “On the Dominance Ratio,” Fisher
discusses, as he says, “the distribution of the frequency ratio of the allelomorphs
of dimorphic factors, and the conditions under which the variance of the popula-
tion may be maintained” [1922, p. 322]. He sees this paper as following on the
heels of his 1918 paper, “The Correlation Between Relatives on the Supposition of
Mendelian Inheritance.” In broad brush strokes, what I take this to mean is that
where the 1918 paper defended the principles of Mendelian heredity against the
criticisms of the biometricians (and in fact showed the two schemes to be com-
patible), the 1922 paper continues by carrying through its mathematical methods
and concepts as well as defending Darwinism wusing the principles of Mendelian
heredity. Specific to “On the Dominance Ratio,” Fisher’s aim was to respond to
a set of criticisms that Darwinian natural selection cannot be the correct expla-
nation of the modulation of genetic variation in populations because the genetics
of populations are such that there is not enough variation available for selection
to act on. In his response, Fisher considered the interaction of natural selection,
random survival (genetic drift), assortative mating, and dominance. During the
course of the paper, Fisher eliminated from consideration what he took to be in-
significant evolutionary factors, such as epistatic gene interaction and genetic drift,
and argued that natural selection acted very slowly on mutations of small effect
and in the context of large populations (10*)maintaining a large amount of genetic
variation.

Consider drift, or what Fisher referred to variously as random survival, steady
decay, or the “Hagedoorn effect.” The phrase “random drift” comes from Wright’s
1931 landmark paper, “Evolution in Mendelian Populations.” Notwithstanding
Wright’s obvious contributions to the development of the concept and mathemat-
ical modeling of drift, it was Fisher who, in this 1922 paper, was the first among
the architects of population genetics to mathematically explore the evolutionary
consequences of drift in a Mendelian population.
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In finite populations, the variation in the number of offspring between individ-
uals may result in random fluctuations in allele frequencies. These random fluc-
tuations affect the chances of survival of a mutant allele in a population. Fisher
argued that the survival of a rare mutant depended upon chance and not selec-
tion. Indeed, he argued that such a mutation would be more likely to become
fixed at low frequencies in a large rather than in a small population since in a
large population the mutant would have a greater probability of survival. Ran-
dom fluctuations in allele frequencies also reduce a population’s genetic variation.
In 1921, A. L. and A. C. Hagedoorn argued that random survival is an important
cause of the reduction of genetic variation in natural populations. Fisher argued
that the Hagedoorns were mistaken. Fisher determined two key quantities for the
situation in which a population is under the influence only of the steady decay
of genetic variation, that is, the Hagedoorn effect: The first quantity describes
the time course in generations of the Hagedoorn effect; the second describes the
“half-life” in generations of the effect. Fisher determined the time course to be
the product of four and the population size and the ”half-life” to be the product
of 2.8 and the population size [Fisher, 1922, p. 330]. This means that the Hage-
doorn effect requires, in generations, the product of four and the population size
to reduce the genetic variation in the population to the point that all alleles are
identical by descent. The “half-way” point is reached in the product of 2.8 and
the population size generations. (Wright demonstrated in a 1929 letter to Fisher
that his, Fisher’s, calculations were twice too high: the time-course in generations
is the product of 2 and the population size and the “half-life” of the Hagedoorn
effect is the product of 1.4 and the population size. In a 1930 paper, Fisher [1930a]
showed that the correction had only a minor effect on his argument.)

Fisher used these quantities to “weight” the significance of the effect of steady
decay; the longer the time course, the weaker the effect. Given that the time course
of the Hagedoorn effect depends on the population size, the larger the population,
the weaker, or less significant the effect. It is evident that as population size
increases over 10%, that the time course becomes considerable. Indeed, Fisher
says,

[a]s few groups contain less than 10,000 individuals between whom
interbreeding takes place, the period required for the action of the
Hagedoorn effect, in the entire absence of mutation, is immense. [1922,
p. 330]

According to Fisher, then, the Hagedoorn effect is evolutionarily insignificant and
populations are large.

Fisher’s insights regarding the evolutionary effects of genetic drift are what is
behind his reflection of Darwin when he (Fisher) says,

a numerous species, with the same frequency of mutation, will maintain
a higher variability than will a less numerous species: in connection
with this fact we cannot fail to remember the dictum of Charles Darwin,
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that ‘wide-ranging, much diffused and common species vary most’.
[1922, p. 324]

Consider next gene interaction.

In his 1918 paper, Fisher considered the statistical consequences of dominance,
epistatic gene interaction, assortative mating, multiple alleles, and linkage on the
correlations between relatives. Fisher argued that the effects of dominance and
gene interaction would confuse the actual genetic similarity between relatives.
He also knew that the environment could confuse such similarity. Fisher here
introduced the statistical concept of variance and the analysis of variance to the
scientific literature. He says,

When there are two independent causes of variability capable of pro-
ducing in an otherwise uniform population distributions with standard
deviations o7 and o9, it is found that the distribution, when both
causes act together, has a standard deviation /o1 + o5. It is therefore
desirable in analyzing the causes of variability to deal with the square
of the standard deviation as the measure of variability. We shall term
this quantity the Variance of the normal population to which it refers,
and we may now ascribe to the constituent causes fractions or per-
centages of the total variance which they together produce. [1918, p.
399]

Fisher then used this tool to partition the total variance into its component parts.

Fisher labeled that portion of the total variance that accurately described the
correlation between relatives the “additive” genetic component of variance. The
“non-additive” genetic component included dominance, gene interaction, and link-
age. Environmental effects, such as random changes in environment, comprised
a third component of the total variance. In 1922, on the basis of the 1918 work,
Fisher argued that the additive component of variance was important for evolu-
tion by natural selection. Indeed, he argued that, particularly in large populations
(> 10%), non-additive and environmental components of the total variance are
negligible. He further claimed that selection would remove any factor for which
the additive contribution to the total genetic variance is very high and to leave
those for which the contribution is low. Indeed, Fisher says,

It is therefore to be expected that the large and easily recognized factors
in natural organisms will be of little adaptive importance, and that
the factors affecting important adaptations will be individually of very
slight effect. [1922, p. 334]

Ultimately, for Fisher, evolution proceeds very slowly, with low levels of selec-
tion acting on mutations of small effect and in large populations (10%) holding
considerable genetic variation.
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Fisher’s work discussed above and other work on, e.g., the evolution of domi-
nance and mimicry, would culminate in his 1930 book, The Genetical Theory of
Natural Selection, one of the principal texts, along with those of Haldane [1932] and
Wright [1931; 1932], completing the reconciliation of Darwinism and Mendelism
and establishing the field of theoretical population genetics (and, for Fisher, its
application to eugenics). The Genetical Theory is celebrated as the locus clas-
sicus for the reconciliation. Remarkably, the book manuscript was produced by
Fisher dictating to his wife, Ruth, during the evenings. The book was revised and
reissued in 1958 and most recently in a variorum edition issued in 1999.

The first seven (of twelve) chapters of The Genetical Theory set out Fisher’s syn-
thesis of Darwin’s mechanism of natural selection and Mendelian genetics. Fisher
considered the first two chapters, on the nature of inheritance and the “fundamen-
tal theorem of natural selection,” the most important of the book. Indeed, these
two chapters accomplish the key piece of the reconciliation. Moreover, the gen-
eral argument strategy Fisher used in 1918 and 1922 of defending the principles
of Mendelian heredity and defending Darwinism under the rubric of Mendelian
heredity, is carried through. Fisher’s aim in The Genetical Theory is to establish
particulate inheritance against the blending theory and then demonstrate how
plausibly Darwinian natural selection may be the principal cause of evolution in
Mendelian populations.

Fisher’s first chapter considers implications of a synthesis of natural selection
with, alternatively, blending and Mendelian inheritance. He demonstrates that on
the Mendelian theory, natural selection may be the main cause of a population’s
variability. The demonstration importantly resolved a persistent problem for Dar-
win’s theory of descent with modification, one that had led biologists to abandon
natural selection as an evolutionary cause: Darwin’s acceptance of blending in-
heritance required him to imagine special causes controlling mutation because of
enormous mutation rates demanded by the blending theory. Because Mendelian
heredity did not demand such enormous mutation rates, Fisher was able to elim-
inate these controlling causes and, so, revive natural selection as an important
evolutionary cause.

Fisher’s second chapter develops, mathematically, his genetical theory of natural
selection. The arguments are drawn largely from 1922’s, “On the Dominance
Ratio,” and 1930’s, “The Distribution of Gene Ratios for Rare Mutations,” the
response to Wright’s aforementioned correction of Fisher’s 1922 paper. Three key
elements may be distilled from Fisher’s “heavy” mathematics in the second chapter
of The Genetical Theory. The first is a measure of average population fitness,
Fisher’s “Malthusian parameter,” i.e., the reproductive value of all genotypes at
all stages of their life histories. The second is a measure of variation in fitness,
which Fisher partitions into genetic and environmental components (based on his
distinctions from 1918 and 1922). The third is a measure of the rate of increase
in fitness, i.e., the change in fitness due to natural selection. For Fisher, “the rate
of increase of fitness of any organism at any time is equal to its genetic variance
in fitness at that time” ([1930b, p. 37], emphasis in original). This last element is
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Fisher’s “fundamental theorem of natural selection,” and is the centerpiece of his
natural selection theory.

Interestingly, inasmuch as Fisher considered his fundamental theorem the cen-
terpiece of his evolutionary theory, it happens that the theorem is also the most
obscure element of it. The theorem was thoroughly misunderstood until 1989
when Warren Ewens rediscovered George Price’s 1972 clarification and proof of it.
Fisher’s original statement of the theorem in 1930 confusingly suggests that mean
fitness can never decrease because variances cannot be negative. Price showed that
in fact the left-hand-side of the equation that describes the theorem is not the total
rate of change in fitness but rather only one component of it. That part is the
portion of the rate of increase that can be ascribed to changes in gene frequencies.
And, actually, in Fisher’s ensuing discussion of the theorem, he makes this clear.
The total rate of change in mean fitness is due to a variety of forces including gene
frequencies themselves, environmental changes, epistatic gene interaction, domi-
nance and so forth. The theorem isolates the changes in gene frequencies from the
rest, a move suggested in Fisher’s 1922 paper. The key change Price and Ewens
make in the statement of the theorem, the change that clarifies it, is to write
“additive genetic variance” for “genetic variance.” With the theorem clarified and
proven, Price and later Ewens argue that it is not so fundamental. Given that it is
a statement about only a portion of the rate of increase in fitness, it is incomplete.

Under the rubric of the fundamental theorem, Fisher offers a geometrical proof
of his conclusion from 1922 that cumulative evolution is primarily the result of low
pressures of natural selection on mutations of small effect. Fisher’s model depicts
an organism as a point in a space of very high dimension. Each dimension is a
phenotypic trait. For Fisher, adaptation is a step-wise process to the optimum
phenotype, and each step is the substitution of an advantageous mutation having
some phenotypic effect. Consider Figure 1, which depicts Fisher’s model in two
dimensions. Two continuous phenotypes, X and Y, have a fitness optimum at O.
Fitness decreases the further X and Y move away from the optimum; the circle
through D and centered around O represents the phenotypes that have the same
low fitness. If a population is at D, mutations of small and large effect arising in
the population are represented, respectively, by the small and large circles centered
around D. The dashed portion of the circles corresponds to mutations that bring
the population from D to points closer to O and are therefore advantageous. The
solid portion corresponds therefore to deleterious mutations, which take the popu-
lation away from O. In spite of the fact that the advantageous proportion is about
half of the small circle, it is much less than half of the large one. Consequently,
evolution by natural selection is more likely to proceed by small steps because
advantageous mutations of small effect will be more common than advantageous
mutations of large effect. And the higher the dimensionality of the model, the
greater the bias against mutations of large effect. (Discussion follows [Burch and
Chao, 1999].)
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Figure 1. Graphical Representation of Fisher’s Geometric Model. Adapted from
Burch and Chao [1999, 922]. X and Y are continuous phenotypes with optimum
fitness at O. D is a non-optimal point of fitness. See text for discussion. Fisher
himself does not use a diagram although he does articulate, mathematically, the
relevant properties.

By and large, the middle chapters of The Genetical Theory are (mainly theo-
retical) explorations of cases, such as dominance, sexual selection, and mimicry,
to support and extend the preceding theoretical work. Nevertheless, in the fourth
and fifth chapters, Fisher expands his theoretical discussion to more general is-
sues concerning the causes of genetic variation. The last five chapters of the book
explore natural selection in human populations, particularly social selection in
human fertility. Fisher’s central observation, based upon England’s 1911 census
data, was that the development of economies in human societies structures the
birth-rate so that it is inverted with respect to social class. In the final chapter
of his book, Fisher offers strategies for countering this effect. He proposed the
abolishment of the economic advantage of small families by instituting what he
called “allowances” to families with larger numbers of children, with the allowances
proportional to the earnings of the father. In spite of Fisher’s espousal of eugenics
in this part of the book, he means the discussion to be taken as an inseparable
extension of the preceding part.

Fisher compared both his 1922 and 1930 exploration of the balance of evolu-
tionary factors and the “laws” that describe them to the theory of gases and the
second law of thermodynamics, respectively. Of the 1922 investigation, Fisher
says,

[t]he investigation of natural selection may be compared to the analytic
treatment of the Theory of Gases, in which it is possible to make the



44 Robert A. Skipper, Jr.

most varied assumptions as to the accidental circumstances, and even
the essential nature of the individual molecules, and yet to develop the
natural laws as to the behavior of gases, leaving but a few fundamental
constants to be determined by experiment. [1922, pp. 321-322]

He continues the analogy in 1930, adding that

the fundamental theorem. . . bears some remarkable resemblances to the
second law of thermodynamics. Both are properties of populations, or
aggregates, true irrespective of the nature of the units which compose
them; both are statistical laws; each requires the constant increase in a
measurable quantity, in the one case the entropy of the physical system
and in the other the fitness...of a biological population. .. Professor
Eddington has recently remarked that ‘The law that entropy always
increases — the second law of thermodynamics — holds, I think, the
supreme position among the laws of nature’. It is not a little instructive
that so similar a law should hold the supreme position among the
biological sciences. [1930b, pp. 36-37]

The received view of these comparisons is that Fisher’s interests in physics and
mathematics led him to look for biological analogs (e.g., Provine 1971, Gayon
1998). No doubt this is part of the story. However, I think a more plausible
interpretation of the comparison comes from treating Fisher’s major 1918, 1922,
and 1930 works as one long argument. If we do so, as I have roughly done in the
preceding, we find that Fisher’s strategy in synthesizing Darwinian natural selec-
tion with the principles of Mendelian heredity was to defend, against its critics,
selection as an evolutionary cause under Mendelian principles. Following this ar-
gument strategy, Fisher built his genetical theory of natural selection piece meal,
or from the bottom up. That is, Fisher worked to justify the claim of his fun-
damental theorem by constructing plausible arguments about the precise balance
of evolutionary factors. Thus, his piece meal consideration of the interaction be-
tween dominance, gene interaction, genetic drift, mutation, selection, etc. led to
his theorem. It was not, at least not primarily, the search for biological analogues
to physical models and laws that underwrites the theorem.

The Genetical Theory of Natural Selection is a point of departure in contempo-
raneous evolutionary thought, responsible in part for the origination of theoretical
population genetics and what is commonly called the “modern synthetic theory of
evolution.” The Genetical Theory was followed by Wright’s and Haldane’s major
such works in 1931 and 1932. It is useful to consider, briefly, Fisher’s contribution
against the background of Haldane’s and Wright’s.

Haldane’s 1932 book, The Causes of Evolution, is the capstone text not only
of Haldane’s foundational series of 10 mathematical evolution papers he published
between 1924 and 1934, it was the capstone text of the origins of theoretical pop-
ulation genetics. Haldane’s problematic was aligned with his contemporaries; he
wanted to understand the nature and significance of natural selection in Mendelian
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populations. Haldane is closer to Fisher than he is to Wright. But Haldane’s sup-
port of Fisher is not in the form of an uncritical summary. Haldane carried the
mathematical exploration of selection in finite population sizes, changing envi-
ronments, and in multiple dimensions further than Fisher had, and in part as a
critical consideration of Wright’s work on the topic. Moreover, and importantly,
Haldane emphasized the problem of the units of selection, recognizing that selec-
tive forces acting on gametes, organisms, or populations may come into conflict.
Today, the book is known primarily for its critical comparison of Fisher’s, Wright’s,
and Haldane’s own mathematical explorations of this issue. But the book is much
more than that. Haldane accomplishes a synthesis not merely of Darwinism and
Mendelian heredity, but also, under the rubric of population genetics, of chromo-
somal mechanics, cytology, and biochemistry. (See, e.g., [Sarkar, 2004].)

Wright’s 1931 paper, “Evolution in Mendelian Populations,” is his main early
paper demonstrating the mathematical unification of Darwinian natural selection
and the principles of Mendelian heredity. Wright communicated this synthesis in
the form of his Shifting Balance Theory of evolution. Wright would use his famous
“adaptive landscape” diagram to communicate his theory a year later, in 1932.
Flowing from his work as a physiological geneticist, Wright emphasized genetic
interaction in evolution by way of the following assumption: Because the field of
gene combinations in a population are vast, genes adaptive in one combination
may not be adaptive in another; consequently, the field of joint gene frequencies
graded for adaptive value will produce a “hilly landscape.” Populations thus face
the problem of shifting from one peak to another. Wright solved the problem of
“peak shifts” with his three-phase shifting balance process. In the first phase,
subdivided populations would be subject to genetic drift, pulling them into a
“valley.” In the second phase, those populations would be dragged up the next
peak by intrademe selection, or within-group selection. And in the third phase, the
global population would find the highest peak by interdeme selection, or selection
driven by differential dispersal.

Wright’s mathematical analysis of the reconciliation between Darwinism and
Mendelism agreed with Fisher’s and Haldane’s. However, Fisher and Wright dis-
agreed about the extent to which epistatic gene interaction, genetic drift, and
population structure were important in accounting for cumulative evolutionary
change. Where Wright imagined a “hilly” adaptive landscape, requiring a con-
stellation of evolutionary factors to traverse it, Fisher saw a landscape with a
single peak, requiring only selection and mutation to traverse it. And beginning
in 1929, Wright and Fisher became mired in controversy over their alternative
understandings of the evolutionary process that would last until Fisher’s death in
1962 [Provine, 1986]. But Fisher’s death did not end the controversy. Fisher’s
and Wright’s acolytes, as well as Wright himself (until his death in 1988), would
continue exploring the differences between the apparently alternative evolutionary
theories. Between 1997 and 2000, in fact, a dispute erupted reminiscent of the de-
bates between Fisher and Wright between the team of Jerry Coyne, Nicholas Bar-
ton, and Michael Turelli [1997; 2000] and the team of Michael Wade and Charles
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Goodnight [1998; 2000]. Coyne et al.. develop a systematic critique of Wright’s
Shifting Balance Theory, arguing that it is theoretically problematic and that it
lacks empirical support. They conclude that the Fisherian perspective is prefer-
able. Wade and Goodnight counter some of Coyne et al.’s criticisms and argue
that there is ample room in the evolutionary domain for both the Fisherian and
Wrightian perspectives. ([Skipper, 2002] provides an analysis of the debate).

3 AT UNIVERSITY COLLEGE, LONDON

Fisher would leave Rothamsted to take the Galton Chair of Eugenics at University
College, London in 1933. Karl Pearson, retiring the Chair, appointed Fisher and
Pearson’s son, Egon, to share the post. Fisher controlled the genetics section;
Pearson controlled the statistics section. Fisher had turned down Pearson’s offer
of chief statistician at Galton Laboratories for the position at Rothamsted in
1919. And by the time he took the Galton Professorship at University College, he
was thoroughly mired in controversy over the foundations of statistics with Karl
Pearson and his followers. Fisher’s revolutionary work in statistics came at around
the time that Pearson’s own work was showing weaknesses; unfriendly competition
catalyzed the controversy, and Pearson would take ill-feelings toward Fisher, who
had his own ill-feelings toward Pearson, to his grave.

Until 1934, Fisher remained active with the Eugenics Society. Indeed, Fisher
was involved in the society’s campaign, starting in 1929, for a law allowing vol-
untary sterilization on the basis of the claims of eugenics Fisher and others, such
as John Maynard Keynes, R. C. Punnett, and Charles Darwin’s son Horace Dar-
win, advocated. The draft legislation was soundly defeated in Parliament. Fisher
resigned from the Society in 1934, along with other members, due to the group’s
infighting over the ever-decreasing role of its scientific members.

In 1935, Fisher’s The Design of Experiments appeared and, like Statistical Meth-
ods for Research Workers, would be expanded and reissued many times. These
two works, and Fisher’s (with Frank Yates) 1947 Statistical Tables for Biological,
Agricultural, and Medical Research revolutionized agricultural research. Also in
1947, Fisher would found, with the geneticist Cyril Darlington, the journal Hered-
ity. Its first volume would include a publication resulting from a collaboration
Fisher entered into with the ecological geneticist E. B. Ford on the evolution of
the Scarlet Tiger moth, Panazia dominula. This publication, “The Spread of a
Gene in Natural Conditions in a Colony of the Moth, Panazia dominula,” bears
mentioning for several reasons. The first is that the paper describes a field study
aimed at discrediting Wright’s view that random genetic drift is an important
evolutionary factor. As such, it is part and parcel of the controversy between the
two. Second, the paper articulates one of the earliest uses of the capture-release
protocol for exploring changes in gene frequency in a population. Third, the paper
is a cornerstone of the Oxford School of Ecological Genetics founded by Ford. And
finally, the 1947 paper is important is because it is the longest-running purported
demonstration, at six decades, of natural selection occurring in the wild.
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4 AT LIFE’S CLOSE

To be sure, Fisher’s work in statistics was revolutionary at the field’s concep-
tual foundations. Moreover, Fisher’s work in genetics, highlighted mainly by his
1930 The Genetical Theory of Natural Selection, would, with good company in
Haldane and Wright, revolutionize biology. Fisher’s accomplishments did not go
unrecognized. In 1938, he was awarded the medal of the Royal Society, in 1948,
the Darwin medal, and in 1955 the Copley medal. In 1943 Fisher was appointed
Balfour Professor of Genetics at Cambridge University upon the retirement of
the geneticist R. C. Punnett. The department had been decimated due to World
War II. However, Fisher was able to recruit, in 1948, Luigi Luca Cavalli-Sforza,
the famed Italian population geneticist known especially for his investigations of
human genetic diversity. In 1952 Fisher was dubbed Knight Bachelor by Queen
Elizabeth II. And in 1957 Fisher became President of his alma mater, Gonville
and Caius College, Cambridge. These are only some of the honors bestowed upon
Fisher.

After a luminous career as statistician and biologist, Fisher died at the age of
73 on July 29, 1962 in Adelaide, Australia where he had retired in 1957 to take
a post as a senior research fellow at the Commonwealth Scientific and Industrial
Research Organization. Fisher the man has been described as charming and warm
among friends, but with a volatile temper. Fisher’s temper, combined with an
unwavering commitment to his views, drove him to heated controversies with other
scientists. Fisher’s writings have been described as difficult, with much of what he
contributed more effectively conveyed by others who were able to simplify Fisher’s
presentation, but at the same time as genius.
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HALDANE AND THE EMERGENCE OF
MODERN EVOLUTIONARY THEORY

Sahotra Sarkar

1 INTRODUCTION

This paper is about Haldane’s place in the development of evolutionary theory,
an attempt to assess his role in the so-called modern synthesis, but it also delves
into the more philosophical issue whether Waddington’s and Mayr’s well-known
critique of mathematical population genetics is credible.! It looks, in some detail,
at what Haldane achieved in the 1920s and early 1930s but ignores important
later contributions, in particular, his introduction of genetic load arguments.? The
paper is partly motivated by the fact that the two standard historical accounts of
the development of modern evolutionary theory pay little attention to Haldane.
The first, the “genetical” account, most systematically elaborated by Will Provine
[1971; 1985; 1986], sees the history as an epic struggle between Fisher and Wright
and their respective followers. In sharp contrast, the second “naturalist” account,
advocated since the late 1950s by Ernst Mayr, has both a negative and a positive
thesis. The negative thesis is the rejection of any important role for theoretical
population genetics. The positive thesis is an alternative reconstruction of the
history of twentieth-century evolutionary theory.

For instance, Mayr [1980, 1] inaugurated a conference on the history of the
so-called synthesis with the following remarks:

The term ‘evolutionary synthesis’ was introduced by Julian Huxley
in Evolution: The Modern Synthesis (1942) to designate the general
acceptance of two conclusions: gradual evolution can be explained in
terms of small genetic changes (‘mutation’) and recombination, and
the ordering of this genetic variation by recombination; and the ob-
served evolutionary phenomena, particularly macroevolutionary pro-
cesses and speciation, can be explained in a manner that is consistent
with the known genetic mechanisms. The objective of this conference
is to examine the rapid changes in evolutionary biology that occurred
in the period of the synthesis (from approximately 1936 to 1947).

ISarkar [2005] takes up the issue whether the development of modern evolutionary theory
should be viewed as a synthesis — that question is ignored here.

2See Haldane [1937; 1957]. Crow [1992] has particularly emphasized the importance of these
contributions.
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The passage contains two errors: Huxley [1942] never used the term “evolution-
ary synthesis” and the concept of such a synthesis goes back to Haldane [1938].
But what is crucial is that Mayr frames the synthesis between 1936 to 1947. The
definitive works of the theoretical population geneticists were all published by
1932 and Mayr was intentionally shifting attention away from them to figures
such as Dobzhansky [1937], Huxley [1940] and, especially, himself [Mayr, 1942].
The naturalists, including the systematicists, emerge as the dominant figures in
his account.

Thus Mayr, too, has no place for Haldane. This is particularly striking because
some commentators, including Carson [1990, 89] at the same conference, argued
that Haldane’s [1932] Causes of Evolution was central to the synthesis. As Carson
put it, that book was the only one in that era in which

we find integrated and facile discussions of the evolutionary implication
of the Drosophila chromosome studies, allopolyploidy in Primula, and
Darwinian fitness|.] Here Haldane neatly conjoins Darwin and Mendel,
Fisher and Wright, Newton and Kihara. In the evolutionary context,
Haldane deals for the first time with inversions and translocations,
polyploidy and hybridization. The paleontological record is woven into
the argument. [1990, 89].

Moreover, in a well-known mathematical appendix of that book which served as
a primer for the next generation of population geneticists, Haldane collected and
systematized all the results that he, Fisher, and Wright had thus far obtained. It
is time for a reappraisal of Haldane’s role.

2 HISTORICAL BACKGROUND

To see what Haldane’s work achieved in the 1920s and 1930s requires some dis-
cussion of the background. Mendel’s laws, which had remained unknown for a
generation, had been recovered only around 1900. A systematic exploration of
their mathematical consequences began immediately with G. Udny Yule [1902]
and, especially, Karl Pearson [1904] who, however, was a strident advocate of
the competing biometrical model of inheritance. Pearson was unimpressed, ar-
guing that Mendel’s laws gave values far too low for the correlation coefficients
between traits in related individuals which his biometrical laboratory had been
measuring for the past decade. But these arguments were far from conclusive with
Yule [1906] pointing out that a straightforward relaxation of one of Pearson’s as-
sumptions (complete dominance) resolved the apparent discrepancies between the
observed and calculated coefficients.

While this dispute stagnated in the background, scattered work on a variety of
Mendelian models began, primarily in Britain and the United States. The first
truly significant result of theoretical population genetics, the Hardy-Weinberg rule,
was independently discovered in 1908 by a German physician, W. Weinberg, and
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the well-known British mathematician, G. H. Hardy.®> Suppose that a trait is
controlled by one gene (or “locus”) which takes one of two forms or “alleles”, A or
a. Then each diploid organism has either AA, Aa or aa as its genotype. Suppose
p and q are the relative frequencies of A and a, respectively, in the population in
some generation (p+ ¢ = 1). Assuming that the population is large (in principle,
infinite), that it mates at random with respect to this trait, and that there is no
selection, the Hardy-Weinberg rule stated that the genotypes AA, Aa and aa have
frequencies p?, 2pq and ¢, respectively, in the next and all subsequent generations.
The effect of selection, non-random mating, and other such factors would be to
drive a population away from the Hardy-Weinberg ratios.* Weinberg [1909a,b;
1910] continued the mathematical exploration of Mendelism and went on to argue
— as had Yule before him — that Pearson’s negative assessment was unjustified.
Pearson [1910] remained unimpressed, accusing Weinberg of giving a “curiously
ignorant account of the biometric treatment of heredity” [p. 381n].

Meanwhile, in 1910, Hardy’s example immediately led a young mathematician
at Cambridge, H. T. J. Norton, to write the first thesis in mathematical genetics.
Persistent ill health prevented him from immediately publishing most of his results.
However, he calculated a “selection table” for R. C. Punnett’s [1915] Mimicry in
Butterflies. This table showed that even mild selection could be quite effective in
promoting the rapid spread of an allele in a population. For those who worried
about whether there had been enough time for natural selection to have created
the observed patterns of evolutionary change, Norton’s table provided reassurance,
though only in the very restricted context of what he had modeled.

Meanwhile, in the United States, the mathematical exploration of consequences
of Mendelian inheritance began around 1912 with the work of H. S. Jennings [1912]
who first calculated the results of self-fertilization, rather than random mating, on
the genetic composition of a population, and then generalized this treatment to
study inbreeding [Jennings, 1914]. Pearl [1913; 1914a.b] and Fish [1914] continued
to explore these models.® In 1916, going beyond inbreeding and autosomal factors,
Jennings considered the effects of “assortative” or preferential mating between like
phenotypes and sex-linked factors [Jennings, 1916]. Wentworth and Remick [1916]
extended some of these results.

Jennings [1917] extended his arguments to a pioneering discussion of two locus
models. Let A, a and B, b pairs of alleles at two loci. He found out that, if the
system of mating was known, it was possible to calculate the frequencies of the

3Pearson [1904] had already proved a special case of the same result (when both alleles have
the same frequency), but Weinberg [1908] and Hardy [1908] deserve credit for recognizing and
stating it in its full generality.

4However, as Hardy [1908], noted the ratios were “stable” in the sense that, not only did they
remain the same generation after generation in the absence of interfering factors, if there was a
deviation in some generation, the distribution would simply shift to another set of frequencies
(say, p'?, 2p'q, ¢'?) which would also persist ever afterwards.

5Pearl [1913] incorrectly suggested that inbreeding other than self-fertilization did not nec-
essarily increase the frequency of homozygotes but subsequently corrected this error and gave
formulae for the effects of brother-sister mating [Pearl, 1914a,b]. H. D. Fish, who was the first
to notice Pearl’s error, went on to explore mating between parent and offspring [Fish, 1914].
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16 possible genotypes from the frequencies of the gametes AB, Ab, aB and ab.
It sufficed, therefore, only to consider the simpler problem of the change in the
gametic frequencies. In two papers, Robbins [1917; 1918a] generalized Jennings’s
results. In a third, and very important contribution, he turned to two loci and
proved two important results [Robbins, 1918b]:

(i) following Robbins’s notation, let r be the proportion of gametes produced
without recombination compared to those that are produced with it. r is,
then, a measure of linkage.® Let mating be at random at both loci. Then,
if pn, qn, Sn and t, are the frequencies of the four gametic types, AB, Ab,
aB and ab, respectively, in the n-th generation, then the quantity, A, =
QqnSn — Pnln, can be used to write down particularly simple relations for the
change in gametic frequencies:

—_— /n/—l.
pn—pn—1+1+7_a
_ _Anfl.
dn dn—1 1—|—T"
S = § _An—l.
n n—1 1+r7
Anfl

tn =tp— ;
n n—1 T 1—|—’I"

(ii) the quantity A, changes by a factor of r/(1 + r) each generation, that is,

A, = — A, .
1+7r

The second result is important because it shows that, under the assumptions
of the model, A, gradually goes to 0 as the number of generations increases.
However, it is strictly equal to 0, and remains so, only if Ag = 0. It thus provides
an analog of the Hardy-Weinberg rule for two loci. Robbins’s results did not
receive the attention they deserved.”

Both Jennings and Robbins published analyses of complete selection (that is,
complete elimination of the less fit type) which ignored the possibility of weaker
selection, measured by a fitness parameter. However, in unpublished work, for

61n spite of Robbins’s notation,  should not be confused with the recombination fraction. If
p is the recombination fraction, p = 1/(1 +r). With this substitution, Robbins’s results assume
the standard form of Haldane [1926]. (For a modern appraisal, see Edwards [1977, 94-98]).

7 Apparently unaware of Robbins’s work, Haldane [1926) rederived the first of these two results
in the third part of “A Mathematical Theory of Natural and Artificial Selection”. The value of
the parameter A, would not be fully appreciated until the 1950’s when -A,, came to be called
“linkage disequilibrium” (or, alternatively, “gametic phase disequilibrium”). Robbins also gave
more complicated formulae when the linkage between the loci was not the same in the two sexes,
and in the final installment of his series of papers, discussed a model of “disassortative mating”
in which brother-sister mating was avoided [Robbins, 1918c].
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a one locus model with random mating, Jennings extended his analysis to some
simple cases of this type; his results were presented by Warren [1917]. Thus, these
analyses of selection remained quite rudimentary though they were sufficient to
convince Warren that natural selection acting upon Mendelian factors was quite
sufficient to explain the type of adaptation that was the result of evolutionary
change.

The rudimentary state of the analysis of selection was due for rapid change with
the advent of Fisher, Wright, and Haldane. In 1918, Fisher published a long paper,
“The correlation between relatives on the supposition of Mendelian inheritance.”
In it, he systematically carried out a program that Pearson [1904] had perfunctorily
abandoned, namely, that of connecting biometry to Mendelism. Giving a far more
general analysis than Yule [1906], he showed that all the correlation coefficients
measured by Pearson and his collaborators could be systematically and correctly
predicted from a Mendelian basis.® He also showed that phenotypic traits which
depended on a large number of Mendelian factors, each with a tiny effect, would
have a normal distribution. This was precisely one of the generalizations that
the biometricians had made from their observations. Finally, Fisher showed that
the so-called “Law of Ancestral Heredity”, by which the biometricians expressed
the contribution of each preceding generation to a particular trait, could also be
derived from a variety of Mendelian models. If there still were any lingering doubt
that biometry and Mendelism were compatible, Fisher’s paper removed them. In
effect, Fisher had reduced biometrical theory to Mendelism.?

In 1922, Fisher turned to the question whether natural selection and mutation
sufficed to explain the observed distributions of alleles (at a single locus) in a
population. He focused on the factors that maintained variability, being skeptical
of the suggestion by A. L. Hagedoorn and A. C. Hagedoorn-Vorstheuvel la Brand
[1921] that random survival, rather than selection or mutation, was the critical
factor in allele frequency changes. First, Fisher showed that, in the absence of
mutation and ignoring stochastic factors, a stable equilibrium between two alleles
is only reached if selection favors the heterozygote over the two homozygotes. This
was the first explanation of such polymorphism on the basis of what came to be
known as “heterosis”. Next, he calculated that, if the frequency of any allele is
very small, selection cannot prevent random extinction. He then assumed that
the alleles had achieved an equilibrium distribution. He calculated the shape of
this distribution if fortuitous extinction or various types of selection were balanced
by mutation. A low mutation rate sufficed to counteract extinction and maintain
genetic variability. With selection, a large mutation rate was necessary if the
variation in the population is to be maintained at the equilibrium levels.

Fisher also showed that strongly selected alleles would be rapidly fixed, leaving
as variable only alleles that were subject to weak selection. However, almost all

8Many of these results had already been obtained by Weinberg [1909a,b; 1910], but in an age
when genetics was almost entirely the domain of the Anglophone world, Weinberg’s efforts were
ignored.

9Sarkar [1998; 2004] discusses this reduction in detail.
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alleles were supposed to be only subject to weak selection for two reasons: “(1)
the effect of the factor on development may be very slight, or (2) the factor may
effect changes of little adaptive importance”. Therefore, he concluded, “variation
of adaptive importance should be due to numerous factors, which individually are
difficult to detect” (p. 24). The assumptions that weak selection was paramount
and that evolution was most likely to occur in large populations became the two
major tenets of Fisher’s theory of evolution.

Meanwhile, Wright had just published his first analysis of selection In 1921, in
a set of five papers, “Systems of Mating”.!® Unlike Fisher, Wright worked with
explicit genetic models (with two alleles at each of one or two loci). However,
he, too, assumed a population at equilibrium where the Hardy-Weinberg rule
held and, for the two locus case, Ag = 0. He first worked out several of the
correlation coefficients for populations at equilibrium — these were only special
cases of Fisher’s [1918] more general treatment [Wright, 1921a]. However, he gave
a general and systematic treatment of inbreeding [Wright, 1921b]. He analyzed
assortative mating for a simple two-locus model [Wright, 1921c] but the analysis of
selection remained superficial [Wright, 1921d]. When only one locus was involved,
he rederived the results of Jennings [1916] and Wentworth and Remick [1916]. For
two loci, his results demonstrated that selection decreased the variability within
a population. The most lasting contribution of this set of papers was the first
systematic presentation of his method of path coefficients, his novel — and peculiar
— method for calculating the correlations between variables.!!

10By this point, significant work on population genetics had also begun in the Soviet Union. S.
Chetverikov, in Moscow, published an important theoretical paper in 1926, and the group around
him even began investigating the genetics of several natural populations of various Drosophila
species that were native to the Moscow region [Adams, 1968; 1980]. In the 1920’s this work
remained unknown in Britain or the United States, where most of the significant development of
population genetics theory took place. Chetverikov’s 1926 paper was only available in Russian,
and a projected English translation was never published probably because of his mysterious arrest
by the Soviet secret police (OGPU) in 1929, and subsequent three-year exile to Sverdlovsk and
Voronezh [Adams, 1980]. Among Western geneticists, only Haldane seems to have been aware of
the Russian work. He met Chetverikov at the Fifth International Congress of Genetics in Berlin in
1927. Subsequently Haldane visited the Soviet Union, as Vavilov’s guest, and there is little doubt
that he became familiar with Chetverikov’s work. Eventually, Haldane had Chetverikov’s papers
translated into English by a Mrs. A. Sproule, and these were then circulated in his group [Adams,
1980]. However, that was in the 1930’s, after he had moved to University College (London) from
Cambridge. In 1932, in The Causes of Evolution, the only reference to Chetverikov was to his
experimental work. The significance of Chetverikov’s theoretical paper remained unrecognized
during the critical period in the late 1920’s when Fisher, Haldane and Wright were systematizing
their alternative views about the process of evolutionary change.

111n the early 1920s, Wright developed quantitative models of selection. A long manuscript re-
porting this work remained unpublished, as Wright dealt with his heavy teaching responsibilities
at the University of Chicago [Provine, 1986]. A large portion of it became obsolete as, starting
in 1924, Haldane began publishing his series of ten papers, all but one of which were entitled,
“A Mathematical Theory of Natural and Artificial Selection”. The rest of Wright’s manuscript,
after significant development, became Wright’s classic “Evolution in Mendelian Populations”, his
alternative to Fisher and, incidentally, to Haldane.
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3 HALDANE'S “MATHEMATICAL THEORY”

A possible apocryphal story told by Haldane himself states that his interest in
genetics began at the age of 10 when, in 1901, his father, the physiologist, J.
S. Haldane, had taken him to hear A. D. Darbishire lecture on the then new
Mendelism. In any case, while still in school, Haldane noticed evidence of link-
age in Darbishire’s data on mice. He carried out breeding experiments with the
collaboration of his sister and a friend (A. D. Sprunt) but, due to the outbreak
of World War I, these results were only published in 1915. It was thus the first
discovery, though not the first published report, of linkage in mammals. During
part of the war Haldane was convalesced to New Delhi, where he read the reports
on Drosophila genetics from Morgan’s laboratory at Columbia University. Extend-
ing a method of Trow [1913; 1916], he devised the first explicit mapping function
to translate recombination frequencies to distances between loci on chromosomes
[Haldane, 1919].12 In 1922, Haldane also published his rule of interspecific hybrids:
“When in the F} offspring of two different animal races [species] one sex is absent,
rare, or sterile, that sex is the heterozygous [heterogametic] sex” [1922, 101]. But,
in spite of his long-standing interest in genetics, until 1923, the mathematical
problems of natural selection had escaped his attention.

Why that changed so drastically during that year remains unclear. There is com-
pelling circumstantial evidence that part of the answer lies in religious objections
to evolution on the ground that natural selection is insufficient as a mechanism
to account for all of the past evolutionary changes. The early 1920s witnessed a
spirited public controversy between H. G. Wells and Hilaire Belloc over Darwin-
ism. Belloc’s religiosity — he hated Wells’ materialism — led to a rejection, not
of evolution, but of natural selection. Meanwhile, Bateson’s and other geneticists’
continued doubts about natural selection, as well as efforts to ban the teaching of
evolution in some US states, generated ample public controversy about the status
of that theory.!> The prominent anatomist, Arthur Keith [1922a,b], stepped into
the dispute. In the Rationalist Annual Keith exhorted fellow “Darwinists” to pop-
ularize their views. The “very fact that Mr. Chesterton and Mr. Hilaire Belloc
could confidently assure readers of the Sunday Press that Darwin’s theory was
dead”, Keith [1922b] argued, “showed that those who are studying the evidence
of our origin, and who are Darwinists to a man, had lost touch with public intel-
ligence”. Five years later, Haldane rose to Keith’s call and also published a piece
in the Rationalist Annual defending and explaining Darwinism.'* Eventually, The
Causes of Fvolution would develop that argument in detail.

12Wimsatt [1992] examines this work in its historical context, as well as its philosophical
underpinnings.

13See Belloc [1920a,b], Bateson [1922], Huxley [1922], Keith [1922a], Livingstone [1922], and
Robinson [1922].

14See Haldane [1927c]. This interpretation of the history was originally put forward by McOuat
and Winsor [1995]. The extent to which natural selection had fallen into disrepute was empha-
sized by Bowler [1989] who argues that the evolutionary synthesis should be regarded as a
Mendelian rather than Darwinian revolution.
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It is possible that Haldane’s mathematical exploration of natural selection, start-
ing 1924, was also a response to Keith’s appeal. However, there is also a more
direct possible source for Haldane’s new-found interest in the mathematics of selec-
tion. Among his fellow residents at Trinity College at Cambridge (where Haldane
had become Reader in Biochemistry) was Norton. From the latter Haldane learnt
not only of Norton’s unpublished work, but also surmised that, the efforts of Jen-
nings, Robbins and Warren notwithstanding, the mathematical theory of natural
selection remained rudimentary. At this point, Haldane was unaware of either
Fisher’s or Wright’s work. Moreover, neither Fisher nor Wright had yet developed
detailed models of selection for specific circumstances that were potentially subject
to experimental test. At Cambridge, thanks to Punnett and Norton, that became
the focus of Haldane’s efforts.

In Haldane’s work, Punnett’s concern with the time taken by selection to estab-
lish a Mendelian variant translated into Haldane’s consistent preoccupation with
rates of change. Haldane does not start with an assumption of equilibrium and
then worry about deviations from it. His attitude even to the Hardy-Weinberg
rule was almost dismissive [1924a, 22]: it is merely a way for calculating genotypic
ratios in the absence of selection. Unlike Fisher, there was no commitment either
to the maintenance of variation in populations or to small selective differences.
Unlike what Wright would eventually emphasize, there was no commitment ei-
ther to a particular breeding or population structure. Initial conditions, whether
they be allele frequencies, selective differences, breeding structure, or mode of in-
heritance, that is, whether the organisms were haploid, diploid (that is, strictly
Mendelian) or polyploid, could all be arbitrary. From Haldane’s catholic point of
view, all options were up for exploration.

The framework for Haldane’s [1924a] theory of selection was clearly articulated
in the first part of a ten-paper series [1924, 19]:

A SATISFACTORY theory of natural selection must be quantitative. In
order to establish the view that natural selection is capable of account-
ing for the known facts of evolution we must show not only that it can
cause a species to change, but that it can cause it to change at a rate
which will account for present and past transmutations. In any given
case we must specify:

The mode of inheritance of the character considered,
The system of breeding in the group of organisms studied,
The intensity of selection,

Its incidence (e. g., on both sexes or only one), and

ot W N =

The rate at which the proportion of organisms showing the char-
acter increases of diminishes.

It should then be possible to obtain an equation connecting (3) and

(5)-
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This was the first explicit recipe for the construction of models of natural se-
lection. Following this recipe, Haldane constructed thirteen sets of such models
in the first paper and about thirty more in the next nine. The models cover a
bewildering variety of situations. Three themes unify the treatment: (i) Haldane
insists on explicitly quantitative results; (ii) much more than any of his peers, he
attempts to connect each model with experimental data; and (iii) the question of
the speed at which selection can produce change always lurks in the background.
The discussion that follows will emphasize these themes while navigating through
the bewildering variety mentioned above.

What is initially surprising about Haldane’s characterization of evolutionary
theory above is that he did not distinguish between the relative roles of the selection
intensity and the rate of change in the equation connecting (3) and (5) even though,
it is clear that that the observed rate of change was to be explained by the intensity
of selection. This was no oversight. In 1924, there were no direct measurement
of selection intensities. Rates of change, however could be estimated. As Haldane
struggled to connect his models to data, selection intensities became predictions
though, in the 1920s, their measurement did not seem forthcoming.

Part I starts with a haploid model. Let A and B be two phenotypes in a
population in some generation and let pA:1B be their relative proportions. If,
in the next generation, their proportions are pA:(1 - k)B, then Haldane defined
“k” as the coefficient of selection. If k¥ = 1, no B’s survive, if kK = —o0, no A’s
survive.!® Let the n-th generation have A and B (which can now be interpreted
as alleles) in the proportion u, A:1B. Assuming that generations do not overlap, if

k is the selection coefficient,
Up

1-k
If |k| << 1, and up = 1 (that is the A’s and B’s are initially present in the same
proportion), the corresponding differential equation yields as a solution:

Up+1 =

kn =In u,,.

All other models, that is, those that allowed sexual reproduction, resulted in slower
rates of change. In the case of non-sexual reproduction, Haldane observed, “speed
must compensate to some extent for the failure to combine advantageous factors”
(p. 22). This eventually became a common argument for the evolution of sex.

In a diploid model, let the two alleles, A and a be in the proportions u,A:1a
in generation n (that is, the proportion of the A and a gametes produced in
generation n - 1 is u,:1). Assuming random mating, non-overlapping generations

15Haldane’s strategy for solving the models was simple. First, by calculating the change in the
proportion of either type from one generation to the next, he wrote down a difference equation for
the frequency of the alleles. These difference equations were characteristically too complicated for
analytic solution and, in an age when computers were still to be invented, usually too cumbersome
for practical use. However, Haldane found that he could usually convert the difference equation
into a differential equation for two limiting cases, when the selection coefficient was very high
or almost 0. The differential equations, though approximate, could be solved analytically and a
useful result, that could be compared to experimental data, was obtained.



58 Sahotra Sarkar

and complete dominance, the three zygotes survive to breed in the proportions
u2AA : 2u,Aa: (1 - k)aa. If k& > 0, the dominants have a selective advantage,
if k < 0, the recessives are similarly favored. The change in the population is now
described by the non-linear difference equation:

Up (Uy, + 1)
up +1—k°

Up4+1 =

If |k] << 1, and ug = 1, Haldane obtained the approximate relation:
kn =un+Iln u, — 1.

One of the numerical consequences of this equation eventually became a staple of
textbooks of population genetics. Barrett (1895-1902) had described the case of
the peppered moth (then known as Ampidasys betularia) the dominant melanic
form of which first appeared in the Manchester area in 1848. By 1901 it had
replaced the recessives almost completely. From Haldane’s calculations, the selec-
tive difference was at least 1.5. As far as Haldane was concerned, this was not a
“very intense degree of natural selection” (p. 26); for Fisher and others, however,
it was unrealistically high.'® There the matter lay for a generation, until Ket-
tlewell [1956] finally measured the selection coefficient due to predation by birds
and found it to be even higher. Even Haldane [1956] was not convinced that the
coefficient could have always been quite that high. Nevertheless, this example,
almost uniformly interpreted as a resounding success of evolutionary theory, per-
colated into the folklore of biology.!” What it really shows is how difficult it has
been to connect the models of population genetics to data collected from natural
populations.

Besides these two cases, Haldane analyzed eleven other sets of models in the
1924 paper. He treated both autosomal and sex-linked loci and even considered
the differences between models in which selection acted on only one or on both
the sexes. What, in retrospect, appears to be the most innovative of these models,
are those of various types of familial selection, for instance, between members of
the same litter. Evolution slowed down considerably.'® Most other models gave
similar results. For instance, models of “certation” (gametic selection) allowed
changes to be potentially as fast as in diploids. Even in those models in which
selection potentially allowed faster changes, the rate was not much faster.

16See Provine [1971, 170].

17For a detailed account of the study of industrial melanism, and its incorporation into evo-
lutionary studies, see Kettlewell [1973]. However, recent work has challenged the validity of
Kettlewell’s conclusions — see Majerus [1998].

18The standard approximate treatment (with |k| << 1 and up = 1) now gave, instead of
kn = un + In uy — 1, the equation:

%kn:unJrln Up — 1.

Thus, the “species changes its composition at half the rate at which it would change if selection
worked on the species as a whole, and not within families only” (p. 28). If the members of a
family shared only one parent, the slowdown factor was 3/4 instead of 1/2, but the potential
rate of change remained slower.
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The slowness of the response to selection bothered Haldane. He worried whether
the theory would satisfy the critical requirement: that selection must be able to
“cause [a species] to change at a rate which will account for present and past
transmutations” (p. 19). Change was most rapid if amphimixis (gametic fu-
sion during sexual reproduction) could be avoided but this was not an option for
most populations. Moreover, he observed, selection was particularly ineffective on
most recessive traits. He suggested four ways of escaping from this conclusion:
(i) self-fertilization or intense inbreeding; (ii) assortative mating; (iii) incomplete
dominance; and (iv) heterozygote advantage. He also raised the possibility that
isolation preferentially benefits the spread of recessives over dominants.

The first two of these factors — (i) self-fertilization and inbreeding and (ii) as-
sortative mating — were taken up in Part II of this series of papers, incomplete
dominance in Part III, and Haldane provided a general discussion of isolation in
Part VI. If recessives were rare, self-fertilization and inbreeding greatly helped
their spread. However, assortative mating had very little effect [Haldane, 1924b)].
Incomplete dominance of an autosomal trait could help the spread of recessives;
with sex-linked traits, it was of little help [Haldane, 1926]. Part III also included
pioneering discussions of models of selection with multiple alleles at one locus;
selection with tetraploidy; as well as a two locus model with linkage but no selec-
tion, where Haldane [1926] apparently independently rederived (with less elegance)
some of the results of Robbins [1918b]. In Part IV, Haldane [1927a] turned to a
demographic model with overlapping generations.'® The mathematical tools re-
quired for the analysis of this model proved to be far more sophisticated than
anything that had been necessary in the earlier papers: difference equations had
to be replaced by integral equations. Most of Haldane’s results had been previ-
ously obtained by Norton in 1910, and proved with much more rigor though they

191n passing, he provided a new — and simple — proof of Lotka’s [1922] theorem of the stability
of the normal age distribution.
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had remained unpublished.?® However, unlike Norton, Haldane remained focused
on rates of change. The conclusion was disappointing: the temporal dynamics of
change remained similar to the situation where generations did not overlap.

At this point Haldane seems to have given up all hope of escaping from the
impasse that autosomal recessive factors cannot easily spread through a population
without strong selection on recessives. Of the different schemes he had tried, only
self-fertilization and inbreeding truly helped the recessives. Observing that most
mutations were recessive to the normal type, in Part V, he turned to mutation
as the source of recessive alleles. Fisher [1922] had analyzed the interaction of
mutation with selection earlier and Haldane [1927b] also reached the conclusion
that if the mutations are very rare, their survival depends almost entirely on
stochastic factors. Haldane managed to calculate the probability of survival of
a mutation. Assuming random mating in a diploid population, if a mutation is
dominant, and it confers a slight selective advantage, k, the probability of its

2ONorton’s work was eventually published — see Norton [1928]. Norton died at the age of
fifty. Years later, when R. F. Harrod [1951], who had been with Haldane at New College,
Oxford, published a biography of John Maynard Keynes, he merely mentioned] Norton’s work
as an “application of probability theorems to certain problems in genetics” that had never been
published (p. 188). Norton’s sister, Betty, complained to Haldane (B. Norton to Haldane,
January 31, 1951, Box 19, UCL) who wrote to Harrod, pointing out that Norton’s work had
eventually been published (Haldane to R. Harrod, February 2, 1951, Box 19, UCL) and:

that the paper occupies some 45 pages, and that it gives the only rigorous proof
of a great many notions which we are apt to take for granted in genetical work,
but which in fact are only true if certain conditions are fulfilled. Besides this, it
gives the methods for dealing with fairly complicated situations which sometimes
arise. I suspect that its importance will grow as the application of mathematics to
genetics advances. ...

May I hope that in future editions you will do justice to a man who, though
through ill health he did not achieve as much as was hoped, has certainly made a
fundamental contribution to applied mathematics.

Harrod willingly, and apologetically acquiesced, submitting an emendation for future editions
for Haldane’s approval (R. Harrod to Haldane, February 3, 1951, Box 19, UCL).

Haldane also replied to Betty Norton (Haldane to B. Norton, February 2, 1951, Box 19, UCL).
Norton’s work, he claimed,

is ... beyond doubt ... fundamental ... and I refer to it both in lectures and in
a book which I am writing on the subject. In my own papers on the subject I had
to refer to his unpublished work, since I had independently obtained some of his
results, and of course knew his work. ...

I have always felt that he may have thought that I ‘jumped his claim’, on the other
hand the publication of his work was, if I remember, delayed for about seventeen
years and as we only overlapped to a relatively small extent, I felt justified in going
ahead with reference to ‘the important unpublished work of H. T. Norton’. ...

I very much hope that your brother did not feel that I had wronged him in any
way, but you will realise that the position was difficult. I certainly feel that full
justice should be done to his memory.

B. Norton wrote back reassuring Haldane on the last point (B. Norton to Haldane, February
3, 1951, Box 19, UCL).
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survival is approximately equal to 2k, and thus remains finite even in a large
population. If the mutation is recessive, and the selective advantage that it confers
e
Thus, the chance of survival decreases with the size of the population. Once
again, inbreeding or self-fertilization brings this probability back to the level of
the dominants.

If mutation occurred with an appreciable frequency, the situation was entirely
different. A series of simple calculations showed that “any advantageous or not
too disadvantageous factor will certainly be established” [1927b, 840] in the pop-
ulation. Haldane was impressed with the power of mutation:

is still k, the probability of its survival is where NV is the size of the population.

if selection acts against mutation, it is ineffective provided that the
rate of mutation is greater than the coefficient of selection. Moreover,
mutation is quite effective where selection is not, namely in causing
an increase of recessives where these are rare. It is also more effective
than selection in weeding out rare recessives provided that it is not
balanced by back mutation of dominants. Mutation therefore deter-
mines the course of evolution as regards factors of negligible advantage
or disadvantage to the species. [1927b, 842]

The only caveat was that it “can only lead to results of importance when its
frequency becomes large” (p. 842). Haldane would never renege on this rather
optimistic assessment of the evolutionary significance of mutations.?! Six years
later, when he returned to a systematic — but highly speculative — treatment
of the topic, he invoked mutation to explain the disappearance of useless organs,
recapitulation and the observation that the heterogametic sex is usually the male
[Haldane, 1933].22 However, Haldane’s most important application of the results
of this paper was his later use of the balance between selection and mutation to
provide the first estimate of a human mutation rate [Haldane, 1935].

Three years later, at the end of 1929, he turned to a systematic analysis of
isolated populations with immigration. Ten different sets of models were treated in
Part VI [Haldane, 1930]. These models assumed that, in the isolated population, a
new type is favored (with selection coefficient k), while migrants of the original type
continue to enter the population. In each generation, the number of immigrants
was [ times the total isolated population. In each model unless &/l exceeded a
certain critical value, as should perhaps be expected, immigration swamped out
the original type. However, even if k/l did exceed that value, for the selected
type to survive, it was sometimes necessary that its original frequency was high.
When both these conditions were met, the population would reach an equilibrium
composition with both types present. However, some of these equilibria were
unstable: a fluctuation would drive one of the types to fixation.

21This is seen, for instance, in The Causes of Evolution [Haldane, 1932].
22Meanwhile, a consideration of the secondary effects of mutations led him into the burgeoning
controversy, mainly between Fisher and Wright, over the evolution of dominance — Falk [2001].
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Haldane had begun to appreciate how stochastic factors could influence the
course of evolution. In Part VIII, perhaps the most interesting of the entire series
of papers, he analyzed a two locus-two allele model with complete dominance and
extended this discussion to a rudimentary analysis of n loci [Haldane, 1931b]. If
there are two alleles at each locus, the genotypic space is an n-dimensional hy-
percube, with the genotypes at the vertices and edges connecting those genotypes
that differ exactly at one locus. If fitnesses are assigned at random to these geno-
types, there are at most 2" ! stable points, that is, genotypes which were fitter
than their nearest mutational neighbors. Haldane called populations in which such
stable genotypes were fixed “metastable”. The paper concluded with an intriguing
remark: “It is suggested that in many cases related species represent stable types
such as I have described, and that the process of species formation may be a rup-
ture of the metastable equilibrium. Clearly such a rupture will be specially likely
where small communities are isolated” [1931b, 141-142]. He had fully realized
the power of stochastic factors, and this remark was an anticipation of Wright’s
“shifting balance theory” of evolution (see below). But it was no more than that
— Haldane did not pursue the idea any further. In fact, Wright [1931] had just
published the first version of that theory but that paper was unknown to Haldane
when Part VIII was written.

Meanwhile, in Part VII, another intriguing paper, Haldane [1931a] analyzed the
relation between competition and selection. Competition was modeled by what
has come to be known as “truncation selection”, acting on a normally distributed
character: all individuals with a value higher than a specified value were eliminated
from the population. Haldane showed that the intensity of selection may, under
certain circumstances, decrease with an increase with the intensity of competition.
This paper drove home the power of quantitative analysis on which Haldane had
insisted right from Part I. As he put it, quantitative analysis showed that the
assumption “often made that when competition is extremely intense at any stage
in a life cycle, natural selection is bound to be intense also” [1931a, 131], was
false. In fact, and even more surprising, “the intensity of selection may diminish
and become negative at high rates of elimination” [1931a, 131]. Quantitative
analysis thus exposed the limitations of qualitative argument.

In Part IX, Haldane [1932a] took up a one-locus model of rapid selection acting
on a diploid model with full dominance. The model was the same as the one he
had analyzed in Part I except, now, he set out to find an approximate solution of
equation (4.1) without assuming that |k| << 1.2 The analysis permitted a quan-
titative evaluation of the ecologist, Charles Elton’s [1927] intriguing suggestion
that episodic intense selection, such as that due to plagues or famines, was more
effective in changing the composition of a population than less intense selection
acting every generation. Haldane found that this was true if selection favored the
dominants, but not if it favored the recessives. Once again, quantitative analysis
revealed intricacies that no amount of qualitative argument could have shown.

23The mathematical difficulty of finding such a solution was formidable, and Haldane [1932c]
published the formal analysis separately.
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The final part of the “Mathematical Theory” consisted of a collection of theorems
about artificial selection, more important for breeders than for an understand-
ing of evolution in nature [Haldane, 1934]. With its publication ended the most
sustained research program of Haldane’s career. It had begun in 1922 and had
dominated his work for over a decade. The “Mathematical Theory” was Haldane’s
most important contribution population genetics.?*

To a first approximation, at least, it is clear what the “Mathematical Theory”
had achieved. In 1922, when Haldane had embarked on his project, as Wright
[1968, 3], has aptly observed, “the precise effect of selection on the composition
of a Mendelian population had been presented in only the simplest cases”. The
“Mathematical Theory” was the first comprehensive examination of that effect.
In 1922, it could still be doubted that natural selection alone, acting on blind
variation produced by mutations, could account for all of evolutionary change
and, in particular, for the observed rates of evolutionary change. Alternatives
such as orthogenesis were still viable candidates as mechanisms of evolutionary
change. The “Mathematical Theory”, along with the work of Fisher and Wright,
and the work emerging from Chetverikov’s group in the Soviet Union, removed
these alternatives and put the discussion of the power of a natural selection on an
entirely new level of rigor: from now on, verbal intuitions had to be supplemented
by quantitative reasoning. There would later be worries about the power of natural
selection. Wright would initiate these worries in 1932, as he began to emphasize
the role of drift in evolution. Haldane, himself, had realized that natural selection,
unless very strong, could also prove to be ineffective in some circumstances, for
instance, in the spread of recessive alleles in a random mating population. Later,
there was an even stronger challenge to the basic thrust of the “Mathematical
Theory”, when Mayr would suggest that quantitative reasoning is of little use
in evolutionary theory. But these later disputes would occur in a permanently
transformed conceptual space. This was what the “Mathematical Theory”, and
the ongoing work of Fisher and Wright in the 1920’s, had achieved.

Nevertheless, unlike the work of Fisher and Wright, there is no central theme
to the “Mathematical Theory”, no grand hypothesis of the preferred mode of evo-
lutionary change. Fisher insisted on the importance of natural selection acting
mainly upon single genes in large panmictic populations. Wright would eventually
emphasize drift, isolation and population structure though he did not deny the
importance of selection. Fisher put his faith in what he called the “fundamental
theorem of natural selection”, that the increase in fitness of a population through
selection would be equal to its additive genetic (genic) variance in fitness. Wright

24Fifteen years after the completion of the series, in 1949, when the mathematician, J. Neyman
began composing a short treatise on probability and statistics, with a chapter devoted to genetics,
he asked Haldane for his most important papers (J. Neyman to Haldane, November 14, 1949,
Box 19, UCL). Haldane’s response was unequivocal: “I think my most important work is in the
Transactions of the Cambridge Philosophical Society from 1924 to 1936” (Haldane to J. Neyman,
November 22, 1949, Box 19, UCL). The details of the statement are inaccurate — only Part I of
the “Mathematical Theory” had appeared in the Transactions; the next eight appeared in the
Proceedings.
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would finally codify his ideas into the three-phase “shifting balance theory” (see
below).? In sharp contrast, the “Mathematical Theory” appears almost mun-
dane. Models of selection are introduced, their virtues and vices discussed, and
then almost cast aside as other models are explored. The few general claims, most
notably, the skepticism about the power of selection to spread recessive genes and
the possible importance of mutations, are carefully presented with many caveats
and qualms. Haldane carefully discusses the known experimental data, and was
more concerned with connecting models to data than either Wright or Fisher were
during this period. As he pointed out, himself, Part I included a discussion of “all
the then known types of single-factor Mendelian inheritance” [1927b, 843]. How-
ever, the “Mathematical Theory” does not even contain a systematic discussion of
the relevance of the models to all the experimental results that had accumulated
during this period. The latter lacuna, at least, was removed in the Causes of
Evolution.

4 THE CAUSES OF EVOLUTION

In January 1931 Haldane delivered a series of lectures at the Prifysgol Cymru
at Aberystwyth, Wales, entitled “A Re-examination of Darwinism”. The text of
these, along with an Appendix, became Haldane’s best-known book, The Causes
of Evolution.?® Haldane started with the unquestionable fact of evolution, “the
descent from living beings in the past of other widely different living beings” [1932,
4]. All that remained debatable were its possible causes.

The first chapter considered five causes that had been historically suggested
“for the deeper transformations of the geological record” [1932, 11]: (a) basically
random inheritable variation; (b) environmentally induced inheritable variation;
(c) variation due to “internal causes”; (d) variation due to hybridization; and (e)
selection. Though Darwin had coupled selection with both random and acquired
inheritable variation, experimental evidence had largely ruled out the latter. Those
who believed in natural selection as a major cause of evolution were thus left
with selection acting on random (or blind) inheritable variation. Haldane’s series
of papers had provided a quantitative basis for neo-Darwinism. It remained to
provide a full biological interpretation of the new theory, to show how the new
genetics permitted the construction of a complete theory of evolution from only
causes (a) and (e). This was the major contribution of Causes.

By the late 1920’s, the so-called Lamarckists who advocated the inheritance
of acquired characters were rare. In Causes, Lamarckism is dismissed because of
its experimental failures (pp. 130-138). The other alternatives to neo-Darwinism

258ee Crow [1990] for a particularly lucid introduction to the shifting balance theory. It is
reproduced in Sarkar [1992].

26In spite of its reputation for being well-written, Causes is hard to follow. Arguments are
often imprecise and the narrative disjointed. It reads like a transcript of lectures that could have
profited from more careful editing. One of the most humorous of the editorial lapses occurs in
the list of references where all of Haldane’s works are attributed to Charlotte.
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such as saltationism and orthogenesis (that is, cause [c]) were more important.
In the 1920s, saltationism came with an illustrious pedigree, at least among ge-
neticists.?” Though Haldane emphasized neo-Darwinism, he remained ambivalent
about saltationism and regarded it as a live possibility, at least for plant speciation.
In the case of orthogenesis, invoking selection to explain the usual cases of
evolutionary progress through adaptation was straightforward. However, Haldane
also deployed a different argument against orthogenesis. He denied the ubiquity of
evolutionary progress and, thus, the possibility of any inner perfecting principle:

Degeneration is a far commoner phenomenon than progress. It is less
striking because a progressive type, such as the first bird, has left
many different species as progeny, while degeneration often leads to
extinction, and rarely to a widespread production of new forms. Just
the same is true with plants. ... 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 advances 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. (p.
153)

According to Haldane, all talk of progress “represents rather a tendency of man
to pat himself on the back[;] ... [t]he change from monkey to man might well
seem a change for the worse to a monkey” (p. 153).

Chapter II summarized what was known about intra-specific variation at the
levels of both genes and chromosomes, that is, the work of the Morgan school,
which was given an evolutionary interpretation. Chapter III turned to variation
between species. What intrigued Haldane was that species could differ by entire
sets of chromosomes. This automatically suggested speciation through hybridiza-
tion and allopolyploidy, and Haldane provided the example of Primula floribunda
and Primula verticillata being hybridized to form Primula kewensis (pp. 67-69).
Allopolyploidy was common among plants, though rare among animals if it oc-
curred at all. Ultimately, Haldane concludes:

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. (p. 82)

2"Haldane was particularly impressed by Willis’s [1922] Age and Area but also mentioned de
Vries and Bateson. Though he did not mention them, Goldschmidt and, to a lesser extent,
Morgan also adhered to forms of saltationism. See Mayr [1982, 540-550].
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Having thus integrated the experimental results of genetics into the framework
of evolution, Chapter IV begins the analysis of selection. It provides a systematic
biological interpretation of the “Mathematical Theory”, pooling together the more
important examples that had been scattered through its ten parts. But, beyond
that, it reveals a more sophisticated view of natural selection than the earlier work.
In particular, in both this chapter and the next, Haldane’s biochemical expertise
(recall that, professionally, he was a biochemist?®) is brought to bear on genetics
to an extent that neither he, nor anyone else, had ever attempted before. For
instance, he notes the possibility of epistasis: “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” (p. 96). He immediately a suggests a biochemical
explanation: “[epistasis] is obviously to be expected if genes act chemically” (p.
96).29

Haldane also notes the possibilities of pleiotropy and neutral or nearly-neutral
genes. With respect to pleiotropy, “[o]ccasionally a single gene might produce
simultaneous and harmonious changes in many [characters] at one, but this is
not generally the case with new mutants, though some such genes, being almost
harmless, are not eliminated, and account for much of the variation in natural
populations” (p. 103). Haldane was keenly aware of how this affected the rate
of evolution: “Evolution must have involved the simultaneous change in many
genes, which doubtless accounts for its slowness” (p. 103). However, neutral or
nearly neutral mutations may have enabled rapid evolutionary change. “If the only
available genes produce large changes, disadvantageous one at a time”, Haldane
explained,

then it seems to me probable that evolution will not occur in a random
mating population. In a self-fertilized or highly inbred species it may
do so if several mutations useful in conjunction, but separately harmful,
occur simultaneously. ... But when 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. ... 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. (pp.
104-105)

Hybridization was another possible source of rapid evolutionary change. The
chapter ends with a discussion of the relative importance of mutation and selection.
Haldane’s ultimate conclusion is a little more negative than in the “Mathematical

28Sarkar [1992a] discusses Haldane’s biochemical work.

29 Primula sinensis provides an example: in it, “a dark stem (recessive) is associated with no
great change in colour of acid-sapped (red and purple) flowers. But blue (recessive 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” (p. 96).
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Theory”: “we cannot regard mutation as a cause likely by itself to cause large
changes in a species” (p. 110).

The most innovative discussions in Chapter V were of of altruism and of the
conflict between competition and selection (which went beyond Part VII of the
“Mathematical Theory”). Both were motivated in part by political concerns. Hal-
dane was concerned to expose the “poisonous nonsense which has been written on
ethics in Darwin’s name” (p. 119). These writings were based on a

fallacy . . . that natural selection will always make an organism fitter
in its struggle with the environment. This is clearly true when we con-
sider the members of a rare and scattered species. It is only engaged
in competing with other species, and in defending itself against inor-
ganic nature. But as soon as a species becomes fairly dense matters
are entirely different. Its members inevitably begin to compete with
one another. . . . And the results could be biologically advantageous
for the individual, but ultimately disastrous for the species. The geo-
logical record is full of cases where the development of enormous horns
and spines (sometimes in the male sex only) has been the prelude to
extinction. It seems probable that in some of these cases the species
literally sank under the weight of its own armaments. (pp. 119 -120)

There is a clear recognition of the potential conflict between various levels of
selection in this passage.3°

A less explicit but more influential recognition of different levels of selection is
to be found in the other major innovation of this chapter, the account of altruism:

It can be shown mathematically that in general qualities which are
valuable to society but usually shorten the live of their individual pos-
sessors tend to be extinguished by natural selection in large societies
unless these possess the type of reproductive specialisation found in
social insects. This goes a long way to account for the much completer
subordination of the individual to society which characterises insect as
compared to mammalian communities. (p. 130)

The mathematical argument from the Appendix (pp. 207-210) will be recon-
structed below. Haldane’s conclusion was that: while he “doubt|[s] if man contains
many genes making for altruism of a general kind, ... we do probably possess an
innate predisposition for family life. ... 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 be expected to spread through natural selection” (p. 131).

Despite the spirited defense of natural selection, at the end of the book, Hal-
dane remained cautious about its power. Two other factors must be included in

30Mayr [1992] has read this passage to indicate that Haldane, like many others in the 1920’s,
was assuming that selection is for the benefit of the species rather than the individual. However,
what Haldane seems to be saying is that individual selection relative to other individuals in a
population need not give any indication of the rate of change of the population size.
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a general account of evolution: (i) discontinuous changes (for instance through
hybridization); and (ii) the mutations to generate the necessary variation. As
Haldane put it:

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
completely to Darwin’s point of view [though without cause (b)]. In
the first place we do have reason to believe that new species may arise
quite suddenly, sometimes through hybridisation, sometimes perhaps
by other means. Such species do not arise, as Darwin thought, by nat-
ural selection. When they have arisen they must justify their existence
before the tribunal of natural selection, but that is a very different
matter. ...

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. ... This is probably the
reason for the at first sight paradoxical fact that ... most evolutionary
change has been degenerative. But further, ... mutations only seem

to occur along certain lines, which are very similar in closely related
species, but differ in more distant species. (pp. 138-140)

For the next generation of population geneticists, the Appendix of The Causes
of Evolution was at least as important as the text. In the Appendix, Haldane sum-
marized the mathematical results obtained by Fisher, Wright and himself. Given
that Fisher had uncharitably altogether ignored both Haldane’s and Wright’s work
in the Genetical Theory, and Wright did not write a general review or book during
this period, this Appendix becane the only compendium of mathematical genetics.

Besides the summary, Haldane presented a new analysis of altruism. Explaining
altruism within families, or in insect societies where many individuals were genetic
clones of each other, was relatively straightforward. But Haldane went further:
consider a group of N diploid individuals, mating at random with respect to the
altruism trait in a one locus-twoalleles (A, a) model with complete recessivity.
Then the relative proportions of the three possible genotypes are u2 AA : 2u,, Aa:
laa. Let the recessives, aa, leave (1 -k) times as many progeny as the AA or Aa
(0 < k < 1). Thus the altruism trait decreases individual fitness. However, let
the presence of a proportion x of altruistic (aa) individuals result in an increase
in the probably progeny of all individuals by a factor (1 + Kz). If it is assumed
that a group consisting entirely of altruistic individuals should grow, K > k. In
the next generation, since x = (1++)"” the size of the group will have increased to

N
1+u,

N {1 + ﬁ} The recessive allele number will thus have changed from

to N [1 + ﬁ] % Neglecting kK, the change in the number of a alleles,

Ax is then given by:
K
N((1+un) - k)

Ap = ———"0
v (14 up)?
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This means that the number of recessive alleles (a) will increase if 1 + u, <
%, that is, Az > 0.3' Therefore, recessive alleles for altruistic behavior can
increase in proportion only if they are already common. However, since u,, will
also increase, this process will end. Similar results are obtained if the altruism
trait is dominant. Haldane concluded that “the biological advantages of altruistic
conduct only outweigh the disadvantages if a substantial proportion of the tribe
behave altruistically. If only a small fraction behaves in this manner, it has a very
small effect on the viability of the tribe, not sufficient to counterbalance the bad
effect on the individuals concerned” (p. 209).

Moreover, for altruism to spread, the proportion of altruists need not be great
if % is large. In fact, for a recessive altruism trait, if % > /N, a single altruistic
individual is sufficient. Thus, for small groups there always is effective selection
for altruism. However, in large groups, according to Haldane, “the initial stages
of the evolution of altruism depend not on selection, but on random survival” (p.
209). This had some bearing on possible human altruism:

If any genes are common in mankind which promote conduct biologi-
cally disadvantageous to the individual in all types of society, but yet
advantageous to society, they must have spread when man was divided
into small endogamous groups. As many eugenists have pointed out,
selection in large societies operates in the reverse direction. ... I find it
difficult to suppose that many genes for absolute altruism are common
in man (pp. 209-210).

5 THE AFTERMATH

There is one relatively uncontroversial sense in which the joint work of Fisher,
Haldane, and Wright was both similar and important: it provides a quantitative
account of the effects of selection acting on Mendelian populations. With the
publication of Causes in 1932, one chapter in the history of evolutionary theory
— and the only chapter to which Haldane made decisive contributions — came to
a close. Whereas Fisher and Wright continued to refine their respective theories of
evolution until their deaths, Haldane largely turned aside from evolutionary theory
in the 1930’s and his subsequent contributions to that theory were sporadic.

What is lost in this broad picture is the extent to which Causes differed from
Fisher’s and Wright’s work. Fisher [1930] argued that evolution proceeded by con-
tinuous selection acting upon single genes, each being only subjected to a small
selective pressure, in large populations. He showed that the frequencies of each
gene would reach an equilibrium but, and this ultimately was the source of pro-
gressive change in Fisher’s theory, the environment deteriorated. So selection had
to continue, as the species struggled to keep up with the environment.

31Haldane [1932, 209] reports the relation as 1 + u, > % which is incorrect. However, his
discussion (pp. 209-210) is based on the correct result!
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Though Wright did not write a book during this period, at the end of his long
paper from 1931, he presented his theory of evolution in detail:

Evolution as a process of cumulative change depends on a proper bal-
ance of the conditions, which, at every level of organization — gene,
chromosome, cell, individual, local race — make up for genetic ho-
mogeneity or genetic heterogeneity of the species. ... The type and
rate of evolution ... depend upon the balance among the evolutionary
pressures considered here. In too small a population ... there is nearly
complete fixation [of an allele at each locus], little variation, little effect
of selection and thus a static condition modified occasionally by chance
fixation of new mutations leading inevitably to degeneration and ex-
tinction. In too large a freely interbreeding population ... there is
great variability but such a close approach to complete equilibrium of
all gene frequencies that there is no evolution under static conditions.

In a population of intermediate size ... there is continual ran-
dom shifting of gene frequencies and a consequent shifting of selection
coefficients which leads to a relatively rapid, continuing, irreversible,
and largely fortuitous, but not degenerative series of changes, even un-
der static conditions. The rate is rapid only in comparison with the
preceding cases ... being limited by mutation pressure. Finally in a
large population, divided and subdivided into partially isolated local
races of small size, there is a continually shifting differentiation among
the latter ... which inevitably brings about an indefinitely continuing,
irreversible, adaptive, and much more rapid evolution of the species.
Complete isolation in this case, and more slowly in the preceding, orig-
inates new species differing for the most part in nonadaptive respects
but is capable of initiating an adaptive radiation. [Wright, 1931, 158
159]

Wright clearly preferred the last possibility, and there, in outline, were the
rudiments of what Wright eventually refined as his three-phase “shifting balance
theory of evolution”.

In contrast to Fisher and Wright, Haldane consistently refused to endorse any
single factor as the cause of evolution. In this sense, Haldane did not have a
unified theory of evolution. This attitude stems from Haldane’s catholic interest
in all details of evolutionary change, as revealed through genetic and biochemical
work. Evolution was too diverse for Haldane to endorse a particular theory. Fisher
conceived of the theory of natural selection as an analog of the most universal
of physical theories, the kinetic theory of matter. Wright came to believe that
all important evolutionary change was dominated by population structure, size,
patterns of isolation and, perhaps only to a lesser extent, selection. Haldane
refused to endorse either of these alternatives as being the cause of evolution.
Though he did not present any alternative he did something which, in retrospect,
was perhaps even more important. He systematically explored every evolutionary
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context that could be effectively modeled. What was surprising — and reassuring
to Haldane — was that natural selection was important in so many of them. But
natural selection was subtle: it worked in a bewildering variety of ways. Evolution
was complex: for Haldane, there was no single cause of evolution.

Five years later, in the altered conceptual landscape Dobzhansky [1937] was
the first to apply the new genetics to the problem of speciation and his treatment
was a significant advance over Haldane — particularly in the incorporation of
the conceptual apparatus being developed by the naturalists. He coined the term
“isolating mechanism” to denote the factors that maintain reproductive barriers
between populations. He included both genetic factors and geographical isolation
among possible isolating mechanisms. Huxley [1940] collected together major con-
tributions to systematics that led to the breakdown of the concept of the species as
a type. Mayr [1942] soon followed with his Systematics and the Origin of Species
in which he collected an extraordinary body of data showing how geographical
isolation was critical for speciation. Mayr called this mechanism “allopatric spe-
ciation” which he distinguished from “sympatric speciation”, which would not
require geographic isolation. The latter was supposed to be rare enough to be
unimportant in the course of evolution. Mayr ignored the fact that Wright had
been emphasizing the importance of isolation since 1931. What Mayr, in effect,
had actually achieved was to provide data from the field in support of Wright’s
emphasis. This is how Dobzhansky read Mayr in 1955 (see below). Mayr, however,
came to think rather differently about what he had achieved.

6 HISTORICAL RECONSTRUCTIONS

To return to the two reconstructions of the history of evolutionary theory in the
early twentieth century, in the early 1970’s, Provine’s original views reflected what,
with very few exceptions, had been the scientific consensus for a generation. Hux-
ley put it this way in 1942:

Darwinism to-day ... still contains an element of deduction, and is
none the worse for that as a scientific theory. But the facts available
in relation to it are both more precise and more numerous [than in
Darwin’s time], with the result that we are able to check our deductions
and to make quantitative prophecies with much greater fullness than
was possible to Darwin. This has been especially notable as regards
the mathematical treatment of the problem, which we owe to R. A.
Fisher, J. B. S. Haldane, Sewall Wright, and others. [1942, 21]

In 1954, the naturalist, P. M. Sheppard, was more blunt about the role of
Fisher, Haldane, and Wright: “The great advances in understanding the process
of evolution, made during the last thirty years, have been a direct result of the
mathematical approach to the problem adopted by R. A. Fisher, J. B. S. Haldane,
S. Wright, and others” [1954, 201]. However, the “mathematical theories give no
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information on the conditions found in nature, but only show in what circum-
stances different factors can be of importance in evolution” (p. 201). The role of
field work was to discover those conditions.

One year later, at a Cold Spring Harbor symposium on quantitative biology,
Dobzhansky stated it equally forcefully. For him, population genetics was central
to the study of evolution [1955, 12]. Moreover:

The foundations of population genetics were laid chiefly by mathemat-
ical deduction from basic premises contained in the works of Mendel
and Morgan and their followers. Haldane, Wright, and Fisher are the
pioneers of population genetics whose only research equipment was pa-
per and ink rather than microscopes, experimental fields, Drosophila
bottles, or mouse cages. Theirs is theoretical biology at its best, and it
has provided a guiding light for rigorous quantitative experimentation
and observation. [1955, 13-14]

And, in 1966, George C. Williams repeated the consensus: “The study of adap-
tation [which he took to be the core of evolutionary theory] has already had its
Newtonian synthesis [which] is the genetical theory of natural selection, a log-
ical unification of Mendelism and Darwinism that was accomplished by Fisher,
Haldane and Wright more than thirty years ago” [1966, 20].

Perhaps unsurprisingly, Provine started from the same position:

The origins of population genetics is perhaps best understood as a
product of the conflict between two views of evolution which were
eventually synthesized. On the one side was Darwin’s belief in gradual
evolution produced by natural selection acting upon small continuous
variations. On the other was Galton’s belief in discontinuous evolution.

The theoretical foundations [of the synthetic theory], sometimes
termed ‘classical’ population genetics, were laid between 1918 and 1932
by R. A. Fisher, J. B. S. Haldane, and Sewall Wright. [1971, ix—x]

However, Provine’s genetical account underwent a significant change in the late
1970’s, as he embarked on a biography of Wright with Wright’s active collabora-
tion.?2 Provine encountered the unresolved dispute between Fisher and Wright
about what mechanism had historically been the most significant agent of evo-
lutionary change on Earth. As Provine [1986] records, the dispute had become
vitriolic, partly because the antagonism between Wright and Fisher became per-
sonal in the 1930s. There was little prospect of resolving the dispute using the
experimental data or analytic techniques of the late 1970’s. Provine chose to em-
phasize the significance of the dispute and, again not surprisingly, emerged as a
partisan for Wright, ending his biography with a bold claim: “I predict that histo-
rians and biologists of the twenty-first century will look upon Wright as the single
most influential evolutionary theorist of this century” (p. 499).

32See Provine [1986, xiii].
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In the dispute between Fisher and Wright, Provine sided with Wright. But
there was the broader dispute, that between the genetical and naturalist narra-
tives mentioned at the beginning of this paper. In that dispute, both Fisher and
Wright and, for that matter, Haldane, Kimura and the other theoretical popula-
tion geneticists, are jointly pitted against Mayr and his followers. By emphasizing
the significance of the Wright-Fisher dispute in the history of evolutionary theory,
Provine implicitly denies Mayr’s reconstruction. There will be much more of that
below but, meanwhile, the relevant question here is why Provine’s later accounts
also ignores Haldane. Part of the answer may lie in Haldane’s consistent refusal
to take sides in the dispute between Fisher and Wright: each of them found Hal-
dane to be closer in position to the other. Provine, following Wright, presumably
placed Haldane with Fisher and hence doubted his significance.?® But the main
reason is Provine’s fundamental decision to present the Fisher-Wright dispute as
the most central issue in the history of evolutionary theory. A perhaps inevitable
consequence of this decision, in spite of all the achievements recorded earlier in
this paper, is the elision of Haldane’s role in that history.

To turn to the naturalist account, already in the 1950s, the genetical account
began to be challenged. The first to explicitly challenge it was C. H. Waddington.
In 1952, in Oxford, at the Symposium of the Society for Experimental Biology,
Waddington argued that the prestige of the mathematical work of Fisher, Haldane
and Wright was unwarranted. It

did not achieve either of the two results which one normally expects
from a mathematical theory. It has not, in the first place, led to any
noteworthy quantitative statements about evolution. The formulae in-
volve parameters of selective advantage, effective population size, mi-
gration and mutation rates, etc., most of which are still too inaccurately
known to enable quantitative predictions to be made or verified. But
even when this is not possible, a mathematical treatment may reveal
new types of relation and of process, and thus provide a more flex-
ible theory, capable of explaining phenomena which were previously
obscure. It is doubtful how far the mathematical theory has done this.
Very few qualitatively new ideas have emerged from it [1953, 186].

Waddington [1957] republished these remarks verbatim in 1957, in The Strategy
of the Genes. For him, the only contributions of mathematical population genetics
were (i) the demonstration that ordinary Mendelian genes “would respond to the
process of natural selection” (p. 61); and (ii) the demonstration that continuous
variation can be accommodated within a Mendelian framework, that is, Fisher’s
work from 1918.

33Moreover, almost all the population genetic models that Haldane had ever constructed were
deterministic. They assumed large (in principle, infinite) populations. They were models in
which selection would generally prevail over population structure; certainly, they had no room
for stochasticity. Here, even from a mildly Wrightian point of view, Haldane and Fisher clearly
belonged together.
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However, the critique of theoretical population genetics that became most influ-
ential in the 1960’s, and continues to be influential today, was due to Mayr. Mayr
had read Waddington’s critical remarks after they were republished in The Strat-
eqy of the Genes in 1957, and had agreed with them.?* At the 1955 Cold Spring
Harbor symposium at which Dobzhansky had delivered his ringing endorsement of
theoretical population genetics, Mayr had distinguished between the approaches
of the mathematical population biologists and “field naturalists”. But, in sharp
contrast to Sheppard’s 1954 assessment, for Mayr, the field naturalists were not
simply providing data for the theorists. Rather, they were supposed to be have
a different and more sophisticated, though not entirely satisfactory, view of the
evolutionary process. Mayr elaborated on this point: what was wrong with the
mathematical population geneticists was that their analysis was limited to “sim-
ple Mendelian characters or simple frequencies of genes in natural populations”
whereas what was required was the consideration of “entire genetic complexes”
(p.- 327). The field naturalists were also at fault for not sufficiently integrating
genetics into their work. However, according to Mayr, what was needed was phys-
iological genetics, rather than mathematical population genetics. Mayr did not
directly criticize Fisher, Haldane and Wright. Rather, he did not mention them
and, instead, endorsed the work of Dobzhansky, King, Thoday, Wallace and others
as being the most relevant to the creation of a “new population genetics” which
incorporated the “integration of genotypes” (p. 332). The result, he grandiosely
claimed, was “a theory of relativity in the field of population genetics” (p. 333).

Presumably, Mayr’s self-acknowledged inability to follow the mathematical work
of Fisher, Haldane and Wright’s models had prevented him from being more critical
in 1955. Waddington, however, was reputed to have the necessary mathematical
skills. In 1959 Mayr, emboldened by Waddington’s remarks, presented his crit-
icisms of the mathematical population geneticists more directly. That year, the
Cold Spring Harbor Symposium on Quantitative Biology was devoted to “Genet-
ics and Twentieth Century Darwinism” to mark the centenary of the publication
of Darwin’s Origin. Mayr, in a provocative address, “Where Are We?”, fully
challenged the orthodox view of the role of theoretical population genetics in evo-
lutionary theory.

Mayr distinguished three periods in the history of evolutionary genetics:

(i) a “Mendelian” period from 1900 to 1920 allegedly dominated by the view
that evolution took place through mutations;

(ii) a period of “classical population genetics”, from 1920 to the late 1930’s,
during which the

emphasis . . . was on the frequency of the genes and on the control
of this frequency by mutation, selection, and random events. Each
gene was essentially treated as an independent unit favored or
discriminated against by various causal factors. In order to permit

34Ernst Mayr (personal communication).
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mathematical treatment, numerous simplifying assumptions had
to be made, such as that of an absolute selective value of a given
gene. The great contribution of this period was that it restored the
prestige of natural selection . .. and that it prepared the ground for
a treatment of quantitative characters. Yet, this period was one
of gross oversimplification. Evolutionary change was essentially
presented as an input or output of genes, as the adding of certain
beans to a beanbag and the withdrawing of others. (p. 2)

“Beanbag genetics”, according to him, had outlived its utility and had to be
replaced by

(iii) the “newer population genetics”, starting in the late 1930’s, and “character-
ized by an increasing emphasis on the interaction of genes” (p. 2), leading
to the “theory of relativity” that he had pompously announced in 1955.

The period of beanbag genetics, according to Mayr, had been dominated by the
“mathematical analyses and models” of Fisher, Haldane and Wright. Mayr put his
challenge to them bluntly: “These authors, although sometimes disagreeing with
each other in detail or emphasis, have worked out an impressive mathematical
theory of genetical variation and evolutionary change. But what, precisely, has
been the contribution of this school to evolutionary theory, if I may be permitted
to ask such a provocative question?” (p. 2). Explicitly endorsing Waddington’s
[1957] criticisms, Mayr attempted to provide his answer:

It seems to me that the main importance of the mathematical the-
ory was that it gave mathematical rigor to qualitative statements long
previously made. It was important to realize and to demonstrate math-
ematically how slight a selective advantage could lead to the spread of
a gene in a population. Perhaps the main service of the mathemati-
cal theory was that in a subtle way it changed the mode of thinking
about genetic factors and genetic events in evolution without necessar-
ily making any startlingly novel contributions. (p. 2)

Mayr concluded: “I should perhaps leave it to Fisher, Wright, and Haldane to
point out themselves what they consider to be their major contributions” (p. 2).

Fisher, who died in 1962, never responded to Mayr’s remarks. However, Wright’s
response was immediate. Wright was present at Cold Spring Harbor for the 1959
symposium though he did not present a paper. However, when asked to review
the proceedings for the American Journal of Human Genetics, Wright only listed
the other papers in the volume while devoting the entire review to an analysis of
Mayr’s contentions.?® He challenged Mayr’s interpretation of the history of ge-
netics. Between 1900 and 1920, he pointed out, that many geneticists had been

35For more detail, see Provine [1986, 481-484].
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avid Darwinians — the mutationists were by no means dominant. Moreover, dur-
ing Mayr’s “classical period”, much of what population genetics had achieved was
exactly what Mayr had attributed to the “newer population genetics”. Contrary
to Mayr’s accusation of oversimplification, work in mathematical population ge-
netics in the late 1920s and 1930s had incorporated allelic interactions (degrees
of dominance), epistasis, frequency-dependent selection, and other factors. Most
importantly, Wright correctly insisted that he had emphasized gene interactions
throughout his life and that his parameter for selective value (or fitness) had
“always been defined as applying to a total genotype in the system under con-
sideration, thus involving whatever interaction effects there may be among the
component genes” [Wright, 1960, 369].

Nevertheless, in 1963, Mayr republished his criticisms in Animal Species and
Evolution. In a chapter entitled “The Unity of the Genotype”, he claimed:

The procedure of classical Mendelian genetics, of studying each gene
locus separately and independently, was a simplification necessary to
permit the determination of the laws of inheritance and to obtain basic
information on the physiology of the gene. When dealing with several
genes, the geneticist was inclined to think in terms of their relative
frequencies in the population. The Mendelian was apt to compare the
genetic composition of a population to a bag of colored beans. Mu-
tation was the exchange of one kind of one kind of bean for another.
This conceptualization has been referred to as ‘beanbag genetics.” ...
Work in population and developmental genetics has shown, however,
that the thinking of beanbag genetics is in many ways quite mislead-
ing. To consider genes as independent units is meaningless from the
physiological as well as the evolutionary viewpoint. Genes not only act
. but also interact. (p. 263)

Mayr ignored Wright’s response altogether.

Meanwhile, Haldane had briefly commented on Waddington’s criticism in 1953.
Writing the Foreword for the proceedings of the Oxford symposium at which
Waddington had first stated his criticisms, Haldane commented:

I shall first take advantage of having the last word by defending myself,
in my capacity as mathematical geneticist, against Waddington’s crit-
icism that ‘very few qualitatively new ideas have emerged from it’. I
think that some of them have emerged so completely that their origin
is forgotten. Darwin apparently [thought] that variation could only
[arise] by the effects of environmental differences in each generation.
Fisher first showed clearly that in large populations it diminished with
extreme slowness apart from the effects of natural selection, and Hage-
doorn that it would diminish at a measurable rate in small populations.
Wright then produced the qualitatively new idea of ‘drift’ or random
evolution in small populations . ... Penrose and Haldane first showed
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that some genes which seriously lower human fitness are only kept in
being by mutation. ... Another idea which seems to me qualitatively
new is that, because a selective advantage of the heterozygote over
both homozygotes will preserve both of a pair of [alleles] indefinitely,
we may expect most of the genetic variation in an outbred popula-
tion to be due to genes with this peculiar property. Such ideas as
these pass rapidly from being mathematical theorems to being com-
mon sense. Other ideas with a superficial appeal to common sense, for
example that dominants must oust recessives, appear to require mathe-
matical disproof to prevent their spread. Mathematical biologists have
also suggested what other biologists should measure. (pp. ix—x)

Haldane went on to discuss examples. With a display of striking intellectual
irresponsibility, Waddington ignored these remarks when he republished his criti-
cism verbatim in 1957.

But Waddington was peripheral to the development of evolutionary theory, and
his criticism (by itself) would have probably had little influence without their en-
dorsement by Mayr who, along with Dobzhansky, Simpson, and a few others, was
at the forefront of evolutionary theory in the 1950s and 1960s. In 1964, Haldane
took up Mayr’s challenge and provided a defense of mathematical population ge-
netics. The result is a methodological classic, an ultimate defense of reductionism
in evolutionary biology. Haldane started with the passage from Animal Species
and Evolution that was quoted above, and Mayr’s “provocative question” from
1959. He admitted that the models of mathematical population genetics made
simplifying assumptions. Then he proceeded, by explicitly listing achievements,
to argue for the importance of even single locus models, basically the only ones to
which the epithet “beanbag genetics” could be attributed with justice:3

(i) Wright and he had shown around 1930 that, if a species had a population of
over a hundred thousand, the mutation rate does not determine the rate of
evolution, even if selection is weak;

(ii) using the same basic model, Haldane had been able to provide the first
estimate of a human mutation rate when there is an equilibrium between
mutation and selection. How soon such an equilibrium is reached in different
genetic contexts could only be known from a mathematical analysis;

(i) Mayr [1963, 191] had mis-stated the situation even with respect to some de-
velopments whose importance he admitted. Mayr had claimed that Haldane
[1932] had assumed only small selective differences in his work; that, to the
contrary, in the case of industrial melanism in the peppered moth, Biston
betularia, a selective difference of 30 -50% had been observed; and that Hal-
dane had only reached that conclusion in 1957. Haldane pointed out that

36The qualification “basically” is only necessary because additive multiple locus models (that

is, those with no epistasis) with complete linkage are also “beanbag” models in Mayr’s sense.
Formally, these are the same as single locus models with a higher number of alleles.
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this was what he had predicted in 1924 when it was not taken seriously. “If
biologists had a little more respect for algebra and arithmetic”, Haldane (p.
40) noted, “they would have accepted the existence of such intense selection
thirty years before they actually did so”;

(iv) his own methods had first provided a technique for quantifying the type of
evolutionary morphological change that Mayr found important.

The list goes on, each example detailing how, without mathematical analysis,
verbal claims about evolutionary processes could not ever be directly appraised.

These examples were intended to pave the way for the fundamental point: “In
the consideration of evolution, a mathematical theory may be regarded as a kind
of scaffolding within which a reasonably secure theory expressible in words may
be built up. I have given examples to show that without such a scaffolding ver-
bal arguments are insecure” (p. 42). Moreover, mathematical analysis allows the
exploration of different possible explanations of the same observed phenomenon.
In the case of polymorphism, for instance, Fisher [1922] had shown how heterosis
could maintain polymorphism, and this came to be generally accepted. But Hal-
dane and Jayakar [1963] had shown that selection in fluctuating directions also
sufficed to explain polymorphism. Though he did not believe that this mechanism
was more frequent than Fisher’s, he suggested that, had it been offered first, it
might very well have commanded the greater allegiance. “The best way to avoid
such contingencies”, he argued, “is to investigate mathematically the consequences
following from a number of hypotheses which may seem rather farfetched and, if
they would lead to observed results, looking in nature or the laboratory for their
truth or falsehood” (p. 44).

Finally, Haldane went on a counter-attack. He accepted that Mayr had made
sympatric speciation far less probable than before. But he showed that Mayr’s ver-
bal arguments lacked precision and were sometimes so apparently contradictory
that they could not even be formalized by those who favored precise reasoning.
He accused Mayr of “a considerable ignorance of the earlier literature of beanbag
genetics” (p. 48). For instance, Mayr had claimed that “the classical theory of
genetics took it for granted that superior mutations would be incorporated into the
genotype of the species while the inferior ones would be eliminated” [1963, 215].
Haldane pointed out that Fisher had shown the exact contrary, that heterosis
could preserve polymorphism, in 1922 and that he, Haldane, had extended that
result in 1926. He pointed out that Fisher [1918] had considered epistasis sys-
tematically and wondered why Mayr thought that the mathematical geneticists
ignored such interactions. Lastly, he went on to provide a scathing assessment of
Mayr’s alternative framework:

Mayr devotes a good deal of space to such notions as ‘genetic cohesion’,
‘the coadapted harmony of the gene pool,” and so on. These apparently
became explicable ‘once the genetics of integrated gene complexes had
replaced the old beanbag genetics’. So far as I can see, Mayr attempts
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to describe this replacement in his chapter ... on the unity of the
genotype. ... This chapter contains a large number of enthusiastic
statements about the biological advantages of large populations which,
in my opinion, are unproved and not very probable. The plain fact is
that small human isolates, whether derived from one ‘race’, like the
Hutterites, or two, like the Pitcairn Islanders, can be quite successful.
I have no doubt that some of the statements in Mayr’s chapter ... are
true. If so, they can be proved by the methods of beanbag genetics,
though the needed mathematics will be exceedingly stiff. Fisher and
Wright have both gone further than Mayr believes toward proving some
of them. The genetic structure of a species depends largely on local
selective intensities, on the one hand, and migration between different
areas, on the other. ... The ‘success’ of a species can be judged both
from its present geographical distribution and numerical frequency and
from its assumed capacity for surviving environmental changes and for
further evolution. I do not think that in any species we have enough
knowledge to say whether it would be benefited by more or less ‘co-
hesion’ or gene flow from one area to another. We certainly have not
such knowledge for our own species. ... Sewall Wright has been the
main mathematical worker in this field, and I do not think Mayr has
followed his arguments. (pp. 48-49)

His conclusion was: “In my opinion, beanbag genetics, so far from being obso-
lete, has hardly begun its triumphant career” (p. 49).

Among most evolutionary biologists, Haldane’s defense settled the question for
the next generation. With one notable exception, that of Ewens [1993], Mayr has
received little support from scientists. Meanwhile, he opened a second front, now
rebottling himself as a historian and philosopher of biology. From a sociological
point of view, the transformation was successful but that issue is beyond the scope
of this paper. In the late 1970s, Mayr, with Provine’s help, organized a conference
on the history of the evolutionary synthesis. It brought together historians and
all the living scientists whom Mayr considered to have been important in the
synthesis. In spite of Provine’s involvement — and Provine was already working
on Wright’s biography — Wright was not invited.3” At that conference, Lewontin
[1980] delivered an uncompromising defense of mathematical population genetics,
of the work of Fisher, Wright, and Kimura, but ignored Haldane. Carson [1990]
underscored the significance of Haldane’s Causes of Evolution, as noted before.
Otherwise it was entirely Mayr’s event. The naturalist account metamorphosed
into its mature form with the synthesis allegedly occurring between 1936 and 1947.
Mayr conveniently ignored the fact that in 1955 he had explicitly admitted that
the naturalists had not yet successfully incorporated the necessary genetics into
their framework. By now, he claimed that they had — with some help from others
(but not mathematical population geneticists) — achieved the synthesis by 1947.

37Will Provine (personal communication).
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Intentional or not, it was a remarkable exercise in self-service.

How credible is Waddington and Mayr’s critique of theoretical population ge-
netics? The evidence, on the whole, is decisively against them. Waddington made
three independent claims: (i) that the mathematical work of Fisher, Haldane,
Wright, and others had contributed “very few qualitatively new ideas”; (ii) that
this work had not led to the discovery of any new theorems or conceptual rela-
tionships; and (iii) that it had not led to “any noteworthy quantitative statements
about evolution”. Mayr implicitly endorsed all of these claims. Explicitly, he em-
phasized the third one and added two new criticisms: (i) that the definition of
fitness in these models ignored factors such as variable dominance, epistasis, tem-
poral dependence of selection processes, etc.; and (ii) that the dynamics described
by these models made a variety of unjustified simplifying assumptions.

Haldane’s remarks from 1953 already provide ample response to Waddington’s
first claim. In particular, without Fisher’s and Wright’s pioneering mathematical
analyses, it is hard to see how the idea of drift could have entered evolutionary
theory. His second claim fares even worse. There is at least one conceptual re-
lationship in evolutionary theory which has been regarded as interesting enough
to have a cottage industry built around it [Crow, 1990a]. This is Fisher’s so-
called “Fundamental Theorem of Natural Selection”. Though neither Wright nor
Haldane brought it up in their responses to Mayr and Waddington, Fisher un-
doubtedly would have. But this theorem is not the only conceptual relationship
to emerge from the mathematical work. The Hardy-Weinberg rule, the simplest
and perhaps the most fundamental relation of population genetics has its origin in
mathematics. Though Punnett suspected that, without selection (in a one-locus
two-allele model with random mating and discrete generations), dominants would
not gradually replace recessives (as was then commonly believed), he was unable
to prove it without the mathematical help of Hardy [Punnett, 1950]. As Hal-
dane noted in 1964, all such intuitions require mathematical exploration for their
correctness to be judged.

Waddington’s third claim was unjustified even in the early 1950s, as Section 3 of
this paper amply documents. Quantitative work by Norton, starting around 1910
had shown how rapidly even small selective differences could establish a dominant
trait, and how ineffective selection is for a recessive trait. Haldane’s “Mathemat-
ical Theory” extended this work to more complicated models and systematically
connected the models to field data. Haldane’s examples in his defense of beanbag
genetics underscores this point. What is less understandable is Mayr’s emphasis
on this criticism. Mayr’s first new criticism, about the definition of fitness, was
simply an error, as Wright pointed out. His second, about the simplifying assump-
tions made in the mathematical population geneticists’ models, is correct. But,
as is evident form Haldane’s list of achievements, what is striking about mathe-
matical population genetics is the extent to which it could provide useful results
in spite of these assumptions.

However, Mayr’s positive thesis about the achievements of the naturalists has
more merit. There should be little doubt that the field and experimental work
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of the Chetverikov school, of Dobzhansky, and of Mayr himself were important
contributions to evolutionary biology. But, the question that Mayr never an-
swered is why this work should not be regarded as, another naturalist, Sheppard,
had regarded it in 1954, as providing experimental data testing the models of by
mathematical population genetics.

What has so far been said recovers a central role for mathematical population
genetics in the history of evolutionary theory. It remains to discuss Haldane’s place
in it relative to Fisher and Wright. But this will require some philosophical choices
about the nature and role of theories. If it is accepted that global (“unifying”)
theories constitute the benchmark for what constitutes good theorizing, then it
is arguable that Haldane was not as important as Wright and Fisher or, later,
Kimura. But there are at least two reasons to question such a benchmark in
general, and especially in the context of evolutionary theory:

(i) much of that theoretical enterprise consists of the construction of models to
explore and test different proposed mechanisms of change: different models
of hereditary transmission of genes (polyploidy, haplodiploidy, so on), rela-
tions between genes and traits, population structures, and modes of selec-
tion at different intensities. Here grand theory recedes into the background.
What replaces them is, first, the strategy of model construction articulated
first — and with full clarity — by Haldane in 1924 at the beginning of the
“Mathematical Theory”; and second, to a surprising extent, many of the
mechanisms that he first modeled (certation, kin selection, etc). Theoretical
population genetics in practice proceeds largely by Haldane’s methods, so
much so, that his role in their origin has disappeared in a remote history
that everyone has internalized to such an extent that any explicit mention is
occasion for surprise. (The last point is similar to what Haldane [1953] said
in his response to Waddington);

(ii) while universal theories may have many appeals, it is an independent ques-
tion whether they are correct. No one knows whether the alternatives pro-
posed by Fisher, Kimura, or Wright are correct in the sense that evolutionary
history on Earth is best accounted for by any of their single preponderant
mechanisms. Haldane did not think so and it may well turn out that this was
a wise choice, that evolution has proceeded by a plurality of mechanisms,
different ones in different ecological and genetical contexts, and the idea of
a univocal theory is a chimera best cast aside as an inspired dream of a dif-
ferent and more heroic age. At the beginning of the twenty-first century, as
modes and models of selection proliferate, it appears that Haldane, rather
than Fisher or Wright was methodologically wise.

In 1990, Princeton University Press reissued The Causes of Evolution with
annotations and a long “afterword” by E. G. Leigh. Causes, Leigh [1990] argued,
“was eclipsed somewhat by the work of Fisher and Wright, apparently because
Haldane refused to found a system” (p. xxii). Nevertheless, this was exactly
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what Leigh found insightful and “light-hearted” (p. xx). Though Leigh admitted
that “we need a system of sorts to make any sense at all of the real world”, his
ultimate conclusion was a ringing endorsement of Haldane over Fisher and Wright:
“systems can blind us both to what has no place in them and to what conflicts
with them” (p. xxiii). For Leigh, Haldane’s major insight was his willingness to
admit multiple levels of selection: the questions that can be asked in such models
“are indeed the appropriate next stage in learning how adaptation can evolve” (pp.
xxiii—xiv). In effect, Leigh underscores the points made in the last paragraph while
also placing Haldane’s work centrally within contemporary evolutionary debates.
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SEWALL WRIGHT

James F. Crow

Sewall Wright was one of the great trio, R. A. Fisher, J. B. S. Haldane, and
himself, who, starting about the time of World War I, founded the mathematical
theory of microevolution and population genetics. Until the end of World War
I1, these three almost totally dominated the field. Wright’s three most important
contributions, all mathematical in nature, are: the theory of inbreeding and popu-
lation structure, the shifting-balance theory of evolution, and the method of path
analysis. But these are only part of a long and extremely productive scientific life.
He was also a rarity among biologists in contributing to philosophy: his theory of
organism and the mind-body problem.

After a brief biography, I discuss Wright’s contributions to inbreeding theory,
statistics, physiological genetics, population genetics, evolution, and philosophy.
At the end I have added a short section on Sewall Wright the man — his character
and personality.

Much of this material is taken from a more detailed article [Crow, 1992]. For
more details of Wright’s life, both personal and scientific, see Provine’s book
[Provine, 1986]. Wright has summarized in four volumes most of his own work as
well as that of many others [Wright, 1968-78].

1 A BIOGRAPHY IN BRIEF

Sewall Wright was born in Melrose, Massachusetts on December 21, 1889. Shortly
afterward, his father accepted a teaching position at Lombard College in Galesburg
Illinois, where Sewall grew up. He was a precocious child, being able to read, write,
and do arithmetic before starting school. He astonished his first grade teacher by
knowing how to extract cube roots. At the teacher’s request, he demonstrated
this at the blackboard for the eighth grade class. The consequence, he said, was
instant unpopularity with the other students. Thereafter he remained studiously
quiet in class, rarely volunteering anything.

In due course he enrolled at Lombard College, where his father taught an aston-
ishing variety of courses, including mathematics, surveying, astronomy, and En-
glish composition, in addition to his own subject, economics. Later he joined the
Brookings Institute and wrote several books on economic policies. Sewall Wright
had two brothers, Quincy who became widelly known as a scholar of international
law and Theodore, equally well known in aeronautical engineering.

Many of Wright’s college courses were taught by his father. Although most
biologists regard Wright as a formidable mathematician, actually what he didn’t

Handbook of the Philosophy of Science. Philosophy of Biology
Volume editors: Mohan Matthen and Christopher Stephens
General editors: Dov M. Gabbay, Paul Thagard and John Woods
© 2007 Elsevier B.V. All rights reserved.



88 James F. Crow

learn from his father was self-taught. At Lombard College Wright was fortunate
to come under the stimulating influence of Dr. Wilhelmine Key — her husband
was a descendant of Francis Scott Key. She steered Wright to the Encyclopedia
Britannica. This was the great eleventh edition and the article on Mendelism was
written by a leading British geneticist, R. C. Punnett. She also expanded his
horizons and encouraged him to think of a career as a geneticist.

After his junior year, Wright spent a year (1909-1910) as a surveyor’s assistant
for a railroad line being built in the Standing Rock Reservation in South Dakota.
His mathematical skills were soon evident and he did the calculations for the
proper angles and alignment of the rails on turns. It was a time of great adventure
in the spirit of the old west with cowboys, Indians, mule-skinners, and outlaws. In
his later years he loved to talk about this and in his nineties he remembered an
astonishing number of words in the Sioux dialect. During this year, he developed
a lung infection, which necessitated his living in a caboose; he used the leisure
to read mathematics, including a book on quaternions. The book still exists. It
is clear that he read it with understanding and it is obvious exactly how far he
got. Curiously, Haldane read the same book, and as far as I know neither of them
ever made use of quaternions. Wright’s lung infection caused him to have trouble
getting life insurance, something that he found increasingly amusing as he lived
well into his nineties.

After a year at the University of Illinois, he joined the laboratory of William
Castle at Harvard. He received his PhD in 1915 and was immediately employed
as animal husbandman at the United States Department of Agriculture (USDA)
near Washington, D. C. In 1926 he moved to the University of Chicago where he
stayed until he reached the mandatory retirement age of 65. He then moved to the
University of Wisconsin where he continued to work for an additional 30 years.
For more details, see [Provine, 1986].

In his retirement, Wright wrote the four volumes summarizing his life work
[Wright, 1968-78]. Wright continued to read and write until bad eyesight forced
him to give this up. He died prematurely in his ninety ninth year on March 3,
1988. I say prematurely because he was in robust health and looking forward to
a centennial celebration, which his colleagues were already planning. His poor
eyesight was the problem; on one of his walks he failed to see an icy spot and died
as the result of a fall.

Wright’s last paper [Wright, 1988] was a summary of his evolutionary views,
placing it in the context of the work of others and responding to some criticisms
in Provine’s book [Provine, 1986]. The reprints came while he was in the hospital
for the last time and he had explicit instructions as to where to send them.

2 INBREEDING

Every student of introductory genetics learns Wright’s inbreeding coefficient and
a simple algorithm for computing it [Wright, 1922a). There is a story behind
this. In the early years of the 20th century a number of people worked on the
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consequences of various pedigrees involving mating of relatives and the consequent
decrease of heterozygosity. One problem was repeated mating of brother and
sister. The usual method was to grind out the detailed consequences for a few
generations and hope to find a pattern. In later generations, the problem soon
beomes unwieldy. One well-known geneticist got it wrong by not carrying the
process through enough generations. When Wright was starting his graduate work
at Harvard, his roommate, H. D. Fish, was working on this problem. Fish had
covered not only his desk but much of the floor with calculations. Wright thought
there must be a better way, and he found it.

He devised the now-familiar algorithm which uses a simple process of tracing
paths of ancestry from one parent to a common ancestor and back to the other
parent. The whole process is easily learned and routinized, so it is readily adapted
to computer use for complicated pedigrees, including tens of thousands of records
for an entire breed of livestock. The inbreeding coefficient is a measure of the
proportion by which the heterozygosity of an individual is reduced by inbreed-
ing. Although Wright derived his algorithm by using correlation coefficients, this
derivation has been largely replaced by using the concept of “identity by descent
(IBD)”. Two homolgous alleles are IBD if they are both descended from an al-
lele in a common ancestor, or one is descended from the other. This has been
extensively used in animal and plant breeding and recently, with the coming of
molecular chromosome markers and computers, the concept is now widely used in
the study of human genetics.

Wright made two important applications of inbreeding theory while he was at
the USDA. The first was experimental. He inherited a colony of guinea pigs that
had been maintained, usually with close inbreeding, for many generations. He
analyzed the effects of inbreeding on a variety of important traits, such as size,
vigor, and fertility. The analysis was masterful and these papers, published in
1922, have stood the test of time; they can be read with profit today [Wright,
1922b).

The second application was to the study of breeds of livestock. Wright sub-
divided the amount of inbreeding into components such as local consanguineous
mating and herd differences. He found that almost all the increased homozygos-
ity was due to random differences between herds rather than non-random mating
within a herd. He also found considerable genetic differentiation among herds. His
analysis of the extensive records of Shorthorn cattle is classic.

Wright extended this work into what are called F-statistics. The inbreeding
coefficient is generalized to include population structure, particularly of a hierar-
chical sort. These measures are widely used in the study of natural populations,
including humans. Both the cattle studies and later theory are summarized by
Wright in a 1951 paper [Wright, 1951].

These studies led Wright to what he regarded as his major accomplishment,
the “shifting balance theory” of evolution. Wright noticed that most of the breed
improvement arose by random differences among the herds, followed by exporting
bulls from the best herds and thereby upgrading the whole breed. His evolutionary
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view grew out of this; I shall return to this subject later.

3 STATISTICS AND PATH ANALYSIS

Wright had an interest in statistics from his earliest scientific studies. He was fa-
miliar with the work of Karl Pearson and soon became adept in statistical methods,
especially in the use of the correlation coefficient. This proclivity lasted through
his life; Wright preferred to attack almost any problem through correlations. An
example, inbreeding, has already been mentioned. His derivation of the inbreeding
coefficient by correlations seems awkward and indirect to many modern workers,
but that was how he worked. In fact, he defended his procedure, since he liked
the idea that inbreeding could be negative, if mates were less closely related than
random pairs. Correlations can be negative; probabilities, of course, cannot.

Wright was ahead of the field in two early statistical studies. In his early study
of guinea pig weights in 1917, he was able to subdivide product moments into
between- and within-group components [Wright, 1917]. In effect, he had discovered
what was later called the analysis of covariance, a subject invented independently
and carried farther by R. A. Fisher. Another example: In a study of the extent
of white-spotting in guinea pigs he found a transformation to linearize cumulative
percentage data [Wright, 1926]. This later came to be known as probit analysis
[Finney, 1971].

Wright’s most important contribution to statistical methodology is his method
of path analysis [Wright, 1921]. The algebra is that of partial regression analy-
sis, but the approach is unusual and typical of Wright. He was not particularly
interested in correlation and regression as descriptive or predictive. Rather, his
main interest was interpretative; he was especially interested in causal analysis.
He assumed that the causal pathways were known but the relative magnitude of
different paths was to be determined. His procedure was to draw diagram with a
sequence of paths. A path of influence was indicated by an arrow while unana-
lyzed correlations were indicated by two-headed arrows. This was a natural way
to diagram pedigrees, but Wright extended it to other problems. Each step in a
pathway was associated with a “path coefficient”, a partial regression coefficient
standardized by being measured in standard deviation units. A path coefficient
is then a measure of the relative contribution of this particular step in the path-
way. Wright devised simple rules from which it is easy, from the path diagram, to
write the relevant equations, which can then be solved for the unknown variables.
A virtue of the method is that it immediately shows whether there are sufficient
measurements and equations to permit a unique solution.

In 1925 Wright published a monumental analysis of the production and prices
of corn and hogs in the period from the Civil War to World War I [Wright, 1925].
This involved no less than 510 correlations. Wright did the calculations himself,
using the primitive card-sorting and calculating equipment available at the time.
It would be a quick calculation with modern computers, but at the time this
required an enormous amount of time. Remarkably, he accounted for some 80
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percent of the variance of hog production and prices by fluctuations in the corn
crop and various correlations. In several ways this was ahead of its time, especially
by introducing time lags, later used extensively by economists.

This work was done in the early 1920s, but, incredibly, Wright was not permit-
ted to publish it. An animal husbandman had no business working on economic
problems. The manuscript lay unpublished for several years. It required the inter-
vention of Henry Wallace, later Vice President of the United States, to persuade
his father, then Secretary of Agriculture, to allow the paper to be published. It
has long been regarded as a landmark, especially by economists.

In the early years after Wright’s discovery of the method, path analysis was
very popular among animal breeders. This was largely due to the strong influence
of Jay L. Lush, an animal breeder at Iowa State College, who was a great admirer
of Wright and a great popularizer of his work. Path analysis is best adapted to an-
alyzing data from natural populations rather than planned experiments. Later, as
animal breeding became more regularized, other methods that were more adapted
to computer analysis and to tests of statistical significance took over, so path
analysis is now something of a rarity among animal breeders. Meanwhile, it has
been taken up by social scientists and is now used by sociologists, economists, and
philosophers.

4 PHYSIOLOGICAL GENETICS

For most of his working life, Wright studied guinea pigs. His major contributions
were to gene action and interaction, what was then called physiological genetics.
While at USDA and the University of Chicago, a large part of his working day was
spent with his guinea pigs. He did the husbandry and record-keeping himself. His
extensive records still exist and have recently been transferred from Wisconsin to
the custody of William Provine, a historian of genetics, who wrote the definitive
biography of Wright [Provine, 1986], including the work of this section. Wright’s
physiological interest comes as a surprise to most geneticists, since his inbreeding,
population structure, and evolutionary work are much better known.

Wright’s initial work on guinea pigs was an accident of timing. William E. Cas-
tle, his mentor at Harvard, worked on various rodents and assigned each incoming
graduate student to a particular species. C. C. Little worked on mice, Castle him-
self studied rats, E. C. MacDowell studied rabbits, and John Detlefson, guinea
pigs. Wright arrived just as Detlefson was leaving so naturally he began working
on guinea pigs. He never willingly stopped. When he moved from Chicago to
the University of Wisconsin he had to give up the guinea pig colony for lack of
facilities. He regretted this, but I am sure that this was for the best, since he was
then free to write. His four-volume treatise on evolution and population genetics,
written in his eighties, might never have been completed if he had had his beloved
guinea pigs to work with. As it was, Wright spent the first five years in Wisconsin
completing analysis of his guinea pig records.

Soon after joining the USDA Wright wrote a series of articles in the Journal
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of Heredity on coat color inheritance in mammals [Wright, 1917-1918]. These
included rats, guinea pigs, mice, cattle, horses, swine, dogs, cats, and humans.
This early analysis was remarkable in two ways. One was his finding similarities
and presumed homologies among genes with similar effects in these species; many
have since been confirmed. The second is his interpretation of these colors in terms
of the latest knowledge of enzymes and pigment chemistry. As often, he was ahead
of his time.

Wright’s approach was always quantitative. An early paper analyzed the inher-
itance of size factors into components, based on correlation of various body parts.
He was able to subdivide the variance of size into components of (1) general size,
(2) limb-specific factors, (3) fore- and hindlimb factors, (4) upper- and lower-limb
factors, and (5) special factors for each part [Wright, 1918]. This was the forerun-
ner of several papers by various authors, who did similar analyses in a number of
species.

Wright’s deepest interest was in the interaction of genes affecting coat color
in guinea pigs. He formulated the relationship in path diagrams assuming flux
equilibrium and expressed the various chemical processes as differential equations.
His papers showed his mastery of the latest concepts of enzyme chemistry. Wright’s
major analysis of this kind was presented in 1941 [Wright, 1941]. He had plans
for a book on this subject. But 1941 was the year that biochemical mutants
in Neurospora were discovered, and this opened up the opportunity for a much
more direct attack on gene-enzyme relations. I think Wright realized that this
represented a new direction in genetics, as indeed it did, for it led to the discovery
of sex in bacteria and ultimately to molecular genetics and the nature of the gene.
Wright continued to do guinea pig studies, with increasingly elaborate analyses of
the action and interaction of the various genes. These studies were masterful, but
their great detail made them difficult to read. In fact they attracted very little
attention. The fashion had changed and Wright’s kind of analysis was replaced by
molecular biology and direct chemical analysis.

One point should be mentioned. Wright was often impressed by the frequent
unpredictability of interactions. Often the combined effect of two genes was not
at all like what would be expected from their individual effects. Such examples
had a large effect on Wright’s thinking, especially his shifting balance theory of
evolution.

5 POPULATION GENETICS

As mentioned earlier, population genetics was founded and almost completely
dominated for a number of years by Haldane, Fisher, and Wright. Their styles were
quite distinctive. Haldane wrote a series of papers that systematically explored
selection under a wide variety of circumstance. These were mainly single locus
models and the mathematics was relatively simple, summarized in [Haldane, 1932].
Haldane is also responsible for the concept of “mutation load”, the idea that the
impact of mutation on the population is determined mainly by the mutation rate
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and not by the effect of the individual mutations [Haldane, 1937]. A second idea is
his showing that the amount of reproductive excess required to carry through an
allele substitution is a function mainly of its initial frequency [Haldane, 1957]. Both
of these have the Haldane touch of finding an unexpectedly simple relationship,
but both have turned out to be too restricted for most modern applications.

Fisher’s best-known contribution to animal breeding and evolution is his show-
ing by the use of least-squares theory how selection, either natural or man-made,
can improve a population despite complicated interactions among genes [Fisher,
1918]. The central idea in his view was his “Fundamental Theorem of Natural
Selection”, namely that the rate of change of mean fitness of a population at any
instant is determined by the genic variance of fitness at that time. Genic vari-
ance is the variance of the additive component of the phenotype, as determined
by least-squares. Fisher was also the first to introduce stochastic processes into
genetics. His block-buster was his “The Genetical Theory of Natural Selection”,
regarded by some as the greatest book on evolution since Darwin [Fisher, 1926).
Whether this is true, there is no doubt as to the richness of the ideas; each re-
reading brings new insights. Fisher was often obscure, but nobody could match
his elegance both in mathematics and in English prose. If you read the book, use
the variorum edition, which has a very useful appendix that clears up a number
of Fisher’s obscurities [Fisher, 1926).

Wright was always interested in population structure. His inbreeding coeffi-
cient, discussed earlier, and its extension to hierarchical population structure are
among his greatest accomplishments, now widely used in the study of population
structure, including humans [Wright, 1951]. One of his aims was to write in gen-
eral form an equation describing the change of gene frequency under the influence
of mutation, migration, selection, and random processes. It later turned out that
his equation, in differential form, was already in use by physicists — the Fokker-
Planck equation applied to diffusion and other processes that involve deterministic
and random elements [Wright, 1968-78].

None of the three pioneers was concerned with mathematical rigor. After World
War II the field of population genetics became more mathematical. The French
mathematician, Gustave Malécot, developed Fisher and Wright’s ideas in a math-
ematically rigorous form [Malécot, 1948]. Motoo Kimura introduced the Kol-
mogorov partial differential equations to solve problems that had eluded Wright.
Kimura’s most important papers have been collected in a single volume [Kimura,
1994]. This work laid the foundation for the realization that a large part of DNA
changes in evolution is driven by mutation and random processes and is relatively
uninfluenced by selection [Kimura, 1983]. This then led to a “molecular clock” by
which rates of evolutionary change can be calibrated.

Although most of Wright’s work in population genetics was theoretical, he en-
tered several collaborations with experimentalists, especially Th. Dobhansky. This
was the beginning of a trend toward theory-driven experimentation in population
genetics that still exists. Wright soon tired of this and, sometimes with difficulty,
disentangled himself from these alliances, and went back to his theoretical studies
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[Provine, 1986).

6 THE SHIFTING BALANCE THEORY

Wright regarded his evolution work as his most important contribution. The gen-
eral idea goes back to 1920s and, although it underwent a number of refinements,
the basic principle remained unchanged. In later writings, he called this the “Shift-
ing Balance Theory”. For a very full analysis, see [Wright, 1968-78].

The basic difficulty, as Wright saw it, is that natural selection cannot ordinarily
change a sexual population from a state of high average fitness to one of higher
fitness if this means passing through a stage with lesser fitness. The shifting
balance theory is an attempt to get around this difficulty.

According to Wright, the theory came mainly from three observations.

(1) In his analysis of guinea pig hair pattern and coat colors Wright was im-
pressed by the fact that genes in combination are often not what would be pre-
dicted from their individual effects. An example that he often mentioned was a
rosette hair pattern, in which the combined effect of two genes was opposite to
what would have been predicted from their individual effects.

(2) His observations of inbred lines of guinea pigs showed that inbreeding, in
addition to bringing about decline in vigor and fitness, also led to differentiation
among the inbred lines. The variability among the lines was much greater than
that in the foundation stock from which the inbreds were derived.

(3) The third observation came from the history of domestic livestock, partic-
ularly shorthorn cattle. He saw that advances in the quality of the breed did not
seem to arise from recurrent selection by breeders. Rather it sometimes happened
that, for no apparent reason, a particular herd demonstrated superior qualities.
Bulls exported from this herd transmitted these qualities to the whole breed so
that the breed gradually attained the quality of the favored herd. Then the cycle
could be repeated, as another herd drifted into having desirable qualities.

These observations are almost a summary of the shifting balance theory. Wright
liked to use a peaks and valleys metaphor to describe the process as he saw it. In
such a three dimensional graph the abscissas are usually allele frequencies and the
ordinate is the mean fitness of a population with corresponding allele frequencies.
The loci are treated as independent, making the abscissas orthogonal. The idea is
easily generalized, if not easily visualized, to more than three dimensions.

Wright thought of the shifting balance process in three phases.

Phase 1. He envisaged a large population broken up into partially
isolated subpopulations (like herds of cattle). These subpopulations are
small enough that allele frequencies within a population drift randomly.
Somewhere among the subpopulations, one may happen to drift into a
favorable combination of allele frequencies.

Phase 2. Once a subpopulation comes into the domain of attraction of
a higher peak, the gene frequencies will change such that the subpopu-
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lation population “climbs” the higher peak. Although phase 1 depends
on random processes, phase 2 is simple selection and moves relatively
rapidly.

Phase 3. A subpopulation at a higher peak, being more fit, will increase
in numbers relative to other subpopulations and therefore, perhaps
because of crowding, export migrants. These migrants upgrade the
subpopulations into which they have migrated, much as the Shorthorn
bulls exported from a superior herd raised the breed quality. In this
way the entire population is upgraded, and the process can start over.

Wright did a great deal of mathematics on phases 1 and 2, but not phase 3.
However more recent work has shown that, at least in some cases, phase 3 can
work as Wright envisioned [Crow et al., 1990]. Repeated directional migration can
be a strong force.

One criticism of Wright’s theory is that it places quite stringent requirements
on the population structure. In the first place there must be several subpopula-
tions, the more of these, the better for the theory. The individual subpopulations
must not lose the variability necessary for random gene-frequency drift, so some
migration from other colonies is required. Yet, too much migration leads to loss
of subdivision; the population becomes a single unit and the process fails. So a
major criticism of Wright’s theory is that the conditions required for it to work
optimally will not occur very often.

A second objection is that phase 1 reduces the population fitness, since random
changes are mainly maladaptive. It is not appealing, at least to some evolutionists,
that a process intended to increase fitness can function only by at least temporarily
reducing it.

A third criticism is that a more appropriate metaphor may not be a rugged
landscape but rather an ocean in which the surface is constantly changing. The
idea is that, given an ever-changing environment, it is very unlikely that a pop-
ulation will ever be in such a state that no allele frequency change can increase
fitness.

Finally, mass selection, often aided by artificial insemination, has been strikingly
successful in improving livestock performance. One wonders whether if Wright had
observed modern improvement in milk production of dairy cattle by mass selection,
rather than the process he observed in the history of Shorthorns, he would have
developed the shifting-balance theory.

None of these criticisms deterred Wright. He did not regard his process as nec-
essarily of frequent occurrence, but as a way in which some population somewhere
can bypass the difficulty of changing from a lower fitness peak to a higher one
when the intermediate stage is maladapted. It was his preferred way of generating
evolutionary novelty.

Wright’s theory has long been very popular among biologists, although less so
among theoretical population geneticists. Recently, it has come into more and
more criticism, e.g. [Coyne et al., 2000], so I think it is fair to say that the
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theory is less widely accepted than it was in Wright’s lifetime. It is not clear at
present whether what Wright regarded as his crowning achievement will be his
lasting heritage. Whether or not this is true, his high place in biological history
is assured. His contributions to the mathematical theory of population genetics
and to statistics are here to stay, as is his analysis of inbreeding. As one writer
[Kimura, 1983] said: “Who cannot have wished to invent something so simple and
important as the inbreeding coefficient?”

7 PHILOSOPHY

In 1952, as President of the American Society of Naturalists, Wright surprised
his audience, who had heard him repeatedly speak about evolution, by discussing
philosophy [Wright, 1953]. Biologists don’t often do this.

Wright had a long interest in the philosophy of organism and the mind-body
problem. His solution was an unusual one. He refused to accept emergence, in
particular the emergence of mind. He used the word “organism” very broadly.
Thus an organism could be an individual plant or animal, a hive of bees, a human
society, a species, an ecosystem, or the entire biota. It could also be the earth,
the solar system, or the universe. Or in the other direction, molecules, electrons
or protons. If he were writing today, he would include quarks. Since he wanted
to avoid emergence, he emphasized the continuity between individual, organ, cell,
virus, and gene — and, more broadly, between living and non-living.

With a hierarchical organization where there were no clear borders between the
different levels, Wright could not imagine truly emergent properties, such as mind.
There is no place, he said, at which one can say that mind exists only beyond this
point, whether one is speaking of stages of development, or times in evolutionary
history, or even from quark to the universe. Emergence of mind from no mind,
Wright said, is “sheer magic”. “If the human mind is not appear by magic, it must
be a development from the mind of the egg and back of this, apparently, of the
DNA molecules of the egg and sperm nuclei that constitute its heredity” [Wright,
1964]. Seeing no stopping point here, Wright went on to say: “Because of the
hierarchic nature of biologic and physical entities it appears that my mind must
be based somehow on the minds of my cells and these on those of the constituent
molecules and so on down to elementary particles.” It sounds a bit like Leibniz.

According to Wright, one mind sees another as matter, except as they compare
experiences. Wright thus arrived at his view of “dual-aspect panpsychism”; mind
is everywhere. “The only satisfactory solution of these dilemmas would seem to
be that mind is universal, present not only in all organisms and in their cells but
in molecules, atoms and elementary particles” [Wright, 1964]. Mind is universal
and so is matter.

As to the influence of this view on the practice of science, he wrote: “Accep-
tance of this point of view requires relatively little change in the actual practice
of science, especially as determinism has never been more than an ideal admit-
tedly unrealizable in full because of the invariable errors of observation and in



Sewall Wright 97

many cases, practically irreducible probabilities like those in the fall of dice (or
segregation and assortment of genes). The deterministic expressions do not lose
their usefulness as approximations. What we are given is a tenable philosophy
of science and along with this a desirable humility in the recognition that science
is a limited venture, concerned with the external and statistical aspects of events
and incapable of dealing with the unique creative aspect of each individual event”
[Wright, 1964]. Similar ideas are in [Wright, 1978]. Wright freely admitted that
his philosophy had no influence on his every day practice of science.

Biologists have greeted this work with disagreement, or more often, with indif-
ference. Many biologists regard the mind-body problem as something to avoid,
better left to philosophers. Others regard mind as something growing out of mat-
ter, requiring only a certain level of organizational complexity. Most, I think,
regard the mind as composed of constituents that cannot think at all. Wright did,
however, find agreement from some philosophers, notably his long time friend,
Charles Hartshorne.

Wright’s 1964 paper [Wright, 1964] was written in honor of Hartshorne.

8 WRIGHT, THE MAN

Those who knew Wright from his early days say that he was always somewhat
shy and introverted. He had absolutely no small talk, and it was difficult to have
a casual conversation with him. In contrast, if the subject was serious, he could
and would go on at great length. The topic could be history — including his early
days surveying; his ancestors (he enjoyed mentioning that he was a descendant of
Samuel Sewall, of Salem witchcraft fame); politics, on which he had strong opinions
(he detested Nixon); and of course any kind of science. His intellectual interests
extended beyond the usual range. He had limitations in aesthetics, however. He
sometimes remarked that he had no interest in poetry, something that disappointed
his father.

Wright was an unusually kindly man, always willing to help. No doubt he hurt
his own career by spending inordinate amounts of time helping others; usually
this involved a complete reanalysis of the data. He took manuscript reviewing
extremely seriously. On one occasion in which I was involved as an editor, he
reanalyzed the data and reached a conclusion opposite to that of the author. The
author simply changed the conclusion.

Although Wright was kindly to almost everyone, there were two exceptions. One
was R. A. Fisher, with whom he disagreed about several evolutionary points. For
some reason not apparent to outsiders, the difference became intensely personal,
and they avoided each other. Wright also complained about Ernst Mayr, who he
said did not understand his (Wright’s) work. Usually, however, he could see good
in almost everyone and every paper. Often he had insights deeper and better than
the original author.

Wright routinely used a desktop mechanical calculator and eschewed the use of
electronic computers. Finally the Genetics Department bought him an electronic
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calculator, which at first he was reluctant to use. But eventually he began exper-
imenting with it. Once I was visiting his ill wife in a hospital when Wright came
in. She asked him if he had emptied the trash, taken out the garbage, and done
a few other things, none of which he had done. She said: “Sewall, you are the
world’s worst husband.” He replied, “I may be a bad husband, but I know what
factorial 69 is.” The significance is that this is the largest factorial that does not
overflow his computer.

For a man of such accomplishment, Wright was excessively modest with a self-
deprecating wit, although he did not hesitate to argue a point on which he had an
opinion — like politics or the shifting balance theory. I have several times repeated
my favorite Wright anecdote, and will relate it here once again. While writing his
books he received a modest stipend from the National Science Foundation. During
this time the Foundation decided to provide an inflationary adjustment to his pay.
He was in his late 80s at the time. When I brought him this good news, he replied
that, according to his careful calculations, his productivity was declining at exactly
the same rate as the value of the dollar and he didn’t deserve a raise. He never
accepted it.
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MOTOO KIMURA

James F. Crow

Motoo Kimura’s work can be divided into two parts. The first is development of
theoretical population genetics, especially stochastic processes. He was the first to
apply both Kolmogorov equations, forward and backward [Feller, 1950], to genetic
problems. In this and other ways he extended the work of the founders, R. A.
Fisher, J. B. S. Haldane, and Sewall Wright.

The second part of his life, starting in 1968, was devoted to the “neutral theory”.
From a study of molecular evolution he concluded that most such evolution is
driven by mutation and random drift rather than natural selection. This was
initially controversial and was widely criticized, but it has come to be recognized
as a part of population genetics theory, with wide applicability.

I shall discuss these two phases of his life, but initially I give a short biography
and finally a short account of Kimura, the man and his personality. He was my
student, colleague, and friend.

A note on pronunciation: The correct pronunciation of the second syllable of
Kimura’s given name is with a long vowel; in Japanese this is stretched out. He first
indicated this with a circumflex. Later, doubling the letter became popular, and he
spelled the name Motoo. Inevitably, in the United States it was mispronounced
Mo-TOO rather than Mo-TOE. Of course his friends soon learned better, but
throughout his life Kimura was constantly encountering mispronunciation of his
name.

1 A BRIEF BIOGRAPHY

Motoo Kimura was born in Okazaki, Japan, on November 13, 1924. His father was
a metal worker, descending from a long line famous for large bells. He loved flowers
and imparted this love to his son. When Motoo was quite young his father gave
him a microscope and Motoo spent many happy hours with it. He particularly
liked plants and aspired to be a botanist.

During his childhood, an epidemic of food poisoning affected his whole family,
and one brother died. During his enforced absence from school, Motoo studied
his math texts, particularly Euclidean geometry. When he returned to school, his
teacher and classmates were astonished that he had done all the problems. The
teacher recognized his unusual ability and encouraged him to become a mathe-
matician, but his stronger interest was botany. At the time there seemed to be
no connection between mathematics and systematic botany — how different it is
today.
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Having passed the difficult entrance examinations, Kimura was admitted to the
prestigious National High School in Nagoya. There he was fortunate in having as
botany teacher, M. Kumazawa, a distinguished plant morphologist. Recognizing
Kimura’s ability, Kumazawa encouraged him to work in his lab. Cytology was of
central interest in Japan at the time and Kimura soon began a serious study of
lily chromosomes. Kumazawa also taught a course in biometry and for the first
time Kimura realized, to his pleasure, that there was a place for mathematics in
biology. He also enjoyed physics and his hero was the famous Japanese physicist,
Hideki Yukawa. Despite his work in mathematical genetics, Kimura never lost his
love of flowers. Much later, he used the royalties from a book we wrote together
[Crow and Kimura, 1970] to build a greenhouse and grow orchids.

While Kimura was in high school, Japan was deeply involved in World War II.
After finishing a war-shortened curriculum in 1944, Kimura was admitted to Kyoto
Imperial University. The best-known genetics faculty member was Hitoshi Kihara,
famous throughout the world for his studies on the evolution and cytogenetics of
wheat. One would expect that Kimura would have joined Kihara’s group in the
Faculty of Agriculture and studied cytology. At this time, however, students in
the Faculty of Science were exempt from military duty, so Kimura, at Kihara’s
instigation, enrolled in botany.

Although he was not directly involved in the war, Kimura’s life was not easy.
There was never enough good food and he disliked the troublesome military drill.
Fortunately, the war ended during Kimura’s first university year, and he was then
able to move to Kihara’s laboratory. Civilian life after the war, if anything, was
worse than before. On Sundays Kimura regularly visited a cousin who lived in the
Kyoto suburbs and had more and better food. He was a quantum physicist, and
the scientific talk was a welcome dessert for a much-appreciated meal.

Kimura’s first paper in Kihara’s lab was an analysis of the distributionof chro-
mosome numbers in successive generations of backcrossing [Kimura, 1950]. Kihara
was an enlightened leader and the world of population genetics can be thankful.
He recognized Kimura’s unusual mathematical ability, so he assigned no specific
duties and permitted him to study on his own. Kimura took advantage of this
opportunity and began a systematic review of mathematical genetics. Sometimes
this necessitated a trip to the library of the University of Tokyo, a long, slow
train ride, very hot in the summer. Kimura especially admired Sewall Wright
and, since there was no copy machine, he laboriously hand-copied Wright’s classic
63-page article [Wright, 1931]. It is fascinating to examine this copy, for Kimura
frequently added clarifying notes and already was thinking of alterative derivations
and mathematical improvements.

In 1949 Kimura joined the staff of the National Institute of Genetics in Mishima.
He immediately plunged into research and the first annual report, issued in 1950,
had five of his contributions. Nevertheless, it was a lonely time. No one in Mishima
understood the work and few cared for it. Furthermore, for Kimura, Mishima was
a rather uninteresting place; he missed the rich cultural life in Kyoto.

One person who did appreciate his work was Taku Komai, who had studied
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in the Morgan Drosophila laboratory in the United States. Komai encouraged
Kimura to study abroad and with the help of two American geneticists at the
Atomic Bomb Casualty Commission Kimura was able to put together enough
funds to come to the United States. He had hoped to study with Sewall Wright,
but Wright was retiring and not accepting students, so he recommended Iowa
State College to study with America’s leading animal breeder, Jay L. Lush.

The main thrust of work at lowa State was analysis of genetic variance, par-
ticularly subdivision of epistatic components. Although Kimura understood this
work, his heart was not in it. He wanted to work on stochastic processes in the
Fisher-Wright tradition. He then asked me if, at the end of his year at Iowa State,
he could study at Wisconsin. I was delighted to have a student of such talent and
accomplishment. Another plus was that Sewall Wright was moving to Wisconsin.
So Kimura moved to Wisconsin and at last had a chance to get well acquainted
with his hero and to work on his chosen subject. Curiously, although they often
spoke, Wright and Kimura did not work together; their mathematical methods
were too different.

The circumstances of my meeting Kimura were quite remarkable. During the
sessions of the Genetics Society of America, which that year was held at the
University of Wisconsin, I encountered a Japanese person who was had clearly lost
his way. Earlier, my student Newton Morton, who was working for the Atomic
Bomb Casualty Commission in Japan had discovered Kimura’s work and sent me
some reprints. I must have been one of a very small handful of people who had
ever heard of Kimura, and this immediately started a friendship. He had brought
with him a paper, written on the long trip across the Pacific. It was a study
of fluctuating selection coefficients, and he had discovered a transformation that
converted a very difficult partial differential equation into the well-understood
equation of heat diffusion. I helped him with the English and with getting it into
print [Kimura, 1954].

The two years that Kimura spent as a graduate student at the University of
Wisconsin were astonishingly productive. He wrote several path-breaking papers,
while at the same time taking courses, passing language exams, and filling various
requirements for the Ph.D.,; which he received in 1956.

Returning to Japan, he remained at the National Institute of Genetics for the
rest of his life, except for a several short visiting appointments throughout Europe
and the United States. In particular, he returned several times to the University of
Wisconsin, where he and I continued our cooperative research. Likewise, I found
several opportunities to work in Japan, so we continued our collaboration for the
rest of his life.

Finally, he contracted amyotrophic lateral sclerosis (Lou Gehrig’s disease). His
last months saw only steady physical deterioration. He died on his 70th birth-
day anniversary, November 13, 1994. The death was accidental, following a fall,
but I think it was merciful, since he had nothing to look forward to but further
deterioration.

Kimura has been honored throughout the world, and in particular in his birth-
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place, Okazaki. There is a museum and a public statue. For a more detailed
biography and account of Kimura’s work, see [Crow, 1997].

2 POPULATION GENETICS THEORY

Soon after beginning graduate work at the University of Wisconsin, Kimura wrote
one of his most influential papers. He was particularly adept at using diffusion
equations. Starting with a population with a specified frequency of two neutral
alleles, he worked out the probability of every allele frequency for all future times
until one allele is eventually lost from the population. He not only constructed
the entire process for the first time, but in doing so he demonstrated the great
power and convenience of a diffusion approximation. He soon extended this to
three alleles, and on to any arbitrary number. He then added mutation, selection,
and migration. His general procedure was to use the Kolmogorov forward equation
greatly extending the work of Wright [Wright, 1945]. This work was all done in his
first year of graduate work. He was invited to the Cold Spring Harbor Symposium
of 1955, where this material and much more was presented [CSH, 1955]. He also
introduced an elementary derivation of the Fokker-Planck equation, widely used
by physicists but coming into use by evolutionists. The paper was a tour de
force; but it was doubly difficult to understand, both because of its mathematical
complexity and because of Kimura’s then-limited skill in English pronunciation.
In the discussion Sewall Wright, with his usual generosity, rose to say that only
those who had tried such problems could appreciate the enormity of Kimura's
accomplishment.

After graduation in 1956, Kimura returned to Japan where he continued study-
ing stochastic processes. In particular, he made use of both the forward and
backward forms of the famous Kolmogorov equations [Kimura, 1964]. This en-
abled him to answer such questions as: the probability of ultimate fixation of a
mutant allele with arbitrary initial frequency and selective advantage, the distri-
bution of number of generations required for fixation or loss of a mutant allele, and
the number of individuals affected during the time the mutant allele is in transit.
Together with his colleague Takeo Maruyama, he discovered a way to obtain a
variety of functions of allele frequencies undergoing stochastic evolution [Kimura
and Maruyama, 1971].

Fisher’s “Fundamental Theorem of Natural Selection” [Fisher, 1930] has long
been a subject of controversy. It says that the instantaneous rate of change of
fitness is equal to the genic variance of fitness at the time, genic variance being
defined by least squares. It is exact only under highly simplified conditions, but as
an approximation tells a great deal about how selection works [Crow, 2002]. One
of Kimura’s accomplishments was to write explicit formulae, taking into account
dominance, epistasis, and variable selection coefficients [Kimura, 1958].

One of Kimura’s most interesting discoveries was that when there is directional
selection in a population, after a few generations it attains a state that he called
“quasi-linkage equilibrium”. In this state, the amount of linkage disequilibrium
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generated almost exactly cancels the epistatic variance. Thus, contrary to the
wisdom of the time, a long-time selection program can be predicted more accu-
rately by ignoring epistasis. It vindicated his earlier lack of interest in epistatic
components while he was at lowa State University. For a discussion, see Crow and
Kimura [Crow and Kimura, 1970], pages 195-225.

This is only a sample of Kimura’s enormous number of accomplishments in
mathematical population genetics. The best way to key into Kimura’s work is
a volume of his major papers that have been reprinted with explanatory intro-
ductions by N. Takahata, published in 1994 by the University of Chicago Press
[Kimura, 1994].

3 THE NEUTRAL THEORY

In 1968, Kimura presented his block-buster [Kimura, 1968]. This happened in
the beginning days of molecular evolution and the pattern of amino acid changes
in various evolving proteins was becoming known. The conventional wisdom was
that natural selection was the main driving force. Kimura dared to say that most
molecular evolution — evolutionary changes at the DNA level — were selectively
neutral, driven by the mutation rate and random allele frequency drift. A conse-
quence is that, viewed over a long time period, the rate of neutral evolutionary
change is determined by the mutation rate alone.

Kimura’s first arguments were not very convincing, but at about the same time
King and Jukes [King and Jukes, 1969] reached the same conclusion. There was
a great deal of debate, some quite vociferous. To some traditionalists, the idea
of neutral evolution was simply unthinkable. Nevertheless, additional evidence in
favor of neutrality accumulated.

It should be emphasized that Kimura did not deny that evolution of form and
function is driven by natural selection. What he asserted is that this was a small
part of change at the DNA level, most of which was evolving neutrally. With
time it became clear that in mammals only a small fraction of the DNA codes for
proteins; the great bulk is “junk” with no known function. It is reasonable that
much of the evolutionary change in this junk is neutral while changes in amino
acid composition are more often selected. The jury is still out on the question
of just how much DNA change is neutral. Although the neutral theory remains
controversial, one point is not in doubt. Being concrete and mathematically simple
it leads to testable predictions, and this has been one of its greatest merits. It has
had great heuristic value and a neutral prediction is often used as a null hypotheses
for testing various models of selection.

It is common in the history of science for mathematics that was developed for
its own sake or for a specific subject turns out to have a totally unexpected use.
Examples abound, but usually the application comes long after the theory was first
developed. Kimura had the good fortune that much of the mathematical theory
that he developed in the early days of his career was almost made to order for the
neutral theory. Such problems as the probability of fixation of a neutral mutation,
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the time till fixation, and the number of individuals in the path to fixation all were
immediately applicable to the neutral theory. This made the theory quantitative
from the beginning, and permitted many quantitative predictions and tests. It
also provided a rational basis for a molecular clock. Remarkably all this happened
in one lifetime, Kimura’s.

For the rest of his life Kimura devoted most of his energies to finding new
approaches to neutral evolution and defending his theory. Each new molecular
discovery was examined from this point of view, and often was used as an additional
argument. Along the way, he discovered a variety of new mathematical techniques,
useful in evolutionary studies and an important part of the permanent repertoire
of mathematical population genetics. Kimura summarized his theory, and much
more, in a readable book [Kimura, 1983].

4 KIMURA THE MAN

Kimura was widely honored during his lifetime. He received honorary doctorates
from the Universities of Chicago and Wisconsin. In addition, he received 14 other
high awards; some of the most prestigious are foreign membership in the Royal
Society of London and the United States National Academy of Sciences, and the
Darwin Medal of the Royal Society.

He wrote well over 150 major papers and several books. His “The Neutral
Theory of Molecular Evolution” [Kimura, 1983] was favorably reviewed and widely
read. It has become a classic.

While a student, Kimura enjoyed discussing all kinds of subjects: genetics, of
course, but also Greek tragedies, music, and science fiction; he especially liked
Arthur Clarke. He also enjoyed philosophy, especially Bertrand Russell. He and
I had many happy times together, starting with his student days and continuing
through his life. He was a delightful companion.

With scientific colleagues and especially advocates of theories contrary to his,
Kimura was not so gracious. He could be argumentative, petty, and vindictive.
A scientific difference often became personal. In the last decades of his life, de-
fending the neutral theory became an obsession. It was hard to get him to talk
about anything else. This singleness of purpose undoubtedly spurred him to more
research, but it marred his relations with colleagues and other scientists that he
regarded as competitors or opponents. Ironically, the theory stood on its own very
well.

In an earlier period, the best-known geneticist in Japan was Hitoshi Kihara.
After his retirement, Kimura took his position. Now Kimura has taken a place
alongside the great population genetics trinity: R. A. Fisher, J. B. S. Haldane, and
Sewall Wright. For Wright’s final evaluation of the work of all four, see [Wright,
1988].
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NATURAL SELECTION

Christopher Stephens

Charles Darwin introduced the term “natural selection” in chapter IV of his
book On the Origin of Species [1859]

[Clan we doubt (remembering that many more individuals are born
than can possibly survive) that individuals having any advantage, how-
ever slight, over others, would have the best chance of surviving and
of procreating their kind? On the other hand, we may feel sure that
any variation in the least degree injurious would be rigidly destroyed.
This preservation of favourable variations and the rejection of injurious
variations, I call Natural Selection. (p. 80-81)

Before Darwin, the term “selection” was used by plant and animal breeders to
indicate a conscious choice to breed organisms with desired characteristics. Darwin
used artificial selection as an analogy to understand natural selection, where nature
does the picking and choosing.

In contemporary evolutionary theory, “natural selection” is usually defined as
occurring if and only if there is heritable variation in fitness [Lewontin, 1970].
For instance, if giraffes with taller necks are more likely to survive than those with
shorter necks because they can reach more food sources, then the giraffes with taller
necks are fitter. If this fitness variation is transmitted to the calves so that giraffes
with taller necks are more likely to have taller offspring and shorter giraffes more
likely to have shorter offspring, then the trait is said to be heritable. If heritable
variation in fitness exists, then we should expect, ceteris absentibus (all other forces
being absent [Joseph, 1980]), fitter traits to increase in frequency and less fit traits
to decline. The reason for the ceteris absentibus condition is that processes other
than natural selection such as random genetic drift, recombination, mutation or
migration can also affect evolutionary change. Consequently, heritable variation in
fitness (natural selection) is neither necessary nor sufficient for evolution [Endler,
1986].

Following Darwin, biologists often use the term “sexual selection” to refer to
selection that is a result of differential mating success, and reserve “natural se-
lection” to refer to other components of fitness, such as viability. This is because
some traits enhance fertility but impair viability. The peacock’s tail, for instance,
is favored by sexual selection because females prefer males with large colorful tails.
At the same time, a large colorful tail makes the peacock more likely to be a meal
for predators. When natural selection is defined as “heritable variation of fitness”
(as above), sexual selection is just a special kind of natural selection.
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Trying to understand the precise scope and role of natural selection in evolu-
tionary theory generates many questions of philosophical interest. For instance,
consider a trait that has evolved by natural selection such as giraffe neck length.
Did natural selection favor longer necks because it benefited the organisms that
had longer necks, because it benefited the groups of giraffes that had long necks,
because it benefited the genes that are (in part) responsible for long necks, or be-
cause of some combination of these factors? This is known as the units of selection
problem, and will be discussed in a separate entry (see Wilson’s chapter on levels
of selection in this volume).

We can divide the philosophical issues raised by natural selection into two rough
categories. First, there are issues — such as the units of selection problem — that
involve understanding the process natural selection itself. Besides the units of
selection problem, philosophers have been particularly interested in issues about
how to understand and interpret fitness, as well as the question of whether natural
selection explains why individuals (as opposed to populations) have the properties
that they do. A second set of issues includes questions about the relationship
between natural selection and other evolutionary processes. Included here are the
following sorts of questions: How powerful a force is natural selection compared
to the other possible causes of evolutionary change? Are the processes of natural
selection, drift, mutation and so on properly understood as forces or causes, or are
these factors merely statistical phenomena? I will consider each of these issues in
turn.

Fitness

Herbert Spencer [1864] was the first to use the phrase “survival of the fittest”
to describe natural selection. Alfred Wallace, who independently discovered and
developed the theory of evolution by natural selection [Wallace, 1859], encouraged
Darwin to adopt Spencer’s phrase because he thought that the term “natural
selection” would mislead people into thinking that the process required conscious
thought and direction. Darwin did eventually use the phrase “survival of the
fittest” [Darwin, 1868] but refused to give up the term “natural selection”, and in
his later works used the two interchangeably.

Darwin and other biologists’ subsequent use of the phrase “survival of the
fittest” gave rise to a criticism of the theory of evolution known as the tautol-
ogy problem. If it is a matter of definition that the fittest organisms survive, then
in what sense is it explanatory to say that the reason why one group of organisms
survived and another did not is because the first group was fitter? As a result
of this concern, some philosophers, most famously Popper [1963, later retracted],
biologists [Peters, 1976] and various creationists were led to think that this lack
of testability was a serious problem with evolutionary theory. Notice, however,
that even if some component of evolutionary theory is a tautology, this does not
mean that evolutionary theory as a whole is “untestable” or “true by definition”.
There is much more to evolutionary theory than the definition of fitness: the mere
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definition of fitness does not imply that there actually are heritable variations of
fitness, or the nature of these differences, or how they interact with other forces of
evolution, and so on. Even if the principle of natural selection is true by definition,
just as it might be true by definition that “bachelors are unmarried”, this doesn’t
mean that there can’t be empirical ways of finding out about fitness, just as there
are empirical ways of finding out who is a bachelor [Sober, 1984].

At any rate, one of the most important developments in responding to the
tautology problem was the development and defense of the so-called propensity
interpretation of fitness [Mills and Beatty, 1979; Brandon, 1990; Sober, 2000].
According to the propensity interpretation, we can think of fitness as a probabilistic
dispositional property analogous to the way we think about dispositions such as
solubility. Just as a cube of sugar might have a certain probabilistic disposition
to dissolve when immersed in a certain liquid, we can think of the fitness of an
organism as a probabilistic tendency to survive to adulthood (viability fitness)
or a disposition defined by a probability distribution with respect to how many
offspring the organism could have (fertility fitness). Suppose that one organism
has a .8 chance of having 3 offspring (and a .2 chance of having none) whereas
another organism merely has a .7 chance of having 3 offspring (and a .3 chance of
having none). This means that each organism has a fertility fitness that is defined
by a certain probabilistic propensity known as the expected number of offspring.
The first organism is fitter than the second, in that it is more likely to have more
offspring, but because fitness is a probabilistic propensity, there is no guarantee
that the first will have more offspring than the second.

The propensity interpretation identifies fitness with an organism’s expected,
rather than its actual, degree of reproductive success. If fitness were identified
with the actual reproductive success of an organism or trait type, it is hard to
see how fitness could explain the reproductive success of the organism or trait
since nothing can explain itself. Defenders of the propensity interpretation argue
that the identification of fitness with actual reproductive success commits an op-
erationalist fallacy — defining a term by the way in which it is measured. By
thinking of fitness as an expectation, one could argue that fitness explains actual
reproductive success the same way that a coin’s expectation of heads and tails
explains the results of a series of tosses. This suggestion avoids the tautology
problem; however, it isn’t clear that such a dispositional account is particularly
explanatory. If we explain why a group of organisms with one trait survived while
another group with a different trait died by saying that the former trait was fitter
than the latter, this amounts to saying that what occurred did so because it was
more probable than the alternative, which doesn‘t seem especially illuminating
[Sober, 1984].

Other objections have been raised to the propensity interpretation [Rosenberg,
1985; Beatty and Finsen, 1989; Sober, 2001]. One problem is that there is not
just a single propensity interpretation of fitness; rather, there are several different
ways of understanding fitness as a propensity. For instance, there can be differences
between the short and long term fitness of a trait. A given trait might have a high



114 Christopher Stephens

short-term fitness but a low long-term fitness or vice versa. Another complication
is that when a certain type of organism has an offspring contribution that varies
solely between generations, then the geometrical mean is the appropriate measure
of fitness, but when there is variation solely within generations, the arithmetical
mean is the better measure of evolutionary expectation [Beatty and Finsen, 1989].
It can be difficult to determine whether the variation is distributed one way or the
other, and it is also possible that a type will change reproductive strategies over
time. There are still many unresolved issues about how to interpret fitness.

What Does Natural Selection Explain?

Sober [1984; 1995] argues that natural selection can explain the frequencies of traits
— such as being long-necked — in a population, but doesn’t explain why individual
giraffes have long necks. Selection has a merely negative role of eliminating variants
and does not have a “creative” role of explaining why a particular individual has
the traits it does. Sober illustrates this with an analogy involving a selection
process for admission into a classroom. In order to be admitted to the next grade
level, a student must pass an admissions test, which involves being able to read.
Suppose children A, B and C pass the admissions test but the other children
do not. The selection process (the admissions test) explains why individuals in
the next grade level have trait P (being able to read), and why there are no
individuals with trait not-P in the next grade level. However, the selection process
does not explain why child A has P rather than not-P nor why child B has P
rather than not-P, and so on. The selection process determines why the room
contains only readers (those with trait P) but does not explain why A is able
to read. A’s ability to read is presumably explained by appeal to the history of
her particular experiences and mental capacities. Analogously, Sober argues that
natural selection explains why a population has the types of organisms that it
does, but it doesn’t explain why the particular organisms have the traits that they
do. Presumably, something like a developmental explanation would explain why
a particular organism has the traits that it does.

Some philosophers have argued, pace Sober, that selection can, in the right
circumstances, explain why individuals have the traits that they do [Neander,
1988; 1995a; 1995b; Matthen, 1999; 2002; 2003], while others have defended the
view that selection does not explain the traits of individuals [Sober, 1984; 1995;
Walsh, 1998; Lewens, 2001; Pust, 2001]. Neander, for example, argues that natural
selection can explain the traits of individuals (e.g., why each giraffe has a long
neck) by being part of a cumulative selection process. In the first stage, selection
explains why a certain ancestral population has the traits that it does — e.g., why
all of the individuals have genes that produce long necks. Those with genes that
coded for short necks died out before reproducing. In the second stage, the traits
of the descendents of these giraffes are explained by noting that they inherited
their traits from the members of this ancestral population, which was full of long
necked survivors. Hence, selection helps explain the traits of these individual
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giraffe descendents.

Matthen [1999; 2002; 2003] offers an independent argument in favor of the
claim that natural selection can explain the traits of individual organisms. In his
scenario, there is also a two-stage process but not one that involves cumulative
selection. A single selection event can influence the composition of future gener-
ations by increasing the chances that a particular individual will have offspring
with a particular trait because a selection event can change the frequencies of
genes available. In Matthen’s [1999] example, a selection process favors a certain
trait C in a population of sheep. As a result, this increases the proportion of sheep
with trait C' in the population, and makes it more likely that any given sheep will
mate with a sheep with trait C. In particular, if we consider a particular sheep
P (parent), the prior selection event in favor of trait C' increases the probability
that P will mate with a sheep that has trait C'. This means that there could be a
particular sheep — let’s call it Dolly — that is the offspring of P, whose possession
of trait C' is in part explained by the prior selection event.

Matthen argues that in order to defend his view, Sober would have to rely on a
contentious ontological assumption about origin essentialism — in particular, he
must assume that a particular sheep such as Dolly must come from the parents it
did come from. Sober needs to distinguish between an individual like Polly coming
into existence with the traits that Polly has and Polly herself coming into existence
with the traits that she has. If we help ourselves to this distinction, then someone
such as Sober could argue that the prior selection event in Matthen’s sheep example
only increases the probability that a sheep like Polly will have trait C'; it does not,
however, increase the probably that Polly has trait C. This is because in order for
it to be Polly the sheep, she must have been born to the particular parents that she
had [Kripke, 1972]. Once you have fixed on Polly’s particular parents, you have
screened off the influence of the prior selection process. Matthen (correctly) doubts
that this assumption about origin essentialism is crucial to population genetics, and
so concludes that natural selection can explain (in part) why individuals have the
traits that they do. Pust [2001] in contrast, argues in favor of origin essentialism.

Forber [2005] argues that there are two related questions that need to be dis-
tinguished. First, what is the role of selection in explaining the origin of biological
traits and second, what are the implications of this for explaining why particular
organisms have the traits that they do? He argues that selection can explain why
a trait originates if the trait is a result of a combination of factors. Forber has us
imagine two scenarios where there is a haploid organism with two relevant loci. At
one locus are alternative alleles A and a and at the other locus are alternatives B
or b. In one case, we suppose that the AB combination is the fittest and that the
aB and Ab combinations are less fit, and the ab combination the least fit. If the
population starts out at 100% ab, we can then appeal to selection to explain why
the AB combination arises in the first place. If mutations from a to A and from
b to B are relatively rare, then selection can help explain how the population gets
to AB. This is because there is a selective advantage to either aB or Ab over ab.
so selection increases the probability that an individual (and eventually the entire
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population) will get to AB. In the second case, we suppose that AB is again the
fittest combination but that aB, Ab and ab are all equally less fit than AB. In this
case selection does not play a role in explaining why AB first originates in the
population. In this latter case, it is only the unlikely combination of mutation and
drift that explains the origination of the AB combination. Consequently, selection
can explain the origin of biological traits if the right sort of processes occurs. It
is not enough that the process is cumulative and it doesn’t matter whether sex-
ual reproduction is involved; what is crucial is that a trait is affected by multiple
factors.

Forber argues that to resolve the second issue — whether selection can explain
why individuals have the traits they do — one must settle certain philosophical
issues about explanation that are independent of the purely scientific features of
evolutionary biology. As Matthen’s sheep example indicates, if selection helps
explain why a trait first originates, then it helps explain why some individuals
or other have that trait. There is, however, a separate debate over whether this
explanation about origin also carries over to explain why particular individual
organisms have such traits.

Defenders of the Neander-Matthen position accept the view that part of what
explains why an individual has a particular trait depends on explaining how the
trait originated in an ancestral individual. Proponents of the Sober position, on the
other hand, argue that a developmental explanation of an individual is sufficient
to explain why individuals have the traits that they do — there is no role for
what Sober calls a variational explanation. A final resolution of this debate thus
depends on sorting out which view of explanation is the most plausible.

Adaptationism

A trait such as giraffe neck length is an adaptation for eating leaves high in trees
if it is a result of natural selection acting for that end. If, in the relevant ancestral
population, there was selection for having longer necks because giraffes with longer
necks were more fit than those with shorter necks by virtue of being able to eat
more leaves, then we can say that the giraffe’s long-neck is an adaptation for
eating.

A few remarks about this definition of adaptation. Notice that an adaptation is
an historical property rather than a comment about a trait’s current utility. Maybe
long necks are adaptive now because they help giraffes see over cars or buildings,
but these are not reasons why the trait evolved. A trait can have properties that
are not part of why it evolved, such as the fact that a neck has a certain mass.
These traits are sometimes known as “spin-off” or “side effects” and there is merely
selection of, rather than for, these properties [Sober, 1984]. A trait can also be
favored by natural selection for more than one reason, either simultaneously or in
sequence. Giraffe bulls engage in “necking displays” to exhibit dominance, and
so long necks might also be an adaptation for this behavior. In some cases, a
trait such as having a long neck might evolve for one reason (to reach high leaves)
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and then be favored by natural selection for another reason (dominance displays).
Gould and Vrba [1982] refer to this phenomenon as an “exaptation” and argue
that traits such as a long neck are really only adaptations for why they were
first favored by natural selection, and are merely exaptations for the subsequent
behavior. I see no reason, however, to restrict the term adaptation in such a way.
Surely a trait can be an adaptation both for why it was first selected and for why
it is maintained by selection [Sterelny and Griffiths, 1999]. At the same time,
Gould and Vrba are right to remind us that one cannot simply assume that the
reason that a trait is favored mow or in the recent past is the same reason that it
was favored by selection in the more distant past.

The central debate about adaptationism concerns the power and scope of nat-
ural selection. Everyone agrees that traits like eyes and wings were favored by
natural selection for some reason, though there are disputes about exactly why
such traits were favored. Biologists also agree that natural selection is an impor-
tant process in evolution. There is considerable disagreement, however, about the
significance of non-selective factors such as random genetic drift and the role of
mechanical, developmental, genetic, and other sorts of constraints. Is natural se-
lection powerful enough so that it can overcome constraints and other non-selective
processes? Can model builders effectively ignore factors such as drift, at least in
most circumstances?

Although debates about the importance of natural selection go back to Darwin
and Wallace, the contemporary discussion is in large part a reaction to Gould and
Lewontin’s [1979] famous paper “The spandrels of San Marco and the Panglossian
paradigm”. In their paper, Gould and Lewontin raise two main kinds of objections
to adaptationism — empirical and methodological. On the empirical side, they
claim that many biologists tend to confuse adaptiveness (current utility) with
adaptation by assuming that a trait must have been selected in the past for what
it does well now. They also charge that adaptationists tend to “atomize” organisms
— thinking that each trait of an organism can be assumed to evolve independently
from its other traits. The number of digits on one hand should not be understood
as a trait that evolves independently from the number of digits on our other hand.
This is an extreme case, of course, but anti-adaptationists tend to think that there
are many such constraints and correlations between traits, whereas adaptationists
tend to think there are not.

In addition to disagreement about empirical issues, adaptationists and their
critics have methodological disputes as well. Gould and Lewontin charge that
adaptationists, when faced with the failure of one adaptive explanation, tend to
immediately come up with an alternative adaptationist explanation rather than
look to a non-adaptationist explanation. In particular, Gould and Lewontin want
to encourage biologists to pursue the idea of a body plan (bauplan) and to take
seriously physiological constraints that limit the power and scope of natural selec-
tion.

Gould and Lewontin’s most important methodological criticism of adaptation-
ism is that adaptationists tend to make up “just-so stories” — how-possibly ex-
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planations that aren’t supported by much evidence. It is easy to make up a story
about how a trait might have been favored by natural selection and much harder
to get evidence in favor of a particular adaptationist explanation. It may seem
obvious that long necks in giraffes are an adaptation for reaching leaves high in
trees, but if it turns out that long necks evolved in an environment without tall
trees, this explanation would be disconfirmed.

Some adaptationists, such as Richard Dawkins [1982; 1983] and Daniel Dennett
[1995], defend their view by pointing out that natural selection is the only process
capable even in principle of explaining adaptive complexity. Dawkins argues, for
instance, that Lamarckian methods of use and disuse plus the inheritance of ac-
quired characteristics cannot explain even in principle how a trait such as the eye
could have evolved, since there is no way that the use of a proto-eye could change
its properties to make it more transparent and hence better adapted. It should be
noted that however indispensable natural selection might be in order to explain
adaptive complexity, this response does not answer the methodological challenges
raised by Gould and Lewontin.

There is considerable dispute about how exactly to formulate adaptationism
[Maynard Smith, 1978; Lewontin, 1979; Dawkins, 1982; Orzack and Sober, 1994;
Dennett, 1995; Brandon and Rausher, 1996; Sober, 1996; Amundson, 2001; Godfrey-
Smith, 2001]. The adaptationism debate has often involved caricatures and mis-
representations of the opposing side. Lewontin (1979), for instance, describes
adaptationism as “that approach to evolutionary studies which assumes without
further proof that all aspects of the morphology, physiology and behavior of organ-
isms are adaptive optimal solutions to problems.” As described, this is probably
not a position held by anyone, and makes adaptationism trivially false. There is,
however, broad agreement that there are at least two different kinds of adaptation-
ism. On the one hand there is what is sometimes called Empirical Adaptationism
[Sterelny and Griffiths, 1999; Sober, 2000; Godfrey-Smith, 2001]. Empirical Adap-
tationism is usually defined as the view that natural selection is the most or only
important cause of most traits in most populations. The thesis may be stated
more or less strongly, depending on how powerful and how pervasive one claims
that natural selection is. Anti-adaptationists, by contrast, often emphasize the
role of constraints in limiting the power of natural selection.

Consider a case of heterozygote superiority. Suppose we have a diploid organism
that can have either a A or a allele at a given locus. That is, each organism in
the population has either a aa or AA homozygote or a Aa heterozygote. Suppose
further that the heterozygote codes for the fittest trait. Sickle-cell anemia is a
famous case of this phenomenon. Humans with one copy of the a allele acquire
a resistance to malaria but still have healthy cells. People with two copies of the
a allele develop a serious disease known as sickle-cell anemia. AA homozygotes
have neither the resistance to malaria nor the anemia. The heterozygote is the
fittest trait, but heterozygotes don’t “breed true”, since half of the time when
two heterozygotes mate their offspring will not be Aa. This means that natural
selection cannot cause the fittest trait to sweep to 100% of the population because
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of this genetic constraint.

Adaptationists tend to think that cases of heterozygote superiority are rare —
there is a good reason that most biology textbooks use the sickle-cell example, since
such cases, they argue, are unusual. Anti-adaptationists, in contrast, worry that
genetic constraints might be more common. The fittest trait can also fail to evolve
where heterozygotes are inferior to both homozygotes. In such cases, the popula-
tion might evolve to 100% of the homozygote that is not the most fit. Unlike the
case of heterozygote superiority, there would not be a phenotypic polymorphism
as with the sickle-cell anemia case. Once the population is at equilibrium, the
evolutionary process may have destroyed the information about whether the other
homozygote was the fitter alternative.

Another kind of constraint is developmental — fruit flies have only a limited
number of eggs and can have either high fecundity early in life or late in life,
but not both. It might in some sense be optimal to have a high fecundity both
early and late in life, but it appears that this not an option because of constraints.
Many traits — e.g., nipples in males — are developmental byproducts, rather than
adaptations.

Adaptationists also worry about the extent of pleiotropy, in which one gene
leads to two different phenotypic effects. If one of these effects is harmful, the
case is known as antagonistic pleiotropy. Dawkins tends to think that the power
of natural selection will overcome such constraints. He writes “if a mutation has
one beneficial effect and one harmful one, there is no reason why selection should
not favour modifier genes that detach the two phenotypic effects, or that reduce
the harmful effect while enhancing the beneficial one” [Dawkins, 1982, 35].

The second major form of adaptationism is methodological adaptationism.
Methodological adaptationism is the view that adaptationism is an indispensable
research tool for finding out about whether a trait is an adaptation. Sober states
the position a bit more strongly “The only way to find out whether an organism
is imperfectly adapted is to describe what it would be like if it were perfectly
adapted.” [Sober, 1996, 54]. Stephens and Krebs [1986] say something similar
— the only way that one can get information about constraints is via an opti-
mality model. Amundson [2001] argues, however, that one can sometimes get
information about constraints from facts about developmental biology alone and
not by an optimality model. Still, as I discuss in more detail below, adaptationists
can claim that theirs is a position only about the power of selection acting on
phenotypes that are actually generated. Methodological adaptationism, though
somewhat contentious, is less controversial than empirical adaptationism.

Critics such as Gould and Lewontin [1979] argue that adaptationist explana-
tions are too easy to make up. Biologists have responded in part by making
theories with predictions that are harder to confirm. Biologists have two major
tools for confronting the methodological challenges associated with adaptationism
[Kitcher, 1985; Reeve and Sherman, 1993; Sterelny and Griffiths, 1999; Sober,
2000]. On the one hand, as Maynard Smith [1978] has emphasized, biologists can
and should develop optimality models that make precise, quantitative predictions.
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If the model makes precise predictions, it is no longer a trivial matter to make up
a theory or model that fits the facts. Furthermore, one can often build into one’s
model various kinds of constraints, thereby dealing with various concerns about
certain sorts of mechanical and engineering constraints. It should also be noted
that non-adaptationist explanations are easy to make up too, which means that
precise models are needed to test alternatives to adaptationism as well.

Of course, critics of adaptationism point out that this still leaves room for
various ad hoc maneuvers that making testing adaptationist claims more difficult.
Dawkins discusses such a case in considering an appeal to a “time lag” between
present and past conditions to explain away data that does not fit a model. Lack
[1966] used this approach when discussing optimal clutch size. In a case where
the data didn’t match up to his theory, Lack appealed to the claim that the
conditions under which the clutch size evolved were different from the present
circumstances, and so there had not yet been time for the trait to evolve to meet
the new environmental conditions. Dawkins claims that although it is post hoc, it
is at least still testable in principle. Information about the food conditions in the
time period during which the trait evolved would help resolve the issue.

The second major tool that adaptationists avail themselves to is the compara-
tive method [Harvey and Pagel, 1991; Sterelny and Griffiths, 1999; Sober, 2000].
The main idea behind the comparative method is to examine correlations in many
species between two more traits or between a trait and some environmental vari-
able. For instance, if increasing neck length is correlated with environments that
have tall trees, this correlation can be studied in close relatives of the giraffe to
get more data. In some cases, one discovers historical facts that undermine an
otherwise plausible adaptationist hypothesis. Some biologists thought that the
low birth weight found in bears was a by-product of the evolution of hiberna-
tion. It turns out, however, that low birth weight evolved before hibernation, and
appears on branches of the evolutionary tree in which hibernation never evolved
[McKitrick, 1993; Sterelny and Griffiths, 1999].

Peter Godfrey-Smith [2001] argues that there is a third kind of adaptationism,
in addition to its empirical and methodological versions. According to Godfrey-
Smith, explanatory adaptationism is the claim that the most important question
in evolutionary biology is how to explain apparent design, and that natural selec-
tion is the “big answer” to this question. This is distinct from empirical adapta-
tionism because one could think that natural selection is the answer to the “big
question” about apparent design without thinking that natural selection is partic-
ularly pervasive or powerful in overcoming constraints. Godfrey-Smith claims that
explanatory adaptationism is the kind of adaptationism responsible for the most
difficult conceptual problems surrounding the adaptationism debate. He suggests
that Dawkins and Dennett are clearly explanatory adaptationists and may not be
empirical adaptationists. Dawkins [1983, 16], for instance, defends explanatory
adaptationism when he says that explaining adaptive complexity is the main task
of any theory of evolution. He also says that “I would not presume to try to con-
vert any of these people to my point of view” (Dawkins 1983, 16), which suggests
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that this may not be an issue which is resolvable by any sort of straightforward
epistemic means.

While Godfrey-Smith is right to see biologists such as Dawkins (and perhaps
philosophers such as Dennett) as defending explanatory adaptationism, it isn’t
clear that this thesis is a focus of the adaptationism debate. Amundson [1994] de-
velops a similar set of distinctions, except that he is more focused on the particular
criticism that adaptationists ignore the significance of developmental constraints.
According to Amundson, adaptationists tend to see developmental considerations
as a kind of constraint on adaptation. On this picture developmental constraints
are on a par with genetic constraints, random genetic drift, and any other factors
that “get in the way” of natural selection. If natural selection is powerful enough,
it will overcome these other factors and processes.

However, Amundson is concerned that we see the developmental challenge in
a more radical way. Developmental constraints are not processes that constrain
natural selection the way that drift, mutation, migration, and so on do since these
can all be represented in population genetics models along with selection to de-
termine the relative importance of these processes in the evolution of a particular
trait in a population. Drift is a theoretical option in the standard approaches
to population genetics; even when its significance is denied, there is no problem
in understanding how it could make a difference in the models, at least theoret-
ically. Development, on the other hand, has been “black-boxed” and not as well
integrated. Amundson claims that many fans of developmental constraints see
something misguided about the traditional picture in which drift, selection and
development are all on a par. Drift and selection share a common vocabulary and
mathematical framework, but development does not.

Godfrey-Smith [2001] points to Dawkins’ [1982] claim that the neutralism de-
bate is orthogonal to the kind of adaptationism that he (Dawkins) wants to defend
as evidence that Dawkins is not an empirical adaptationist. According to Dawkins,
the adaptationism debate is concerned with non-molecular traits. He writes that
“given that we are dealing with a phenotypic effect big enough to see and ask
questions about, we should assume that it is the product of natural selection.” So,
according to Dawkins, the neutrality controversy is really a secondary issue.

While I agree that much of the adaptationism debate is orthogonal to the debate
about neutralism, I don’t think this sort of passage is sufficient evidence that
Dawkins is not (or perhaps not) an empirical adaptationist. The right sort of
attitude to take is to note that there are really two separate controversies here,
one about neutralism that is at the molecular level, and a largely distinct debate
about adaptations at the macroscopic level. Dawkins can still be viewed as an
empirical adaptationist because of his belief that due to the richness of variation
natural selection will tend to overcome pleiotropy and various sorts of genetic
constraints.

Like Godfrey-Smith [2001], Amundson [1994] points out that defenders of de-
velopmental constraints have a different view about what the primary explanan-
dum of evolutionary theory is. Standard neo-Darwinian biology views adaptations
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(“apparent design”) as the primary explanandum, whereas developmental biolo-
gists often view the diversity of organic forms as the primary explanandum. On
the developmentalist picture, the diversity of organic forms is best explained by
constraints-on-form, rather than constraints-on-adaptation.

Amundson points out that there are two different kinds of dispute here — one for
each part of the two-stage process involving variation and selection. The first stage
concerns the production of heritable variation, whereas the second concerns the
sorting of that variation. Natural selection only operates at the second part of this
process. The debate between advocates of selection and advocates of drift occurs
in this second part of the process, whereas advocates of developmentalism claim
that it is at the first part of this process where constraints play a significant role.
In other words, development may or may not constrain what the actual variations
are in a population, whereas other sort of constraints (such as the genetic ones
mentioned previously) operate on the already existing variation.

Amundson then uses this to draw a distinction between “soft” and “hard”
adaptationism in which the soft adaptationists allow for the significance of de-
velopmental constraints on the process of determining what the variants will be.
According to soft adaptationism, developmental constrains-on-form must result in
a constraint-on-adaptation. Hard adaptationism, on the other hand, claims that
developmental constraints can be overcome by the power of natural selection, and
so constraints-on-form are not constrains-on-adaptation.

Amundson also notes that some constraints-on-form can actually increase cer-
tain adaptive possibilities. For instance, because of certain developmental con-
straints there will be certain correlated changes in form — it is not necessary
that both the left hand and the right hand have to independently be the target
of selection for them both to change. This means that adaptationists such as
Stephens and Krebs (1986) are wrong in thinking that constraints must be defined
as restricting adaptations.

Reeve and Sherman [1993] claim that adaptationism is consistent with the exis-
tence and importance of constraints, though Amundson points out that there are
different kinds of constraints, some of which conflict with adaptationism. Whether
adaptationism is in tension with constraints depends on the kind of constraints —
adaptationism is genuinely in conflict with there being a large number of genetic
constraints. It is not, however, necessarily in conflict with mechanical constraints,
such as those that occur when leg length must be traded off with leg strength
[Maynard Smith, 1978].

Although Amundson and Godfrey-Smith are raising interesting issues here, it
isn’t clear how central they are to the adaptationism debate. It is hard, for exam-
ple, to make sense of the claim that natural selection is more powerful or “does
more” in a case where it chooses among many actual variations compared to a
case where, due to developmental constraints, there are only a couple of alternate
phenotypes to act on. This is precisely because, as Amundson and others point
out, natural selection operates at a different point in the process than the develop-
mental constraints. To resolve this issue would require determining the extent to
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which the adaptationism debate is about how nature restricts the space of options
for natural selection to act on as opposed to how other sorts of constraints (such
as genetic ones) restrict natural selection once it has options to act on.

Finally, it is also worth mentioning that empirical adaptationism is best thought
of as a research programme (see [Orzack and Sober, 1994; Sober, 2000]). It is
possible to test both particular adaptationist (and non-adaptationist) hypotheses
as well as general claims about the long run. Particular adaptationist claims are
testable if they are stated with enough precision, and whether or not most traits
in most populations are primarily a result of natural selection is something that
can be tested by accumulating data about many individual cases.

Forces and Causes

Biologists [Roughgarden, 1979; Gillespie, 1998] and philosophers [Sober, 1984]
often talk about natural selection, random genetic drift, mutation and other evo-
lutionary processes as forces and causes. Sober, for example, uses the Hardy-
Weinberg equation to formulate one of two versions of a “zero-force’ law that
states what will happen to gene and genotype frequencies if none of the standard
processes such as natural selection, mutation, migration and drift are at work in
a population. We can speak of natural selection causing the trait of having a
long neck to evolve in the giraffe lineage. We can talk about how mutation and
drift are forces that are equal in strength, so that they counteract the effect of one
another [Gillespie, 1998], or we can say that in small populations drift is a more
important force than selection. Population genetics has models in which selection
opposes mutation and models in which mutation operates in the same direction
as selection, so it looks like these evolutionary processes can have directions and
strengths, just like forces.

Other biologists and philosophers have expressed doubts about understanding
these processes as forces [Endler, 1986, Walsh et al., 2002] or as either forces or
causes [Matthen and Ariew, 2002]. They raise several sorts of doubts about the
Newtonian analogy, and prefer instead to think of natural selection as a purely
statistical theory. We will consider a few of their objections here, focusing on the
processes of natural selection and random genetic drift. They argue that notions
such as fitness appear to be statistical summaries rather than causes, and argue
that the traditional view exaggerates the degree to which evolutionary theory is
analogous to Newtonian physics. They also argue that thinking of drift as a force
or a cause has some peculiar consequences. Let us take each of these issues in
turn.

To what extent can evolutionary theory be understood as a theory of forces
analogous to those in Newtonian physics? First of all, it is important to recognize
that the possible evolutionary processes of selection, drift, mutation and so on
occur against various background theories about, e.g., how heredity works [Sober,
1984; 1996; Matthen and Ariew, 2002; Stephens, 2004]. It does not make sense
to talk about natural selection operating alone, in the absence of a system of
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inheritance. So this is one important difference with a Newtonian zero-force law.

Secondly, several biologists and philosophers have pointed out that fitness is not
well understood as a causal processes; rather, it is more like the actuarial notion
of overall life expectancy [Fisher, 1930; Sober, 1984; Walsh et al., 2002; Matthen
and Ariew, 2002; Stephens, 2004]. Overall life expectancy is not a cause of how
long one lives, it is instead merely a statistical summary of information about how
a number of possible causes might affect one’s survival. Similarly, an organism’s
viability fitness is not a cause of its survival (or death); rather, it is a statistical
summary of the possible causes that might affect an organism’s viability, weighted
by their chances of occurring. The fact that a particular cockroach (or a trait type
in a population) has a .8 chance of surviving to adulthood is not what causes the
cockroach to survive (if it does). It is a reflection of a weighted summary of possible
factors — many of which never come to pass - that might kill the cockroach.

Critics of the traditional view think that natural selection is like the notion
of fitness or life expectancy — it is not a force or even a cause; rather, it is
merely a statistical summary of various life and death events that occur in a
population. Endler [1986, 29], for example, compares natural selection to erosion.
He claims that natural selection is the result of heritable variation in fitness, rather
than identical to it or a cause of it. He compares natural selection to erosion,
which is a result of variance in resistance to weathering. Endler also objects that
natural selection is disanalogous to force in physics, since it cannot be decomposed
into something analogous to a mass and acceleration. Endler allows that natural
selection can be a cause — it is, however, merely an effect of heritable variation
of fitness, but it is a cause that can lead to genetic change in populations.

Defenders of the traditional view often reply by arguing that there is an impor-
tant distinction between fitness and natural selection. Fitness may not cause an
organism to survive or reproduce, but to say that one organism is fitter than an-
other is not to say why it is fitter. Selection is supposed to be a causal notion that
explains why one trait is fitter than another. Furthermore, terms such as ‘natural
selection’ and ‘drift’ can be used in two ways — to talk about a process, or to talk
about the result of a process. The traditionalists maintain, while the critics deny,
that the process notions of natural selection and drift can be understood causally.

Another major source of doubt comes from thinking about drift as a force.
First, it should be noted that it is common ground in this debate that it does not
make sense to talk about how much drift and selection contribute in an individual
case. This makes no more sense that it does to decompose the effects of the bias
of a coin and the number of times it is tossed in determining why a particular flip
of the coin came up heads or tails. Drift, if it is to be understood as a force or
cause, is, as Sober says “a force of a different color” [Sober, 1984, 117], and can
only be understood as a population level force or cause.

Critics of the traditional view point out that it is puzzling to think about drift
as a force or cause by thinking about the following kind of example. Imagine that
there are two scenarios, each with two organisms, one having trait 7T which is fitter
than the other organism, which has trait T5. In the first scenario, the organism
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with 77 (the fitter trait) survives and the second organism (with T5) dies. In the
second scenario, lightning kills the fitter organism with 77 and the organism with
Ty survives. It would seem incoherent to say that selection operates in the first
scenario while drift operates in the second.

This is correct, but defenders of the traditional view accept this consequence.
One cannot say how much drift and selection each contribute in an individual
case. The way to determine if drift has had an effect is to compare populations —
either two actual populations with different sizes or one actual population with a
hypothetical population of infinite size (i.e., where there is no drift). It is natural
to think of a population’s effective size as one of the causes of why traits in the
population evolve. If its size were much bigger or smaller, we would expect different
frequencies of genes or genotypes to evolve.

The debate about how to interpret natural selection, drift, and other factors will
doubtless continue, especially since the disagreements depend in part on disputes
about the nature of causation that lie in the background. We have seen that there
are a number of issues about natural selection that have interesting philosophical
dimensions, and doubtless there are many others.

BIBLIOGRAPHY

[Amundson, 1994] R. Amundson. Two concepts of constraint: Adaptationism and the challenge
from developmental biology. Philosophy of Science 61: 556-578, 1994.

[Amundson, 2001] R. Amundson. Adaptation and Development: on the lack of common ground.
In Adaptationism and Optimality, S. Orzack and E. Sober, eds. pp. 303-334. Cambridge
University Press, 2001.

[Beatty and Finsen, 1989] J. Beatty and S. Finsen. Rethinking the Propensity Interpretation:
a peek inside Pandora’s box. In What the Philosophy of Biology Is, M. Ruse, ed., pp. 17-30.
Kluwer Academic Publishers, 1989.

[Brandon, 1990] R. Brandon. Organism and Environment. Princeton University Press, 1990.

[Brandon and Rausher, 1996] R. Brandon and M. Rausher. Testing adaptationism: A comment
on Orzack and Sober. American Naturalist 148: 189-201, 1996.

[Darwin, 1859] C. Darwin. On the Origin of Species, 1859. A facsimile of the First Edition, E.
Mayr, ed. Cambridge: Harvard University Press, 1964.

[Darwin, 1868] C. Darwin. The Variation of Plants and Animals under Domestication, 2 vols.
New York: Orange Judd, 1868.

[Dawkins, 1982] R. Dawkins. The Extended Phenotype. Oxford: W. H. Freeman, 1982.

[Dawkins, 1983] R. Dawkins. Universal Darwinism. In Evolution from Molecules to Man, D. S.
Bendall, ed., pp. 403-425. Cambridge University Press, 1983.

[Dennett, 1995] D. Dennett. Darwin’s Dangerous Idea: evolution and the meanings of life. Si-
mon and Schuster, 1995.

[Endler, 1986] J. A. Endler. Natural Selection in the Wild. Princeton: Princeton University
Press, 1986.

[Fisher, 1930] R. A. Fisher. The Genetical Theory of Natural Selection. Oxford: Oxford Uni-
versity Press, 1930.

[Forber, 2005] P. Forber. On the explanatory roles of natural selection. Biology and Philosophy
20: 329-342, 2005.

[Gillespie, 1998] J. Gillespie. Population Genetics: A Concise Guide. Baltimore: Johns Hop-
kins, 1998.

[Godfrey-Smith, 2001] P. Godfrey-Smith. Three kinds of adaptationism. In Adaptationism and
Optimality, S. Orzack and E. Sober, eds, pp. 335-357. Cambridge University Press, 2001.



126 Christopher Stephens

[Gould and Lewontin, 1979] S. Gould and R. Lewontin. The spandrels of San Marco and the
Panglossian paradigm: a critique of the adaptationist programme. Proceedings of the Royal
Society of London B 205: 581-598, 1979.

[Gould and Vrba, 1982] S. Gould and E. Vrba. Exaptation: A missing term in the science of
form. Paleobiology 8: 4-15, 1982.

[Harvey and Pagel, 1991] P. H. Harvey and M. Pagel. The comparative method in evolutionary
biology. Oxford: Oxford University Press, 1991.

[Joseph, 1980] G. Joseph. The many sciences and the one world. Journal of Philosophy, 7T7:773—
791, 1980.

[Kitcher, 1985] P. Kitcher. Vaulting Ambition: sociobiology and the question for human nature.
MIT Press, 1985.

[Kripke, 1972] S. Kripke. Naming and Necessity. Cambridge: Harvard University Press, 1972.

[Lack, 1966] D. Lack. Population Studies of Birds. Oxford: Oxford University Press, 1966.

[Lewens, 2001] T. Lewens. Sex and selection: A reply to Matthen. British Journal for the Phi-
losophy of Science 52: 589-598, 2001.

[Lewontin, 1970] R. Lewontin. The units of selection. Annual Review of Ecology and Systematics
1: 1-14, 1970.

[Lewontin, 1979] R. Lewontin. Sociobiology as an adaptationist program. Behavioral Science
24: 5-14, 1979.

[Matthen, 1999] M. Matthen. Evolution, Wisconsin style: selection and the explanation of in-
dividual traits. British Journal for the Philosophy of Science 50: 143-150, 1999.

[Matthen, 2002] M. Matthen. Origins are not essences in evolutionary systematics. Canadian
Journal of Philosophy 32: 167-182, 2002.

[Matthen, 2003] M. Matthen. Is sex really necessary? and other questions for Lewens. British
Journal for the Philosophy of Science 54: 297-308, 2003.

[Matthen and Ariew, 2002] M. Matthen and A. Ariew. Two Ways of Thinking about Fitness
and Natural Selection. Journal of Philosophy 119: 55-83, 2002.

[Maynard Smith, 1978] J. Maynard Smith. Optimization theory in evolution. Annual Review of
Ecology and Systematics 9: 31-56, 1978.

[McKitrick, 1993] M. McKitrick. Phylogenetic constraint in evolution: has it any explanatory
power? Annual Review of FEcology and Systematics 24: 307-330, 1993.

[Mills and Beatty, 1979] S. Mills and J. Beatty. The propensity interpretation of fitness. Philos-
ophy of Science 46: 263-288, 1979.

[Neander, 1988] K. Neander. What does natural selection explain? A correction to Sober. Phi-
losophy of Science 54: 422-426, 1988.

[Neander, 1995a] K. Neander. Pruning the tree of life. British Journal for the Philosophy of
Science 46: 59-80, 1995.

[Neander, 1995b] K. Neander. Explaining complex adaptations: A reply to Sober’s ‘reply to
Neander’. British Journal for the Philosophy of Science 46: 583-587, 1995.

[Orzack and Sober, 1994] S. Orzack and E. Sober. Optimality models and the test of adapta-
tionism. American Naturalist 143: 361-380, 1994.

[Peters, 1976] R. Peters. Tautology in evolution and ecology.” American Naturalist 110: 1-12.

[Popper, 1963] K. Popper. Conjectures and Refutations. London: Hutchinson, 1963.

[Pust, 2001] J. Pust. Natural selection explanation and origin essentialism. Canadian Journal
of Philosophy 31: 201-220, 2001.

[Reeve and Sherman, 1993] H. Reeve and P. Sherman. Adaptation and the goals of evolutionary
research. Quarterly Review of Biology 68: 1-32, 1993.

[Rosenberg, 1985] A. Rosenberg. The Structure of Biological Science. Cambridge University
Press, 1985.

[Roughgarden, 1979] J. Roughgarden. Theory of Population Genetics and Evolutionary Ecol-
ogy. New York: Macmillan, 1979.

[Sober, 1984] E. Sober. The Nature of Selection: evolutionary theory in philosophical focus.
Cambridge: MIT Press, 1984.

[Sober, 1995] E. Sober. Natural selection and distributive explanation: A reply to Neander.
British Journal for the Philosophy of Science 46: 384-397, 1995.

[Sober, 1996] E. Sober. Evolution and Optimality — Feathers, Bowling Balls, and the Thesis of
Adaptationism. Philosophical Exchange 26: 41-57, 1996.

[Sober, 2000] E. Sober. Philosophy of Biology, 2™% edition. Westview Press, 2000.



Natural Selection 127

[Sober, 2001] E. Sober. The two faces of fitness. In Thinking About Evolution: Historical, Philo-
sophical and Political Perspectives, R. Singh, D. Paul, C. Krimbas, and J. Beatty, eds., pp.
309-321. Cambridge University Press, 2001.

[Stephens, 2004] C. Stephens. Selection, Drift, and the “Forces” of Evolution. Philosophy of
Science T1: 550-570, 2004.

[Stephens and Krebs, 1986] D. W. Stephens and J. R. Krebs. Foraging Theory. Princeton:
Princeton University Press, 1986.

[Sterelny and Griffiths, 1999] K. Sterelny and P. Griffiths. Sex and Death: An introduction to
Philosophy of Biology. Chicago and London: The University of Chicago Press, 1999.

[Spencer, 1864] H. Spencer. The Principles of Biology. London: William and Norgate, 1864.

[Wallace, 1859] A. R. Wallace. On the tendency of varieties to depart indefinitely from the
original type.Journal of the Proceedings of the Linnean Society (Zoology) 3, 1859. Reprinted
in The Collected Papers of Charles Darwin, vol. 11: P. H. Barrett, ed., pp. 10-19, 1977.

[Walsh, 1998] D. M. Walsh. The scope of selection: Sober and Neander on what natural selection
explains. Australasian Journal of Philosophy 76: 250-264, 1998.

[Walsh et al., 2002] D. M. Walsh, T. Lewens, and A. Ariew. The Trials of Life: natural selection
and random drift. Philosophy of Science 69: 452-473, 2002.



NEUTRALISM

Anya Plutynski

In 1968, Motoo Kimura submitted a note to Nature entitled “Evolutionary Rate
at the Molecular Level”, in which he proposed what has since become known as the
neutral theory of molecular evolution. This is the view that the majority of evo-
lutionary changes at the molecular level are caused by random drift of selectively
neutral or nearly neutral alleles. Kimura was not proposing that random drift
explains all evolutionary change. He does not challenge the view that natural se-
lection explains adaptive evolution, or, that the vertebrate eye or the tetrapod limb
are products of natural selection. Rather, his objection is to “panselectionism’s
intrusion into the realm of molecular evolutionary studies”. According to Kimura,
most changes at the molecular level from one generation to the next do not affect
the fitness of organisms possessing them. King and Jukes [1969] published an ar-
ticle defending the same view in Science, with the radical title, “Non-Darwinian
Evolution”, at which point, “the fat was in the fire” [Crow, 1985b].

The neutral theory was one of the most controversial theories in biology in the
late twentieth century. On the one hand, the reaction of many biologists was
extremely skeptical; how could evolution be “non-Darwinian”? Many biologists
claimed that a “non-Darwinian” theory of evolution was simply a contradiction in
terms. On the other hand, some molecular biologists accepted without question
that many changes at the molecular level from one generation to the next were
neutral. Indeed, when King and Jukes’ paper was first submitted, it was rejected
on the grounds that one reviewer claimed it was obviously false, and the other
claimed that it was obviously true [Jukes, 1991].

Why were some biologists so skeptical and others so nonchalant about the neu-
tral theory? Why was the neutral theory so controversial? What evidence and
argument was originally offered on behalf of the theory? How are tests of the
theory carried out, and have any of them been decisive? Finally, what is meant by
the claim that “drift” operates at the molecular level, independently of change in
frequency of phenotypic traits from one generation to the next? What is “drift”
in the context of the neutral theory, and how, if at all, is it distinct from drift
operating at higher levels in evolution? What are the implications of neutrality
at the molecular level, if any, for debates over the prevalence and explanation of
adaptation? This short essay will address the above questions.

1 THE NEUTRAL THEORY: SOME HISTORICAL BACKGROUND

What it means to be “neutralist” has changed over the course of the history of
evolutionary biology. An uncontroversial sense of “neutralism” is the claim that
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many phenotypic traits have no effect on an organism’s fitness. The organism’s
phenotype consists of its physical and behavioral characters or traits — from height
to color of plumage. Clearly, not all phenotypic traits have an impact on an
organism’s capacity to survive or reproduce. Darwin took note of this fact in the
sixth edition of the Origin:

I am inclined to suspect that we see, at least in some [cases], variations
which are of no service to the species, and which consequently have not
been seized on and rendered definite by natural selection. Variations
neither useful nor injurious would not be affected by natural selection,
and would be left either a fluctuating element, as perhaps we see in

certain polymorphic species, or would ultimately become fixed ... We
may easily err in attributing importance to characters, and in believing
that they have been developed through natural selection; ... many

structures are now of no direct use to their possessors, and may never
have been much use to their progenitors. [Darwin, 1872]

While it is uncontroversial that there are some phenotypic traits that have
no effects on fitness, there has been considerable controversy in the history of
evolutionary biology over what proportion of phenotypic traits were subject to
selection. In other words, there has been a long controversy over whether, and to
what extent, chance and accident has played a role in the distribution of phenotypic
traits in populations. In the early twentieth century, there were some who thought
that many if not most traits were a product of chance, not selection. Gulick [1888],
and later, Wright [1931] argued that many traits differentiating local populations
(polymorphisms) may be due to drift, or random fixation of traits independent of
their selective value. While they argued that selection surely played a role in the
differentiation and adaptation of species, they claimed that many polymorphic
traits may have simply been a by-product of isolation and sampling error, or,
the random sampling of certain types of individuals versus other types from one
generation to the next (See [Provine, 1986] for a discussion). In the 1930’s and
40’s, many biologists accepted the view that quite a few phenotypic traits were
due to drift. In the 1950’s and 60’s however, there was somewhat of a sea change
in favor of selectionist views. In part, this was because of the discovery that some
phenotypic traits formerly regarded as neutral were in fact selected for (blood
groups). (See [Crow, 1985], for a discussion).

While most evolutionists were more or less pan-selectionists! in the 1950’s and
60’s, there was some controversy over what to expect at the genetic level, if in-
deed, selection was the major factor in phenotypic evolution. At one extreme,
proponents of what Dobzhansky coined the “classical view”, held that the relent-
less action of selection should make the genetic material relatively uniform, or
homozygous. Deleterious mutations are regularly eliminated, proponents of this

1 «Pan-selectionism” is the view that all or almost all traits were at some point shaped by
natural selection.
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view maintained, and occasionally, favorable mutations arise that are eventually
incorporated into the population. At the other extreme, the “balance” theorists
suggested that genetic polymorphisms might be held in “balance” by selection
(For a discussion of this debate, see [Dietrich, 1994]). In other words, it was not
obvious in the 1960s, even if selection was the major factor at work in evolving
populations, whether the genetic material should as a result be uniform, or how
uniform it should be.

“Neutralism”, in Kimura’s sense, is distinct from both senses mentioned above;
i.e., he was not concerned with whether or to what extent, phenotypic evolution
was neutral, or whether, assuming selection was in operation, the corresponding
genetic material should be heterozygous or homozygous. Rather, he was concerned
with a different “level” at which evolution is going on — the molecular level. Ac-
cording to Kimura, “Neutralists claim that the amino acid and nucleotide changes
that accumulate within the species in the course of evolution are mainly due to
random fixation of selectively neutral mutants” [Kimura, 1976, 152]. Kimura’s
paper was brief and elegant. The argument was as follows. First, Kimura reports
on the rate of amino-acid substitution in hemoglobin, triosephosphate dehydroge-
nase, and cytochrome ¢ in mammals. The observation that there was a constant
rate of amino acid substitutions in these genes had been hailed as the “molecular
evolutionary clock” — i.e., the rate of change in these sequences could be used as a
“clock” to estimate times to most recent common ancestor in species sharing these
genes [Zuckerkandl and Pauling, 1965]. Second he extrapolates that rate to the
entirety of the genome. Third, he concludes that nucleotide substitution in the
history of mammals has been so fast that it is on the order of one nucleotide pair
“roughly every 2 yr.” The crux of his argument is as follows: this rate is simply
too high to be consistent with Haldane’s “cost of selection”, or, in Kimura’s words,
“substitutional load”.? Thus, these changes must be effectively neutral.

Kimura also gave a very elegant mathematical argument, demonstrating that
if the neutral theory was true, the rate of change in the genetic constitution of a
population should be exactly proportional to the mutation rate, and independent
of population size. In a diploid species containing 2N alleles, the probability that
an allele will become fixed is 1/2N. If the mutation rate per generation is u, then
2Nu represents the number of new mutants introduced into the population each
generation. Thus, if there is no selection, the rate at which new mutations become
fixed in a population should be equal to (2Nu)(1/2N), which is equal to u. That
is, the rate of change at the molecular level should be constant over time, directly
proportional to mutation rate, and independent of population size.

2The cost of selection is the selective death that must occur for a gene to be substituted
[Haldane, 1957]. For further discussion, see below.



132 Anya Plutynski

2 RECEPTION OF THE THEORY

When Kimura first proposed his theory, James Crow writes that: ”The initial
response was generally one of dismay and disbelief. The reactions ranged from
skepticism to outright rejection. To some it was utter nonsense.” (See [Crow, 1985a,
1.)

On the other hand, Ford Doolittle reports,

I was a graduate student in the 1960’s, but I was a molecular biolo-
gist, so the neutral theory struck me as “duh”. Because we were used
to looking at lots of sequences and saying, “These are the important
residues. They must be functional. These others must not matter”. So
even though I was in Charlie Yanofsky’s lab, and he was a panadapta-
tionist — at least at some level — at the same time we could entertain
the fact that these amino acid changes that you could see in the spec-
trum of sequences were neutral. We always said, “What are you guys
so excited about, because it’s just obvious”. (MIT Website in History
of Science and Technology, http://hrst.mit.edu/hrs/evolution/
public/transcripts/ideology_transcript.html)

Thus, there were two extreme responses. On the one hand, some rejected
Kimura’s arguments. On the other, some regarded his results as obvious. What
explains this divide? First, why did the neutral theory strike molecular biologists
such as Doolittle as so commonsensical?

Long before the neutral theory was proposed, biochemists and molecular biol-
ogists were aware that enzymes — proteins, which are composed of long chains of
amino acids with a characteristic shape and function, that assist chemical reactions
in the cell — have an “active” site combined with a substrate. The active site is the
area of the molecule that contributes to the function of the enzyme in the cell, such
as breaking down or transporting other molecules. The functional sites of many
important enzymes — e.g. cytochrome ¢ — are uniform among vertebrates. How-
ever, what Sueoka [1961] called “dispensible” parts of the molecule, vary across
vertebrates. In the 1960s, molecular biologists Margoliash [1963], Zuckerkandl and
Pauling [1965] found that the non-functional parts of enzymes evolve in a regular,
clock-like fashion, without compromising the enzyme’s function in the cell. As
early as 1966, Thomas Jukes commented on these observations:

If we consider as an example the two cytochrome ¢ molecules found re-
spectively in dogs and horses, it will be noted that these differ in about
10 of the amino acids in a chain of 104. The question arises, are the
two molecules splendidly tailored to the different requirements specified
by “dogfulness” and “horsefulness”, have they evolved to conform to
these different requirements, or have the two cytochromes been carried
along as dogs and horses evolved separately form a common ancestor?

. It is undoubtedly quite probable that separation of the two species



Neutralism 133

would be followed by changes in the genes that in time would result in
differences in the two cytochrome ¢ molecules. (Jukes, Molecules and
Evolution: New York: Colombia University Press, 1966, (in [Jukes,
1991, 474)))

So, the fact that many parts of molecules — even some that have a hugely
significant function — have “dispensible” as well as functional components, made
the neutral theory seem, not only initially plausible to many biochemists, but
obvious.

However, the neutral theory was not so obvious to many evolutionists. Even if
many changes at the molecular level might be functionally neutral, many biologists
were skeptical that all or nearly all genetic variation could have little or no effect
on an organism’s phenotype. They found the arguments Kimura offered on behalf
of this claim unpersuasive.

3 KIMURA’S ARGUMENTS FOR NEUTRAL EVOLUTION

What was the reasoning in favor of this claim? Recall that Kimura claimed that
there were too many genetic substitutions for selection to be the primary factor in
evolutionary change at the molecular level. He claimed that the “cost of selection”
or “mutational load” would be too high. What is the “cost of selection” and why
would it be too high? The cost of selection is the selective death that must occur
for a gene to be substituted [Haldane, 1957]. Selection causes a certain number
of individuals to die in each generation. So, selection imposes a “cost” on the
remaining (fitter) members of the population to reproduce at a higher rate to make
up the difference. If the remaining members of the population do not reproduce
enough to make up the difference, then the population will go into decline. If this
goes on long enough, the population could be driven to such low levels that it will
become extinct.

As the proportion of individuals carrying the less fit alleles in the population
decreases, the cost of selection will also decrease. In other words, as there are
fewer and fewer suboptimal individuals in a population, the lower the load on
the population will be. So, a “selectionist” — i.e., someone who thinks that most
of a population is of high fitness, or very close to an adaptive peak — will think
that the load cannot be very high. Many evolutionists took this to imply that
if selection was, as Darwin said, constantly “scrutinizing” every trait, then the
genetic material should be relatively uniform. The cost of selection will thus place
an upper limit on the rate of evolution. The upper limit suggested by Haldane
for a diploid population was one gene substitution per 300 generations. Haldane’s
cost of selection was used to argue that the rates of molecular evolution are too
fast to be explained by natural selection.



134 Anya Plutynski

4 TESTS OF THE NEUTRAL THEORY:

In order to test the neutral theory of molecular evolution, we have to know what
it would look like if most of the variation at the molecular level was indeed due
to drift, or random fixation of alleles, rather than selection. What would the “sig-
nal” of randomness be? Part of the history of the debate over the neutral theory
has been over exactly this question; what should we expect if Kimura is correct?
Until relatively recently, almost all of the tests of the neutral theory either had
little statistical power, (in other words, they could not rule out selection), or were
indecisive. Before the 1980’s, tests of the neutral theory were conducted viz. ex-
amination of protein polymorphisms, or variations detectable with electrophoretic
data. In the 1980s and 90s, DNA sequence data became available, and molecular
biologists did indeed find a great deal of variation at the genetic level. However,
there is variation and there is variation. “Fixed differences” or “divergences” are
genetic differences between species; for instance, if one species has nucleotide A
at a certain site and another has nucleotide G. In contrast, “polymorphism” is
nucleotide variation that distinguishes two alleles within a species. If the neutral
theory is true, both types of variation should evolve at the same rate — in other
words, the neutral mutation rate should explain both polymorphism within and
between species. However, we cannot observe and compare these rates directly;
rather, we must examine present patterns of fixed differences and polymorphism
and infer backward as to their causes.

Testing the neutral theory is enormously difficult, exactly because there is
the difficult problem of differentiating genetic variation that is due to selection
from variation that has no effect on fitness. Martin Kreitman nicely sums up the
dilemma of searching for signals of selection versus drift as follows:

The detection of positive selection in DNA sequences poses an im-
mense challenge. The genetic material can be likened to a device that
faithfully records every informative event (i.e. mutation) but then over
time proceeds to either erase (by back mutation) or obscure (by paral-
lel mutation) some of the recorded information. Furthermore, there is
not simply one recorder playing at any one time, but a whole popula-
tion of them (the gene pool), and each records a slightly different, but
correlated, version of history. However, only one of these recordings
or, more accurately, a heavily spliced (i.e., recombined) version gets
saved for posterity... Which spliced snippets get saved depends upon
innumerable chance events, ranging from the relatively benign drift
of a neutral mutation in a large population to the strong directional
shifts in allele frequencies at sites linked to an adaptive mutation. So,
even though every functionally important mutational event in the his-
tory of a species, is, by definition, recorded in the DNA sequence of
a species, these informative mutations are likely to be embedded in a
sea of less meaningful ones (selectively neutral and nearly neutral mu-
tations) and are likely to be associated with stochastic events that can
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result in many possible configurations of linked variation or change.
The challenge of detecting selection at the level of DNA is the chal-
lenge of finding its signal in a leaky, lossy medium. [Kreitman, 2000,
540]

So, how do biologists meet such a challenge? There are at least twelve different
tests of selection at the DNA level (For a Review, see [Kreitman, 2000]). The
current state of the field is in flux; new tests are being developed all the time, and
claims to have demonstrated the neutral theory over the past twenty years have
been closely followed by claims to the contrary. All tests of selection at the DNA
level are not tests of the neutral theory, per se. Rather, they assume neutrality,
or use the neutral theory as a “null hypothesis”, and look for departures from
neutrally evolving sites. There have been many cases found of signals of “selection”
at the molecular level. However, this does not count as a refutation of the neutral
theory. There is no question that some parts of the genome have been strongly
constrained by selection, and other parts are not so constrained. In other words,
today, the question of whether the neutral theory is correct is not an “either-or”
question, (whether there is neutral evolution), but a “more-or-less” question, (that
is, what proportion of evolution at the molecular level is neutral).

One example of a very popular test of the neutral theory is the MacDonald-
Kreitman, or MK test. The MK test, (or, rather, the family of tests, as there are
several versions), compares the ratio of variability in “replacement” and “synony-
mous” sites. The DNA code is “degenerate”, which means that not all changes in
the nucleotide sequence entail changes in the amino acid and protein produced by
that sequence. Thus, “replacement” sites are sites where changes the nucleotide
sequence will change the amino acid sequence of a protein. “Synonymous” sites
are sites where changes in the sequence do not change the amino acid sequence of
a protein. If the bulk of molecular evolution is neutral, then the variability within
a species and the rate of evolution between species are each linearly related to the
neutral mutation rate. The MK test compares the number of fixed differences for
replacement and silent nucleotide changes, dividing one by another to get a ratio.
Then, this is compared with the ratio of polymorphism within species for replace-
ment and silent sites. The two ratios should be equal if all changes are neutral.
If the ratios are significantly different, however, then one can predict with some
confidence that selection has acted to change the amino acid sequence for some
protein.

5 NEUTRALISM & ADAPTIVE EVOLUTION: THE MOLECULAR AND
THE PHENOTYPIC LEVEL

What are the implications of these tests? If we discover that many if not all change
at the molecular level is neutral, what are the implications for adaptive evolution?
Does this mean that many if not most phenotypic traits are not products of selec-
tion? The answer is no. It may well be the case that most if not all evolution at
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one level is neutral, and that at another level, it is strongly controlled by selection.
This may seem like a paradox, but it is not. Phenotypic traits are controlled by
many genes, and, there is a good deal of “redundancy” in both the genetic and
developmental bases of selectively significant phenotypic traits. In other words,
there might be a good deal of “give” between the genetic bases of certain traits
and their phenotypic expression. Thus, it may well be the case that most if not
all of evolution at the molecular level is due to drift, and at the same time, most
if not all evolution at the phenotypic level is a product of natural selection.

Thus, that most traits are controlled by “drift” at the molecular level is not the
same as to suggest that random chance and accident has controlled the fixation of
most phenotypic traits in evolution. There is a sense in which what happens at the
molecular level is relatively independent from that at the phenotypic level. Drift
in the classical sense was assumed to operate on discrete genes that controlled
discrete phenotypic traits. On the classical model of drift, the main “cause” of
drift is change in effective population size; intuitively, this makes sense, as when
populations are drastically reduced in size, by chance alone, there will be a radical
shift in the distribution of traits in that population.

The classical “Wright-Fisher” model represents drift by random binomial sam-
pling.? In other words, we take generations to be discrete, and imagine that alleles
(where there are two alleles at a gene locus) are “sampled” from one generation
to the next, in the way that balls are drawn from an urn (we are to assume that
phenotypic traits are closely associated with specific alleles). So, for instance,
consider two individuals in a parent generation, one of which is heterozygote AB
and another homozygote, AA. Given the Mendelian assumption of independent
assortment, these two individuals can have offspring of one of two sorts, either
AA, or AB. By chance alone, they may have an equal number of AA and AB
offspring, or, alternatively, ten offspring that are all AA, or ten offspring that are
all AB. Summed over the population as a whole, the change in distribution of
gene frequencies due to independent assortment is called drift. In other words, the
“cause” of a drift in gene frequencies in this sense is simply redistribution due to
independent assortment, or accidents of “sampling” of alleles. What is meant by
“cause” in this context? Mendelian independent assortment is a cause of drift in

3There are several problems with this model of drift. First, Mendelian independent assortment
is systematically false. As Sturteyvant pointed out, one can use failure of independent assortment
to map locations of genes on chromosomes. Roughly speaking, the less “independent” genes are,
the more closely linked they are on a chromosome. Some (Provine, unpubl.) have argued that
given the failure of independent assortment, drift in the classical sense is never instantiated. And
so, in some sense, there is no such thing as drift, as no populations of organisms in nature are
correctly described by the Wright-Fisher model. More worrisome still, Gillespie has pointed out
that we may get the same data that we might get were a population to meet these conditions,
either by a process of fluctuating selection, or draft. Draft is when genes are swept along to
fixation because they are linked to genes that are strongly selected for. They are swept along,
as it were, in the “draft” of a selective sweep.

This creates a whole slew of problems for testing drift v. selection. Suffice it to say that it
is an idealized assumption of classical models of drift that sampling is “perfectly” random, and
that testing claims about the relative significance of drift versus selection in any case is no small
feat.
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the same way that the fact that automobiles have internal combustion engines is
a cause of the long lines for gasoline during the 1973 Middle East oil embargo. It
is a condition on the possibility of drift, insofar as drift is understood as binomial
random sampling, that there be independent assortment.

It is important to distinguish conditions on the possibility of drift occurring,
where drift is represented by some model, from law-like regularities about how the
effects of drift can be increased or decreased. For example:

e Decreasing population size increases drift. Or, suppose you have two sets
of populations and imagine that there is no selection, mutation, migration
or assortative mating in such populations. Time to fixation of alleles in
population of smaller size will be much less than in population of larger size.
By drift, or chance alone, alleles will drift to fixation more quickly in smaller
populations. This is true for the same reasons that one expects a smaller
sample of flips of a fair coin to be skewed towards heads or tails than a larger
sample.

e Patterns of mating — such as polygamous mating patterns or polyandrous
mating patterns — can increase the effects of drift. Such mating patterns
reduce what is called the ‘effective population size’

e Selfing (or self-fertilization (often occurs in plants)) or assortative mating
both increase the effects of drift

e Whenever selection coefficients are smaller than 1/2Ne, drift will win out.
Or, the fate of alleles with such selection coefficient will be controlled largely
by drift. Selection is operating, but too weak to offset the influences of chance
events. “Effective population size” is the size of an idealized population that
would have the same effect of random sampling on gene frequency as that in
the actual population.

Thus, there are, on the one hand, conditions for the possibility of drift occurring,
and on the other, law like general claims about how random fixation of alleles can
be speeded up or slowed down.

So, there is a sense in which “chance” in evolutionary biology is subject to laws.
This may seem inconsistent, it is not. On the one hand, there are robust, law-like
type-level claims about drift. The problem is that we don’t always know which
of these law-like ways in which the effects of drift (or, chance) can be increased
or decreased is in operation. Stochastic gene frequency change will always occur,
so long as the conditions mentioned above are met. And, stochasticity can be
increased by population bottlenecks, changing mating patterns, or what have you.
In this sense, there are law-like explanations of how drift works, or how stochastic
changes in gene frequency can be manipulated. There are nomological facts about
drift.
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6 WHAT IS DRIFT IN THE CONTEXT OF THE NEUTRAL THEORY?

The classical models of drift were generated before biologists knew that genes were
composed of DNA. So, what “drifted” were gene frequencies, where it was assumed
that inheritance was Mendelian, and there was a direct relationship between genes
and phenotypic traits. Of course, neither of these assumptions is strictly true. So,
the models and the ways of thinking about the role of chance in changes of pheno-
typic traits in population has to be adapted to advances in genetics and molecular
biology. Models of molecular evolution use the term “drift” to describe fixation
due to “chance”. However, most of the models of “drift” at the molecular level
treat the fixation of genes as a continuous process — specifically, they are diffusion
models. In other words, they are continuous approximations of underlying discrete
processes. However, the approximations are quite accurate even given this false
assumption. The important difference between modeling drift at the molecular
level versus the phenotypic level, however, is that, assuming the neutral theory,
the rate of fixation of alleles due to drift at the molecular level is independent
of population size. This marks a striking difference from classical models of drift,
where effective population size is the main predictor of the extent of fixation due to
drift. So, what is the “cause” of drift at the molecular level? It turns out that this
is a rather difficult question to answer. While it is true that there are systematic
regularities or expectations we might have about the extent of polymorphism, or
genetic heterozygosity in populations of different sizes, we cannot say that pop-
ulation size exactly is the “cause” of this heterozygosity. Rather, populations of
larger size will tend to have a wider or more diverse samples of alleles, and so,
alleles will take a longer time to be eliminated or fixed due to random sampling,
than will alleles in a smaller sample. But, the causes of these “fixation” events
are, by definition, “random” — since, were there to be deterministic regularities in
their fixation, they would be due to selection, not drift.

According to Woodward [2003], causal claims are essentially claims about how
manipulation of one variable, (or change in the value of that variable) is capable
of changing the value of a second variable. Insofar as manipulating population
size can increase the effects of drift, one might speak of drift as a “cause” in
Woodward’s sense of cause [Riesman and Forber, 2005, forthcoming]. However,
what is manipulated here is population size, not drift per se. Drift is simply
random sampling of alleles from one generation to the next. Reducing population
size can increase the effects of random sampling; just as reducing a sample of coin
flips can cause a skew of flips toward heads.

However, if Kimura is to be believed, the effects of drift at the molecular level
are independent of population size. Moreover, if we take drift to always be in
operation when populations are finite, drift will occur with or without manipu-
lation of population size. Insofar as any system which meets conditions on drift
described in the above section will be subject to chance, and all populations meet
these conditions, it becomes analytically true that whatever change in frequency
distribution one observes from one generation to the next is caused, in part, by
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drift, whether or not population size has been manipulated. Put differently, any
and all change in distribution of gene frequencies in a finite population must be in
part due to drift. So, while it is true that changes in frequency distribution may
be due to manipulations of population sizes, drift at the molecular level, at least
in the case of neutral alleles, is supposed to be independent of such manipula-
tions, and any case of shift in distribution that is not due to deterministic causes,
whether population sizes have been manipulated or not, is called “drift”. It seems
that there are open questions as to what exactly is being “manipulated” in the
case of drift, and in what sense drift is a “cause” of evolutionary change.

To sum up: reducing population size increases variance in gene frequency dis-
tributions. Woodward has it that whatever manipulation or choice of a value for
a variable x that effects a change in some value of a variable y is a cause. So,
it seems his model would have it that choosing a small sample is a cause of any
resulting skew in distribution of heads or tails. However, not all will agree that
this sort of variable causation is the same as “actual” causation. What this de-
bate hinges upon, it seems, is what we are willing count as variables, and whether
causes must be relationships between events in space and time. What makes it the
case that smoking “causes” cancer? Is it that individual smokers develop cancer,
or that there is a population level probability of getting cancer if one is a smoker?
What makes it the case that choosing a small sample of coin tosses causes skew in
distribution? Does it have to do with the weight of the or the force of the tosses,
or, with the fact that populations of tosses are finite and the law of large numbers?
It seems that what we want to call the “cause” of a result depends to some extent
upon where we want to pitch the explanation. If we're interested in population
level changes in distribution, we may refer to small sample size as a “cause”. But,
this is not to resolve the metaphysical question of where the causes are.
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LEVELS OF SELECTION

Robert A. Wilson

1 INTRODUCTION

The generality of the theory of natural selection is both a virtue and, if not quite
a vice, at least the source of much spilt ink, spirited discussion, and occasional
despair. The theory of selection is general in that the conditions usually held to
be necessary for natural selection to operate — that there be heritable variation
in the fitness of some trait within a population — is itself neutral about just
what entities natural selection operates on. This kind of neutrality has provided
evolutionary biologists with much room in which to develop the theory of natural
selection, giving rise to “universal Darwinism” [Dawkins, 1983; Dennett, 1995], to
both dualistic and integrative accounts of natural and cultural selection [Durham,
1991; Boyd and Richerson; 1985; 2004] and to debate over the levels of selection.
It is this final issue that will be our focus in what follows. Sections 2-5 will cover
basic issues and views in this debate, while sections 6-8 will take up some more
specialized topics that are of current debate: pluralism (section 6), the conception
of groups (section 7), and evolutionary transitions (section 8).

If the Darwinian theory of natural selection is neutral in the way the people have
typically thought that it is, then there is a real question as to what the agents of
natural selection are. What are the units on which natural selection acts? Darwin
himself formulated his theory of natural selection with organisms in mind as the
principal (and near exclusive) unit of selection. They were the bearers of the
properties amongst which there was variation in a population, the raw material
on which natural selection operates, and through their reproductive behavior were
the source for the transmission of these traits across generations, and so important
entities for inheritance. It is true that in several often quoted passages, Darwin
also entertained the idea that groups of organisms could also serve these roles,
but it is clear that Darwin appealed primarily to individual selection and only
rarely to group selection as the mechanism through which patterns of descent
with modification were established in the natural world.

2 FROM ORGANISMS TO GENES AND GROUPS

Such a view of natural selection was largely taken for granted by advocates of
Darwin’s theory until the Evolutionary Synthesis in the 1930s and 1940s. While
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the idea that natural selection acts at the level of the individual organism emerged
from the Synthesis still a dominant view, during that time developments within
the biological sciences led to alternative views that have come to constitute its two
chief challengers.

The first of these came from genetics, both in its experimental guise exemplified
in “the fly room” established at Columbia University by Thomas Hunt Morgan,
and in the development of theoretical population genetics that ranged from the
mathematical modeling of Ronald Fisher [1930] and Sewall Wright [1929; 1931,
see also 1968; 1969; 1977; 1978; 1980] to the broader applications of Theodosius
Dobzhansky [1937]. This work introduced the gene as the principal agent of in-
heritance: it is genes that are inherited and that are causally responsible for the
production of organismic traits. In a metaphor introduced in Erwin Schréodinger’s
What is Life? [1944] that has, since that time, come to dominate the scientific and
popular conception of genetic agency, genes code for the fundamental products of
inheritance. This cluster of developments thus formed the basis for a challenge to
the role of the individual organism in the process of inheritance, a crucial part of
the overall process of natural selection. The idea that natural selection operates
on genes, although nascent in remarks in Fisher’'s The Genetical Theory of Nat-
ural Selection [1930], was developed in the late 1950s and early 1960s by George
Williams [1966] and William D. Hamilton [1964], and received further extension
and popularization in Richard Dawkins’ first book, The Selfish Gene [1976].

The second development within the conglomeration of biological sciences as-
sociated with the Evolutionary Synthesis was centred disciplinarily in plant and
animal ecology and institutionally at the University of Chicago. The Harvard en-
tomologist William Morton Wheeler had introduced the term “superorganism” in
his insightful and playful 1920 essay “The Termitodoxa, or Biology and Society”,
having earlier suggested conceiving of an insect colony as a higher-order organ-
ism in his “The Ant-Colony as an Organism” [1911]. This kind of view of at least
some groups of organisms was already implicit in the work of the ecologist Frederic
Clements on plant succession, who argued that plant-animal communities formed
what he called biomes, which were more than simply the sum of the individual
organisms that constituted them. Common to both the ecological and entomo-
logical works here was a physiological, organismic view of populations that came
to occupy centre stage in the Chicago school of ecology, headed by Warder Clyde
Allee and whose members included Alfred Emerson and Thomas Park. The con-
ception of at least certain groups of organisms as themselves organism-like served
as the basis for viewing such groups as the beneficiaries of natural selection, the
entities that differentially survive as a result of the action of natural selection, as
well as the manifestors of adaptations, the entities that come to bear adaptations
through that process. This idea of group selection was a thread that ran through
the Chicago school’s Principles of Animal Ecology [1949] and received its now-
classic expression in the work of the Scottish ornithologist V.C. Wynne-Edwards,
Animal Dispersion in Relation to Social Behavior [1962].

So there have been challenges to the traditional Darwinian view of the level at
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which selection acts from two fronts: from “the gene below”, as well as from “the
group above”. Over the past 30 years, during which the philosophy of biology
has emerged as a distinct sub-discipline within the philosophy of science, this
debate has become increasingly sophisticated, in part due to interactions between
philosophers and biologists. The question of the level(s) at which selection acts
has in fact become a staple in the diet of any healthy philosopher of biologist. It
is a question answered in part via an appeal to a range of “isms” — pluralism,
realism, reductionism, individualism, genocentrism — and methodologies — the
drawing of distinctions (some of which I have already taken advantage of above),
the reformulations of questions, the identification and questioning of taken-for-
granted assumptions — that are the signature of a philosophical presence.

3 GENES AND ORGANISMS: REPLICATORS, INTERACTORS, AND
OTHER “UNITS”

Richard Dawkins has nicely captured one way in which the individual organism
acts as a basin of attraction for evolutionary reflection:

biologists interested in functional explanation usually assume that the
appropriate unit for discussion is the individual organism. To us, ‘con-
flict’ usually means conflict between organisms, each striving to max-
imize its own individual ‘fitness’. We recognize smaller units such as
cells and genes, and larger units such as populations, societies and
ecosystems, but there is no doubt that the individual body, as a dis-
crete unit of action, exerts a powerful hold over the minds of zoolo-
gists, especially those interested in the adaptive significance of animal
behaviour. [1982, 4]

One of Dawkins’ own chief aims has been to break the hold that this image of
adaptation, function, and natural selection has on biologists. He does this by
making genes more focal in the range of evolutionary narratives that we tell about
the biological world.

A simple, general distinction, introduced originally by Dawkins in The Selfish
Gene, has been integral to the intuitive plausibility of the idea that natural se-
lection operates typically at the level of the gene. This is the distinction between
replicators and vehicles. A replicator is anything that can be reliably copied with a
high degree of fidelity, while a vehicle is the entity in which a replicator is housed.
Dawkins’ claim was that genes are the primary replicators, and organisms the chief
vehicles, in the process of evolution by natural selection.

The power of this distinction in motivating genic selection is threefold. First,
as a general, functional distinction, it can be introduced neutrally and illustrated
independently from the debate over the levels of selection. Second, the distinction
allows us to probe any putative case of organismic or group selection by asking
whether those entities serve as replicators or vehicles. Third, the asymmetry
between functionally-active replicators and functionally-passive vehicles suggests
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that it is the former which are the real agents or units of selection, and the latter
that play some supplementary role in the process of selection.

David Hull [1980] generalized and tidied this distinction — in part to remove
the above-mentioned asymmetry between replicators and vehicles — envisaging
natural selection as composed of two processes, replication and interaction. These
may (and Hull thinks, typically do) operate at distinct levels on distinct entities.
Following Hull, a replicator is “an entity that passes on its structure directly in
replication” and an interactor is “an entity that directly interacts as a cohesive
whole with its environment in such a way that replication is differential”. Bypass-
ing the apparent circularity in each of these definitions, they open the space for
a two-part characterization of natural selection that has become common in the
literature (e.g., [Brandon, 1987; Sterelny and Griffiths, 1999]). With these defini-
tions in hand, Hull defines natural selection as “a process in which the differential
extinction and proliferation of interactors cause the differential perpetuation of
the replicators that produced them” [1980, 318]

Following the standard Darwinian view, organisms are often taken for granted
as the principal interactors in natural selection, and this has been central in think-
ing of them as the agents of selection. Although it is also common to dismiss
the idea that sexually reproducing organisms are replicators, this idea deserves
closer scrutiny. The reasons for rejecting organisms as replicators include appeals
to facts about genetic recombination, the non-identity of parents and offspring
at the phenotypic level, and the “indirectness” of the reproduction of organisms
through sexual means (where directness is understood in terms of the notion of
independence). These, in turn, serve as the basis for arguments that genes are
special as agents in natural selection because they are permanent, or the only
entities that are inherited across generations. But none of the basic appeals are
very good reasons for denying that organisms are replicators, given the character-
ization of a replicator. Whether organisms are replicators turns largely on at how
fine-grained a level we individuate structures, for there is a clear sense in which
many phenotypic structures are passed on across generations, even “directly”. If
we individuate them relatively coarsely, many are transmitted through sexual re-
production and their genetic heritability is relatively high, but that is not strictly
required by the definition of a replicator. Philosophers and biologists have been
too quick to dismiss the idea that organisms themselves are replicators.

Elisabeth Lloyd [1992; 2001] has distinguished in addition two further issues
that are sometimes built into the debate over the levels of selection, what she
calls the beneficiary and the manifestor of adaptation questions. Beneficiaries of
selection are those entities that end up being differentially represented in later
generations as a result of natural selection. Lloyd plausibly considers species or
lineages as putative beneficiaries of selection. Manifestors of adaptation are those
entities that come to possess (or even lose) traits as a result of the action of
natural selection. Organisms are readily conceived not only as interactors but also
as beneficiaries — they are relatively easily counted, for example, and organisms
with fitter traits are differentially represented in future generations — and as
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manifestors of adaptations — their complex design was obvious before Darwin.
Perhaps because of this, these distinct roles are sometimes not distinguished when
considering other putative agents of selection, particularly groups. By invoking
this additional distinction, Lloyd has turned the tables on the genic selectionist
who appeals to the replicator/vehicle distinction to support his view. Just as
proponents of traditional individual selection failed to recognize replicators as
distinct from vehicles or interactors, so too do genic selectionists lump together
genes as replicators, beneficiaries, and manifestors of adaptation in the process of
natural selection. On Lloyd’s view, there is not one but four questions about the
unit of selection, and genic selectionists have concentrated on answering just one
of these.

4 GROUP SELECTION AND INDIVIDUAL SELECTION

The most convincing articulation of group selection is one that is modeled on and
builds on our intuitive views of individual selection. Just as there can be the natu-
ral selection of organisms within a population for some fitness-enhancing property
— running speed, wing shape, color — so too can there be the natural selection of
groups within a population of groups for some fitness-enhancing property. This se-
lection of groups is group selection, just as the selection of individuals is individual
selection.

We can build on this intuitive parallel by, in the first instance, being a little more
precise about the conditions necessary for natural selection to occur. Following a
seminal discussion of the units of selection by Richard Lewontin [1970], natural
selection is often thought of as requiring that three things hold of the entities
that it acts on. On the standard Darwinian view, these entities are individual
organisms, and so on that view there must be:

(i)  variation in a population of organisms with respect to some phenotypic trait;

(ii) a correlation between this variation and the fitness levels of organisms within
the population; and

(iii) the heritability of this variation across generations.

There are analogs to Lewontin’s three conditions for natural selection that take
the group rather than the individual organism to be the relevant object of focus.
These analogs are that there be:

(i) variation in a population of groups with respect to some phenotypic trait;

(ii') a correlation between this variation and the fitness levels of groups within
the population; and

(iii") the heritability of this variation across generations.
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The only difference between (i')—(iii’) and (i)—(iii) is the occurrence of “groups” in
place of “organisms” in the two places emphasized in (i’) and (ii’). The paradigm
of laboratory or experimental group selection established by the geneticist Michael
Wade [1977; 1978] is based on the satisfaction of (i')—(iii’), much as the domestic
breeding that Darwin appealed to in the opening chapter of the Origin was based
on the satisfaction of (i)—(iii).

To ensure that this formal parallel is not superficial and misleading, it is crucial
that we be able to make sense of notions that occur in each, such as fitness. An
individual organism’s fitness is its reproductive success, measured ultimately in
terms of number of offspring that it produces. One can further distinguish be-
tween survivability and fertility as aspects of individual fitness that correspond,
respectively, to the egg-adult and adult-egg halves of the life cycle, in order to at-
tain a more fine-grained picture of where individual selection operates in particular
cases, although since these have different mathematical representations, dividing
fitness up in this way introduces some theoretical inelegance in modeling fitness
dynamics. Individuals within the population are said to compete with one another
to leave more offspring in future generations, although “competition” is used here
in a “large and metaphorical sense”, to use Darwin’s own characterization of the
idea of a struggle for existence. Whenever there is either differential survivability
or fertility in a population of organisms, and finite use of resources, then there is
competition, in this sense, between individuals in that population.

Group fitness can be understood in much the way that we understand an individ-
ual’s fitness, namely, in terms of its reproductive success. As with individuals, in
the case of groups we also have two types of reproductive success that correspond
to organismic viability and fertility. A group’s viability is its ability to endure
over time, and it does this by replacing the individuals in it as individuals die and
others are born. A group’s fertility is its ability to produce offspring. As with
individuals, we might well view fertility as an index of the ultimate evolutionary
currency, but in addition, there are two forms that currency can take.

First, groups can produce or recruit more individuals than they lose, and so grow
in size. Second, groups can produce more groups with the characteristics that they
have as groups. Both of these involve producing (or recruiting) more individuals
over time, but they are in principle independent means of increasing the fitness of
the group such that groups with a given individual phenotypic or group trait suc-
cessfully compete with groups without it, and thus come to replace those groups
in the metapopulation. Thus, an individual-level phenotypic trait could increase
its representation in the metapopulation via group selection in either of two ways.
First, it could do so by the differential addition of individual organisms to existing
groups — paradigmatically by one group increasing in size, or a competitor group
having its size decreased. Second, it could increase its metapopulational represen-
tation by the differential addition of groups of individual organisms with that trait
— paradigmatically through differential colonization and migration rates between
groups.

As Okasha [2007] has recently pointed out, these two different kinds of group
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fitness have been used in the literature in different ways. Proponents of trait group
selection, such as Wilson [1975] for example, have been interested in a group-level
mechanism that could explain the evolution of an individual-level trait, such as
being an altruist. To show that altruism could evolve by group selection, Wilson
uses the first measure of fitness, arguing that if groups with more altruists are fitter
than groups with fewer altruists, altruism can increase in the global population.
Proponents of species selection, such as Jablonski [1986; 1987], have focused on
the second measure of fitness. Jablonski argued that species of mollusks with
greater geographical dispersal evolved through the group selection of species, and
his measure of this was the increased number of species of mollusks with that
range, tying this to increased feeding opportunities.

5 THE PROBLEM OF ALTRUISM AND THE LEVELS OF SELECTION

Departures from the standard, individual-centred view of natural selection have
their own motivations, as we have seen, but they also share one important moti-
vation: the problem that altruism poses for the standard view. Group selection
of the kind originally advocated was one response to the phenomenon of altruism.
Genic selection arose as an alternative that was claimed both to avoid the prob-
lem that altruism posed for individual selection, and to make appeals to group
selection otiose. But what is the problem of altruism?

On the standard Darwinian view, populations of organisms evolve because the
individuals in them have differential levels of fitness. As we have seen, those organ-
isms can be said to compete with one another in a large and metaphorical sense
for the survival of their offspring. In this same sense, organisms can be thought
of as striving to maximize their fitness, i.e., their own survival and ultimately the
survival of their progeny. Although organisms are often thought of as striving for
their own survival, those that do so to the exclusion of producing viable offspring
— say, either by producing no offspring at all or producing none that survive as
fertile individuals — have a fitness of zero. Given that the fitness of any given
organism is ultimately its expected number of offspring, any individual striving to
maximize its fitness will be striving to maximize this number. Thus, it will act
in ways that benefit at least some others, i.e., its progeny. But an individual’s
biological fitness places it in competition with other members of the population,
and so individuals who reduce their own fitness in order to increase the fitness of
others who are not progeny will reduce their representation in future generations.

Evolutionarily altruistic behavior is typically characterized as behavior that has
just this property of reducing an individual’s fitness while increasing the fitness of
non-offspring in that individual’s group. For example, Edward O. Wilson defined
altruism as “self-destructive behavior performed for the benefit of others” in the
glossary of his influential Sociobiology: The New Synthesis. But such behavior
is merely an extreme form of a more general type of behavior that gives rise to
the problem of altruism. This problem arises just when a behavior contributes
relatively more to the fitness of non-offspring in the population than to the fitness
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of the individual engaging in the behavior, and thus that decreases the relative
fitness of the “altruistic” individual within the population. Because individual
selection will diminish the relative fitness of individuals engaging in such behaviors
from one generation to the next, it will select against them. If unchecked, it will
drive them to extinction in the population. It is precisely such behaviors that
give rise to the problem of altruism. Thus, these behaviors, which may or may
not be “self-destructive” or “performed for the benefit of others”, are altruistic,
i.e., behaviors for which the problem of altruism arises. Behaviors that are self-
sacrificial or that benefit others are merely as a special case. One advantage that
this characterization of the problem of altruism has is that it makes it easier to
dissociate altruism from self-sacrifice, a notion with a psychological caste that
readily comes to mind in thinking of human altruism. The “sacrifice” involved in
behaviors for which there is a problem of altruism is just that of the maximization
of the number of one’s viable offspring.

Given the individual as the agent or unit of selection, the existence of altruistic
behaviors, so characterized, would be a puzzle, since individuals in a population
who exemplify them will be less fit than those who do not. Thus, other things being
equal, such individuals will leave fewer offspring in the next generation than do
their competitors. From this perspective, being altruistic is a differential handicap,
like being slow relative to others in a population, where greater speed allows one
either to capture more prey or to escape more readily from predators. Such fitness-
reducing behaviors may be the by-product of selective processes operating on other
phenotypes but could not themselves evolve by individual selection.

The problem of altruism, then, is the conjunction of the standard Darwinian
view of natural selection with the existence of evolutionary altruism. There are
thus two ways to respond to the problem that could be said to represent solutions
to the problem, rather than either an admission that the problem reveals the limits
of the theory of natural selection (defeatism), or a denial that there is a problem
at all for the standard Darwinian view to face (blind optimism).

The first is to deny the existence of evolutionary altruism. Given a range of
often-cited cases — for example, sentinels in birds, caste specialization in social
insects, “good Samaritan” behavior in humans — in which individuals help others
or even sacrifice their lives for others — such a denial might be thought to lack
credibility as a response to the problem of altruism. However, altruistic behavior
is not simply helping or sacrificial behavior, but behavior that detracts from the
relative fitness of the individual. So to demonstrate the existence of evolution-
ary altruism one cannot simply point to clear instances in which individuals help
others or sacrifice themselves for the sake of others. For such behaviors might
themselves be a way of maximizing individual fitness. This is the idea behind
reciprocal altruism [Trivers, 1971]: individual’s forego or limit their own direct
reproductive opportunities in order to maximize their long-term fitness through
gaining reciprocal benefits from those they benefit. Here individuals are still max-
imizing their own fitness, albeit indirectly. Hence these behaviors only appear to
be evolutionarily altruistic. In effect, this response plays up the role of individual
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fitness within evolutionary theory so that there is little or no room for evolutionary
altruism. For it to solve the problem of altruism the net benefits to individuals
engaged in “altruism” must be greater than the net benefits to those they help.

The second is to modify the standard Darwinian view so as to posit some other
unit of selection, and then show how selection operating at that level could give
rise to evolutionary altruism. Thus, proponents of group selection have pointed
out that although individual selection acts so as to decrease the representation of
altruists within a population, groups of altruistic individuals may have a higher
level of fitness than non-altruistic groups [Sober and Wilson, 1994]. It follows
that a process of group selection will act in a countervailing direction to that of
individual selection, and thus altruists could survive as members of fitter groups.
This version of the second response goes hand-in-hand with the idea that the
traditional Darwinian view requires augmentation, and that there is a plurality of
levels at which natural selection operates.

An alternative way to depart from the traditional Darwinian view is more radical
in that it involves recasting the theory of natural selection (and thus fitness) in
terms of the survival not of organisms but of the genes they contain. If genes
are the agents of selection, then organisms can be altruistic if their behaviors
maximize the fitness of genes that happen to be located within those organisms.
Since not just progeny of a given organism but individuals related in other ways
to it, such as siblings and cousins, bear a genetic relationship to that organism,
altruism directed at those individuals may be a way of maximizing the fitness of
that organism’s genes. This is a common way of understanding Hamilton’s [1964]
kin selection theory (but see [Wilson and Sober, 1998, 66-67]). In effect, this
view also denies the existence of evolutionary altruism, and thus implies that both
conjuncts that constitute the problem of altruism are false.

There is an important asymmetry between genic and group selection that can
be made more explicit by posing two questions:

(a) Does the traditional Darwinian view provide us with a complete or exhaustive
view of evolution by natural selection?, i.e., are there evolutionary phenom-
ena that this conception of the agent of selection leaves out?

(b) More radically, are the appearances here actually misleading?, i.e., are there
other agents that are in general better candidates for the agent of selection
than the organism?

Proponents of genic selection answer “Yes” to (b) because they think that genes
are better candidates than organisms for the agent of selection. In part, this is
because the gene’s eye view of evolution provides a solution to the problem of
altruism. Proponents of group selection, by contrast, answer “No” to (a) because
they think that certain phenomena (e.g., altruism) require group selection. Thus,
they hold that such a process must be added to individual selection to understand
the complexity to the biological world. In fact, proponents of group selection are
typically happy enough to embrace levels of selection smaller than the organism,
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such as the gene, as part of an overarching multilevel approach to understanding
natural selection [Wilson and Sober, 1994; Sober and Wilson, 1998].

6 PLURALISM AND REALISM

This way of thinking of the relationship between the problem of altruism and
the debate over the levels of selection suggests the view, widely accepted in the
literature, that there is a fact of the matter about what the unit of selection is in at
least some particular cases. If altruism really did evolve as a result of the action of
natural selection, and the individual organism cannot be the unit on which it acted
to produce that result, then genic and group selection are alternative accounts of
how altruism evolved, alternatives that paint different pictures of biological reality.
But some have denied that there is always a fact of the matter about what the
unit of selection is, while others have claimed that there is a sense in which there is
never (or rarely) such a fact of the matter. This dialectic raises issues of pluralism,
realism, and reductionism into the debate over the levels of selection.

Realists about the level of selection hold that there is a fact of the matter, either
in particular cases or in general, about what level selection operates at. They are
like realists in other areas of science, holding that even if we have only limited
evidence about what the underlying processes are that generate the phenomena
we observe and measure, nonetheless there is an “in principle” fact of the matter
here. The properties of electrons could not be reliably measured until into the
1920s, and the biochemical structure of genes was not known until the 1950s,
but there was a fact regarding each of these matters that awaited our discovery.
Likewise, even if it is hard for us to tell about whether, say, altruism evolves by
genic or by group selection, either in a particular case or more generally, there is
nonetheless a fact of the matter here. Those who deny this are anti-realists about
the levels of selection.

The issue of realism is sometimes run together with, but is actually orthogonal
to, the question of whether there is a level of selection, or whether there are
multiple levels of selection. Monists hold the view that there is a single level of
selection, either in a particular case or more generally, while pluralists deny this,
holding that natural selection can and indeed does operate at different levels. In
the case of altruism, a monist must view genic and group selection as exclusive
alternatives to one another, such that at most one of these processes is causally
responsible for the evolution of altruism. A pluralist, by contrast, could allow
either that both genic and group selection act in a particular case to promote
altruism, or that genic selection operates in some cases, group selection in other
cases. Hither way, there is no single level of selection that is responsible for the
evolution of altruism, but a plurality of levels. According to pluralists, to ask the
question “What is the level at which selection operates?” is to make a mistake
insofar as this question invites monistic responses.

It is very natural to elide this pair of distinctions and (roughly speaking) equate
monism with realism and pluralism with anti-realism, something encouraged by
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the kind of sloganeering that has crept into the study of science. Monists/realists
think there is One True Description of the world, a God’s-eye view, whether or not
we mere mortals can arrive at it, while pluralists/anti-realists think that “anything
goes” | that reality is socially constructed rather than discovered, that it’s “different
strokes for different folks” when it comes to our view of ontology. Although this is
a mistake in general, I'll concern myself here with the kind of mistake it is when
applied to debate over the levels of selection. Not only would such a collapse
of the realism vs anti-realism and monism vs pluralism distinctions gloss over
a conceptual distinction, but it would serve only as a misleading caricature of
the kinds of realism that are monistic, and the kinds of pluralism that are anti-
realist. In addition, it would leave no room to characterize positions about the
levels of selection that have been articulated and defended by some of the leading
proponents in the field. In particular, there are varieties of positions that are
properly characterized as pluralistic realism, and others that can be viewed as
forms of monistic anti-realism. 1 will concentrate on pluralistic realism, which has
gained much currency in recent years amongst both philosophers and biologists,
but begin with monistic forms of realism.

The traditional Darwinian view is, for the most part, monistic about the level
at which natural selection operates: the individual is the unit of selection (with
the exception of occasional bouts of selection on tribes or groups). Genic selection
has also often been viewed as a form of monistic realism in that it claims that it
is the gene, rather than the individual organism, that is the real level at which
natural selection occurs. This is a kind genic fundamentalism insofar as it views
the gene as the fundamental unit of selection. On this view, genic selection might
correlate with individual selection in a range of cases, and so models cast in terms
of individual selection give the right answer in response to the question of what
evolves in a particular case. But it is genic selection that constitutes the mechanism
generating the distribution of traits that evolves. It is for this reason that genic
selection is sometimes viewed as a reductionist view of the levels of selection.

There are at least two kinds of pluralistic realism, one of which retains strains
of monism. The first is exemplified by the work of Elliott Sober and David Sloan
Wilson, especially their Unto Others [1998]. In a series of publications they have
articulated and defended a multilevel view of selection, which, as the name implies
is a form of pluralism. On this view, one can begin with a question about the
effects of natural selection at a given level (say, that of the organism), but then
frameshift up (to groups) or down (to genes) to reformulate that very question.
This multilevel view is a form of realism about the levels of selection insofar as it
implies that there is a fact of the matter that determines the answer to each of
these questions asked. In some cases, natural selection will operate at just a single
level, at others it will operate at a different level, and in yet others it will operate
at multiple levels at once. The last of these cases is most clearly pluralistic, but
pluralism is also manifest in the multilevel framework by reflecting on the preceding
two cases together, for together they imply that there is no overall, single level at
which selection operates. The strain of monism in the multilevel view comes out
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by considering cases in which just a single unit of selection is involved: although
there is an overall pluralism, since this unit can vary across different cases, there
is a local monism. I have elsewhere called this form of pluralism unit pluralism
[R.A. Wilson, 2003] and agent pluralism [R.A. Wilson, 2005], since it is pluralistic
about the units or agents of selection themselves.

A second form of pluralistic realism abandons monism altogether, holding that
a plurality of units of selection is always present when natural selection operates.
This is a view that is relatively undeveloped in the literature but one with which I
have considerable sympathy. It is motivated by two considerations. The first is a
view of the biological world as inherently complex, variable, and diverse. Even the
oldest and, by some lights, the simplest organisms have many specialized parts,
including parts that are specialized for replication and reproduction, and they
nearly always interact with the rest of the world along with conspecifics and other
group-mates. The second is a view of our categories and models for explaining
this complexity, variability, and diversity: they are meager, simplifications that
allow us to make certain kinds of predictions, but that never do full justice to the
raw phenomena. Thus, we conceptualize the biological world in terms of distinct
“levels”, model how entities at each of those levels behave under certain conditions,
and arrive at monistic or pluralistic views of the levels of selection. But this notion
of levels is a kind of metaphor, one that carries with it limits and biases, and I have
suggested that a metaphor that conforms better to the first point might be that of
entwinement or fusion [R.A. Wilson, 2003]. This form of pluralistic realism posits
a significant mismatch between biological reality and our epistemic grip on that
reality. Such a mismatch warrants viewing the monistic strain in the multilevel
selection view as a reflection of our ignorance, rather than of the biological world
itself. Thus, monism itself is the result of a kind of simplification of an inherently
messy biological reality that metaphors like that of “levels” fail to do justice to.

A distinct form of pluralism from both of these is what I have elsewhere [R.A.
Wilson, 2003; 2005, ch.10] called model pluralism, since it adopts a pluralistic
view of our models of the biological world. This form of pluralism holds that
various prima facie distinct models of natural selection, such as selfish gene theory
and group selection theory, are actually non-competing accounts of one and the
same reality. Model pluralists maintain that although there may be strategic or
pragmatic advantage to using one rather than another model in a particular case,
these models do not compete for, or share, the truth about the nature of natural
selection.

Model pluralism has gained much currency in recent debates over the levels of
selection. It has been defended by biologists, such as Lee Dugatkin and Hudson K.
Reeve [1994) and Andrew Bourke and Nigel Franks [1995], and receives its crispest
expression in the recent work of Benjamin Kerr and Peter Godfrey-Smith [2002].
Sober and Wilson have also embraced model pluralism, saying that inclusive fitness
theory, selfish gene theory, and the theory of group selection that they propose are
part of a “happy pluralistic family” of alternative perspectives on natural selection
that are “simply different ways of looking at the same world.” [1998, 98]. When
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it is put in this way, model pluralism seems to imply a form of anti-realism about
the levels of selection.

Model pluralism is motivated in part by the sense that participants in the debate
over the levels of selection are “talking past one another”, or that the debate is
“just semantic”. A core part of the support for model pluralism is the idea that
there is an important sense in which the various models of natural selection are
equivalent so that although there is a sense in which they carve up the world
differently, this difference is underpinned by deeper affinity that these views share.
Kerr and Godfrey-Smith, in particular, have shown how to translate key terms and
equations between what they call the individualist or contextual models and what
they call the multilevel or collective models. If these models are equivalent, then,
model pluralists argue, it makes no sense to argue for one of the models rather
than another as telling us how natural selection works, either in particular or in
general. There are differences between these models, to be sure, but the choices
between them are to be made on pragmatic grounds, rather than on the basis that
one gets at what’s really happening, while the other doesn’t.

7 GROUPS AS CONTEXTS, GROUPS AS SUPERORGANISMS

Part of what separates proponents of genic and individual selection, on the one
hand, from advocates of group selection, on the other, is their respective concep-
tions of the place of the structures of populations in the theory of evolution. We
can distinguish three conceptions, each corresponding to a distinctive view of what
appeals to group selection amount to.

The first is the conception of a group implicit in the early work on group selection
associated with the Chicago school of ecology and people such as V.C. Wynne-
Edwards. As the preceding discussion suggests, the conception of a group was
very much that of an organism-like entity; groups, at least some of them, were
superorganisms or sufficiently like organisms in the relevant respects to warrant
treating them as organisms, and to treat their individual members as parts of
that organism. That is why it seemed relatively unproblematic to shift the unit of
selection from the individual to the group, since in effect this was simply to apply
it to a different kind of individual.

The problem with this conception of a group, as Sterelny [1996] and others
have pointed out, is that there are very few groups of organisms that can properly
be viewed in this way: they are chiefly found in the social insects, which have a
reproductive division of labour and feature sterile castes that don’t reproduce at
all or do so only under highly restricted conditions. Despite this prima facie prob-
lem, this conception of a group persists in several contemporary discussions. For
example, Sterelny himself concedes that group selection can occur when there are
superorganisms, and Wilson and Sober’s multilevel view of selection, especially the
version formulated in their [1994], seem to say much the same thing in employing
their frameshifting model. Frameshifts “up” to the group, as well as “down” to
the gene, are justified just when those entities function as individuals. It is just
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that, unlike Sterelny, Sober and Wilson think that this is rather often the case.

Quite a different conception of groups lies at the core of the revival of group
selection, however. This conception is of a group as a “sphere of influence”, an
aggregate of organisms that “share a common fate”. Both of these phrases have
been used by David Sloan Wilson [1975; 1983; 1997; 2002] and by Sober and
Wilson [1994; 1998] in characterizing trait groups. On this view, a group is any
aggregate of organisms whose evolutionary fates are tied together, no matter how
temporarily or for what reason. In a striking example, Sober and Wilson consider
a pair of crickets that find themselves sharing a leaf to cross a river as an example
of a trait group, for whatever evolutionary outcome greets one will also greet the
other.

Clearly, trait groups do not face the problem of rare instantiation that groups as
superorganisms do; in fact, they might be thought to suffer from just the opposite
problem, that of being a little too common. Consider clones of the myxoma virus
located on a rabbit. It might be thought that all of those clones form a trait group,
for if the rabbit dies they all die (they can’t survive just on the carcass, or not for
long). Yet clones that are located on lesions also form a trait group, since they
have the same probability of being transmitted further by mosquito or flea vectors,
which are attracted to lesions on an already infected rabbit. And since rabbits can
transmit the virus to one another through direct contamination, clones located on
rabbits within a hutch also constitute a trait group. This suggests that if there
is any group selection in this example — an example well-known in the levels
of selection literature in part because Richard Lewontin, in an influential paper
[1970], claimed that it was an example whose details could only be explained by an
appeal to group selection, a claim endorsed by Sober and Wilson [1998], amongst
others — there is lots of it. That may be the right thing to say, but if so this
in turn implies that there are many, many “levels” at which selection operates in
at least a wide range of cases, and, to return to an earlier theme, gives reason
to question how accurately the metaphor of levels captures biological reality (see
[R.A. Wilson, 2004]).

Both of these conceptions of groups make groups agents or units of selection.
Those skeptical of how widespread group selection is in nature, particularly propo-
nents of genic and individual selection, acknowledge that groups are often impor-
tant in natural selection but claim that both traditional and neo-group selectionists
are mistaken about the role that groups play. Rather than being agents of selec-
tion, groups serve as a part of the context in which genic and individual selection
acts. In the myxoma case, natural selection is taken to select individual clones
but to do so relative to the group environment they are in. Those on a given
rabbit face common selection pressures, but they do so individually. Selection is
always sensitive to an individual’s environment: a dark moth will be selected for
over its lighter variants in an environment in which the trees have been blackened
through industrialization, but not in environments in which the bark of trees re-
mains light-coloured. The insight of group selectionists, it is claimed, is to draw
explicit attention to population structure as a significant part of an organism’s
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(or a gene’s) environment. But this doesn’t mean that groups themselves are
agents of selection, any more than it means that the dark-coloured sub-group of
the population of moths is selected through group selection.

This conception of groups as the contexts in which other kinds of entity, such as
individuals and genes, are selected, plays a key role in model pluralism. For this
forms one half of the two kinds of view — what Kerr and Godfrey-Smith call the
individualist/contextual view as opposed to the multilevel/collective view of natu-
ral selection — that they claim are, in some sense, equivalent. But it also plays
a role in conceptions of genic selection that accord the gene a fundamental status
as a unit of selection, since it reinforces the divide introduced by the distinction
between replicators and vehicles: genes have properties that make them suitable
as agents of selection, while individuals and groups, even if occasionally mani-
festing such properties, are more usually conceptualized as playing a background,
supplementary role to genic action.

A common complaint lodged against the contextualist conceptualization of
groups [Brandon, 1987; Sober, 1984; Lloyd, 2001; 2005] is that it fails to re-
veal the causal dynamics that appeals to superorganisms and trait groups reveal.
As it is sometimes put, accounts that focus on genes are accurate “bookkeeping
devices” for what evolutionary outcomes develop, but they often do not reveal the
mechanisms through which those outcomes are achieved. By providing detailed
causal representations of both the contextualist and collective views of natural
selection, Kerr and Godfrey-Smith [2002] have done much to reply to this kind of
objection, though whether it is enough remains an issue subject to further debate
[R.A. Wilson, 2003; Lloyd, 2005].

8 TRANSITIONS IN EVOLUTIONARY HISTORY

The traditional Darwinian view of the levels of selection also gives rise to another
question, one that has been informed by recent work on what John Maynard
Smith and Eors Szathmary [1995] have called the major transitions in evolution.
The kind of individual organisms that we know and love best — multicellular,
eukaryotic beasts like ourselves — emerged sometime during the 3.8-4 billion years
during which there has been life on Earth. They are themselves a product of
evolutionary processes, a kind of evolutionary achievement that represented a new
type of biological organization. It is plausible, for many reasons, to think that
multicellular organisms evolved from unicellular organisms, and that organisms
with eukaryotic cells evolved from organisms with prokaryotic cells, with each
of these evolutionary shifts constituting a major transition in evolution. More
generally, one can consider the history of life as comprised of a series of such
major transitions, starting with the simplest forms of living things at the origin
of life, and ending (for now, at least) with the diverse collection of organisms that
we see today. Many of today’s organisms have many complex parts (including
parts there were likely independently living organisms in the evolutionary past,
such as mitochondria in animal cells and chloroplasts in plant cells), many form
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integrated conspecific and inter-specific groups, and some manifest traits that we
usually consider to be social or cultural.

If the major transitions in the history of life are products of natural selection,
then there is a obvious way in which the debate over the levels of selection is rel-
evant to thinking about those transitions. For consider, say, the transition from
unicellular to multicellular life, something that happened somewhere between one
and two billion years ago. Since multicellular life is the product of this transition,
natural selection cannot operate on it. Thus, if that process was one of individual
selection, it must have been one that applied to existing kinds of organisms: uni-
cellular organisms. But we can then raise just these same considerations about the
relatively complex unicellular organisms that were the direct ancestors of the first
multicellular organisms to arrive at the idea that the very first organisms must
themselves have evolved from something else. If this is right, then the organism
itself is an evolutionary achievement, and so natural selection cannot always have
acted at the organismic level. The most plausible candidate for the earliest unit
of selection is something like a simplified gene, a self-replicating sequence of DNA
(or perhaps RNA), selection on which (somehow) gave rise to the first organism.

This perspective on the major transitions of evolution has been taken up by
Richard Michod [1999] and Samir Okasha [2007]. Here the debate over the levels
of selection has not simply been applied to shed light on how to think about
the major transitions; an understanding of the major transitions has also been
viewed as offering support for specific views within that debate. In particular,
much of the literature that conjoins these two issues adopts the view that at least
some of the major transitions of evolution can be made sense of only (or best) by
positing a process of genic (or gene-like) selection. This supports a version of the
view that Dawkins expressed in several well-known passages in The Selfish Gene,
which claimed that genes “ganged up” for form groups and (finally) us: we are
the “lumbering robots” that are the evolutionary result of selfish genes acting in
ways to further their own interests.

Although there is much here that is interesting, and some points that are clearly
correct, I am more skeptical about some of the inferences drawn here and what
is apparently presumed. Part of the reason for being cautious is the relative
paucity of hard evidence to support a specific series of major transitions, and so
for the necessarily speculative nature of many of the relevant empirical claims. But
some of the caution issues from more purely philosophical, conceptual concerns.
For example, although it is clear that multicellular, eukaryotic organisms are a
relative recent evolutionary innovation, it is much less clear that the same is true
of organisms per se. Minimally, the claim that genes or gene-like entities preceded
organisms in the history of life, and so were the original or at least early units of
selection, turns in part on what we think organisms are. My own view is that on
the most plausible conception of an organism, according to which an organism is a
living thing that forms part of a replicative lineage and has some kind of internal
control and external freedom — what I have elsewhere called the tripartite view of
organisms (see [Wilson, 2005, ch.3]) — organisms likely appear very early in the
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history of life, certainly within the first billion years of that history.

Likewise, the idea that Dawkins expresses mawkishly through his talk of “gang-
ing up” and “lumbering robots” requires closer scrutiny than it has received to
date. Suppose that we waive the preceding issue and grant that selfish replicators
of some kind predate organisms. Since there is more than just one such replica-
tor — in fact, the idea is that there are many of them — there is at least the
possibility that successful replicators are subject to natural selection as a group,
rather than individually. And since such replicators likely have some kind of in-
ternal complexity, with internal, specialized parts that perform specific functions,
it is also possible that natural selection could operate on those parts, and so only
derivatively on those replicators as entities that have those parts. Thus, we seem
to have just the kind of hierarchy of levels on which selection might operate that
we have in the contemporary debate over the levels of selection, except with selfish
replicators taking the place of organisms.
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WHAT IS EVOLVABILITY?

Kim Sterelny

1 THE METAZOA AND THE VOLVOCACEANS: TWO CONTRASTING
FATES

For free-living unicellular protists, cell division is reproduction. A cell divides,
and the two daughters go their separate ways. But very occasionally, something
else happens. Somewhere between 700 and 800 million years ago, in a protist
lineage closely related to the living choanoflagellates, cell division resulted in cell
aggregation [King, 2004]. Instead of that division resulting in two daughter cells
drifting off to their separate fates, the aggregation stayed together and shared a
common fate. That lineage prospered. We can only conjecture at the reasons for
its success: one possibility is simply that it was too large to engulf; its size made
it safe from other protists. But though we do not know the advantage conferred
by this experiment in collective life, we know its consequences. For I have just
described the origins of the Metazoa: the lineage of multi-celled animals. So this
aggregation was ancestor to a hugely diverse and hugely disparate clade.

The metazoans are one of the three great radiations of multi-celled life: the
others are the green plants and the fungi. But these are by no means the only multi-
celled lineages. There are different estimates in the literature, but no-one doubts
that multicellularity has evolved repeatedly; more than a dozen times [Bonner,
1998; King, 2004]. So consider the contrast between these highly disparate lineages
and another and more recent experiment. The plants evolved from green algae
[Graham et al., 2000]. But they are not the only multi-celled descendants of
green algae. About 75 million years ago another experiment in collective life
began: that of the volvocaceans. The founder of this lineage lived in shallow
ephemeral ponds (if the ecology of its descendants is any guide). Phosphate is
the crucial limiting resource in these ponds, and there is reason to suppose that
multicellular volvocaceans store phosphorous more successfully that their single-
celled competitors because they can store it in the extracellular matrix that fills
the spaces between their component cells.

There has been a modest radiation of multicellular descendants of these protists
[Kirk, 2001; Kirk, 2003]. Some multicelled lineages are halfway houses, intermedi-
ate between co-operative groups of individual cells, cells which retain independent
reproductive fates, and structured collectives. There are volvocaceans like this,
where cells stay together for a period before fissuring so that each component cell
has its own separate shot at reproduction (as in Chlamydomonas). But other
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volvocaceans are clearly structured collectives. In Volvozx carteri there is a clear
specialisation between somatic cells that enable individual volvocaceans to move
through the water and stay at the surface (where they photosynthesise) and a much
smaller number of much larger reproductive cells. True multi-celled organisms, not
just co-operation between individual protists, have evolved from this protist lin-
eage. Yet we find nothing like the complexity, the disparity, or the diversity of the
metazoans. Volvox carteri is the upper limit of volvocacean complexity.

What explains this contrast between the metazoans and the volvocaceans?
Questions of this kind can be asked at any grain. I have just contrasted the
fate of two lineages that have experimented with multicellularity, but more spe-
cific versions of such questions arise within these lineages. Why, for example,
is sex so developmentally plastic in many fish lineages but never in terrestrial
tetrapods? Terrestrial vertebrates, unlike fish, never change sex in response to
social cues. Lineages seem to differ from one another not just in their specific
trajectories but also in the space of evolutionary possibility to which they have
access. It just does not seem open to mammals to evolve the capacity to change
sex in response to (say) skewed sex ratios, however advantageous that would be.
Lineages contrast in the actual pattern of their evolutionary histories: some are
strikingly more disparate (overall, or in particular respects) than other apparently
comparable lineages. In some cases, it is plausible to suppose that these differences
reflect differences in evolutionary potential rather than reflecting chance or selec-
tive environment.! There is a further temptation to think that these differences
in evolutionary potential themselves have an explanation in the developmental
biology of the organisms concerned: lineages differ at a time and over time in
evolvability.

2 LIMITS ON VOLVOCACEAN DISPARITY

As noted above, multi-cellularity has evolved repeatedly, but only in a few lin-
eages has this lead to a major radiation of multi-celled forms. My project in this
paper is ask whether the idea of evolvability helps in explaining the different clade
geometries of rich multi-celled lineages and relatively depauperate ones like the
volvocaceans.? The volvocaceans are a good probe for investigating this problem,
because we have a concrete hypothesis which explains the limits of volvox dispar-
ity. So let me begin by outlining that hypothesis. We can then ask: what do
considerations of evolvability add to it?

The crucial idea is that while Volvox carteri has an established soma/germ-
line distinction, it has established that distinction by a mechanism that limits
somatic growth potential and (perhaps) the potential evolution of new cell types.
In Volvoz, the founding cell grows before cell division. The series of cell divisions

1Thus no marine vertebrate has hands: but in contrast to sexual plasticity, this contrast with
terrestrial life seems to have a selective explanation.

2The mundane answer, of course, is time: we should remember that animal disparity may
well have been unimpressive after the first seventy five million years of metazoan evolution.
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that form the adult organism then largely take place without further growth. The
initial process of cell division produces an embryo of 32 symmetrical cells. But at
the next division half of the cells divide asymmetrically, producing a population of
both large and small cells. The large cells from this process became the gonadia
cells: the germ-line. The somatic ancestor cells, the smaller cells from this first
asymmetric division, divide many more times and so V. carteri ends up with a
couple of thousand small somatic cells and a handful of much larger gonadia cells.
The whole show then turns inside out so that the small, somatic, flagellated cells
are on the outside, and the larger immobile germ-line cells are on the inside, set
in an extracellular matrix. The gonadia, alone, then grow so that each ends up
roughly 1000 times the size of somatic cells. (See [Kirk, 2001] for a good discussion
of these life history issues)

Single-celled green algae, the single-celled ancestor of the volvocaceans, live a
two-phase existence: they have a motile growth phase followed by an immobile
reproductive phase. Kirk suggests that the genes that controlled these phenotypic
changes over time have been co-opted to build a soma/germ-line division at a
time. The lag-gene when active, suppresses the development of flagella, eyespots
and chemotaxis. It originally evolved to shift the single-celled ancestor from the
growth phase to the reproductive phase. For no protist can divide in a flagellated
form. The cellular machinery needed for flagella is also needed to control the even
division of genetic material in mitosis [King, 2004]. So within gonadia cells, this
gene is on. Within somatic cells, lag is off and regA is on. RegA is a mutation
which disables chloroplast development. Cell division in Volvox depends on a size
threshold: once somatic cells fall below this threshold, if their chloroplasts are
disabled they cannot regrow to reach it again. The germ-line/soma division in
Volvox thus depends on genetic mechanisms that ensure that somatic cells are
small, and without the potential to grow. This limits division depth and hence
organism size. It also probably limits the array of somatic cell types potentially
available to this lineage.

Thus Volvozr disparity is limited because somatic cells have a finite replica-
tion potential. The germ-soma division is organised through mechanisms which
produce a somatic lineage which is restricted in total size, because the number
of divisions depends on the size of founding gonadia, not on the resources har-
vested once division begins. Moreover, the policing mechanism which prevents
somatic cells reverting to germ-line forms may restrict the potential range of cell
morphology of somatic cells. The morphological architectures available in this
lineage are thus sharply constrained by these restrictions on cellular constituents.
Evolutionary potential is limited because the Volvoxr genotype-phenotype map
links together three features of the Volvox developmental program: (i) establish-
ing a soma-germ-line distinction; (ii) intrinsic limits on the generational depth of
somatic cell lineages; (iii) limits on somatic cell diversity [Nedelcu and Michod,
2004]. There is no natural way to break the linkages between these features of
volvocacean developmental programs.> One mechanism that has an important

3Especially, perhaps, because Volvox are haploid in their multi-celled life phase and hence are
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role in policing outlaws — the establishment of the germ-soma distinction — also
constrains somatic cell diversity.

3 FITNESS: A MODEL FOR EVOLVABILITY?

How does this picture of the regulation of cell differentiation relate to evolvabil-
ity and to the idea that evolvability explains disparity and its limits? For surely
we have just explained those limits without mentioning evolvability. There are
two ways we might respond to this challenge, and the availability of these two
responses exposes an ambiguity in the literature on evolvability. One idea is that
the gene regulation explanation of Volvox disparity is shallow. The crucial issue
is not whether there are currently mechanisms that constraint the range of cell
architectures available in that lineage, but whether those mechanisms are them-
selves entrenched. Evolution depends on variation, and hence on the mechanisms
which generate variation. Questions of evolvability are questions about the se-
lectable phenotypic variation those mechanisms generate, and especially about
how stable those mechanisms are over evolutionary change. To what extent do
they themselves evolve, increasing or decreasing the variation that is available to
selection?

Recent literature on bacterial evolvability has conceived of evolvability as a
character that can itself evolve. In this literature, the focus has been on the evo-
lution of mutation rates; in particular, whether elevated mutation rates show that
there has been selection for increased mutation itself, or merely declining invest-
ment in error correction in impoverished environments.* Selection seems to favour
elevated rates of mutation (and/or recombination) in stressful conditions. But
that might just show that in tough times the price of more accurate replication is
unaffordable. An increased mutation rate would then be an unfortunate side-effect
of a stress-resistant thrifty phenotype. The case for thinking that selection might
actually favour increased mutation rate is strengthened by the discovery of fac-
ultative mechanisms that increase mutation rates only in stressful conditions and
then return to higher fidelity replication. These are inducible mutators: mutations
which disrupt error-correction mechanisms. The case for treating these mutators
as adaptations is stronger still if elevated mutation rates are targeted to specific
regions of bacterial genomes. Radman, Matic and Taddei claim there are such sys-
tems. When microsatellite runs (repeated sequences of the same base pairs) are
included within gene, the rate of initial copying errors increases. Normally, these
errors are unimportant, for they are reliably corrected when repair mechanisms
are working with their normal fidelity. But when these mechanisms are turned off,
these microsatellite infested genes, and only these genes, become hypermutable
[Radman et al., 1999]. By restricting increased variation to these genes, the cost
of an elevated mutation rate is reduced.

vulnerable to genetic noise: mutations are not masked by working copies of the mutated allele.
4See [Radman et al., 1999] and [Earl and Deem, 2004]; for an overview, see [Chicurel, 2001].
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All other things being equal, increases in the supply of variation increase the
evolutionary response of a lineage to selection. Mutation rate is a component of
variability. But even if selection favours elevated mutation rates, and mutation
rates correlate with evolvability, this would not show evolvability to be a selectable
character. My main reason for this claim is the idea that evolvability depends crit-
ically on population structure and environment. It is a characteristic of lineages,
not organisms, for population structure concerns the division of a species into
groups, and the flow of genes between those groups. I shall defend the idea that
population structure is crucial to evolvability shortly. However, it is also true
that the bacterial evolvability literature does not clearly distinguish evolvability
from phenotypic plasticity. Evolvability is a property of a lineage. Plasticity is
variously thought of as a property of an individual organism or a genome. A plas-
tic genome maps onto different phenotypes in different environments. A plastic
organism develops a different phenotype in different environments. For us, but
not for bacteria, these two pictures of plasticity are equivalent. For in contrast
to lumbering macrobes like ourselves, bacterial genomes and mechanisms of gene
expression are not fixed over the life of individual organisms: lateral gene transfer
is common in bacteria and decoupled from reproduction. Gene-changing might be
a mechanisms of phenotypic plasticity, not of offspring variability.

If we are inclined to accept Janzen’s argument that clones should be thought of
as a single evolutionary individual, the distinction between evolvability and phe-
notypic plasticity becomes especially problematic [Janzen, 1977]. Dawkins argued
convincingly against this view in the final chapter of [Dawkins, 1982]. But that ar-
gument applies only to multi-celled clonelines, for it depends on the importance of
a single-celled bottleneck through which reproduction is channelled. The existence
of that bottleneck allowed Dawkins to draw an important distinction between so-
matic and germ-line mutations, even within clonally reproducing organisms. No
such distinction can be drawn for bacteria, and hence the status of a cloneline
is unresolved. But even if we think of the single cell as the individual organism,
the literature on bacterial evolvability conflates it with plasticity. For example,
Partridge and Barton argue that a yeast prion is a replicator that enhances yeast
evolvability. It does so by changing the way messenger RNA is read. The normal
form of this protein binds to the stop codon, causing translation to cease. But the
variant, prion-form often fails to bind. It thus results in the translation of mes-
senger RNA into longer protein sequences. This normally depresses the fitness of
yeast with the prion. But when conditions are bad, yeast with the variant, prion-
form protein sometimes do better, thus increasing the frequency of this form of
protein in the yeast population. There is selection for the prion-carrying yeasts in
uncertain and fluctuating environments [Partridge and Barton, 2000]. But though
Partridge and Barton call this selection for evolvability, it is actually selection for
phenotypic plasticity. Prion-carrying yeast alter their own phenotypes, not just
the downstream phenotypes of their daughter cells. Yeast that cannot anticipate
their own environment are individually better off, on average, if they carry the
prion-protein. While most of them will do marginally worse than the wild-type, a



168 Kim Sterelny

few will do much better.

In my view, evolvability is not a selectable trait, even though mutation rate may
be. There is an alternative and better way of thinking of evolvability. Think of it as
akin to fitness. Fitness is not a trait of an organism; the fitness of a centipede is not
like its segmentation pattern or leg number. This view of fitness is not completely
uncontroversial. For fitness has been understood as an explanatory property: as a
measure of the congruence between an organism and its circumstances. The idea
is that variations in congruence explain variations in reproductive success, both
within and across populations. But it has proved difficult to specify a general
congruence relation, for it would have to abstract away from the specific details of
both an organism and its world. Moreover the fitness of an organism is sensitive
not just to the environment but to population structure. Fitness is not just a
relationship between organism and environment. The literature on the evolution
of co-operation has made this clear: the fitness that is relevant to evolutionary
dynamics is relative fitness, not absolute fitness. Defecting traits which lower the
absolute fitness of every agent in the population can invade, so long as their effect
on those without the trait is more severe than the effect on those with it. Moreover
the fitness implications of particular patterns of social behaviour often depend both
on the role of the agent within the group of which it is a part, and on the role of the
group within the population. Population structure helps explain relative fitness
[Kerr and Godfrey-Smith, 2002]. Thus fitness is now typically understood as a
dispositional property of organisms. Fitter members of a population are disposed
to have more reproductive success than their rivals. But if we want to explain
this variance, we appeal to the specific features of the organisms’ phenotypes. It
is these that explain success or failure.

However, even if fitness is not a character state that explains success or failure,
it does not follow that there is nothing interesting to say in the language of fit-
ness. There is an intermediate level of generality between the ascription of fitness
differences to organisms and the analysis of specific phenotype/environment cou-
plings. Thus within evolutionary biology we distinguish between the contribution
of natural and sexual selection to organism success. In understanding the evolu-
tion of co-operative behaviour, it is crucial to distinguish between fitness effects
that derive from within-group differences and those that derive from cross-group
differences. We distinguish between frequency-dependent aspects of fitness and
fitness deriving from optimisation. If a finch’s beak is optimised to the specific
seasonal conditions it encounters, the benefit it derives is insensitive to others’
phenotypes. Contrast this with the female-mimicking mating strategy in the gi-
ant cuttlefish. Small males often assume the body shape and patterns of females
at breeding aggregations, lurking near a breeding pair, and relying on the larger
guarding male being distracted by another intruding male. When there is such a
distraction, the female mimic resumes a male appearance and attempts to mate,
often successfully. In contrast to the finch, this strategy depends on the supply of
intruding males. These intruders disrupt male guarding and allow female mimics
their opportunity to mate [Norman et al., 1999]. Sexual selection, population-
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structured selection, and frequency-dependent selection are conceptual tools that
mark important aspects of the explanation of success and failure. Yet they abstract
away from specific features of organisms and their environments.

4 EVOLVABILITY, INDIVIDUALS AND ENVIRONMENTS

I suggest that fitness understood this way is a model for understanding evolvabil-
ity. Just as fitness is a dispositional feature of individual organisms, evolvability
is a dispositional feature of lineages. It is not a character of an organism or its
developmental system; it is not a trait. It is true that the evolvability of a lineage
depends on the developmental programs of the individual organisms in the lineage.
Moreover most of the literature on evolvability has focused on internal factors —
features of individual developmental systems — and their role in either generat-
ing or constraining variation on which selection acts.> This is certainly true of
Kirschner’s and Gerhart’s review article that returned evolvability to the agenda
of evolutionary biology [Kirschner and Gerhart, 1998]. This review was about vari-
ation, and in particular mechanisms that reduced the cost of variation by making
them less likely to be catastrophic. For example, Kirschner and Gerhart bring
out the crucial connection between evolvability and phenotypic plasticity. With-
out plasticity, evolutionary change would require impossibly co-ordinated genetic
changes. Think, for example, of the evolution of new cell morphologies. Mitosis
is impossible unless microtubes connect to the chromosomes in the cell and me-
diate their symmetrical segregation to the spindle poles at each end of the cell.
Microtubes find chromosomes by mechanisms of undirected variation and selective
retention: the tube is unstable and is reabsorbed unless it happens to connect with
a chromosome, in which case it stabilises. Through this mechanism, the process of
chromosome sorting does not have be pre-programmed with information about the
number of chromosomes, their location, or of the size and shape of the cell. This
mechanism does not need to be genetically re-tuned if other mutations change
the cell architecture [Kirschner and Gerhart, 1998, 8422]. These ideas are im-
portant: features of individual developmental systems are crucial to lineage-level
evolvability. Indeed, in my earlier work on evolvability I attempted to specify the
general characteristics of inheritance and development that promote lineage-level
evolvability [Sterelny, 2001; 2004].

However, it is crucial to see that the evolvability of a lineage depends on much
more than the developmental programs of individual organisms within the popu-
lation, and the extent to which those programs vary.

1. The environment matters: for variation in the environment determines the
fraction of the reaction norm that is expressed and thus exposed to selection.

5The exception is the literature on non-genetic inheritance and its role in evolution. That
literature has been much more sensitive to the role of the environment in the reliable transmission
of parent-offspring similarities [Avital and Jablonka, 2000; [Odling-Smee et al., 2003].
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More uniform environments allow cryptic genetic variation to survive unex-
pressed; variation that may become important if the environment changes.
This point has been developed in an important recent paper by Suzanna
Rutherford. Populations have unexpressed genetic variability: for example,
in natural Drosophila melanogaster populations, she argues, there are on
average hundreds of thousands of base pair differences between the average
haploid genotype. Yet these are strikingly phenotypically uniform popula-
tions. Much genetic variation is effectively neutral because it does not give
rise to phenotypic variation. Yet though this variation is cryptic while the
environment is stable, it can be unmasked. It is unexpressed difference, not
inexpressible difference. Consider, for example, the two forms of the human
CYP1A1 gene. In non-smokers, these two forms are phenotypically equiva-
lent. But they are associated with marked difference in lung cancer risk for
smokers. In particular, one form of the gene makes moderate smoking much
more dangerous than it would otherwise be. Likewise, new genetic variation
can cause previously silent differences to be expressed. A mutant form of the
heat-shock protein Hsp90 in Drosophila unmasks mutations in other genes
which would otherwise be silent [Rutherford, 2000].

Factors which make the environment to which a lineage is exposed more
uniform are therefore important, for they allow genetic variation to be stored.
In masking existing variation, they limit microevolutionary response to local
variation but thereby enhance long-run evolvability by preserving genetic
variation which would otherwise be eliminated from the gene pool. Moreover,
there are such masking mechanisms: for organisms often have just these
effects on their own environment. Often organisms in part engineer the
developmental environment of the next generation, and thus make them
more homogenous than they would otherwise be. Mistletoe seeds germinate
only after passing through the digestive system of the mistletoe bird; the
seeds of many Australian plants germinate only after fires to which their
parents contribute [Odling-Smee et al., 2003].

. Population structure is relevant to the distribution of the genetic resources of

the species. This is most vividly illustrated by prokaryote populations. For
though prokaryotes have limited chromosomal evolution (their chromosome
is circular, so there is no recombination), there is rich horizontal transfer
of ready-made genetic material. Plasmids, phage DNA and transposons are
all mechanisms of horizontal gene movement, with different size packets.
Given the ubiquity of horizontal gene transfer, the richness of local genetic
resources is obviously important [Carroll, 2002]. But though this is a very
vivid case where evolutionary response depends on resources available in the
local population, the general moral applies to the more familiar world of the
macrobes. Microevolutionary change takes place within local populations,
and if these are isolated from one another, there may well be potentially
important gene combinations which are unavailable, because the variants
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that would form the combination have arisen in different populations.

3. Population structure is relevant to the type of microevolutionary changes
that are likely. It is a truism of evolutionary theory that microevolutionary
change in a species divided into many small, isolated populations is likely to
be quite different from microevolutionary change in a species divided into a
few large ones. Drift and founder effects are likely to be important in the
first case but not the second. Population structure is also crucial to multi-
level selection. For selection at the level of groups can be important only if a
species is divided into groups that vary one from another in ways important
to their productivity. Multi-level selection probably plays a crucial role in
the evolution of new levels of biological organization, and hence is of critical
importance in expanding the space of evolutionary possibility [Michod, 1999;
Kerr and Godfrey-Smith, 2002].

4. Population structure is relevant to the extent to which microevolutionary
change is buffered or protected. As Eldredge has repeatedly emphasised, lo-
cal adaptation in local populations is fragile; it is easily lost if demic structure
is unstable, for migration from other populations breaks up gene combina-
tions co-adapted to local circumstances. A population can stably adapt to
its local world only if it extrinsically or intrinsically isolated [Eldredge, 2003].

The crucial point to remember is that significant evolutionary change typically
depends on the accumulation of smaller changes. Accumulation, in turn, depends
on the existence of ratchets that protect each small advance. There is an in-
ternal ratchet: high fidelity replication preserves rare favourable variations. But
while internal, organism-level ratchets are necessary for evolvability, they are not
sufficient. Potentially favourable change must be preserved by individual level in-
heritance processes. But these must then be amplified in the population and then
protected (from being swamped by immigration) by population level processes,
thus making a further mutational change and a further iteration far more likely.
Selection is not just a passive consumer of variation: it is a creator of variation.
When a phenotypic change from P to P* depends on a sequence of genetic changes
from Gy = G; = Gq, selection can make Gg, vastly more probable by amplify-
ing the frequency of Gy. This makes the features of environment and population
structure that are relevant to cumulative selection equally relevant to evolvability.
Evolvability is not a characteristic of individuals: it emerges from an interplay
between (i) individuals and their developmental systems, (ii) the populations and
lineages of which they are a part, and (iii) the environments within which they are
embedded.

Components of Evolvability If evolvability is a dispositional feature of a lineage,
there is an important sense in which differences in evolvability do not explain dif-
ferences in lineage disparity. To say that the basal metazoan lineage was highly
evolvable does not explain the evolutionary radiation of the animals; likewise, to
say that the volvocaceans have very limited evolvability explains nothing about
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its limited disparity. But just as there is middle-level theory of the sources and
consequences of fitness differences, there may be a middle-level theory of evolv-
ability: characteristics shared by many lineages, and which play similar roles in
explaining dispositions to evolve over time. The right way to understand pro-
posals about evolvability is to see them as proposals about such components of
evolvability: proposals about the evolution or effects of such components. I will
illustrate this idea by discussing two major foci of the evolvability literature. One
is the explanation of continuing evolutionary plasticity over time. William Wim-
satt has pointed out that early aspects of development, in particular, should be
increasingly hard to alter. For they are causally relevant to many downstream
developmental stages; and the more downstream consequences a particular mech-
anism has, the more likely it is that changing that mechanism will have some
disastrous consequence [Wimsatt and Schank, 1988]. So we should expect ontoge-
nies to be developmentally entrenched, except perhaps for their terminal stages.
And yet they are not [Raff, 1996]. The second is the mirror-image of continued
flexibility: the existence and explanation of phenotypic gaps. In discussing these
familiar ideas, I hope to illustrate two basic points. First: just as with fitness, we
have developed conceptual tools that mark important aspects of evolutionary flexi-
bility and inflexibility; tools that abstract away from specific features of organisms
and their environments. Second: there is a serious imbalance in this work. For
despite the importance to evolvability of environment and population structure,
this discussion is almost entirely focused on internal aspects of evolvability.

Let me begin with a much-discussed example: modularity. A developmental
module is a system that develops relatively independently of other such systems.
A group of genes make up a genetic module, if there are many interactions between
them and their products, and relatively few interactions between these genes and
others. Developmental modules are also evolutionary modules [Brandon, 1999]:
if a trait (say, tooth shape) develops independently of other traits, variation in
that trait will be independent of variation in other traits. And if that is true,
tooth shape can respond to selection without thereby altering other aspects of the
phenotype. If the evolution of tooth shape is decoupled from the evolution of other
traits, tooth shape will be more responsive to change in selective regimes. For it
will be able to change even when there is stabilising selection on other aspects of
the phenotype. The idea there is an important connection between modularity and
evolvability dates to a classic paper of Lewontin, in which he argued that lineages
could respond to selection only to the extent that their characters were “quasi-
independent”. Tooth shape and tooth number are quasi-independent only if each
can vary independently of the other. If instead, their evolutionary fate is coupled,
it will be impossible to select for (say) high-crowned teeth without changes in
tooth number [Lewontin, 1978]. In such circumstances, it is not sufficient for high
crowns to be selectively advantageous. Such teeth will evolve only if this change
is worth the price in fitness of reduced tooth number.

The point that evolutionary response to environmental change is sensitive to
linkage between traits has not been controversial, though it is difficult to test em-
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pirically. For the extent to which traits develop independently of one another is
not an obvious feature of organism phenotypes. Comparison between sister groups
is one way to show that traits do, or do not, vary independently of one another.
Finlay and her colleagues have argued that mammalian brain structures do not
show much modularity: the olfactory bulb seems to be able to shrink or grow inde-
pendently of size change in other regions, but this is the exception rather than the
rule [Finlay et al., 2001]. In a more explicit test of the link between modularity and
evolvability, Yang compared two insect sister groups: the hemimetabolous insects
and the holometabolous insects. Holometabolous insects undergo full metamor-
phosis, and hence the morphology of the larvae is decoupled from the morphology
of the adult into which the larvae eventually develops, and hence are often both
morphologically and ecologically quite different from those adult forms. In con-
trast, the nymphs of hemimetabolous insects are quite similar to the adults they
will become. It is then perhaps no coincidence that the holometabolous insects are
vastly the more species rich of the two clades. This difference in diversity makes
sense in the light of the developmental difference. In the more diverse clade, the
morphology of larvae is decoupled from that of the adult, and this allows the larvae
to differentiate ecologically and morphologically from the adults: they can thus
avoid competing with their own adult forms, and their adaptation to their own
life ways is not constrained by adult adaptation to adult lifeways.

So there has been some attempt to test the link between modularity and evolv-
ability. But there has been more focus on the extent to which developmental pro-
grams are modular, and the ways in which modularity changes over time. Gunter
Wagner and his co-workers are responsible for developing models of modularity.
In these models, selection will reduce epistatic linkages between two sets of genes
and their associated traits when there is directional selection on one trait and sta-
bilising selection on the other. Such a regime will select for modifier genes which
suppress epistatic connections between the stabilised trait and the evolving trait.
Thus we get selection for modularity whenever genes have pleiotropic effects with
opposite fitness values. This may well be quite common [Wagner and Altenberg,
1996; Wagner et al., 1997]. Somewhat less obviously Wagner has pointed out that
modularity can increase as a side-effect of selection for genetic canalisation. The
more genetic inputs there are to trait T, the more opportunities there are for T
to be perturbed by genetic and developmental noise. So the development of a
trait can be canalised by making its development sensitive to fewer genetic inputs
[Wagner et al., 2005].

So modularity reduces developmental entrenchment: selection regimes of the
kinds Wagner characterises preserves and even increases the extent to which traits
are quasi-independent, and hence help explain how it is that phenotype space has
been extensively explored. Thus Roger Thomas has defined a seven-dimensional
skeleton space, a space that specifies the array of possible skeleton types. In his
view, this space is explored richly and quickly, because the elements of skeleton-
design are module-like in their structure: for example, the materials from which
these skeletal elements can be built are either rigid or flexible, and this design
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decision varies independently of another: whether the distinct elements are physi-
cally unconnected, jointed or fused. The result of modular design is rapid and rich
exploration. As he counts them, the Metazoa, living and extinct, have employed
about 180 skeleton designs; 146 of these are found in the Burgess shale metazoans
[Thomas, 2005]. If we concentrate on examples like this, we will think that the
explanatory agenda is that of explaining the richness of evolutionary possibilities
open to lineages.

In contrast, the developmental constraints literature has an opposite focus: that
of explaining surprising limits on disparity within a lineage. In a series of recent
works, Wallace Arthur has developed a particularly clear and thoughtful version
of this conception of the relevance of development to evolution, with some strik-
ing examples of odd gaps in nature: gaps that seem unlikely to have a selective
explanation. But though I begin with gaps, his is not just a theory of why some re-
gions of phenotype space are empty. Consider, for example, the missing centipedes
[Arthur, 2000, 54]. Geophilomorphian centipedes are a family of a thousand or so
species, and there is a lot of variation in the number of segments into which their
trunks are divided: these centipedes have from 29 to 191 segments in their trunks.
But segment patterns come only in odd numbers: so where are the geophilomor-
phians with, say, trunks of 66 segments? The Lithobiomorphian centipedes are
even more restricted: there are a thousand or so species of such centipedes, and
they all have trunks divided into fifteen segments. In this family, there is no ex-
tant variation at all. It is hard to imagine an environmental factor that would
penalise variation from these patterns, so it is natural to suspect that limits in
the supply of variation explain such holes in the fabric of disparity. In the light
of such examples, Arthur thinks that developmental bias — features of develop-
ment which make some changes from current phenotypes probable, others possible
but improbable, and other impossible, are important in explaining the direction
of evolution. The supply of variation plays an essential role in determining the
evolutionary trajectories, and not just be constraining the space of phenotypic
possibility in unexpected ways.

No-one denies, of course, that a supply of variation is essential to evolutionary
change. But it does not follow that the supply of variation makes a difference to
the direction of change. If variation is typically densely and isotropically clustered
around current phenotypes, then change over time will depend only on the selective
environment, not the supply of variation. For variation would be available for
whatever change selection favoured. We would expect variation to be isotropic if
the genotype-phenotype map was one-to-one, and in which small variation in the
existing genes for a trait would result in small variations in that trait. On the
Fisherian conception of the relationship of genotypes to phenotypes, phenotype
traits depend on many small-effect genes. On that model it might be reasonable
to take the supply of variation to be irrelevant to the direction of phenotype
change. But within population genetics it is no longer a standard to suppose
that evolutionary change depends only on small-effect genes (see, for example,
[Leroi, 2000] and [Orr, 2000]). Moreover, we have good reason to suspect that
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the Fisherian model is not a good general account of the genotype-phenotype
relation. Continuously variable traits might show Fisherian patterns of variation,
with standing variation in the population generating normal variation on each side
of the current mean. Beak length in Darwin’s finches may well be influenced by
a large number of small-effect genes. Genotypes close to actual genotypes would
produce beaks differing slightly in depth, length and breadth from actual beaks. If
that is right, there is a dense cluster of possible beaks varying slightly from actual
beaks, and so selection can find a path through beak space in any direction by small
increments. But many traits are not continuously variable in this way: changes in
segment number from fifteen to sixteen cannot be understood as an incremental
path through phenotype space. The same is true of other discontinuous changes:
for example, the shift from the ancestral bilaterian symmetry pattern to the 5-fold
symmetry of the echinoderms.

In short, there is no a priori reason to suppose that the supply of variation is
typically unbiased. Arthur argues that the supply of variation is indeed impor-
tantly structured. In part, this is because he thinks there are failures of quasi-
independence. Consider mammal leg length. Most mammals are close to symme-
try, with front and back legs of near-equal length. Mammals with small front legs
have small back legs, and so on as we move from shrew and mouse to dog to deer
to giraffe. The pattern has exceptions: for example, kangaroos and their relatives
have much longer and more robust hind legs than front legs. But there are no
exceptions that run the other way: powerful forelegs and relatively dwarfed rear
legs (though the Tasmanian devil comes close). So the pattern of rough equiva-
lence between front and back looks quite robust. Perhaps it is just the result of
selection: after all, it is not easy to think of ways of making a living that select for
long front legs and short back ones. Arthur’s alternative hypothesis is that this
pattern is it the result of difficult-to-alter features of mammalian development pro-
grams. Adaptive complexes like that of the kangaroo are difficult to reach because
of structure in the supply of variation: the natural supply of variation will not
provide much variance in length between the two limb pairs, and hence adaptive
peaks with unequal lengths are quite often too distant from current variational
pools for them to be available. Crucially, though, Arthur’s argument is not just
one which appeals to incomplete modularity to explain missing phenotypes. In
his view, some phenotypes are larger genetic targets, and hence are more likely to
appear, than others. Some phenotypes are multiply realisable — different genetic
changes will give rise to the same phenotypic outcome. Other phenotypes have a
single genetic profile; their development depends on a specific set of genes. Those
phenotypic variants that are reachable by a number of tracks through gene space
are more probable than those that depend on a specific sequence of gene changes.
So bias in the supply of variation need not depend on biases in mutation itself.
The many/many nature of the genotype = phenotype map induces its own biases
in variation.

Suppose that there are indeed biases in the structure of variation: Arthur ar-
gues that those biases matter, because evolutionary change is path-dependent.
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Populations often find themselves on flat fitness landscapes near to but not on
the slopes of incompatible local optima. Such populations will not evolve under
selection until new variation extends the standing variation in the population to
the foothills of one of the local optima. Once that variant has established in the
population, selection will drive the population to the top of that local fitness peak,
and the other will no longer be accessible to that population. The direction of evo-
lution will depend on the order in which variations pop up in the population. In
essence, the trajectory of a lineage through phenotype space will depend party
on the supply of variation if, first, the supply of variation is not isotropic around
whatever the current phenotype happens to be; and, second, phenotypic evolution
as path-dependent. Biases in the supply of variation make some variants available
for selection sooner, and others later. Order matters: selective response to the
first variant shifts the population® in an adaptive landscape. While there would
have been selection in favour of the second variant, had it arrived at the same time
as the first, it is selectively penalised once evolution has shifted the population.
This sketch of modularity and of structured variation is not meant to be defini-
tive. There are significant and unresolved problems with these ideas. One is the
striking neglect of environmental contributions to evolvability; even when such
contributions might help explain a problem with which the theorist is struggling.
Consider, for example, Mark Ridley’s interesting and important analysis of the
evolution of complexity. Ridley regards complexity as a challenge for evolvability:
for it seems that a lineage must already be complex before it can evolve complexity.
Building complex phenotypes is information hungry. If that information is in the
organism’s genome, it follows that complex organisms require long genomes. But
without complex policing and error correcting mechanisms (whose construction
themselves require long genomes) long genomes tend to decay. Ridley concludes
that complex life is “difficult” to evolve” [Ridley, 2000]. An obvious, but un-
explored option is to consider the role the environment might play in buffering
similarity across the generations. A second problem is the reliance in the discus-
sion of both modularity and structured variation on the concept of a genotype
= phenotype map. That notion is problematic, and particularly so in this con-
text. The metaphor of a genotype = phenotype map understates the importance
of non-genetic developmental resources to development and the context sensitiv-
ity of the effects of genes on phenotypes [Oyama et al., 2001]. Those problems
are important, but the idea of such a map is even more problematic in the con-
text of evolutionary transitions in individuality. In thinking of, for example, the
volvocaceans, is the phenotype a phenotype of individual cells or of a collective?
However, despite these problems, the discussion of modularity and of structured
variation illustrates the key idea of this section. In discussing the components of
evolvability, we can profitably idealise way from the specific developmental and

6Moreover, the spread of variation is now around the new phenotype which means variants
which were once quite probable become much less likely

"Though given his argument, it seems that he ought to have concluded that it is impossible
to evolve
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environmental contexts of specific lineages. The constraints on volvocacean mor-
phological disparity are exemplified in different forms in other lineages as well.®
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DEVELOPMENT: THREE GRADES OF
ONTOGENETIC INVOLVEMENT

D. M. Walsh

1 INTRODUCTION

Viktor Hamburger [1980] famously claimed that developmental biology was left out
of the modern synthesis from its inception in the early 20" Century. He didn’t
mean that some anti-ontogeny conspiracy met in some smoke-filled room and de-
creed that developmental biology should be excluded. At the time, developmental
biology was a discipline in good standing, and those who forged the synthesis were
well aware of it. Developmental biology was ‘left out’ simply because it didn’t
seem to matter much one way or another; it seemed to pose no threat, nor to
offer any great enhancement to the emerging orthodoxy. In Hamburger’s words,
evolutionary biologists came to treat development as a ‘black box’, a process that
played some contributory role in evolution, but whose details had little bearing
on the correctness or otherwise of the synthesis theory. So for much of the 20"
Century developmental biology languished as a relative outsider among biological
disciplines, an area of only marginal interest to evolutionists. It is only recently,
now that more of the details of ontogeny are understood, that biologists have had
cause to rethink the place of development in evolutionary biology. Developmen-
tal biology is now one of the most rapidly growing disciplines in biology. It has
witnessed enormous advances in the understanding of the mechanics — genetic,
epigenetic and environmental — of development in the last twenty years. It is
clear now that an understanding of the processes of development is of cardinal im-
portance to the project of explaining the mechanisms of evolution. Yet in spite of
this flourishing — or perhaps because of it — there is little consensus on just how
this newfound knowledge should impact our conception of evolutionary theory.

I attempt here to outline the space of possible roles for ontogeny in evolutionary
biology. I don’t intend to adjudicate — although I do have my preferences. It’s
an empirical issue which of the alternatives is most plausible. But I hope at least
to help shed some light on just what that empirical issue is.

One coherent possibility is that an understanding of the processes of ontogeny
should occasion no revision to the version of the modern synthesis theory we have
grown so comfortable with [Raff, 1996]. But there are others. I develop two other,
increasingly central, possible roles for the process of development in evolution.
These, by degrees, challenge the standard version of the modern synthesis. In
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developing the space of possibilities, it will help if we understand the rationale
behind the original marginalization of ontogeny. The humble status of development
more or less follows from the precepts of the modern synthesis, at least the version
that was forged in the early 20" Century, and which solidified in the latter half
[Gould, 1983]. The more we understand about these precepts, on the one hand,
and the mechanisms of development, on the other, the more apparent it should
become that the marginalization of development from the theory of evolution is
no longer tenable, if it ever was.

2 THE FRAGMENTATION OF EVOLUTION

Evolution is a process. Since the advent of the modern synthesis theory of the
early 20" Century it has come to be seen as an amalgam of three more or
less distinct processes: (i) Development: an intra-organismal process by which
genotype becomes phenotype, or by which an undifferentiated organism precur-
sor becomes a highly complex, highly differentiated organism; (ii) Inheritance:
an inter-organismal process that secures the resemblance of offspring to parent;
(ii) Adaptation: a supra-organismal process, in which populations of organisms
come to comprise individuals well suited to their conditions of existence. When
there is variation with respect to the inherited traits of organisms, adaptive evolu-
tion will occur over time. Crucially for the modern synthesis, these processes are
thought to have a significant degree of independence. The process of development
within a generation doesn’t affect the content of those traits transmitted between
generations by the process of inheritance. The mechanisms by which traits are
transmitted between generations, and develop within individuals, are indifferent
to the adaptiveness of those traits. That is to say transmission and development
are not what cause an individual’s adaptedness to the conditions of its existence.
At the same time, the process that promotes adaptation does not alter the con-
tent of the traits that are inherited and developed: a single iteration of selection
doesn’t change traits, it simply selects between them.

This fragmentation of processes is not a prerequisite for the occurrence of evo-
lution; it is a theoretical commitment of the modern synthesis. It is possible to
have a theory of evolution that does not dissociate these three processes so com-
prehensively. For example, in Lamarck’s theory, inheritance, development and
adaptation are all consequences of the same process. According to Lamarck, or-
ganisms develop in response to two distinct sorts of factors, an inner striving
for the realization of their type and external environmental influences. Develop-
ment adapts an organism to environmental pressures and the adaptive novelties
thus generated are inherited. Inheritance, development and adaptation are inti-
mately intertwined, consequences of the principles that guide ontogeny. Similarly,
Haeckel’s later biology, while formally consistent with Darwin’s, is essentially a
theory of the evolution heritable ontogenies. Diversity is explained by the Bio-
genic law; new variants are introduced into development as ‘terminal additions’
(Gould’s [1977] term) and then passed on. The adaptedness of form is, on Haeckel’s
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view, not of any great theoretical significance [Bowler, 1988]. But here again is a
theory in which the development of traits and their inheritance are consequences
of the same processes of ontogeny. These theories founder, if they do, on empirical
grounds and not because they conflate the processes of inheritance, development
and adaptation.

But why should the modern synthesis require the fractionation of evolution?
The modern synthesis theory, as usually conceived, stands on three conceptual
pillars: Darwinism, Mendelism and Weissmanism. This foundation, I believe, not
only fragments the constituent processes of evolution into three discrete processes,
it also abets the marginalization of development.

2.1 Darwinism

Darwin may not have been the first to realize that biology’s two great explananda
— the fit of organisms to the conditions of their existence and the diversity of
organic form — are the joint consequences of evolution. His great achievement was
the discovery of what sort of process evolution is: it is a population-level process.
Darwin taught us to ask not how organisms change in ways that bring about their
adaptedness, but rather to ask how populations come to comprise organisms so
wonderfully adapted. Darwin’s answer, of course, is natural selection. Natural
selection occurs in a population that exhibits heritable variation in fitness. Not
just any variation in fitness will do; the variants must be familial (i.e. passed on
from parent to offspring). Offspring must resemble their parents with respect to
the traits that contribute to differential survival and reproduction if these are to
spread throughout the population in subsequent generations.

While it requires heritable variation in fitness, Darwin’s process makes very
few demands on how variants are generated, or the mechanisms that secure their
reliable recurrence from one generation to the next. True, certain processes of in-
heritance better promote the capacity of selection to drive change in a population.
Selection destroys the variation it requires and a process of inheritance that tends
to preserve variants is more propitious for the continuation of selection. But any
mechanism that underwrites the resemblance of offspring to parents will suffice to
some degree. Nor does selection constrain the nature of development in any par-
ticularly strong way. Any process by which inherited traits develop reliably will
promote selection.! So there is nothing about the conceptual structure of natural
selection theory that demands the fractionation of evolution into three discrete
processes of inheritance, development an adaptation. After all, as is well known,
Darwin was happy to endorse the unity of inheritance and development found in
Lamarck. Still, under Darwinism development and inheritance are mostly isolated
from the process of adaptation, as they make no significant contribution to the
adaptiveness of variants. It is selection that causes adaptation.

10Of course, some mechanisms of development will be more conducive to the capacity of selec-
tion to promote adaptive evolution. More on this below.
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2.2  Mendelism

Mendel’s theory holds that inheritance is particulate. Even if there should be some
blending of inherited variants within a generation, the Mendelian mechanism of
inheritance allows the variant factors to be recovered and transmitted intact from
generation to generation without change. Mendel’s process was made to measure
for Darwin’s theory.? When combined with the Mendelian theory of inheritance,
the theory of selection tells us that adaptive evolution is the change in relative
frequency of unchanging inheritable factors within a population, as a function of
their systematic contribution to differential survival and reproduction. Because the
factors remain unchanged through successive iterations of selection, variation —
the grist for selection — is preserved in the population for longer than it would be
under blending inheritance, and this enhances the efficacy of selection [Fisher 1930,
Ch 1]. When Darwinism is combined with Mendelism, invariant factors become
the units of inheritance, and evolution is a change in their relative frequencies.

Even so, selection has an overall tendency to eliminate variants over time. Dar-
win’s process needs a source of new variants and Mendelism, in it purest form,
is non-committal about that source. It is consistent with Mendelism that new
variants may be introduced into a population through the process of development,
and then inherited as invariant factors.® Nevertheless, the Mendelian process gen-
erally leaves development little or no role in determining the content of those traits
transmitted from parent to offspring.

2.8 Weissmannism

August Weissman’s experimental work demonstrated two important facts about
development. The first is that the germ plasm of animals is sequestered early in
development. It is only elements of the germ plasm that are transmitted from
parent to offspring in reproduction. Developmental differentiation takes place
(almost) exclusively in the somatoplasm. The germ plasm is quarantined from
changes wrought on the somatoplasm during an organism’s development. There
is no interchange of materials between these two lineages of cells, and very little
influence of one on the other. The second important fact is that at least some
changes in organismal form introduced into the somatoplasm fail to be passed on
to the following generation. Together these observations have been widely taken
to entail that the only heritable traits are those whose development is ‘encoded’ in
the germ plasm at an organism’s inception. Given that, the new variants on which
selection works must generated exclusively from within the heritable material.
Development thus has no bearing on what is inherited.

The Weissman doctrine further peripheralizes the process of development from
the explanation of fit and diversity. The fit and diversity of organisms comes about
through the process of the generation of novel variants in the heritable material,

2The difficulties in getting the initial fit right, notwithstanding [Provine, 1971].
3This is a conceivable position in logical space, although I’'m unaware of any early 2
thinker who occupies it.

0t" century
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their retention from one generation to the next and their subsequent selection. The
iterated cycle of inheritance and selection requires that the processes of ontogeny
transmit the heritable variants reliably. But, apart from that, ontogeny plays
no significant role in the creating or fixing either the diversity of organisms or
generating their adaptedness.

So we have three distinct processes, development, inheritance and adaptation,
each with a significant degree of autonomy. Adaptive evolution requires all three.
Without selection, there is no evolutionary change. But selection requires the
reliable recurrence (inheritance) of traits, and a source of new variants. The process
of Mendelian inheritance meets these requirements. But variants are selected
through their contribution to the survival and reproduction of entire organisms.
Ontogeny is the process that delivers Mendelian factors, embodied in organisms,
to the arena of selection.

3 SUB-ORGANISMAL BIOLOGY

The fragmentation of evolution into three independent processes also calls for an
account of what unites them into a single process of adaptive evolution. The
concept of the replicator plays this unifying role in orthodox versions of current
biology. Replicators are the only units of biological organization that take part
in all the constituent processes of evolution, and whose causal capacities unite
these processes into the process of evolution. (i) Inheritance: Replicators, we
are told, are the units of inheritance. They are the only entities that are both
copied within parents and transmitted from parent to offspring in reproduction.
(ii) Ontogeny: Development, according to the sub-organismal view, is simply the
implementation of a developmental program, the decoding of phenotypic informa-
tion encoded, in the replicators (e.g. [Maynard Smith, 2000]). Organisms may be
what are selected, but it is replicators that build the organisms that are selected.
(iii) Adaptation: Adaptive evolution by natural selection occurs when populations
change their structure as a consequence of the differential survival and reproduc-
tion of organisms. But not just any old change in population structure counts as
evolutionary change — even a change that increases the average adaptedness of
individuals in the population — adaptive evolution occurs, we are told, only when
the relative frequency of replicators change. Indeed natural selection is usually
defined as changes in replicator frequencies that result from the differential con-
tribution of replicators to survival and reproduction [Bell, 2000]. Replicators are
not only the causes of evolution, they are its currency.

The most thorough and provocative exponent of sub-organismal biology is
Richard Dawkins:

Evolution is the external and visible manifestation of the survival of
alternative replicators. .. Genes are replicators; organisms. .. are best
not regarded as replicators; they are vehicles in which replicators travel
about. Replicator selection is the process by which some replicators
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survive at the expense of others. Vehicle selection is the process by
which some vehicles are more successful than others in ensuring the
survival of their replicators [1982, 82].

Dawkins serves up a particularly strongly distilled version of replicator biology,
but it is the same in spirit as almost any orthodox account of evolutionary expla-
nation. Perhaps replicator biology deserves its privileged status. It provides us
with a powerful explanation of biology’s dual problematic — fit and diversity. The
marvellous fit of organisms to the conditions of their existence is achieved by the
gradual accretion of selected (adapted) replicators. Fitness-promoting replicators
are assembled and recombined by inheritance and selection into integrated suites
of traits [Ayala, 1970].

The success of replicator biology has allowed evolutionists not merely to ‘black
box’ development, but to see right through it; the organism becomes diaphanous.
Dawkins drives home the point with great élan; watching through his window as
a large willow tree sheds its seeds, he proclaims. ..

It is raining DNA outside.... Up and down the canal, the water is
white with cottony flecks.... The cotton wool is mostly made of cel-
lulose, and it dwarfs the tiny capsule of that contains the DNA, the
genetic information. The DNA content must be a small proportion of
the total, so why did I say it was raining DNA rather than cellulose?
The answer is that it is the DNA that matters.... The whole perfor-
mance, cotton wool, catkins, tree and all, is in aid of one thing and
one thing only, the spreading of DNA around the countryside. Not
just any DNA, but DNA whose coded characters spell out specific in-
structions for building willow trees that will shed a new generation of
downy seeds. Those fluffy specks are literally spreading instructions for
making themselves. They are there because their ancestors succeeded
in doing the same. It is raining instructions out there; it’s raining tree-
growing, fluff-spreading algorithms. That is not a metaphor, it is the
plain truth. [Dawkins, 1987, 111]

Evolutionary biology is not about organisms, it would seem. Where organisms
are of such minimal theoretical significance, their development is too. Development
is merely an intra-organismal process. What really matters to evolution are the
inter-organismal process of transmission of replicators and the supra-organismal
process of selection. Small wonder, then, that as Hamburger notes, developmental
biology was left out of the modern synthesis.

No one, not even the most ardent acolyte of the modern synthesis, denies that
development has an explanatory role to play in evolutionary biology. Quite what
that role might be, however, is a matter of some dispute. There are various
attitudes we might take to the significance of development to the explanation of
adaptive evolution. I attempt to outline a range of them in the next section. As I
see it, it is not just the place of development in the sub-organismal reading of the
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modern synthesis theory that is up for grabs here. If the most plausible account
of the explanatory role of development is inconsistent with the fragmentational,
sub-organismal interpretation of the modern synthesis, then so much the worse for
that interpretation.

4 THREE GRADES OF ONTOGENETIC INVOLVEMENT

I distinguish three possible positions regarding the role of development in evolu-
tion. While these positions are probably neither exhaustive or mutually wholly
exclusive, they do at least serve to demarcate increasing grades of commitment
toward the significance of development to the study of evolution. As we move
from one grade to the next, ontogeny takes on a more significant role in explaining
the mechanisms of adaptive evolution. Only the first I believe is wholly consistent
with replicator biology.

4.1 Grade I: Development as Constraint

Lewontin [1974] illustrates the relation between the transmission of replicators,
ontogeny and the selection of organisms as the sequential interplay between two
distinct property spaces: genotype space and phenotype space. The processes of
transmission of inherited material from one generation to the next, the recombina-
tion of replicators, and the introduction of new mutations, induce changes in what
Lewontin calls ‘genotype space’. Their immediate effects are registered as changes
in the relative frequencies of, or the relations between, genes. Selection, however,
distinguishes between organisms on the basis of their phenotypes, consequently,
its immediate effects are changes in ‘phenotype space’. If evolution consists of
changes in relative frequencies of genotypes as a function of selection, then it must
involve an interplay between processes operating over genotype space and those
operating over phenotype space. We need an account of the relation between
these two spaces. It’s easy to map changes in phenotype space onto changes in
genotype space. When organisms differentially survive, reproduce or die, so do
their genes. So changes in phenotype space are directly transposed into changes in
genotype space. However, the mapping of changes in genotype space onto changes
in phenotype space is less straightforward, because it is mediated by development.
Development provides the so-called ‘genotype/phenotype’ map.

Organisms face the tribunal of natural selection as corporate entities, not as
loose aggregates of traits. This fact imposes certain demands on development. At
each stage development is conditioned by twin constraints: (i) it must maintain the
organism’s viability and (ii) it can only build phenotypes out of the materials and
resources at its disposal. These demands introduce a bias into the range of available
phenotypes that development can attain [Amundson, 1994]. Some potentially
viable phenotypes may be closed off to development, because of the particular
path it would have to take to attain them. Others may be particularly easy to
attain, irrespective of the starting point in genotype space. Development biases the
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mapping of genotype space into phenotype space. Some changes in genotype space
may correspond to no changes in phenotype space. Small changes in genotype
space may issue in large changes of phenotype space. This phenomenon goes by
the name of ‘developmental constraint’. Developmental constraint is defined as:

a bias in the production of variant phenotypes or a limit on phe-
notypic variability caused by the structure, character, composition, or
dynamics of the developmental system. [Maynard Smith et al., 1985,
266]

C. H. Waddington [1942; 1957] was perhaps the first to make clear the signif-
icance of developmental constraint for evolution. Waddington drew attention to
three salient features of development. The first is that an organism is made up
of relatively few discrete, stable tissue types, all of which differentiate from a sin-
gle, homogeneous precursor. The second is that the development of phenotype is
heavily buffered. In a wild population, there is little phenotypic variation, despite
an enormous amount of genetic variation and environmental perturbation.* The
third is that given sufficient environmental stress, development can be induced
to produce new stable phenotypes without a corresponding change in underlying
genotype.

Quite what the implications of this might be for evolutionary biology has been
an issue of some genuine concern and confusion ([Amundson, 1994]; [Maynard
Smith et al., 1985]; [Gould, 2002]). The most common approach is to suppose that
while selection is the only adaptation-promoting force in evolution, it is to some
degree at the mercy of ontogeny [Goodwin, 1982]. Sometimes development makes
unavailable those phenotypes that, otherwise, selection would promote. Those who
think of development playing primarily this role cast it as a constraint against the
adaptation-promoting powers of selection.

For instance developmental constraints frustrate selection by restrict-
ing the phenotypic variation selection has to act upon. Adaptations
would be able to evolve only to optima within the constrained space
of variability. [Wagner and Altenberg, 1996, 973]

The nature of the existing developmental system somehow constrains
or channels acceptable change, so that selection is limited in what it
can achieve given some starting anatomy. [Raff, 1996, 294-295]

It doesn’t follow from this that developmental constraint should play only a
minor explanatory role. But it does follow that development and selection com-
pete for explanatory relevance [Walsh, 2003]. Development and selection are both
candidate explanantia of the distribution of biological form. Whereas selection
distributes form in phenotype space by promoting adaptedness, development dis-
tributes form in a way that is independent of its adaptedness. Adaptedness is the

4The extent of the genetic variation was only realized with the advent of electrophoresis
[Lewontin, 1974].
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mark of selection. So development explains the distribution of form, only insofar
as it is non-adaptive. Those who wish to accord a significant role to development
in the explanation of biological form often find themselves in the uncomfortable
position of having to deny what to many seems self-evident, that so much of bio-
logical form is adaptive.’ The debate as it is played about between adaptationism
and its adversaries often takes this form ([Gould and Lewontin, 1979]; [Sober,
1996)).

This conception of the role of development in evolution is what I call the ‘First
Grade of Ontogenetic Involvement’. I believe it is the orthodox position on the
relevance of ontogeny for the process of evolution. First grade ontogenetic involve-
ment is predicated upon the tripartite distinction among evolutionary processes
handed down from the sub-organismal version of the modern synthesis. Develop-
ment plays no role in the inheritance, recombination or initiation of variants in
genotype space. Nor can it alter the adaptedness of populations, by driving a pop-
ulation up an adaptive peak in phenotype space; that is selection’s job. Given the
presumed fragmentation of the component processes of evolution, the only con-
tribution developmental processes could make to evolution is that of a constraint
against the adaptation-promoting power of selection.

There is ample reason to resist the fragmentation of evolution.® For one thing,
there is no particularly compelling reason to suppose that replicators or genes are
exclusively the units of inheritance. The principal motivation for this conviction
resides in what Matteo Mameli [2005] calls the ‘conception-donation’ model of
inheritance. On this view whatever is inherited is ‘donated’ by one parent or
another at conception. Clearly, everything donated to an offspring at conception
is a replicant derived from a parent.” But there is little reason to suppose that
only these things can be inherited.

As we have seen, all selection requires of inheritance is the reliable recurrence
of phenotypes within familial lineages. Replication may well guarantee this, but
there is little reason to think that only replication does. There are myriad mecha-
nisms by which such reliable recurrence may be secured. Variant phenotypes can be
passed on by imprinting [Mameli, 2004], learning, cultural transmission ([Jablonka
and Lamb, 2004]; [Boyd and Richerson, 2005]), the constancy of ecological con-
ditions [Gilbert, 2001] and crucially any number of epigenetic and developmental
mechanisms [Jablonka, 2001]. Replication may be inheritance, but inheritance is
not replication.

This point is elegantly illustrated by a parable offered by Mameli [2004]. A
population of butterflies lays its eggs on a certain species of host plant. The

5The adaptedness of form seems so self-evident (at least to some) that it inspired John May-
nard Smith to declare “The main task of any evolutionary theory is to explain adaptive com-
plexity, i.e. to explain the same set of facts which Paley used as evidence of a Creator [Maynard
Smith, 1969).

SNotwithstanding the gifts of the three ‘Weissmen’ discussed above.

71 take it that anything that is copied and passed on is a replicant; this category includes
more than just genes. Methylation patterns, maternal cytoplasm, cell membranes [Jablonka and
Lamb, 2005] all qualify on this definition.
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caterpillars imprint on their hosts; they lay their eggs on the type of plant on
which they hatch. Suppose an egg on the host plant gets blown onto another type
of plant, one that has until now never served as a host. This plant, as it turns
out, is a beneficial host and the caterpillar that hatches on it has a considerable
increase in fitness on account of this alone. There is now variation in fitness in this
population, and it is heritable, as our new ‘lucky’ butterfly will lay her eggs on
the newly encountered host. Because of its intergenerational stability, this variant
phenotype is selectable. Adaptive evolution can occur in which this trait increases
in prevalence because of its contribution to survival and reproduction. Yet ex
hypothesi there is no change or variation in genetic material and no replication of
the inherited trait. This form of inheritance is not inconsistent with the Mendelian
mechanism — but it doesn’t instantiate it — nor does it violate the Weissman
doctrine of sequestration. Nevertheless, we have a change in a developmental
process that is inheritable, selectable and adaptive. Mendelism and Weissmanism
are sort of an irrelevance.

This suggests that the fragmentation of evolution is in part mistaken. There
may well be discernible Mendelian, Darwinian and Weissmanian (developmental)
processes, but it doesn’t follow that inheritance and the generation of selectable
variants is the domain of the Mendelian process alone. Development can generate
and preserve selectable variants too. This insight motivates the second grade of
ontogenetic involvement.

4.2 Grade II: Developmental Processes as Selecta

The lucky butterfly scenario brings into relief the importance of a biological tru-
ism: phenotypes are not the consequence of replicators alone. Genes may exert
some control over phenotype, but they do not do so in glorious isolation; it takes
genes and environments to make a phenotype. The environment constitutes a
resource for the developing organism. This isn’t news, of course, and biologists
have long grown accustomed to thinking that despite the truism there is a still a
privileged role for replicators to play in the production of phenotypes. Replica-
tors are crucial difference makers. They are presumed to play a more significant,
or perhaps more reliable, role than environmental factors do in determining that
an organism will have one phenotype rather than some other. But replicators
deserve no such deference. Advocates of ecological developmental biology stress
that ecological conditions are frequently just as important in the determination
of specific phenotypes [Gilbert, 2001]. Sex-determination in reptiles is often trig-
gered environmentally. Polyphenisms are induced by specific environmental cues.
Even heritable traits show this dependence on ecological factors. The pattern of
deposition of bone in vertebrates is both highly heritable and highly sensitive to
the gravitational attraction of the earth. Even heritable traits that differ system-
atically between lineages may be under the control of ecological conditions (e.g.
the lucky butterfly). This is not to say that replicators aren’t crucial difference
makers for inheritable traits; it is simply to insist that in principle, any develop-
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mental resource can be, whether it be a genetic, epigenetic or ecological factor.
The contribution that replicators make to phenotype is no different in kind than
that of any other developmental resource.

This is the central and important insight of Developmental Systems Theory
(DST) ([Oyama, 1985]; [Oyama et al., 2001]). DST encompasses a cluster of the-
ses about the relation of inheritance and development. In contrast to replicator
theory, it holds that the fundamental units of inheritance and phenotypic control
are not genes or replicators, but developmental systems. A developmental system
comprises the complete set of resources — genetic, epigenetic, ecological — re-
quired for the development of a trait (or organism). Control of the phenotype is
distributed throughout the organism/environment system.The basic unit of inher-
itance, then, is that set of resources, or affordances, sufficient to secure the reliable
intergenerational recurrence of a phenotype.8

The First Grade of ontogenetic involvement insists that inheritance and de-
velopment are wholly distinct processes. There is, consequently, a corresponding
distinction between traits that are inherited and those that are merely acquired
during development. The developmental acquisition of traits does not impinge on
the intrinsic structure of the replicators (or their ‘informational’ content).” DST
denies the distinction between inherited (innate) and developmentally acquired
traits, because it denies that developmental processes can be excluded from the
mechanisms of inheritance.'® There is no principled distinction between the pro-
cesses that secure inheritance of traits and those that secure the development
of individuals. The reliable recurrence of traits across generations enlists the
full panoply of developmental resources. The schism drawn by sub-organismal,
replicator biology between the processes of inheritance and development is illicit.
Inheritance is simply the reliable transgenerational recurrence of developmental
processes. Development is the key to understanding it. I call this conception of
the role of development in evolution, ‘Grade II Ontogenetic Involvement’.

Again, the influence of C. H. Waddington is apparent in the second grade of
ontogenetic involvement. Waddington [1942; 1957] was perhaps the first to artic-
ulate the idea that we should see the variants among which selection selects as
processes rather than static traits. For Waddington, a principal message of canal-
ization, the epigenetic control of development, is that developmental processes
— not just organisms — change during adaptive evolution. Canalization lowers
the threshold for the development traits, or entrenches them (or both), render-
ing their development more easily attained, or more robust against genetic and
environmental perturbations (or both). The consequences of adaptive evolution

8Qriffiths and Gray stress that DST “...applies the concept of inheritance to any resource
that is reliably present in successive generations, and is part of the explanation of why each
generation resembles the last”. [2001, 196]

9This is the legacy of the Weissman doctrine, nowadays usually expressed as the ‘central
dogma’.

10Some authors, notably Ariew [1996; 1998, this volume] insist that nevertheless a theoretically
useful distinction (albeit one of degree) between innate and acquired traits can be salvaged.
Innate traits are canalized.
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are not simply measured in changes in genotypes, but changes in developmental
processes. We should measure evolution, then, not as change of relative gene fre-
quencies, but change in relative frequencies of inheritable developmental systems.
Grade II ontogenetic involvement, then, stands in stark contrast to first Grade
involvement.

Yet Grade II ontogenetic commitment does preserve at least some of the dis-
tinctions among evolutionary processes that mark out Grade I. It preserves the
independence of the supra-organismal process of adaptation from the organism-
level processes of inheritance and development. Adaptation, on this view, just
as in Grade I, is the consequence of selection operating over heritable variants
[Griffiths and Gray, 2001; 2004]. Indeed advocates of DST take great pains to
emphasize that their approach to development and inheritance leaves the integrity
of the Darwinian process untouched.!!

We hope it is now clear how DST can explain adaptation, in the mod-
ern sense of that term. Change over time in the developmental system
of a lineage is driven by the differing capacity of variant developmental
systems to reconstruct themselves, or, in a word, differential fitness.
What is fitness? In contemporary evolutionary theory fitness is a mea-
sure of the capacity of a developmental system to reproduce itself. . ..
[2001, 209]

In their conclusion to the same article Griffiths and Gray offer some definitions
of standard evolutionary terms from the perspective of DST:

Natural Selection — the differential reproduction of heritable variants
of developmental systems due to relative improvements in their func-
tioning.

Adaptation — the product of natural selection. [Griffiths and Gray,
2001, 214]

Grade II commitment takes a conservative approach to the adaptiveness of
adaptive evolution. Explaining the adaptedness of organisms to the conditions
of their existence is the exclusive domain of the population-level process of selec-
tion. The individual-level processes of inheritance and development make no great
contribution to adaptedness, except insofar as they serve up the variants among
which selection winnows. Grade II involvement substitutes developmental systems
for genes as units of selection [Griffiths and Gray, 2004], but its conception of the
process of adaptation is still resolutely sub-organismal.

The charge that DST is ‘sub-organismal’ is bound to rankle its adherents. After
all, it as a DST shibboleth that the organism/environment boundary is arbitrary
or irrelevant ([Oyama, 1985]; [Oyama et al., 2001]). DST is to be credited with the
recognition that developmental systems extend beyond the skin, but that alone

H1Depew and Weber [2001] have their doubits.
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doesn’t make DST’s approach to adaptation non-sub-organismal. This is a phe-
nomenon that replicator biology is fully able to accommodate. The concept of
the extended phenotype was introduced in acknowledgement of the fact that an
organism’s traits extend beyond the skin. The concept of the extended phenotype
contends that replicators contain information for building features of an organism’s
environment (e.g. birds’ nests, beehives and beaver dams) [Sterelny, 2001]. The
recognition that inheritable phenotypes can exist beyond thee skin is not sufficient
to make for a non-sub-organismal biology.

DST is sub-organismal with respect to its approach to adaptive evolution. It
falls within the ambit of the DST approach to explain the adaptedness of organ-
isms. And just as in Grade I involvement, the process by which organisms become
adapted is one of selection, recombination and reassortment among a population
of units of inheritance. The adaptedness of organisms is the consequence of the
generation, recombination, reassortment, and selection, of these entities. These se-
lecta are not organisms, but developmental systems, aggregates of which together
constitute an organism.'? As in Grade I, Grade II adaptation occurs through the
accretion within organisms of adaptive (selected) entities. Selection alone is what
makes adaptive evolution adaptive. So adaptedness of organisms is explained by
the aggregation of sub-organismal selected entities.

The adequacy of selection alone as a cause of the adaptedness of organisms has
recently been called into question. Not just any lineage of reproducing entities can
increase in adaptiveness under a process of mutation and selection. This has been
one of the central findings of research into genetic algorithms. A genetic algo-
rithm must have certain intrinsic, structural properties if it is to undergo adaptive
evolution [Wagner and Altenberg, 1996]. One of the projects of genetic algorithm
research is to address the question, what sorts of properties must programmes
have in order that they may undergo adaptive evolution. Biologists have recently
adapted that question to the context of evolutionary biology under the rubric of
‘evolvability’. Evolvability is defined as “...an organism’s capacity to generate
heritable phenotypic variation” [Kirschner and Gerhart, 1998]. The question is
‘What properties must organisms have such that lineages of them may undergo
adaptive evolution?’!3 Schwenk and Wagner outline the basic requirements.

On the one hand, phenotypes must be mutable and therefore responsive
to the constantly changing demands of the environment.... On the
other hand, phenotypes must be stable so that the complex dynamics
of their developmental and functional systems are not disrupted. ... It
is this fundamental tension — between mutability and stability — that
current evolutionary biology seeks to explain. [2003, 390]

But how are stability and mutability achieved? Recent developmental biology
suggests that stability and mutability are both consequences of a fundamental,

12 At least aggregates of their phenotypic effects constitute an organism.
I3Kirschner and Gerhart [1998], Von Dassow and Munro [1999], Wagner and Altenberg
[1996].indexWagner, G.
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defining property of whole organisms, a property that is most clearly manifested
in development. This brings us to our third grade of ontogenetic involvement.

4.8 Grade III: Development as Adaptive

The distinguishing feature of Third Grade ontogenetic involvement is its rejection
of sub-organismal biology. In Grades I and II the distinctive capacities of organisms
play no significant role in explaining inheritance, development and adaptation. In
Grade III the capacities of organisms explain and unify all three processes. Evelyn
Fox Keller characterizes an organism in the following way:

It is a bounded physico-chemical body capable not only of self-regulation
— self-steering — but also, and perhaps most important, of self-forming.
An organism is a material entity that is transformed into a self-generating
“self” by virtue of its peculiar and particular organization. [Fox Keller,
2000, 108]

Organisms are adaptive entities, capable of attaining their developmental end
states, and maintaining their viability in the face of all manner of vagaries of their
environment, genome and developmental systems [Gibson, 2002]. They are the
very paradigm of a robust self-organizing system ([Kitano, 2004]; [Goodwin et al.,
1993)).

The definitive feature of organisms is phenotypic plasticity, ‘a universal prop-
erty of living things’ [West-Eberhard, 2003]. Plasticity is ‘...the ability of an
organism to react to an internal or external environmental input with a change
in form, state, movement, or rate of activity’ [West-Eberhard, 2003, 33]. Recent
work in development suggests that phenotypic plasticity confers on organisms both
stability and mutability. The stability of organisms is achieved through their ca-
pacity to make compensatory changes in their physiology and development to
perturbations. Plasticity also endows organisms with the capacity to respond to
unpredictable circumstances through the initiation of entirely novel, yet stable
phenotypes. Plasticity, then, fulfils both conditions for evolvability.

Mary Jane West-Eberhard has proposed that adaptive evolution, and diversi-
fication, are driven primarily by the control that the plasticity of the phenotype
exerts over the constituent processes of an organism’s development. Adaptive
evolution proceeds in three stages stages (i) phenotypic accommodation, (ii) de-
velopmental recombination and (iii) genetic accommodation, all of which depend
upon the plasticity of organisms.'*

Phenotypic accommodation: Plasticity allows organisms to accommo-
date to the features of their environment (and their genomes) in ways
that preserve their well functioning, by making subtle compensatory
adjustments to their phenotypes. “Phenotypic accommodation due to

1n her 2003 West-Eberhard explicitly sites two stages; in her 2005b paper there appear to
be three.
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phenotypic plasticity is the immediate adaptive adjustment of pheno-
type to the production of a novel trait or trait combination . .. Phenotypic
accommodation reduces the amount of functional disruption occasioned
by developmental novelty.” [West-Eberhard, 2003, 147]

“Adaptive phenotypic adjustment to potentially disruptive effects of
the novel input exaggerate and accommodate the phenotypic change
without genetic change.” [West-Eberhard, 2005a, 613].

The accommodation of one part of an organism’s phenotype often requires, and
elicits, accommodation by others. In the process it occasionally produces novel,
stable, adaptively advantageous phenotypes. The generation, by development, of
novel adaptive phenotypes has further consequences.

Developmental recombination: “Developmental recombination occurs
in a population of individuals because of a new, or recurrent input. A
new input... causes a reorganization of the phenotype, or “develop-
mental recombination”. Given the variable developmental plasticity of
different individuals, this process produces a population of novel vari-
able phenotypes, providing material for selection”. [West-Eberhard,
2005b, 6544].

For any novel phenotype, there may be within the population many alterna-
tive developmental systems capable of producing it; some combinations of them
will be better than others at reliably producing the new phenotype. Repeated
developmental recombination will have the effect of lowering the threshold for the
development of an adaptively advantageous novelty (Cf [Waddington, 1957]).

Genetic accommodation: “If the phenotypic variation is associated
with variation in reproductive success, natural selection results; and
to the degree that the variants acted upon by selection are genetically
variable, selection will produce genetic accommodation...” [West-
Eberhard, 2005a, 612]. Genetic accommodation is “...adaptive evo-
lution that involves gene-frequency change”. [West-Eberhard, 2005b,
6544].

On this model, adaptive plasticity, a feature of development, is both the cause
of the adaptedness of organisms and the diversity of organic form.

This is a radical proposal. It reverses the causal priority of genotype over phe-
notype in evolution that is the cornerstone of sub-organismal, replicator interpre-
tation of the modern synthesis. Phenotypic novelties are initiated in development
and not by mutation. Palmer [2004] calls this a “phenotype before genotype”
approach to novelty. As for novelties, so for changes; evolutionary changes in phe-
notype space drives changes in genotype space: “genes are followers in evolution,
not leaders” [West-Eberhard, 2003].
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The phenotype first model needs an account how the mechanisms of develop-
ment generate adaptive phenotypic novelties. Recent research into developmental
biology is beginning to reveal these very mechanisms. The plasticity of organ-
isms is a consequence of the modular architecture of development. Developmental
modules are internally integrated, mutually dissociated, units of developmental
control.

In principle, a modular system allows the generation of diverse phe-
notypes by the rearrangement of its internal module connections and
relatively independent evolution of each module. .. [Kitano, 2004, 830]

The internal structure of a module typically consists of a series of integrated reg-
ulatory feedback relations. This confers on a module both robustness — the capac-
ity to function reliably across a range of perturbations ([von Dassow and Munro,
1999]; [Kitano, 2004]) — and flexibility, the capacity to mount novel adaptive
changes to perturbations ([Greenspan, 2002]; [Bergman and Siegal, 2002]). The
dissociation of modules — the fact that each influences only a few others — has
two distinct kinds of effects. The first is that a module is isolated from poten-
tially deleterious changes in other parts of the developing organism. The second
is that the function of a module can be stably varied, according to its context.
The repertoire of a developmental module, the range of its capacities taken in
isolation, is considerably greater than the range of its realized effects [Greenspan,
2002]. Typically each module is capable of producing any number of a large array
of stable outputs [Von Dassow et al., 2000]. Which of its capacities is manifested
on a particular occasion is determined by the context in which the module finds
itself. Taken together, these properties of modular architecture confer on an or-
ganism the capacity robustly and reliably to produce a viable organism typical of
its kind, and to generate phenotypic novelties as an adaptive response to genetic,
epigenetic or environmental perturbations. These twin capacities are crucial to
adaptive evolution.

Kirschner and Gerhard [2005] propose that the process of adaptive evolution
proceeds through the ‘facilitated variation’. An organism’s development is built
on the foundation of a suite of highly robust ‘conserved core processes’. These
are fixed in their function and are significantly immune to perturbation. These
core conserved processes ‘deconstrain’ other component processes of development.
That is to say, they underwrite the capacity of other component processes of devel-
opment to produce adaptive changes. Hoz gene clusters, for example, are highly
constrained core processes. They orchestrate the development of an enormously
wide range of morphological structures. The same Hozx clusters regulate the devel-
opment of vastly different structures in different organisms. And they initiate the
development of widely varying structures within the same organism. The duplica-
tion of Hox clusters, their change of timing, or context can bring about remarkable
phenotypic changes. Carroll et al. [2002] conjecture that most of the large scale
changes in metazoan morphology have been caused by changes in the regulatory
roles of core conserved elements like Hox clusters.
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Kirschner and Gerhart concur:

Most evolutionary change in the metazoa since the Cambrian has come
not from changes of the core processes themselves, but from regulatory
changes affecting the deployment of the core processes. ... Because of
these regulatory changes, the core processes are used in new combina-
tions and amounts at new times and places. [Kirschner and Gerhart,
2005, 221-222]

West-Eberhard summarizes the view succinctly. “A very large body of evidence

. shows that phenotypic novelty is largely reorganizational rather than a product
of innovative genes” [2005b, 6547]. Because phenotypic novelties are the result of
an organism’s capacity to make adaptive responses to change, the novelties are not
random. They tend to be adaptive: “Variation ... is both less lethal and more
appropriate to selective conditions than would be variation from random change.
Evolutionary change is thereby facilitated” [Kirschner and Gerhard, 2005, 221].

There are two important points to be made about the contribution of pheno-
typic plasticity to adaptive evolution: (i) phenotypic plasticity generates pheno-
typic novelty, and (ii) the phenotypic novelty it produces is not adaptively neutral.
We must recognize, then, that development has a central place amongst the causes
of adaptive evolution. It initiates adaptive novelties; it secures the conditions for
adaptive change in populations; it supplies adaptive novelties within a population;
and it provides a means for making the development of adaptive novelties robust
and routine. On this view, it is the plasticity of development that makes adap-
tive evolution adaptive. “This analysis brings development, largely omitted from
evolutionary biology during the synthesis era ..., to the forefront of evolutionary
biology as the source of the variation that fuels natural selection and adaptive
evolution.” [West Eberhard, 2005b, 6544]

This is what I call the ‘Third Grade of Ontogenetic Involvement’. This model of
adaptive evolution confers a role on development that neither Grade I nor Grade
IT involvement does. In grades I and II, development plays no role in making
evolution adaptive. The sole adaptation promoting mechanism is natural selection.
Grade IIT makes no distinction between the organism-level processes of inheritance
and development and the population-level causes of adaptation. The Grade III
maxim: evolution is adaptive because ontogeny is adaptive.

In fact, Grade III involvement, emphasizing as it does the importance of pro-
cesses internal to organisms, suggests a particular ‘ontogeny first’ metaphysics of
evolution. Organisms develop and reproduce. The plasticity of development se-
cures the resemblance of offspring to parents — inheritance — despite the (internal
and external) vagaries of the world. So inheritance is the simple consequence of
the plasticity of development plus reproduction. The plasticity of development
also generates novel adaptive phenotypes. Through reproduction, developmen-
tal processes that produce these novel phenotypes, are assorted and recombined.
This lowers the threshold for the occurrence of these adaptive novelties within in-
dividuals and causes their spread throughout the population. So ontogeny causes
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adaptive evolution too.

The ontogeny-first conception of evolution does not deny the existence of Dar-
win’s process. Selection, as it were, occurs spontaneously. One doesn’t need to add
a distinct population-level process to the mix to get adaptive evolution to occur.
We have all the ingredients we need in the development and reproduction of indi-
vidual organisms. Nor does one need to posit an independent, supra-organismal
causes of the adaptiveness of evolutionary change. Selection is a genuine process,
of course, perhaps even a causal process, but it doesn’t contribute any causes to
adaptive evolution that aren’t already fully accounted for by the development and
reproduction of individual organisms. The population-level Darwinian process —
even the increased in average adaptedness of organisms in a population — is just
the resultant of the suite of individual-level processes of development and repro-
duction. The sum of these processes is adaptive evolution, because of the adaptive
capacities of organismal development.

On Grade IIT ontological commitment, the plasticity of development (plus some
reproduction) causes: (i) the reliable recurrence of traits from generation to gen-
eration (inheritance) (i) the origin of adaptive novelties and (iii) the increase
in the adaptedness of organisms in a population to their conditions of existence
(adaptation). Ontogeny is the central unifying process in all of evolution.

5 CONCLUSION: GOING THROUGH THE GRADES

I have attempted to outline a space of alternative views on the significance of
organismal development for the explanation of adaptive evolution. For the most
part biologists, philosophers of biology, and most certainly non-specialists in biol-
ogy labour under a conception evolution forged in the early days of the modern
synthesis, and then tempered by generations of selectionism. On this account,
development is of minor, sometimes negligible significance. There may be good
sociological, historical, even technological explanations of the marginalization of
development; perhaps it is harder to study development in detail than much of
paleontology, or ethology, or ecology, or systematics, or population genetics, or
any of the disciplines that coalesced into the synthesis. Certainly the current re-
naissance of developmental biology had to await a raft of technological advances
in molecular biology. Nevertheless, it is important to acknowledge that there are
conceptual reasons too. The fact that ontogeny plays only a peripheral role in evo-
lutionary biology is due to a commitment embodied in the predominant version
of modern synthesis biology to the fragmentation of evolution into three discrete,
largely autonomous processes: development, inheritance, and adaptation. This
fragmentation has consequences for the place of development in evolutionary biol-
ogy; it leads to the marginalization of development. But the fragmentation isn’t
obligatory.

I have outlined three grades of commitment to the significance of ontogeny to
the explanation of adaptive evolution. As we progress through the grades (from
Grade I to Grade III) we see two related trends (i) an increase in the significance
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of development for the process of adaptive evolution and (ii) the reunification of
evolution’s constituent processes. In Grade I involvement development plays no
role in either inheritance or in the production of the fit and diversity of organ-
isms. Adaptive evolution and the divergence of lineages are the results of random
mutation and transmission of inherited variants and their selection. This requires
the recognition of three discrete processes; inheritance of replicators, development
of organisms and adaptive change of populations, each with its proprietary causal
process. Grade II involvement draws development more centrally into the process
of evolution; the functioning of developmental systems — and not the replication of
genes — explains inheritance; inheritance is simply the reliable transgenerational
re-occurrence of developmental processes (systems). There is, then, no distinction
between the processes that underwrite inheritance and those that underwrite de-
velopment; they’re both ontogeny. In Grade II, development makes no positive
contribution to the adaptiveness and diversification of lineages. This is exclusively
the domain of natural selection. Grade III involvement preserves the unity of the
processes of inheritance and development from Grade II, but it casts ontogeny in
an even more central role. According to Grade III, the plasticity of organismal
development is the principal cause of adaptive evolution. Grade III involvement is
consistent with natural selection, of course. But selection — adaptive evolution —
is just a consequence of the development of individual organisms. The processes
of development, inheritance and adaptation are all fundamentally just ontogeny.

As far as I can tell, these are all coherent positions. They are seldom, if ever,
articulated in quite this way, but I think it’s fair to say that, implicitly or explicitly,
each has its adherents. Nor do these positions seem to be empirically equivalent;
each has observational consequence that the others don’t. Which of these positions
is the most plausible, then, looks like an empirical issue. It is one that I believe
developmental biology only now has the resources to address.
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EVOLUTION AND NORMATIVITY

Michael Bradie

1 GENERAL INTRODUCTION

Human beings are complex organisms with highly developed physical attributes
(e.g., upright walking and opposable thumbs) as well as highly developed emotional
and intellectual capabilities. Evolutionary accounts of the origin and development
of human beings offer a descriptive window into how we humans have come to be,
on average, the creatures that we are. Among the intellectual qualities we possess
are the ability to describe the world around us and the ability to communicate
these descriptions to others. In addition to having the ability to say how things
are, we have the ability to say how things ought to be. We are prescribers as well
as describers. The act of prescribing involves the articulation, endorsement and
application of norms. Human beings are normative beings.

Norms are guides to how we ought to behave and what we ought to believe.
Norms of behavior can roughly be classed as “ethical norms” although there is
a range of cases here. At one end of the normative spectrum are items such as
The Golden Rule and the Ten Commandments. At the other end are pragmatic
rules of utility such as “Drive on the right (or left).” In between are a range of
cases such as “Avoid incest,” “Infanticide is wrong,” “Abortion is wrong,” and
the like. Norms of belief can roughly be classified as “epistemic norms” and there
is a range of cases here as well. Epistemic norms include rules of justification,
evidential principles, principles of scientific methodology, and what might be called
“engineering principles” of the form “If you want to build a better mousetrap, then

Providing examples of norms is fairly easy. All human societies and all human
practices employ norms. The tricky questions come when one inquires about the
source and force of norms. How do norms arise? Where do they come from? In
certain cases the origin is clearly artificial or conventional. The rules of chess or of
baseball, for example, are (low level) behavioral norms that we adopt and adhere
to by convention. It seems less plausible to suggest that “serious” norms such as
the Golden Rule are matters of artifice or convention. We are more inclined to
believe that such rules are somehow rooted in our “natures.” This opens up the
possibility that, given that our “natures” are the product of evolutionary processes,
we may somehow find some evolutionary grounding for these principles.

The second tricky question concerns the “force” of norms. Where does the force
of norms come from and why should we obey them? Attempts to answer these
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questions ultimately lead to the question of the justification of norms. The norms
themselves justify our behavior or beliefs but what justifies the norms themselves?
One traditional answer — we do it this way because we have always done it this
way — falls afoul of the naturalistic fallacy. I do not propose to enter the tangled
web of literature on the naturalistic fallacy and whether it is or is not a fallacy.
Suffice it for our purposes that it strangely non-compelling to say that just because
things are such and such a way that therefore they ought to be such and such a way.
In any case, the naturalistic fallacy or rather the fear of committing it stands as a
road block to the introduction of evolutionary facts and processes as considerations
relevant to the justificational grounding of norms be they epistemic or ethical.

Another traditional answer is that moral norms are divine commands. This
does not fare much better that the ‘appeal to tradition’ answer. James Rachels,
for one, argued that Darwinism undermines the fundamental rationale for believing
in ethics as grounded in divine commands [Rachels, 1990]. We return to this below.
In any case, divine command theories run afoul of the Socratic dilemma as posed
in the Futhyphro: Is something good or right because God commands it or does
God command something because it is right or good? The former alternative can
be seen as committing a version of the naturalistic fallacy. The latter alternative
leaves the question of what makes something good or right open.

The Big Question then becomes: “Can our evolutionary history inform us in
any meaningful way either about the source or the force of epistemic or ethical
norms?” Philosophical opinion is here divided. On the one hand, there is the
verdict of John Dewey writing fifty years after the appearance of Darwin’s Origin
of Species:

Old ideas give way slowly; for they are more than abstract logical forms
and categories. They are habits, predispositions, deeply ingrained at-
titudes of aversion and preference. Moreover, the conviction persists -
though history shows it to be a hallucination - that all the questions
that the human mind has asked are questions that can be answered in
terms of the alternatives that the questions themselves present. But
in fact intellectual progress usually occurs through sheer abandonment
of questions together with both of the alternatives they assume - an
abandonment that results from their decreasing vitality and a change
of urgent interest. We do not solve them: we get over them. Old
questions are solved by disappearing, evaporating, while new questions
corresponding to the changed attitude of endeavor and preference take
their place. Doubtless the greatest dissolvent in contemporary thought
of old questions, the greatest precipitant of new methods, new inten-
tions, new problems, is the one effected by the scientific revolution that
found its climax in the “Origin of Species”. [Dewey, 1910]

On the other hand, there is the quip by Ludwig Wittgenstein to the effect that
“Darwin’s theory has no more to do with philosophy than any other hypothesis in
natural science” (Tractatus, 4.1122). Philosophical purists are liable to side with
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Wittgenstein whereas pragmatists and naturalists are liable to side with Dewey.
For my part, I am with Dewey in thinking that philosophers in general have not
taken Darwin seriously enough and they ought to do so. Evolutionary theory and
the facts of the evolutionary progress of human beings may not solve the big and
deep philosophical questions but it is sheer parochialism to think that evolutionary
considerations are entirely irrelevant to them.

In this paper I propose first to give an all too brief sketch of the major develop-
ments in evolutionary ethics and evolutionary epistemology. For a fuller treatment
see [Bradie, 1986; 1994a; 1994b]. The central questions in evolutionary ethics and
evolutionary epistemology have been addressed from a variety of perspectives. A
failure to distinguish between them only serves to muddy further already unclear
waters. In section 3, I shall propose and defend three distinctions that help to
sort out the key issues. Finally, in section 4, I address the crucial question of what
substantive contributions, if any, can evolutionary considerations bring to bear on
the nature, the source and the force of epistemic and ethical norms.

2 THE SHADOW OF DARWIN

What can we learn about ethics or epistemology from the study of the evolution
of human beings? Charles Darwin, who started it all, argued that an evolution-
ary account of what he called the ‘moral sense’ could explain the general shape
of our capacity to make moral judgments [Darwin, 1981]. Following some leads
from a relative by marriage, the philosopher James Mackintosh, Darwin sketched
a plausible scenario to account for the development of the two poles of moral sen-
timent that serve to shape our moral judgments [Manier, 1978; Mackintosh, 1834].
The development of the proclivity for self-regarding or self interested motivation
is driven by the needs of the organism to preserve itself in order to reproduce.
The development of the proclivity for other-regarding motives or what we have
come to label “altruism,” is driven by evolutionary pressures generated by the
social nature of human beings [Bradie, 1994b]. Darwin was less sanguine about
the derivability of specific moral norms or values from the evolutionary history of
human development.

Thomas Huxley, Darwin’s ‘bulldog,” famously argued that biological evolution
and the development of ethics were antithetical. Biological evolution was driven,
in his view, by competitive forces that were inimical to the development of values
(Huxley 1989). Ethics, on the other hand, was based on co-operation and mutual
aid. These qualities represented a triumph of human nature over the natural order
of things. Nature, in his view, was morally neutral. Huxley’s pessimistic vision
was challenged by the Russian anarchist, Prince Peter Kropotkin, who argued that
a proper reading of Darwinian theory represented natural selection as promoting
both co-operative and competitive impulses. The net result was that Kropotkin
saw the evolution of the moral sentiment of mutual aid as emerging from the
evolution of natural structures (Kropotkin, 1919, 1924).
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The latter half of the 19*" century saw a number of attempts to extend evolu-
tionary insights to a wide range of human activities including politics, commerce,
and social organization as well as morality (see e.g., [Spencer, 1966; Bagehot,
1956]). This attempt to read off social and moral norms from the ‘face’ of nature
was met with skepticism and stiff resistance from philosophical quarters. Henry
Sidgwick’s The Method of Ethics, which first appeared in 1874, raised serious
doubts about the extent to which natural circumstances could be said to give rise
to moral norms [Sidgwick, 1964]. The philosophical coup de gras to deriving moral
norms from the products of natural selection or biological evolution was delivered
by G. E. Moore in 1905 who argued that systems such as Spencer’s that drew
moral consequences from natural facts suffered from a fatal flaw — commission of
the ‘naturalistic fallacy.” This was a 20" century version of a warning from David
Hume in the 18" century about the legitimacy of deriving an “ought” from an “is”
that has come to serve as the cornerstone of what is called the “fact/value distinc-
tion.” Moore’s version deplored the attempt to define “good,” which Moore took
to be unanalyzable and indefinable, in terms of ‘natural’ properties such as ‘has
evolved’ or ‘is an adaptation’ [Moore, 1964]. This riposte, coupled with the rise
of totalitarianism in the 1920’s and 1930’s and its claims to legitimacy grounded
in appeals to Darwinian natural selection effectively muted attempts to ground
ethics in evolutionary theory until the publication of E. O. Wilson’s Sociobiology
in 1975. There were, of course, some notable exceptions. Thus, Julian Huxley,
Thomas Huxley’s grandson, argued that his grandfather had been wrong —natural
selection and the emergence of ethics were not antithetical [Huxley and Huxley,
1947]. Human morality, he went on to argue, was on an evolutionary track that
led to a reshaping of the goals and ends of being human. The evolutionary destiny
of human beings, he argued, is “to be the agent of the evolutionary process on this
planet, the instrument for realizing new possibilities for its future” [Huxley, 1957].

The publication of E. O. Wilson’s Sociobiology re-opened the flood gates and
reinvigorated attempts to draw moral conclusions from the facts of evolution ap-
peared. The naturalistic fallacy still loomed large as a roadblock in the minds of
many. However, there has always been an underground of opposition to the alleged
implications of the naturalistic fallacy. Some have argued that it is no fallacy and
that values can be derived from facts under suitable derivational circumstances.
Others have argued that although it is a fallacy, an evolutionary ethics need not
commit it. Still others have challenged the very idea of the fact-value distinction
that gives purchase to the ‘fallacy’. Needless to say, the status of the fallacy and
its implications for an evolutionary account of moral norms and behavior are con-
troversial. It would be beyond the scope of this forum to sort all the ramifications
of the current debate. Suffice it to say that there is no received consensus that has
not been subject to severe critical examination.

Wilson’s aim in Sociobiology was to create a new ‘synthesis’ that incorporated
the social sciences under the wide umbrella of evolutionary biology. Reaction to
this attempt was, to put it mildly, mixed [Segerstrale, 2001; Caplan, 1978]. While
researchers were quite happy to explain non-human animal behavior in terms of
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biological imperatives, it struck many as a stretch to extend the thesis to humans.
On the one hand, this seems like a very non-Darwinian move to make since one of
Darwin’s major insights was to show the extent to which human beings were one
with the other animals. On the other hand, the extrapolation of sociobiological
insights to human activities faced some formidable challenges. For starters, the
controlled experiments that were possible in principle with non-human animals
were not available for the study of human beings. Thus, the contributions of
genetics to human behavior could not easily be separated from the contributions
of the environment. The sometimes bitter and acrimonious debate about the
heritability of I.QQ. and its significance for racial differences in humans is just
one testament to this difficulty. Secondly, even if the genetic factors could be
differentiated from the environmental factors, the fact is that a significant part of
the environment of human beings is cultural rather than physical. We don’t yet
have a sufficiently rich understanding of human cultures to be able to identify and
isolate what may or may not be the relevant variables that affect the acquisition
and development of human behavioral repertoires.

So, where do we stand? From a Darwinian perspective, the capacity for the
ability to recognize moral norms and to act on them is a phenotypic trait that was
not present in our remote ancestors. It must, therefore, have evolved. Can we say
more? Is it possible to ‘derive’ moral lessons or moral imperatives from the facts
of evolutionary history? Here the message is mixed. Some say yes, others say
no. When so many eminent scholars are in radical disagreement with one another
we begin to suspect either that there are hidden agendas afoot or that there are
several distinct questions that are being confounded. It is to the untangling of the
distinct threads in this conversation that we now turn.

2.1  Two programs and two distinctions
EEM versus EET recast

Serious consideration of evolutionary epistemologies began with Donald Camp-
bell’s contribution to the Library of Living Philosopher’s volume on Karl Popper
[Campbell, 1974]. There were, to be sure, 19t century predecessors but it was
Campbell’s seminal piece that made a strong case for taking an evolutionary ap-
proach to epistemology seriously. Both Campbell and Popper endorsed a view that
saw the evolution of biological organisms and biological systems as on a continuum
with the growth of human knowledge. I have argued elsewhere that this is a mis-
take. Instead, I proposed that there are two distinct but interrelated programs that
seek to exploit biological and evolutionary considerations in an understanding of
animal and human knowledge. I dubbed these two programs EEM (Evolution of
Epistemic Mechanisms) and EET (Evolution of Epistemic Theses) [Bradie, 1986].

In The Secret Chain, 1 argued that there was a parallel between evolution-
ary ethics and evolutionary epistemology. I introduced a parallel distinction for
programs in evolutionary ethics which I labeled EMM (for “Evolution of Moral
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Mechanisms”) and EMT (for “Evolution of Moral Theses”). Acronyms are use-
ful until they get in the way of understanding. Since there is a parallel between
evolutionary epistemology and evolutionary ethics and our present focus is on the
emergence of normativity, it may be appropriate to introduce a new and simpler
set of acronyms to cover both cases. On the one hand, there is the question of
the evolution of the neural structures that enable us to form beliefs, generate
knowledge, adopt norms and apply them. Call these programs or projects “EM”
(evolution of mechanisms) projects whether they are concerned with the evolu-
tion of epistemic mechanisms or moral mechanisms. On the other hand, there is
the question of the evolution of the norms themselves. The scientific method and
the norms that guide it did not spring full blown from the head of Zeus. It has
evolved over the centuries. Similarly there is a vast difference between the code
of Hammurabi, the Golden Rule and the Universal Declaration of Human Rights.
So there has been an evolution in our understanding of counts as moral norms as
well. Concerns with the evolution of norms per se are part of “EN” (evolution of
norms) programs or projects.

The EM program in epistemology is concerned with the use of evolutionary
theory to explain the characteristics of the cognitive capacities of animals and
humans. At some point in the distant past the Earth was populated by lineages
consisting of organisms too primitive to be said to possess knowledge or have the
capacity to reason. These lineages evolved over time into lineages that did consist
of organisms with the capacity for reasoning and knowing. These capacities are
phenotypic traits of the organisms that possess them and, given the general truth
of the Darwinian picture, evolved under the impetus of natural selection and other
evolutionary mechanisms. The details may be difficult to discover since brains and
thoughts do not fossilize easily but anyone sympathetic to Darwinism will have
little difficulty in accepting that this account of the evolution of the cognitive
capacities of organisms is roughly correct.

The EN program in epistemology, on the other hand, is the attempt to account
for the evolution of ideas, scientific theories and epistemic norms by using models
and metaphors drawn from evolutionary theory. There are, no doubt, compelling
analogies between the processes involved in biological evolution and the processes
involved in the evolution of human knowledge. Karl Popper’s “conjectures and
refutations” model for the growth of scientific knowledge was consciously shaped by
Popper’s understanding of evolutionary theory [Hull, 1999]. Nevertheless, there are
compelling disanalogies as well [Bradie, 1986]. The bottom line is that the case for
epistemological EN programs is nowhere near as strong as that for epistemological
EM programs. In fact, a little reflection shows that the fate of the two programs
is independent of one another. There is every reason to suspect that some EM
story will turn out to be correct. If it didn’t, then this would necessitate a serious
rethinking of Darwinian evolutionary theory. The same is not true for the EN
programs. We don’t as yet have a clear understanding of the development of
human knowledge or the establishment of epistemic norms but it seems clear that
no straightforward evolutionary story is going to provide it.
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So much for the two dimensions of evolutionary epistemology. The moral of the
story is that the same schema can be used to partition problems in the application
of evolutionary theory to questions of ethics. The focus of EM research is on
discovering and tracing the evolution of the neural mechanisms that enable human
beings to formulate and act upon moral norms. The EN research traces the
evolution of human moral systems as such and as exemplified in the work of Peter
Kropotkin, Herbert Spencer, Julian Huxley, E. O. Wilson, Richard Alexander,
Robert Hinde and others.

Again, we can be quite sure that some evolutionary account of the development
of the neural mechanisms that underlie our capacity to be moral and to formulate
norms is forthcoming, at least in principle. It would be nice if we could expect
to find a fossilized brain structure that we could definitely associate with a proto-
normative capacity but that is asking for what is probably impossible. But, this is
a technical limitation and does not undermine our conviction that, from a broadly
Darwinian perspective, some evolutionary account of the development of moral
mechanisms is correct. The same cannot be said for providing an evolutionary
account of the development of normative systems as such. Just as in the case of
evolutionary epistemologies, I suspect that much of the warrant for accounts of the
evolution of norms trades on our conviction that there is an evolutionary account
of the emergence of the underlying mechanisms.

Phylogeny versus ontogeny

Complementing the distinction between EM problems and EN problems is a dis-
tinction that cuts across both. Biological organisms (or the lineages to which they
belong) have an evolutionary history. Individual organisms have a developmental
history as well. They mature from embryo to adult. Our biological understanding
of organisms and their organs has both a phylogenetic and an ontogenetic dimen-
sion. Thus, consider the human brain. The structures that comprise the modern
human brain are the phylogenetic descendents of structures in the brains and pre-
brains of our evolutionary ancestors. The structures that comprise the modern
adult human brain are the ontogenetic ‘descendents’ of the brain structure of the
embryos that they developed from. The brain structures that enable cognitive and
epistemic activity are no different from any other brain structures or any other
organ for that matter.

Again a similar story can be told about the development of the neural structures
underlying moral normativity. There is a phylogenetic story to be told as well as
an ontogenetic story.

EN problems can be factored in the same way. Human knowledge has both a
phylogenetic and an ontogenetic dimension. The growth of human knowledge over
generations constitutes a phylogeny of sorts. Whether we are intrinsically more
intelligent than our ancestral forebears — at least as far back as the development
of art and language — is a matter of dispute. But there can be no argument over
the fact that we know more than our ancestral forebears. Similarly, there can be
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no doubt that adults know more than the embryos that they sprang from. The
mechanisms contributing to the transmission of knowledge across generations and
that are involved in the education of children obviously include cultural factors
such as oral traditions, writing, records and training regimens.

A similar division applies to the development of moral norms. There is a histor-
ical account to be given of the development and intergenerational transmission of
moral norms that constitutes a phylogeny of sorts. Complementing this account
is an ontogenetic account of the emergence of moral awareness as the individual
progresses from embryo to adult. Developmental psychologists have written much
about these trends (e.g. [Kohlberg, 1984; Gilligan, 1982]).

Descriptive versus prescriptive accounts

Don Campbell saw the contributions of evolutionary theory to epistemology as
constituting what he called a “descriptive epistemology” that was to complement
but not replace the traditional “prescriptive accounts.” [Campbell, 1988] He held
that the empirical description offered by evolutionary theory of how we acquired
the ability to acquire knowledge in conjunction with psychological accounts of
how knowledge is acquired by individuals would, in combination with traditional
accounts of the nature of justification, provide a complete picture of the nature of
human knowledge.

Other naturalists took a more radical stand and proposed to replace the tradi-
tional accounts with purely empirical ones that eschewed the normative notion of
justification altogether [Quine, 1969; 1995]. This was met by traditionally minded
epistemologists with the charge, as formulated by Jaegwon Kim, that “for epis-
temology to go out of the business of justification is for it to go out of business”
[Kim, 1988].

What is the relationship between evolutionary epistemology and traditional
epistemology on the one hand and evolutionary ethics and traditional ethics on
the other? I want to suggest that the cases are parallel and that in each instance
there are three possible configurations for these relationships.

1. Evolutionary accounts are competitors to the traditional accounts. On this
view, both are trying to address the same concerns and offering competing
solutions to similar problems. Insofar as the tradition has been concerned
with normative and prescriptive claims, the traditionalists have argued that
evolutionary epistemology and evolutionary ethics are purely descriptive and
thus fail to address these traditional questions of justification. Reidl [1984]
is an epistemological example of this position. Herbert Spencer’s Principles
of Ethics and Julian Huxley’s Evolution and Ethics are historical examples
of this approach in ethics. More recently Robert Richards has proposed such
an approach in Darwin and the Emergence of Evolutionary Ideas on Mind
and Behavior.

2. Evolutionary epistemology and evolutionary ethics might be seen as comple-
mentary to the traditional approaches. On this view, the focus of traditional
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epistemology and traditional ethics remains the justificational questions of
the tradition. Evolutionary epistemology and evolutionary ethics supple-
ment this account with an evolutionary account of the origin origins and
development of norms. Campbell [1974] defends this view of epistemology.
Westermarck’s monumental The Origin and Development of Moral Ideas is
the classic here for ethics. Darwin’s treatment of morality in The Descent of
Man falls roughly into this category.

3. Evolutionary epistemology and evolutionary ethics might be seen as succes-
sor disciplines to the traditions. On this reading, the evolutionary accounts
do not address the traditional questions of traditional epistemology because
it deems them irrelevant or unanswerable or uninteresting. Munz [1985] and
Dewey [1910] are epistemological example of this position. Wilson [1978],
Ruse [1986] and Ruse and Wilson [1986] defend this view for evolutionary
ethics.

Obviously, the weight one attaches to evolutionary considerations in addressing
the fundamental questions of normativity will depend on how one sees the rela-
tionship between the traditional accounts and the evolutionary accounts. I am
not sure how one is supposed to defend one approach at the expense of another.
For my own part, I think that a proper appreciation of our Darwinian heritage
commits us to a hybrid version of option (1) and option (3). On the one hand, the
evolutionary accounts do not merely contribute to our descriptive understanding
of the emergence of norms but also attempt to address the prescriptive dimensions
as well. On the other hand, the evolutionary perspective challenges some tradi-
tional notions of what counts as a ‘justification” and thereby endorses a new vision
of how we are to understand norms.

2.2 Substantive Considerations

Do evolutionary considerations tell us anything about the emergence of
norms?

The evolution of moral norms.

In the Descent of Man, Darwin speculated on the origins of what he called our
‘moral sense.” He argued that other intelligent organisms, were there any, would
acquire a moral sense other than our own. Darwin cites the case of the hive-bees
who might well support fratricide (Descent, chapter 4). According to Darwin, and
I daresay, contemporary sociobiologists and evolutionary psychologists, the kind
of organisms we are determines, in a broad sense, what kinds of norms we are
likely to develop and endorse. This has both a positive and negative aspect.

On the positive side, given our social natures and the need for communal support
in the raising of children, human beings have evolved altruistic motivations that
temper inclinations toward self interest. We can well imagine, in the spirit of
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Darwin, that other creatures that are intelligent but self reliant would not be
moved by considerations of sympathy and empathy with their fellow kind.

On the negative side, just as the Naturalistic Fallacy suggests that ‘is’ does not
imply ‘ought,’” it is often pointed out in ethical circles that ‘ought’ implies ‘can.’
The idea is that no norms that require what is impossible can be binding on us. So,
for instance, it is folly to establish or endorse norms that are beyond our capacity
to obey. The norm “Thou shalt not kill” seems perfectly proper while the norm
“Thou shalt not eat” seems ludicrous. There are limitations to the expectations we
can have for ourselves and for others. These limitations are a result of our limited
physical, emotional and intellectual capacities. But these limits are the fruits of
our evolutionary progress. So, it seems reasonable that the evolved limitations
of our physical and mental capabilities ar relevant to determining or setting the
boundaries of our normative demands.

Some moral theorists might take exception to the above conclusion. A God-
centered ethics might argue that the limitations of human beings are the reflection
of original sin or something of the sort and that this just shows that human beings
need to resign themselves to the will of their Maker. A secularized version of such
an ethic can be found in Kant who postulates an ideal Kingdom of Ends as the
(ultimately) unachievable model for human moral behavior. These concerns can
not be easily dismissed although I do not propose to pursue them here. Instead I
commend to your attention James Rachels’ Created from Animals which explores
the implications of Darwinism for formulating a moral theory and effectively calls
into question both theologically based and Kantian ethical positions.

Rachels’ book is one long argument to the effect that Darwinism undermines the
concept of human dignity that he claims forms the basis for traditional moralities.
This, in turn, has implications for the moral status of animals. Rachels takes what
he calls the traditional concept of human dignity to be the presumption that the
primary purpose of morality is the “protection of human beings and their rights
and interests” [Rachels, 1990]. This presumption is supported by certain factual
(or quasi-factual) assumptions about human nature. Two basic claims emerge
from this factual base and support the sanctity of human dignity. One is the
presumption that human beings were created (as special) in the image of God.
Rachels calls this the “image of God thesis.” The second is the presumption that
human beings alone among the animals are rational beings. It does not follow
logically from these presumptions that human dignity is or ought to be the lynch
pin of morality. But, Rachels argues, the primacy of human dignity does rest on
and is supported by these presumptions. They serve, as it were, as the rationale
for putting human concerns ahead of all others in matters of morals.

Darwinism indirectly undermines the primacy of human dignity by undermining
the presumptions that support the doctrine. The Darwinian perspective marginal-
izes God as the creator of human beings as special. Although Darwinism does not
entail that God did not create human beings as special, it renders the story super-
fluous or suspect.! From the Darwinian perspective, humans are just one among

1If one does think the theory of evolution entails that God did not create human beings as
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the animals. The Darwinian theory of common descent suggests that all organisms
are interrelated. Darwinian gradualism suggests that differences between species
are often matters of degree and not matters of kind. These implications undermine
the status of human beings as special and in so doing undermine the traditional
moralities which are based on that explicit or implicit assumption.

To replace the discarded image with something of value, Rachels proposes a view
he calls “moral individualism.” Moral individualism treats all individuals, human
or not, as individuals and not as members of a certain species. Considerations of
moral relevance are to be determined by circumstances and not by fiat. Rather
than pursue that development here I want to note that Rachels’ argument is not
intended merely to replace one set of moral norms by others but that it calls into
question some of the fundamental assumptions that lie behind any norms. This
takes us into the realm of the meta-ethical.

What, if anything, are the implications of Darwinism for meta-ethics? The
verdict is still out but one can find adherents of a wide diversity of views. Michael
Ruse, for one, has argued that a Darwinian approach to ethics rules out any form
of moral realism in favour of an “error” theory of the form first promoted by David
Hume [Ruse, 1986]. This has led to a vigorous debate in the literature with no
clear resolution in sight.

One might argue that Darwinism lends itself to moral realism by adapting an
argument formulated by Donald Campbell with respect to human cognitive facul-
ties. Campbell argues that just as the physical environment shapes the evolution
of organismic features, so the physical environment is held to shape the evolu-
tion of what we know [Campbell, 1974]. Our cognitive faculties and our scientific
theories ‘fit’ our physical environments in much the same way the organisms in
successful lineages are co-adapted to their environments. If our cognitive abilities
and guesses about the world we live in were not on the mark more often than not
we would be on the road to extinction. There is a congenial reciprocity between
what we think and how we think and what we think about. Campbell calls this
view ‘critical realism’ and thinks that a Darwinian viewpoint is committed to it.
I have some reservations about this argument in its guise as an account of the
evolution of our cognitive capacities but, were one persuaded by it, it might be
invoked as a defense of the contention that Darwinism is committed to or, at least,
is compatible with some form of moral realism.

If we understand a minimal version of moral realism to be committed to the
view that there are ‘moral facts’ in the world (whatever that might mean) then
we can well imagine that the ‘moral environment’ might shape the evolution of
our moral capacities and moral norms in much the same manner as the physical
environment is held to shape our cognitive capacities and cognitive norms. I’'m not
sure how far this argument can be pushed but it seems that the cognitive realm
and the moral realm are, prima facie, on a par and if an evolutionary argument
for critical physical realism can be made then perhaps an evolutionary argument

special, one need only reflect on the possibility that the entire evolutionary process is just God’s
way of insuring the specialness of human beings through “secondary causes.”
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for critical moral realism could be made as well.

This ignores, of course, all the arguments that have been made to the effect that
moral claims have an absolutely different status from physical claims and I am far
from suggesting that an appeal to evolutionary theory is likely to resolve this
debate. In fact, since I do not think that Campbell’s argument should persuade
us of the truth of “critical physical realism” as he understands it, I do not think a
parallel argument would persuade anyone of the truth of “critical moral realism”
either. With respect to the ultimate status of moral claims evolutionary theory is,
to this point, silent.

The evolution of cognitive norms

Just as the latter part of the nineteenth century saw a cottage industry of attempts
to apply Darwinian insights to matters political, social and moral, so too the
beginnings of what Donald Campbell was to call ‘evolutionary epistemology’ can
be found in the latter part of the nineteenth century as well. I have spilled a lot
of ink on the history of the development of evolutionary epistemology over the
years and rather than rehearse it all here again I commend to your attention the
excellent surveys by Campbell [1974] and myself [Bradie, 1986].

Here I just want to suggest that the Darwinian impact on our understanding of
the evolution of cognitive norms has, in parallel with the Darwinian impact on our
understanding of moral norms, both a positive and a negative dimension. On the
positive aspect, we can cite the work of Nick Rescher and Michael Ruse. Rescher
distinguishes between what he calls “thesis Darwinism” and “methodological Dar-
winism” [Rescher, 1990]. He endorses the latter but not the former. Ruse goes so
far as to suggest that the adoption by nineteenth century philosophers of science of
the norms of the modern scientific method have a Darwinian explanation. In the
course of developing this thesis he tells an amusing parable about two ancestors
looking for a cave to spend the night and encountering a band of sabre toothed
tigers entering a likely cave. All but one of the tigers eventually comes out. One
of the pair, with limited mathematical skills, enters the cave. The other demurs.
Ruse asks: which one do you think was your ancestor?

I have reservations about the cogency of all such stories as I think they conflate
the two programs that I have here distinguished as EM and EN. Evolutionary
stories about the development of the physical and mental mechanisms that enable
us to count and to reason are one thing but evolutionary accounts of the emergence
of specific norms or theses are quite another. There is a strong analogical pull to
co-opt what evidence there is for the former in support of the latter but it is not
clear to me that doing so throws any explanatory light on the emergence of theses
or norms.

On the negative side, I want to go back and draw some implications from
Dewey’s 1910 article. In that piece, Dewey argued that Darwinism properly under-
stood undermined many of the traditional pursuits of philosophers. He thought, in
particular, that the search for essences was a lost cause in the light of the evolution-
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ary history of human kind. He went on to develop an ‘instrumental’ conception of
knowledge that saw concepts and theories as ‘tools’ that we develop to cope with
our environments. I do not know whether he explicitly invoked Darwin in support
of this but the view certainly has a Darwinian flavour that Don Campbell, for
one, might have approved of. In any case, Dewey went on to challenge traditional
epistemological thinking in a number of books including his pragmatic challenge
to traditional epistemology, The Quest for Certainty [Dewey, 1960]. In that book,
he challenged the correspondence theory of truth and knowledge and promoted
his own instrumental views. The quest for certainty, most familiar to moderns as
a legacy of the Cartesian tradition, is a version of epistemological essentialism —
a search for the unshakable foundations of human knowledge. It creates impos-
sible demands for knowers to satisfy and in this respect parallels the impossible
demands of traditional moral theories. In an age where we could believe that we
had a touch of the divine, one could imagine that epistemic certainty might be
realizable if only one was prepared to follow the proper regimen. But once the
epistemic ‘image of God’ thesis had been undermined by Darwinian theory, the
quest for certainty appears to be chimerical. What to put in its place? Nineteenth
century pragmatists promoted, although they did not invent, the epistemic doc-
trine of fallibilism that can be understood as the doctrine that all foundations are
temporary respites. This view seems quite compatible with a Darwinian perspec-
tive on the world. Evolved human beings have finite limitations and are subject to
errors and mistakes. We live in a constantly evolving world and need to re-adapt
to changing circumstances as they occur. Under such conditions, the quest for
certainty appears as folly. Darwinism does not entail that it is a mistake but it
does seem to undermine the grounds for taking the quest seriously in much the
same way that Rachels argued that Darwinism undermines traditional absolutist
moral theories.

Can evolutionary considerations justify norms?

Some naturalists such as the American philosopher W. V. O. Quine, at least
in some of his writings, suggested that epistemology (and, one presumes, ethics
as well) should abandon the demand for justification in favor of giving a bio-
psychological account of how we acquire knowledge. This is consistent with Don-
ald Campbell’s call for a ‘descriptive epistemology’ that would provide a scientific
account of the evolution of our cognitive faculties and of our methods of knowl-
edge acquisition. Campbell, of course, thought that a descriptive epistemology
rooted in evolutionary biology and developmental psychology would complement
the normative approach of traditional philosophers. Quine, when pressed, pro-
vided an ‘instrumental’ view of normativity that drew on the analogy between
engineering and science. Some Popperians, such as Peter Munz, have argued that
the fallibilistic implications of Darwinism undermine the rationale for any attempt
to provide justifications [Munz, 1993]. And, of course, Popper is well known for
arguing that we are never ‘justified’ in believing anything — the best we can hope
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for is to produce fruitful hypotheses that withstand rigorous tests.

If we are to take Dewey’s insights seriously, then we have to question the viabil-
ity of the notion of justification in a post-Darwinian age. A persuasive argument
can be given for abandoning any ‘classical’ conception of justification as resting
on a priori foundations or any essentialistic conception of knowledge or morality.
Following Rachels, Darwinism does not entail that such pursuits are hopeless but
it does serve to ‘undermine’ the metaphysical picture that grounds those pursuits.
It does not follow, however, that the concept of justification has be abandoned tout
court. The rise of modern science saw the decline of the concept of knowledge as
demanding certainty but not the abandonment of ‘justifications.” The absolutist
conception of knowledge was replaced by a fallibilistic conception. Epistemic fal-
libilism does not eschew justification per se; it just rejects the idea that any jus-
tifications are absolute. As, Wilfrid Sellars once put it (more or less), knowledge
has foundations but those foundations are at best provisional and subject to re-
assessment as our understanding of what we are investigating matures. We are, as
it were, always grounded but always prepared to challenge those grounds should
the need to do so arise [Sellars, 1997].

A similar case can be made for a ‘normative fallibilism.” The rejection of abso-
lutist moralities does not mean the rejection of all morality. It just means that we
adopt norms consonant with our agreed upon ends but stand ready to modify and
challenge those ends as the need might arise. This view, I take it, is consonant
with Dewey’s ethics and Quine’s ‘engineering’ approach.

Of course, once one rejects ‘ultimate’ ends and ‘essential’ goods, one is subject
to the charge that abandoning the absolute means endorsing relativism. But this
charge is spurious. Relativism is rampant when all views are equally legitimate
at all times. Fallibilism does not countenance such a relativistic slant. At any
given stage of our reasoning, be it epistemic or moral, there are mutually accepted
grounds that circumscribe what it is reasonable to believe or act on. The difference
between the fallibilist and the absolutist is that the fallibilist is prepared, under
appropriate circumstances, to challenge the adequacy of the mutually accepted
grounds and possibly to move on to other vantage points. Of course, this response
invites a challenge to specify what is to count as ‘appropriate’ and ‘adequate’ but
no absolute reply is forthcoming. These are matters for continual discussion and
(re-)evaluation. For a fallibilist that is the best one can hope for.

Does an evolutionary perspective entail that we adopt such a view? No, the
best one can say for the future of our discussions of the nature of normativity is
that the evolutionary point of view lays the groundwork for a metaphysical picture
that supports a thoroughgoing epistemological and moral fallibilism.

3 FINAL THOUGHTS

The relevance of evolutionary theory and the facts of evolutionary history to un-
derstanding the nature of normativity turn on the answers to two preliminary
questions.
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First, are we to follow Wittgenstein and eschew all empirical input for the res-
olution of philosophical problems or are we to follow Dewey in thinking that the
advent of Darwinism radically reshapes the philosophical landscape and forces us
to rethink some of the timeworn and traditional problems that philosophers have
posed for themselves? I have suggested that Dewey’s path is the one we ought
to follow but I freely admit that there is no knock down drag out argument that
will convince the diehard traditionalist. Second, we must take a stance on the
relationship between the traditional accounts and the evolutionary accounts. I
have advocated a hybrid view that recognizes the importance of normative de-
mands but sees evolutionary theory as forcing a reconceptualization of the nature
of those demands.

That said there are a number of open questions still left to be pursued.

What are the biological bases of normative activity? What are the neural
processes that enable us to be the normative creatures that we are? How have we
come to accept the norms that we do? This is a historical and cultural history
project more than anything else.

Beginning in the latter part of the nineteenth century and continuing to the
present day, there have been numerous attempts to apply Darwinian ideas to the
evolution of morality. Needless to say many of these attempts were as much a
product of the author’s views about how things should have turned out as they
were accurate accounts of how norms were adopted and discarded over the cen-
turies. I am far from supposing that a completely unbiased historical account
of the development of norms is possible. Nevertheless, it seems to me to be a
continuing concern that needs to be periodically addressed is our understanding
both of normativity and of the historical contingencies that shape the evolution
of norms changes. As a first but daunting step, it would be very interesting and
constructive if someone or some group were to undertake the task of constructing
a meta-analysis of the analyses that have already been written. There is more
than enough work to keep future generations of scholars busy.
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EVOLUTIONARY ETHICS

Catherine Wilson

1 INTRODUCTION

Evolutionary Ethics is the study of the relationship between the theory of natural
selection and ethical theory and practice. It is directed to topics such as the
following: (1) The implications of Darwinian evolution for the epistemological
status of moral claims. (2) The significance of our evolutionary history for an
understanding of moral practices and institutions. (3) The relevance of information
about human evolution to the formation of morally justifiable social policies and
to individual decision-making.

Moral philosophers have tended on the whole to skepticism on these issues.
Moral theory, they may observe, is a product of the enlarged human neocortex,
and the psychological and behavioural innovations associated with encephalisation
include rationality, language, impulse control, objective knowledge of causes and
effects, and the ability to represent internally, both verbally and pictorially, ab-
sent, past, and nonactual persons and events. “Rape” in ducks and “adultery” in
bluebirds, however interesting, has little in common with the human proclivities
bearing the same names. Further, variations in individual personalities and the
great diversity of cultural practices seem to throw into question any attempt to
establish an underlying human nature and to decide what constitutes a distortion
or a remodeling. In place of a novel ethical code reflecting a dispassionate state of
scientific enlightenment about human needs, evolutionists seem in their normative
moments to parade values — or at least to sigh over inevitabilities — that have
an authoritarian and archaic case to them: e.g., individualism, hierarchy, male
dominance, the double standard in sexual morality, nationalism, xenophobia and
war [Singer, 1982].

Many social species, it will be observed, interact with one another in ways that
remind observers of either good moral behaviour or infringements of decency. Their
members possess the capacity to form alliances, to categorize others as mates,
friends, enemies, leaders and subordinates, and they may share food, tend one
another’s wounds, co-operate in hunting, nest-building, and feeding the young, and
put themselves at risk to nourish and defend their offspring, as well as attacking,
deceiving, and displacing one another. They also may also punish offenders, or
engage in acts of relationship repair, mediating fights or expressing contrition
[Smuts, 1985; De Waal, 1996; Flack and De Waal, 2000]. Yet, animal behaviour,
it is sometimes objected, cannot be termed moral, since it does not reflect concepts
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of the self as an agent capable of performing noble and selfish actions, and since
nonhuman social animals do not engage in moral education, or seek moral progress.
Only human beings construct representations of themselves as actors in the world
and posit such abstract entities as rights, responsibilities, and legitimate interests
that nonhuman animals cannot possess. Human beings are the only creatures to
advance moral theories and to enter into contests and competitions regarding their
truth, and their prehuman evolutionary history is thought to shed little or no light
on these intellectual and political activities.

The kinship of man and animal, the evolution of higher forms from lower, and
the relation of morality to sentiment and instinct was first discussed in the 18"
century, with Immanuel Kant taking a decidedly critical position with respect
both to evolutionary thought and to what he considered the impure influence of
natural history, anthropology, and psychology on ethics. The lingering influence
of Kant’s critique of naturalism and his insistence that moral theory requires ref-
erence to supersensible concepts such as the noumenal will has been marked down
to the present day. None of arguments above seems, however, decisive against the
very possibility of Evolutionary Ethics. While no claim about the behaviour of
members of other species permits any inference regarding our own, the usefulness
of a comparison class depends upon the terms of the question being addressed.
Neither individuality nor the differences between groups implies the impossibility
of a study of human nature, understood as a study of the characteristics that
we share with other species and the characteristics that are differentiating. Ide-
ological extrapolations, while common enough to be worrisome, do not preclude
the possibility of nonideological extrapolations of the same or different data. And
while moral theory can be regarded as necessarily having reference only to human
actions, this does not imply that general information that is not bound by the hu-
man context is of no use in articulating moral theory. The study of proto-morality,
as it might be called, in non-linguistic creatures without conscious moral concerns
reveals the platform for morality, the psychological receptivities and dispositions
without which it is impossible to imagine the formation of explicit moral codes.

Towards the middle of the 19*" century, Darwin came to believe that the theory
of natural selection had reconciled the moral sense of the ethical intuitionists of his
day with utilitarianism [Barrett, 1987, 609]. Darwin speculated that “any animal
whatever, endowed with well-marked social instincts, the parental and filial affec-
tions being here included, would inevitably acquire a moral sense or conscience,
as soon as its intellectual powers had become as well, or nearly as well developed,
as in man” [Darwin, 1990, 83]. He regarded human character traits as shaped by
agonistic interaction between tribes, with the moral virtues of courage, sympathy
and faithfulness offering a competitive advantage [ibid., 110]. He did not how-
ever consider tribal warfare a permanent condition of the species and he regarded
slavery with repugnance. Darwin was impressed by “numerous points of mental
similarity” and “the close similarity between the men of all races in tastes, dis-
positions, and habits” [Darwin, 1990, 153f.] He was nevertheless conflicted about
the over-protection of the weak, and fell back on the view that they tended to
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self-eliminate. He seemed at once to recognize and fear an objective condition of
degeneracy and to deny that evolution had any particular goals. [Crook, 1994, Ch.
1]. The notion that the “survival of the fittest” was a bio-historical law underwrote
metaphysical systems such as that of Herbert Spencer. The partitioning of Africa
amongst European colonial powers, and the extermination of all but a small frac-
tion of the American Indian population begun in the colonial era and completed
by the U.S. army in the late 19" century, were often viewed as exemplifying a
natural process of selection, accelerated by human effort and leading to overall
improvement. Whether modern man was to be considered wild or tame, whether
he degenerated under conditions of domestication and peace, and the baleful ef-
fect of the “herd instinct”, as Nietzsche termed it, were much-debated questions
towards the end of the 19*" century. These questions have little current resonance.

The notion that capitalism and militarism were biological necessities or repre-
sented higher points of development was contested virtually from Darwin’s day
onwards [Crook, 1994, 153ff.]. Thomas Henry Huxley, citing Buddhist and Stoic
traditions of ethics, agreed with Darwin regarding the existence of an evolution-
ary basis for morality, but declared in his Romanes Lectures that the struggle to
exist at the expense of others was frankly opposed to morality: “[T]he practice
of that which is ethically best — what we call goodness or virtue — involves a
course of conduct which, in all respects, is opposed to that which leads to success
in the cosmic struggle for existence. In place of ruthless self-assertion it demands
self-restraint; in place of thrusting aside, or treading down, all competitors, it re-
quires that the individual shall not merely respect, but shall help his fellows; its
influence is directed, not so much to the survival of the fittest, as to the fitting of
as many as possible to survive. It repudiates the gladiatorial theory of existence.”
[Huxley, 1893, p. 33] The loss of the flower of youth in the First World War threw
the doctrine of the survival of the fittest into confusion, and triumphalist inter-
pretations of natural selection ceded over the course of the century to universalist
and egalitarian theories but also to existentialism and nihilism. Awareness of the
horrifying results of the translation of the American Eugenics movement to Fascist
Germany [Nicholas, 2005] brought notions of manifest racial destiny and genetic
improvement into permanent disrepute following World War II. C.H. Wadding-
ton, the eminent developmental biologist, nevertheless surprised readers of Nature
with an article published in 1941 stating that science was in a position to provide
mankind with a true system of ethics. Waddington referred to “the direction of the
evolutionary process as a whole”, and maintained that helps in the right direction
were by definition morally good and distractions from this “evolutionary course”
were evil. The notion that the process of evolution incorporated a bias towards
the production of superior forms remained in the popular mind as well. It was
dealt a significant blow in the wider culture by Jacques Monod’s Le Hasard et la
Necessité [1971], a bestseller that was immediately translated into English. “Man
knows at last that he is alone in the universe’s unfeeling immensity out of which
he emerged only by chance.”

Though future intellectual historians may perceive a connection between the
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allegedly failed ideals of the benevolent, expensive, and politically unstable Welfare
State and the return to nature, viewed as an arena of untrammeled competition,
and while traces of Social Darwinism remain in the form of the inference that
the dominant owe their position to their inherited superior characteristics, rather
than chance and history, contemporary Evolutionary Ethics has adopted more
authentically Darwinian views and questions. The emphasis in the literature has
shifted from the issues of war and ethnic conflict to social interaction in pairs and
groups. Public attention has been captured by an array of semipopular books on
animal ethology, of an openly prescriptive or at least highly suggestive character.

“The new sciences of human nature”, Steven Pinker ventures, “can help lead the
way to a realistic, biologically informed humanism . ...They promise a naturalness
in human relationships, encouraging us to treat people in terms of how they do
feel rather than how some theory says they ought to feel. They offer a touchstone
by which we can identify suffering and oppression wherever they occur ... They
renew our appreciation for the achievements of democracy and of the rule of law.
And they enhance the insights of artists and philosophers who have reflected on
the human condition for millennia.” [Pinker, 2002, xi] Some philosophers have
followed this lead. Daniel Dennett asks in Darwin’s Dangerous Idea, “From what
can ‘ought’ be derived?” “ The most compelling answer”, he decides, “is this:
ethics must somehow be based on an appreciation of human nature — on a sense
of what human nature is or might be like and what a human being might want
to have or be” [Dennett, 1996, 268]. As Mary Midgely points out, all prescriptive
moral doctrines are based on some theory of what people are like, and the claim
that we have no nature really amounts to the claim that we are “— naturally —
quite plastic” [Midgely, 1978, 166].

Yet the supposition that the theory of evolution can provide not only unique
and valuable insights into human nature but offer guidance in framing appropriate
norms of conduct remains problematic. Though a large literature has developed
around applications of game theory to the study of the evolution of social be-
haviour, no professional philosopher has written a standard work in Evolutionary
Ethics providing a rigorous, yet favourable treatment of the subject. This is not
only because, as is sometimes alleged, philosophers since Descartes have promoted
a misleading view of human beings as dematerialized reasoning, willing, choosing
entities, who control and alter nature without being subject to it, but because
conceptual difficulties above and beyond those just set aside infest the very idea
of an Evolutionary Ethics. To appreciate the potential value of evolutionary ap-
proaches and to understand their limitations, it will be useful to sketch the central
assumptions behind the positive assessments just quoted, as well as indicating
the importance of some underutilized conceptual resources from recent evolution-
ary theory, including the notions of the extended phenotype, obsolescence, and
parasitism.
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2 BACKGROUND ASSUMPTIONS

The central assumption of evolutionary ethics is that genes direct the construction
of the body and the brain, producing, maintaining, and eventually shutting down,
according to timetables for development and senescence, morphological structures,
physiological mechanisms, and behavioural features in living organisms and that
those genes that produce forms, processes and structures more conducive to their
own survival and replication than other genes tend to dominate in populations.
This insight can be expressed in terms of competition and rivalry amongst alleles
of “selfish” genes [Dawkins, 1976, 2]. An individual organism is on this view a
machine endowed with certain behavioural propensities and competencies that a
federation of genes has jointly constructed, each acting in its own interest, however
much it is constrained or assisted by its neighbours. Summarizing:

1. Genes contain the instructions for building organisms that have morphology,
exhibit behaviour, and that construct species-typical artifacts.

2. Morphology and behaviour are shaped by selection for particular genes, some
of which are more effective replicators than their variants.

3. Overt competition for food, water, shelter, reproductive advantage, etc.
amongst members of a breeding community or between groups plays some
role in evolutionary change.

4. Sexual reproduction in a species implies the existence of two distinct geno-
types (and variants of them) and varying degrees of sexual dimorphism in
the phenotypes. In humans, the evolutionary process has resulted in some
degree of dimorphism, not only in bodily structure and physiology, but in
cerebral organization, hence in dispositions and capabilities.

5. The number of females in breeding community has more influence on popu-
lation dynamics than the number of males; the fertility of females constitutes
a “limiting resource” for males.

6. The human mode of life incorporates features such as food-sharing, mutual
assistance, tribal loyalty, partiality to kin, social dominance of some humans
by others, protracted care of the young by mothers and other females, and
some degree of paternal care.

From these theses, it is argued, one may explain certain features commonly
observed in human social systems that might surprise a rational but scientifically
uninformed visitor from another planet. Such features might include the division
of labour, hierarchical and political systems, sibling rivalry, parental repression
alternating with parental devotion, sexual jealousy, monogamy punctuated by in-
fidelity, and hostility to strangers. Humans who possessed too little by way of
the dispositions and emotions that sustain these practices failed to pass on, it is
argued, as many genes as those who possessed them.
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Before going on to consider the possible bearing of such evolutionary explana-
tions of the origins of certain traits on moral prescriptions, some points relating
to the explanatory claims of evolutionary theory should be clarified.

First, the doctrine of the selfish gene does not imply that persons are selfish and
are determined to be so by their genes. “Vernacular” competition is salient in some
species and in some contexts, but, according to 3. above, it is not to be confused
with the purely metaphorical strivings of genes to be present in future generations.
An organism’s genetically influenced selfishness is a function of the contribution of
selfish behaviour under the control of any gene to its own replication. If “selfish”
genes for selfish behaviour thrive in a given environment, organisms will be selfish;
if “selfish” genes for unselfish behaviour thrive in a given social environment, then
individual organisms will be unselfish. Second, while, to the layman, the shell of a
snail is a morphological feature produced by its genes, and different from the nest
of the bird, Dawkins’s concept of the extended phenotype [Dawkins, 1982] implies
that genes can act at a distance from the organism in which they reside, exerting
their effects over the environment and even over other organisms. Potentially, nu-
merous constructions of organisms that are directed by a gene and favourable to
its replication count as phenotypic components of some organism. Insofar as much
of human life is dedicated to the making of a physical and cultural environment,
the concept of the extended phenotype may be consequential and deserves further
philosophical exploration. While it is possible and important in some contexts to
make a distinction between innate and learned features, or natural predispositions
and cultural acquisitions, the boundaries between these concepts are not sharp:
the ability to learn, certain dispositions to learn, and what can be learned are
innately determined, and the formation of cultures with particular typical char-
acteristics is, for humans, natural. Third, not all characteristics of the phenotype
are adaptive. This is so not only because some may be accidental side effects of
genuinely adaptive traits, but on account of the ubiquity of parasitism, a phe-
nomenon which, as Dawkins points out, implies the falsity of the claim that “it
is useful to expect individual organisms to behave in such a way as to maximize
their own inclusive fitness, or in other words to maximize the survival of copies
of the genes inside them.” [ibid., 55] Certain morphological, physiological, and
behavioural characteristics that appear typical in a species need not aid them in
their competition to survive and reproduce. Instead, they may be elicited by para-
sites possessed of heritable powers to invade and influence. Dawkins suggests that
“animals exert strong power over other animals, and ...frequently an animal’s
actions are most usefully interpreted as working in the interests of another ani-
mal’s inclusive fitness, rather than its own” [ibid., 68]. The cuckoo, for example,
has discovered how to look and act in such a way as to produce an “addiction”
to feeding it in its helpless foster parents. Accordingly, while stereotypical be-
haviour in a species, or in some of its members, may signal that it is a product
of evolution, we are not entitled to assume that it favours the survival and repro-
duction of the animal in which it is observed. A fourth concept of importance is
obsolescence. “The animal we are looking at”, says Dawkins, “is probably out of
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date, built under the influence of genes that were selected in some earlier era when
conditions were different” [ibid., 35]. Questions about the adaptive significance
of some currently-observed form of behaviour — based on the assumption that it
must be favourable for the animal practicing it under current conditions — are as
a result very often ill-posed. With this framework in place, the reader is invited
to consider some foci of current debates concerning the relevance of evolutionary
considerations to topics of particular interest to contemporary moral philosophers,
including altruism, reproductive strategies, and the control of aggression.

3 THE EVOLUTION OF ALTRUISM

The evolution of altruism presents a raft of theoretical and conceptual prob-
lems. Altruism and its relatives — co-operativeness, a disposition to fairness and
promise-keeping even under circumstances unfavourable to the agent, beneficence,
and benevolence — have traditionally occupied pride of place in moral theory.
To what extent can these dispositions be explained as adaptations and to what
extent are they maintained by other, non-genetic replicatory systems? The ob-
servation that many forms of human behaviour can reproduce themselves through
the mediation of beliefs and attitudes and spread through a population and its
descendants without contributing to fitness led Dawkins to introduce a separate,
ideational system of replicators, which he called “memes” [Dawkins, 1976, 206fL.].
The position ascribed to Huxley is that human moral behaviour, especially the
value it attaches to peace, justice, and fairness is entirely memetic; increasingly
however, this position has been questioned.

It is easy to show that the theory of rational choice does not predict rewards for
fair, altruistic, co-operative agents, but the introduction of “replicator dynamics”
in which the payoff is not in dollars or well-being but in copies of oneself, changes
the picture in some surprising ways. Sober and Wilson characterize altruism (in
the sense relevant to evolutionary theory) not simply as helping behaviour, or even
as helping behaviour involving certain risks to the altruist, but as “behaviour ...
[that] involves a fitness cost to the donor and confers a fitness benefit on the recip-
ient” and they propose an evolutionary explanation for it. On initial inspection, it
seems logically impossible that such behaviour could be manifested in an organism
let alone explained: how can a trait that renders each of its possessors likely to
have fewer than the average number of offspring escape being driven to extinction?
To solve their paradox, Sober and Wilson revert to the Darwinian hypothesis that
altruism can be accounted for by competition amongst groups [Sober and Wil-
son, 1998]. Groups without any altruists die off; those with some proportion of
altruists persist. The counter-intuitive aspects of the Sober—Wilson hypothesis,
which does not satisfactorily explain how a low-reproducing altruist can invade
a population of egoists in the first place, nor why an altruistic population is not
subject to invasion by high-reproducing egoists, are somewhat mitigated by the
observation that individual organisms are groups too — federations of genes and
their products. Certain combinations are fortunate ones, even if some of their
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individual constituents would fare poorly in other-things-being equal competition
with rival genes.

It has nevertheless been doubted that group-living organisms actually behave
in ways that satisfy the exigent Sober-Wilson definition, and it is not clear that
behaviour involving a fitness cost as opposed to “vernacular” altruism is in need of
explanation. Many theorists have pointed out that helping behaviour and a dispo-
sition to fairness and co-operation can benefit the donor as well as the recipient to
a sufficient extent that the donor’s type is not eliminated from the population and
permitting the evolution of polymorphisms — a range of behavioural tendencies
ranging from extreme generosity to free-riding and advantage-taking. Egoism is
not an evolutionary stable strategy (ESS), defined as a strategy that does well
when it meets itself [Maynard Smith, 1982; Skyrms, 1996]. Further, a gene for
altruism would increase its representation in a small breeding community in which
most members are close relatives [Rosenberg, 1991] who help each other. Altru-
ism and fairness can be considered as forms of behaviour that make the social
environment more conducive to living and breeding for an entire population, and
emotion-based mechanisms that punish egoism with exaggerated retaliation might
be expected to evolve in tandem with egoism, thereby limiting its effects [Trivers,
1971; Frank, 1989]. Finally, sporadic self-sacrificing behaviour that seems evolu-
tionarily senseless, such as throwing oneself onto a hand grenade to save a comrade,
or jumping into an icy river when one cannot swim to rescue a child, may represent
an inadvertent overreaction of the human nervous system to an irresistible stimu-
lus. The propensity to perform such actions in rare cases need not receive a direct
evolutionary explanation. In some cases, especially where the reaction is instan-
taneous, it might be observed to resemble the immune system overreactions that
sometimes kill the organism the system is adapted to preserving. In other cases,
such as the devotion to a life of service by monks in a monastery or by a Mother
Teresa or an Albert Schweitzer, the behaviour in question is clearly motivated by
abstract ideals transmitted in revered texts and documents and unavailable to our
nonliterate ancestors, who can be ascribed at best a latent disposition, present in
at least some of them, to have self-sacrificing behaviour elicited by the appropriate
ideational stimuli.

Given the range of behaviour possible for us, the provision of a satisfactory
explanation for the evolution of some degree of altruism in group-living animals
including humans does not settle the question how benevolent, co-operative, and
fair we ought to be in the various situations that face us — how much to give
to charity for example, whether to co-operate on some occasion or opt out of an
existing co-operative arrangement, or whether to capitalize on a rival’s weakness
or ignorance. Yet the discussion of the evolution of altruism has had a remark-
able effect on the construction of the image of human nature that furnishes the
cultural background to contemporary moral debate. The error in taking the indi-
vidual organism to be the privileged and unique unit of selection, the assumption
that this individual was by nature selfish, and that the chief difference between
man and animal in this respect was that man was motivated by considerations of
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rational choice, is increasingly clear. Altruism co-exists with self-favouring and kin-
favouring tendencies, automatic and emotional mechanisms co-exist with rational
calculation, the latter depending heavily on social learning and formal instruction.
The premise that human beings are basically selfish never actually licensed the in-
ference that our economic systems ought to give free rein to selfishness, but it was
assuredly taken to do so in many textbooks of economics. Depriving proponents
of that view of their descriptive premise can accordingly stimulate or even force
a re-evaluation of existing norms. Similar remarks apply to the discovery that
strategies for pacification, conflict mediation and reconciliation are prominent in
our near primate relatives [Flack and DeWaal, 2000]. The inference that major
conflicts are best resolved by force of arms because that is the human way to do
things is not only unlicensed, but ill-founded. The recognition that we may be
endowed with an innate responsiveness to peace-making gestures, provided suit-
able signals are forthcoming from our opponent, can only encourage moralists who
hope for a less violent world.

4 REPRODUCTIVE STRATEGIES AND THE TWO NORMS THEORY

The theory of evolution posits different dispositions, competencies, and prefer-
ences for males and females. Some theorists offer to derive the necessity of female
subordination and exclusion from challenging, honourable, and lucrative pursuits
from these differences. Interestingly, in much of the literature on Evolutionary
Ethics, practices such as racial segregation and discrimination are regarded as the
products of arbitrary prejudice, based in ignorance and harmful to persons and
the community, while practices such as occupational segregation by sex are argued
to be scientifically well-grounded and overall good for society, on the grounds that
men and women are intrinsically more different from each other than members of
different ethnic populations. The notion that human beings are a species that has
evolved in such a way that its females lack the physical, cognitive and emotional
resources that would enable them to attain male levels of political, intellectual
and artistic expression, or that the species has evolved in such a way as to deny
women opportunities for such expression, and that this state of affairs is desirable
or inevitable, needs in any event critical examination.

Humans are physically dimorphic, though less so than are many ape species:
gorilla males are twice as large as gorilla females, for example, and human males
have lost the large canines possessed by male apes, suggesting that encephalisation
is associated with a less combative mode of life. Human females are about 90% as
tall as males on average, weigh about 80% as much, and have 30% less upper-body
strength. Women have more fat and less muscle, differently structured immune
systems, and accordingly different susceptibilities to disease. Hormones and neu-
rotransmitters are secreted in different proportions. It is commonly assumed that
not only reproductive efficiency but sexual selection has played some role in shap-
ing the anatomies and appearances of the two sexes [Darwin, 1990; Cronin, 1991].
Cross-cultural differences between men and women that are generally agreed on in-
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clude women’s greater emotionality and empathy, women’s greater predisposition
to form intimate social relationships and lesser tolerance for physical pain, men’s
greater liability to anger, and more robust sex drive [Baumeister, 2000]. “Men are
more likely to compete with one another for status using violence or occupational
achievement”, Stephen Pinker observes, “women more likely to use derogation and
other forms of verbal aggression. ... Women are more attentive to their infants’
everyday cries ... And men and women differ in their patterns of sexual jealousy,
their mate preferences, and their incentives to philander” [Pinker, 2002, 345]. The
two norms theory, as characterized by its critic Julia Annas [Annas, 1993], posits
two different appropriate modes of life and customary occupations for, and two
sets of standards by which to judge moral virtue, for men and women.

The existence of two different modes of life for the two sexes is noted by E.O.
Wilson. “History records not a single culture in which women have controlled
the political and economic lives of men ... Men have traditionally assumed the
positions of chieftains, shamans, judges and warriors. Their modern technocratic
counterparts rule the industrial states and head the corporations and churches”
[Wilson, 1978, 128]. David Barash observes “There is no society, historically, or
in recent times, in which women have not borne the primary responsibility for
child care. ... In all societies, men do men things and women are left holding the
babies ....” [Barash, 1979, 108]. Though the data set employed by these writers
is mainly historical, the explanation is not: both Wilson and Barash suggest that
men’s political and cultural pre-eminence supervenes on basic emotional and atti-
tudinal differences between the sexes, differences that reflect in turn their different
reproductive strategies.

These differences are hypothesized to stem from the much larger investment
women — like most mammals — make in direct child care, and in the shorter
interval in which they can reproduce. Since male and female intelligence, creativ-
ity, task-persistence, and so on are not very different when measured objectively
[Maccoby and Jacklin, 1975], the suggestion that men’s and women’s reproduc-
tive strategies offer a scientifically better and deeper explanation of women’s lower
degree of participation in influential, status-conferring activities than rival hy-
potheses citing arbitrary discrimination, malice, or cognitive or physical deficits
has considerable plausibility. Pinker sums up the notion of differential parental
investment and its relation to psychology as follows:

Many of the psychological differences between the sexes are exactly
what an evolutionary biologist who knew only their physical differ-
ences would predict. Throughout the animal kingdom, when the fe-
male has to invest more calories and risk in each offspring (in the case
of mammals through pregnancy and nursing) she also invests more in
nurturing the offspring after birth, since it is more costly for a female
to replace a child than for a male to replace one. The difference in
investment is accompanied by a greater competition among males over
opportunities to mate, since mating with many partners is more likely
to multiply the offspring of a male than the number of offspring of a



Evolutionary Ethics 229

female [Pinker, 2002, 346].

Barash argues that “Males tend to achieve fitness by making themselves as at-
tractive as possible to females, then rely largely on the females to take it from there.
Often they compete with other males, either for direct access to mates or for access
to resources which help them acquire mates.” Men are hypothesized to have more
time available for mating effort and to rely on mating effort, including competi-
tion and display, rather than on paternal care as their major form of reproductive
investment. To be sure, one can always cite exceptions to generalizations such as
“women are more emotional than men are”. However, the existence of exceptions
is not a powerful objection against the claim that statistically-determinable differ-
ences between the sexes, when large, can both explain and justify the instantiation
of two basic norms. stronger objections are needed and are availab le.

Though Pinker acknowledges some role for discrimination, he is persuaded that
women’s socio-political deficits flow to a significant degree from their own pref-
erences, [ibid., 352-3]. Though he does not suggest, as E. O. Wilson did, that
tampering with the balance of power by fiat might be inadvisable, he appears to
agree with Wilson that equality of socio-economic outcomes for men and women is
not a reasonable social goal, as long as “People vary in traits relevant to employ-
ment ... Given all the evidence for sex differences. ..the statistical distributions
for men and women in ... strengths and tastes are unlikely to be identical. If one
now matches the distribution of traits for men and for women with the distribution
of the demands of the jobs in the economy, the chance that the proportion of men
and women in each profession will be identical, or that the mean salary of men
and women will be identical, is very close to zero”. Pinker quotes with approval
the view of L. S. Gottfredson: “If you keep using gender parity as your measure
of social justice, it means you will have to keep many men and women out of the
work they like best and push them into work they don’t like” [ibid., 359].

The evolutionary argument for two norms can be stated as follows:

Evolutionary Argument for Two Norms: Because of their different spe-
cialisations in reproduction, men and women find different categories
of experience pleasurable and aversive. The realisation of a single norm
with regard to typical patterns of behaviour (employment, childrear-
ing, sexual behaviour) would be experienced as oppressive for at least
one sex and possibly for both. The gains to be achieved in terms of
overall human preference satisfaction from a uniform set of expecta-
tions are nonexistent or small. Hence the realization of two norms is
not only inevitable or overwhelmingly likely, but morally permitted or
indeed obligatory.

The fully developed two norms system thus incorporates a set of ideals, per-
missions, and obligations. Its chief features are that women are guarded with the
help of a system of workplace segregation and confinement in the home. Being of
a retiring, dependent, and child-oriented nature, they are presumed not to experi-
ence this as deprivation, and political activity, the exercise of executive authority,
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and cultural accomplishment are left to men who are held to express their compe-
tencies and intrinsic competitiveness by these means. Statistical equality — the
equal participation of women in politics and governance, the full spectrum of eco-
nomically productive activities, and academics and the arts — is considered to be
a false ideal since women allegedly do not have time, the motivation, or the appro-
priate character traits, as imprinted in them by natural selection in competition
with other women, for full participation. This position needs critical examination.

5 REPRODUCTIVE STRATEGIES AND SEX ROLES

“Males”, Matt Ridley remarks, “usually compete for access to females, rather
than vice-versa. There are good evolutionary reasons for this, and there are clear
evolutionary consequences, too; for instance men are more aggressive than women”
[Ridley, 1994, 13]. In a chapter of The Red Queen entitled “Polygamy and the
Nature of Man”, he aims to illuminate the subject of human sexual behaviour by
references to peacocks and peahens as follows: “She will do all the work ... Every
time [a peacock] seduces a fresh female, he wins the jackpot of her investment
in his sons and daughters .... In more human terms, men can father another
child just about any time they copulate with a different woman, whereas women
can bear the child of only one man at a time” [Ridley, 1994, 172-3]. Though the
chapter ends with the observation that, in our species, women do in fact compete
with men, suggesting that some features or qualities of men are a scarce resource
where women are concerned — the initial passage suggests, not only that women
should be grateful that they are not as badly off as peahens, but that that men
are foregoing a “jackpot”, by not trying to seduce as many women as they can.

On one popular view, men are naturally polygamous, insofar as their fitness de-
pends chiefly on the number of women they are able to impregnate, while women
are naturally monogamous, insofar as their fitness depends chiefly on the num-
ber of offspring they can raise to maturity. Lifelong, sexually exclusive marriage
is hypothesized to be a female preference, and either polygamy or promiscuous
bachelor independence a male preference. To achieve their goals of comfortable
and effective child-rearing, women allegedly accept a service role vis-a-vis a par-
ticular man and tolerate his infidelity. To achieve their own goals of seduction and
reproduction, men in turn allegedly assume a provider role towards a particular
woman but take advantage of additional “mating opportunities”. Human males
sacrifice some degree of sexual freedom and assume some degree of responsibility,
in exchange for which females assume a somewhat wearying caretaking and main-
tenance role. Each sex is hypothesized to get most of what it wants under this
system, though stresses are acknowledged as inevitable: females are alleged to fear
desertion, males, cuckoldry.

The image of human nature depicted here is, however, misleading. It is true that
while both men and women have the same high standards for long-term partners,
valuing equally such traits as good health, kindness, intelligence, and creativity,
women’s acceptability threshold for short term sexual partners is considerably
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higher than men’s [Kenrick et al., 1990]; further, there are good evolutionary
reasons for this: namely that, as Trivers remarks, “errors in mate selection are
generally more expensive to females than to males” [Trivers, 1972]. However, the
role of aggression in the formation of human relationships is not distinguished in
Ridley’s comment from its often futile or tragic role in attempts at relationship
maintenance, nor is the vernacular sense of the term competition effectively dis-
tinguished from the technical sense, rendering his remarks somewhat misleading.
Aggression plays at best a ritualistic role in human mate-selection (tournaments,
etc.), and while men initiate, or decline to initiate socio-legal marriage propos-
als in most societies, the preferences of women are decisive at very early stages
of courtship, rendering aggression somewhat beside the point. Women appear to
have an innate or easily learned mastery of “courtship de-escalation strategies”
[Moore, 1998], and female dominance in this realm has been observed in elephant
seal, mice, fish, rats, gorillas, monkeys and birds [ibid.].

Women’s capacity for attachment meanwhile is a salient feature of the pheno-
type, evidently distinguishing women from peahens. Its adaptive significance is
unclear. Love has been hypothesized as a form of stop! command that “may
facilitate rapid decision by putting strong limits on the search for information or
alternatives,” insofar as checking out many potential partners wastes time and
the best discarded candidates are unlikely to remain available [Gigerenzer et al.,
1999, 292, 363]. But it may also be the case that, as with birdsong, nature has
invented the keys needed to unlock certain locks. Dawkins’s suggestion that the
effects animals exert over each other serve their own interests, not that of their
helplessly mesmerized targets, is worth considering in this connection.

“In principle”, as many evolutionary theorists never tire of pointing out, a man
can father thousands of children — and neglect them too. A man can have —
and some men with extraordinary coercive powers, economic leverage, or a flair
for deception do have — two or more full-term children whose birthdays are nine
months apart or less, whereas a woman cannot and no women do. An average
man is, however, statistically no more likely to father a child every time he takes a
different woman to bed than every time he takes the same woman. Since he is in
competition with other men, many of his attempted seductions will not succeed,
and most of his successful seductions will not result in a child. As astonishing as
it might seem, the average number of offspring an average man can expect to fa-
ther is exactly the same as the average number of offspring an average woman can
expect to bear! Under conditions probably obtaining in the Early Adaptive Envi-
ronment — a low fat diet, consumption of fertility-depressing phytoestrogens, and
prolonged lactation — this number was probably 4-5. The variance between men
in this respect may have been considerable, but we do not know how great it was in
earlier environments. Nor do we know how much of this variance depended on be-
havioural strategies, including promiscuous or nonpromiscuous sexual behaviour,
paternal and spousal care, the provision of food, or status-seeking, as opposed to
nonbehavioural but potentially equally effective biological strategies such as pos-
sessing good looks, or a good immune system, or other such characteristics. In
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the absence of this information, it is hard to tell what behavioural strategies were
selected for. The assumption that women derive a benefit from their social asso-
ciation with men is clearly inconsistent meanwhile with the assumption that men
rely on women to “take it from there” once they are impregnated. The same point
holds for women; we do not know how much of the variance in female reproduc-
tive success depended on individual behavioural variables, including promiscuity,
fidelity, maternal care, caretaking of males, or aggression towards other females or
their offspring. Nor do we know how much depended on behavioural vs. nonbe-
havioural strategies including the possession of good looks, intelligence, or a good
immune system.

Studies of revealed preference shed less light on the question of male and female
traits selected for than is generally supposed. In a large cross-cultural study of
more than 10,000 individuals, David Buss found that, while both sexes overwhelm-
ingly regarded intelligence and kindness as their main criteria in selecting mates,
men preferred young and physically attractive mates, whereas women attached
less importance to age and physical appearance and more to economic advantage
[Buss, 1989]. This finding might seem to license the conclusion that women who
allocate time and effort to establishing lucrative careers will place themselves at a
disadvantage relative to women who marry young and allocate time and effort to
beautification, and that the former ought to be dissuaded from career pathways
that are advantageous to men. A similar conclusion might be drawn from the
much-discussed male preference for particular female waist-to-hip (WHR) ratios,
which men are able to discriminate very accurately, and which are hypothesized
to be reliable signals of fecundity [Singh, 2002]. It might seem rational, in light of
this datum, for men and women to allocate their efforts differently if their main
goal in life is to attract a large pool of potential mates or to have as many children
as possible.

It is unlikely, however, that women evolved chiefly to give reliable signs of
fecundity and to devote the majority of their efforts to giving unreliable signs of
fecundity by way of time-consuming beautification to the exclusion of other forms
of achievement. Buss’s research has been criticized as unilluminating, since the
respondents were all university educated and the cultures studied were those in
which a woman’s status and well-being depended significantly on her husband’s
income [Boyd and Silk, 1997, 645-7]. In the early adaptative environment, female
status, whatever it depended upon, could not have depended upon this. Moreover,
the rigours of the early adaptative environment, the need for social intelligence,
vigilance, competence at provisioning, and teaching ability on the part of successful
mothers, make it unlikely, as Hrdy points out, that the Pleistocene woman who
relied on her beauty to pull her offspring through left many descendants [Hrdy,
1999, 24]. Tt also renders it unlikely that men who selected mates chiefly on the
basis of the WHR did so either.

Women’s alleged preference for older and more established mates, it should be
noted, does not translate either into a direct preference for such persons as sexual
partners, as opposed to protectors and nurturers, nor into a direct preference
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for high-earners. While meat in large quantities can only be supplied by male
hunters, women in hunting and gathering societies meet most of the nutritional
needs of their communities, by gathering, digging, trapping, and fishing. Only in
large, hierarchically-organized societies in which women’s economic activities are
formally constrained does earned, appropriated, and inherited wealth become a
scarce and necessary good, to obtain a share of which women will make evident
sacrifices. In any case, it would be difficult to mount an argument that social
institutions and educational systems ought to assist women in pursing the goal of
an excellent WHR, rather than in their intellectual development or maximal use
of talents.

6 MORALITY AND THE MARITAL COMPROMISE

The notion that human marriage is a compromise between the male preference
for polygamy or free-ranging bachelorhood (as opposed as these strategies are)
and the more uniform female preference for lifelong monogamous commitment
is not well-supported by observation. Rather, in addition to patterns of sexual
receptivity that correspond to lunar months and to the seasons, there appear
to be longer cycles of emotional receptivity determining the timing of human
association and defection. A spontaneously arising and collapsing pair bond of
four to seven years duration, punctuated by opportunistic excursions, appears to
be natural for both sexes, with women’s selectivity in the latter regard somewhat
higher than men’s, as the evolutionary theorist would predict. The wastefulness
of relentless and futile seduction efforts by males, together with the sacrifices for
both sexes of strict monogamy, suggest that a mixed strategy will be realized,
either, as Trivers suggested, as a polymorphism within the group, with various
temperaments representing a variety of strategies, none of which goes to fixation, or
by shifts of habit over the life-cycle of the individual, or in response to surrounding
conditions. As Kitcher remarks, “Males and females can be expected to play highly
complicated conditional strategies whenever evolution has equipped them with the
cognitive capacities required by these strategies” [Kitcher, 1985, 173]. Contrary to
the claim that females overwhelmingly prefer monogamy, it is obvious that females
are “fickle” in the sense that they are likely to revise their initial estimates of mate
quality on the basis of longer experience. Many novels and stories deal with the
profound effects on individuals and on the social fabric of such re-evaluations.
Further, as men are known to defect, die, and kill each other, a rigid monogamy
strategy would be easily invaded by a more flexible temperament. While men
would not tolerate harem-like conditions, DNA analysis has demonstrated that
covert polyandry is more extensive than previously suspected.

The notion that women object less to physical infidelity on the part of pair-
bonded mates than to “emotional” infidelity and the threat of abandonment be-
cause they do not risk raising children who are not their own has been questioned
for both its factual and its explanatory component [Harris, 2004]. Jealousy seems
not to be very differently structured in the two sexes, assuredly not differently
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enough to support a double standard. However, sexual jealousy is a leading cause
of homicide in present-day hunter-gatherer societies [Boehm 2000, 93-4 ]. The im-
position of harsh punitive codes in larger societies with an effective legal structure
is doubtless an attempt to reduce social conflict and forestall lethal outcomes. Such
codes target women’s behaviour presumably under the assumption that women are
easier to control than men are. From a moral point of view, however, despite the
need for effective measures to prevent homicide, such measures as stoning and
ostracism are unacceptable, as is the extra moral burden born by females in this
department.

Marriage — a form of bond that may, but need not be supported by emotional
attachment and exclusive sexual preference — by contrast with the natural pair-
bond, appears to be an institutional solution to a number of problems that did not
manifest themselves in the early adaptative environment. These include the social
usefulness of the exchange of women in cementing relations with neighbouring
tribes, as increasing populations came to encroach upon their neighbours; the
inability of women, in later conditions of urbanization, at all stages of their lives,
reliably to provide for their nourishment and that of their offspring without male
assistance; the inability of men to compete effectively in the public realm in the
absence of a maintenance staff to provide meals, cleaning, and clothing, and the
need for clear lines of inheritance in societies in which wealth is accumulated
and bequeathed by men. These “unnatural” aspects of marriage raise important
questions for the moralist. Would women’s full participation in the labour force,
or different systems of inheritance, render marriage obsolete? Are there reasons
connected with human well-being for encouraging and providing incentives for
marriage?

The tendency of the natural pair bond to degrade can be countered, wherever
sentiment is insufficient, by constraining forces or appropriate ideation. Whether
it is worthwhile on a social or individual level to invest effort in marriage depends
on the value attached to its various functions and aims. These include the raising
of children known to be one’s own, the efficient division of labour, the pooling of
resources, the sharing of a history, and safe sex in the psychological as well as the
microbiological senses. Modern societies are notoriously conflicted in that they
are inclined to support the institution of marriage by e.g., imposing penalties on
defectors and making their exit as complicated and unpleasant as possible, at the
same time as they attempt to show compassion for unhappily trapped individuals
by easing on the price of exit. The proper balance is a matter for debate, but
the suggestion by some authors that whimsicality and intolerance [Cere, 2001]
must lie at the heart of all marital breakups does not take into account either the
capacity of humans to learn about other people from experience, or their capacity
for making others near them miserable.
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7 ENHANCEMENT NORMS AND CONTROL NORMS

An anthropologist studying human social systems might observe that human be-
ings employ both what might be called “control norms” and what might be called
“enhancement norms”, and that many social rules are fusions of the two types.
“Control norms” target natural dispositions as needing to have their expression
blocked. Examples of control norms are the proscriptions on the murder of an-
noying persons, or useless and possibly dangerous strangers, lying for personal
gain, and the stealing of valued resources from persons helpless to defend them.
Enhancement norms, by contrast, have a quasi-aesthetic character. They elevate
observed tendencies to the status of obligations, or demand that actions be prac-
ticed with special intensity, or that attributes be exaggerated for effect. Men’s
wristwatches, for example, are standardly twice the size of women’s, though men
do not have wrists twice as thick, but only somewhat thicker.

Both the ideal of monogamous marriage and the special exemptions offered by
the double standard qualify as enhancement norms, for they transform tenden-
cies — the pair-bonding instinct, women’s greater and men’s lesser selectivity —
into obligations and permissions. They also function as control norms, proscrib-
ing behaviour that would occur more frequently in the absence of the norm and
its mechanisms of enforcement. The norm that mandates that mothers abandon
economic activity outside the household to care for their own children is an en-
hancement norm, since all primate females are somewhat encumbered by their
young and by maternal care. But it is also a control norm in human societies,
for the primate mother does not experience such severe restrictions on her mobil-
ity, and may receive considerable help from her relatives and from young females
desiring practice with infants, while she engages in foraging or socializing [Hrdy,
1999, 4971t ]

To evaluate the claim that the division of labour, social roles, and entitlements
by sex is morally legitimate, we would have to know how to determine, measure,
and compare the morally relevant gains and losses of various possible systems. The
suppression or alteration of psychological tendencies, such as women’s diffidence
and modesty, or men’s general inability to feel seriously intimidated by women, the
additional educational resources needed to develop women’s interests in the most
“inhuman” branches of science and technology, the large social investment that
would be required to provide child care equivalent to that historically provided by
mothers, all represent large social costs. The gains, however, measured in terms
of the overall appearance and functioning of the present world and the realization
of ideals such as development of autonomy in individuals and the elimination of
all residual forms of slavery are also considerable. The vernacular possibilities of
parasitism and obsolescence, understood in a sense analogous to Dawkins’s, make
it implausible to suppose that women’s more restricted lives are in the interests
of the persons living them. Like the addictive behaviour of the cuckoo’s foster-
parent, some typical-seeming aspects of women’s behaviour may be triggered by
irresistible stimuli without stemming from their more authentic drives and inter-
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ests. Or, under modern conditions, women’s evolutionarily-developed preferences
may no longer correspond to their all things considered interests, their actual com-
petencies, or the benefit their greater participation would in fact bring in terms of
the peacefulness, health, political stability, and aesthetics of the common world.

While Evolutionary Ethicists tend to regard convergence towards a single norm
as an example of the attempted override of a natural system that is bound to pro-
voke confusion and resentment, defenders of the single norm insist that the high
degree of polarization of modern societies is itself an example of override by non-
biological replicating memes. For it is a feature of the human phenotype that it is
capable of generating and maintaining institutions, elements of the extended phe-
notype, that serve some interests at the expense of others. A better understanding
of human nature promises, in Pinker’s very appropriate terms, “a naturalness in
human relationships, encouraging us to treat people in terms of how they do feel
rather than how some theory says they ought to feel”. Certainly, additional incre-
ments of effort would be required to e.g., teach or acculturate women to smile only
as much as men do, and additional increments of effort (or perhaps just large doses
of drugs) would be required to e.g., teach or acculturate men to care for infants
with the same success rate in keeping them alive as women. But the notion that
the costs of greater equality require these sorts of adjustments, and that the costs
of more relevant adjustments are unpayable, is untenable.

It is useful to remember that psychological dimorphism is constrained by the
same features as physical dimorphism and that, embryologically, males are modi-
fications of the underlying female type. The remarkable shift of attitudes within
a single generation in Europe and North America with respect to direct paternal
care is significant in this connection, in showing that Barash’s casual view that
males “rely largely on the females to take it from there” ignores certain latent
potentials that the naturalist Réamur noticed in the 18" century and that Dar-
win commented upon in 1875. “A cock, by being long confined in solitude and
darkness, can be taught to take charge of young chickens; he then utters a pecu-
liar cry, and retains during his whole life this newly acquired maternal instinct.”
[Darwin, 1875, II: 26-7] That such drastic priming measures are not needed in
human beings [Hrdy, 1999, 205ff.] is indicated by the fact that this shift, though
triggered by abstract philosophical considerations of equality, seems in many cases
to reflect the revealed preferences of men, preferences that could not be expressed
without shame in earlier two norms systems.

To summarize, the study of reproductive strategies has the potential to shed
a great deal of light on moral and social issues, ranging from childcare and the
division of labour, to divorce and inheritance laws, and the function of education
in both enhancing existing competencies and in compensating for or controlling
deficiencies and imprudent tendencies. Yet it is the sector of evolutionary theory
most liable to confusion and distortion. It resembles in this respect earlier dis-
courses on sexuality [Foucault, 1988, 54 et passim; Kitcher, 1985]. It is striking,
for example, how little effort is often made to think through the consequences of
the limited and obscurely signaled fertility of human females by contrast with that
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of most mammals, and how inconsistent with the premise that feminine beauty is
the chief qualification in the human mating system the premise that most of the
work of childcare is performed by women is. The notion that conflict pervades the
relations between the sexes because polygyny is natural for men and monogamy
for women oversimplifies a complicated dynamic, and while fantasy is a source
of revealed preferences, the frequent intrusion of harem imagery into discussions
of human propensities is at odds with the observation that harem-formation and
maintenance is not practical in hunter-gatherer societies and is unlikely to repre-
sent the original mating system of human beings.

It seemed evident to the ancients that nature had intended women for child-
bearing and maintenance activities, and that women were to be assessed in terms
of those functions, and that nature had intended men for the participation in the
legal, intellectual, military, and political institutions that constituted the rest of
human life. Contemporary moral theory, by contrast, operates with notions of
agency that give no weight at all to constraints imposed by sex, with the some-
what paradoxical result that observed discrepancies in the overall well-being of
men vs. the overall well-being of women emerge as morally irrelevant. The two
norms theory thus seems established by fiat in traditional moral theory and by
default in modern. Evolutionary Ethics is capable in principle of offering a third
and distinct perspective, an alternative to universalist indifference, as well as to
the absurdities of cosmological deductions of men’s and women’s roles. The plain
fact is that nature “intends” both sexes for reproduction.

8 THE OPEN QUESTION ARGUMENT

The foregoing discussion suggests that evolutionary theory has the power to il-
luminate many of the conflicts and struggles experienced by individuals as well
as the difficulties involved in framing appropriate social institutions. But can it
do more than illuminate problems? Can evolutionary theory also point the way
towards solutions?

The traditionalist acknowledges that humans evolved from nonhuman primate
ancestors, that they possess psychological and behavioural traits that, like their
morphological and physiological traits, have been shaped by environmental pres-
sures and competition with conspecifics, and that some of our current traits are
shared with successful ancestors, while others represent species-specific innova-
tions. He may readily agree that the behaviour interesting to the evolutionary the-
orist — aggression and pacification, altruistic and co-operative behaviour, parental
care, parent-offspring conflict, the division of labour, acquisition and sharing, and
the struggle for status and dominance — is the same as the behaviour interest-
ing to the moralist. He may even agree that many features of human social life
that we are antecedently disposed to regard as good, such as co-operation and
parental devotion, seem to lend themselves to explanation by reference to compe-
tition and selective pressures. The theory of evolution can probably explain why
we are suspicious of people with different facial features (they might be hostile and
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dangerous); like sweet and salty foods (they contain rare and needed nutrients);
and even why psychopathic leaders can dominate entire countries (we are disposed
to trust people who appear confident). Natural selection can also presumably ex-
plain why we like stimulants and depressants such as alcohol, caffeine and tobacco;
this liking is a byproduct of chemical receptors evolved for other vital purposes.
Parent-offspring conflict in adolescence, and the intergenerational hostility that
results not only in the complex sanctions placed on young people’s desires, but in
young men being sent to war, to the distress of their mothers, by older men, has a
rather obvious potential explanation in terms of reproductive competition. Even
the liking for risky behaviour on the part of young men, the cause of so many
social problems, may have an explan