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Foreword

The Masterclass series of eBooks brings together pedagogical articles on single broad top-

ics taken from Resonance, the Journal of Science Education, that has been published monthly

by the Indian Academy of Sciences since January 1996. Primarily directed at students and

teachers at the undergraduate level, the journal has brought out a wide spectrum of articles in

a range of scientific disciplines. Articles in the journal are written in a style that makes them

accessible to readers from diverse backgrounds, and in addition, they provide a useful source

of instruction that is not always available in textbooks.

The sixth book in the series, ‘From So Simple A Beginning... The Expansion Of Evolu-

tionary Thought’, is a collection of Resonance articles about scientists who made major con-

tributions to the development of evolutionary biology, starting with Charles Darwin himself,

collated and edited by Prof. T. N. C. Vidya of the Evolutionary and Organismal Biology Unit

of the Jawaharlal Nehru Centre for Advanced Scientific Research, Bengaluru. Prof. Vidya is a

widely recognized expert on Asian elephant social organization, behaviour, and ecology and, in

addition, teaches and carries out research in diverse areas of ecology, evolution and behaviour.

Her research is an elegant and effortless blend of painstaking field ecology and conceptually

rich theory in several areas within ecology and evolutionary biology. She has also been a con-

tributor of pedagogical articles to Resonance, and has been an Associate Editor of Resonance

since 2017.

As always, this book will be available in digital format, and will also be housed on the

Academy website. Especially in view of the neglect of evolutionary biology as a discipline in

India, it is hoped that this book will be valuable to both students and teachers as a resource with

which to supplement textbook material on evolution. The book should also be useful to experts

as a convenient handbook on diverse aspects of the historical development of evolutionary

thinking.

Amitabh Joshi

Editor of Publications

Indian Academy of Sciences

March 2019
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Preface

I am delighted to present to you this compilation of articles, published previously in Reso-

nance, as a Biology Masterclass. Arranged roughly in chronological order, these articles give

us insights into the lives and work of several great thinkers who made outstanding contributions

to the idea of evolution and the growth of evolutionary biology. As this book includes only pre-

viously published articles, it is not a comprehensive list of all great evolutionary biologists, but

does include many of them.

We begin the book with a broad account, by Renee Borges, of the history of evolutionary

thought prior to Darwin, Darwin’s thoughts on evolution through natural selection and on in-

heritance, and the subsequent Neo-Darwinian synthesis. She then describes the thinking about

the levels of selection, kin selection and reciprocal altruism, and the origin of sexual reproduc-

tion. This chapter is followed by Vidyanand Nanjundiah’s description of the course of events

that led to the publication of the Origin of Species and an exposition of its contents. Nanjundiah

explains the crux of evolution through natural selection and clarifies common misconceptions.

As Nanjundiah points out, it is impressive that Darwin formulated his theory without a knowl-

edge of either the origin of variations or the mechanism of heredity. However, as he also points

out, with the examples of Newton’s theory of gravitational attraction and formal theoretical ge-

netics, “An underlying mechanism for implementing the assumptions of a theory is something

to be prized, a bonus. But it is not essential.” This, along with the simplicity of Darwin’s the-

ory are worth keeping this in mind in an age when detailed molecular mechanisms are thought

to be essential to biological explanation. While explaining how the Origin demonstrated the

coming of age of biology, Nanjundiah also importantly argues why and how biology is dis-

tinct from the other natural sciences. This is again worth remembering in the present time

when there are attempts to view biological systems as physical or chemical systems, devoid of

biology. Haeckel had also argued for recognising evolutionary biology and ecology as being

fundamentally different from a science like physics.

In the third article of the book, John S Wilkins examines the relevance of individual scien-

tific heroes (Darwin being the primary example) and how individuals are prone to be glorified

or vilified rather than being considered as humans with various facets. As science is a collab-

orative enterprise that builds upon ideas and information that previously exist, it is essential to

realise the context in which individuals contributed to ideas and to recognise others who may

have contributed to their thoughts. In Co-discoverer by Vidyanand Nanjundiah, we obtain an

account of Wallace’s voyages and how he conceived of evolution through natural selection. Al-

though a co-discoverer of evolution by natural selection, Wallace is more famous for his work

on biogeography, being interested in how species were distributed and how they changed.

We then move on to articles about the German biologist, Ernst Haeckel, by Amitabh Joshi,

who considers Haeckel, along with Darwin and Mendel as “perhaps one of the three most

consequential biologists of the nineteenth-century”. Hailing from the romantic tradition of

holistic German biology, Haeckel was quick to appreciate and propagate the idea of natural
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selection, including its applicability to human behaviour, and offer empirical support for nat-

ural selection based on his work on radiolarian structure and ecology. Amitabh Joshi also

writes about W F R Weldon, who painstakingly studied the distributions of quantitative traits

and trait correlations in natural populations of crustaceans in order to infer different kinds of

selection faced by populations, and to demonstrate natural selection in action. The historical

background about Galton’s predictions, the biometrician-Mendelian debate in evolutionary bi-

ology, and Karl Pearson’s contributions are also expounded upon. From ‘Particulate Factors’

to ‘Designer Genes’ provides a brief history of the understanding of heredity obtained during

the 20th century after the rediscovery of Mendel’s laws, and how the laws still largely hold true.

We then have articles (by Amitabh Joshi, Vidyanand Nanjundiah, and Partha Majumder)

on Fisher, Haldane, and Wright, who, along with Chetverikov, laid down the theoretical foun-

dations of population genetics. R A Fisher resolved the biometrician-Mendelian debate by

showing that discontinuous inheritance was compatible with continuous variation and evolu-

tion: quantitative genetics was thus born. He also developed theories to explain the evolution

of dominance and heterosis, genetic drift, equal sex ratios, and elaborate sexually dimorphic

ornamentation. J B S Haldane contributed to pioneering work on genetic linkage, examined the

numbers and frequencies of genes under various population genetic scenarios, and also con-

tributed to the growth of evolutionary biology in India. Sewall Wright investigated the genetic

structure of populations in the face of natural selection, mutation, migration, and nonrandom

mating, and proposed measures of population sub-structuring. Moreover, he worked out the

effects of genetic drift on genetic variation and changes in gene frequencies and is also known

for his Shifting Balance Theory of evolution.

After Fisher, Haldane, and Wright, we have articles on Dobzhansky and Waddington. Two

chapters, written by Bimalendu Nath and Amitabh Joshi, respectively, describe Theodosius

Dobzhansky’s contributions. Dobzhansky worked in the area of evolutionary genetics and used

natural history and lab experiments to understand evolution. His empirical demonstration of

the adaptive significance of chromosomal rearrangements in Drosophila is described in some

detail by Nath. John T Bonner, himself an outstanding developmental and evolutionary biolo-

gist who recently passed away, has written an introduction to Conrad Waddington, who linked

development and developmental genetics to evolution. Vidyanand Nanjundiah elaborates on

Waddington’s work, highlighting his exquisite experiments on canalisation and genetic assim-

ilation. His experiments showed that development could be buffered such that different genetic

variants gave rise to similar phenotypes. Such buffering would be advantageous if the pheno-

types were adaptive.

We then move on to John Maynard Smith and William Hamilton. John Maynard Smith

applied himself to various conceptual issues in evolution, ranging from the units of selection

to the maintenance of sexual reproduction, the evolution of social strategies in animals, which

was studied using Game Theory, the evolution of complexity, and constraints on evolution (ar-

ticles by Amitabh Joshi, Raghavendra Gadagkar, and Vidyanand Nanjundiah). In collaboration

with George Price, he pioneered the concept of the evolutionarily stable strategy and explained

how individuals should optimise their behaviour, and also why restrained aggression was often
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observed between individuals in animal populations. Although Haldane, Fisher, and Darwin

had had some ideas to explain altruistic behaviour, William Hamilton was the first to formally

explain apparent altruism. Raghavendra Gadagkar describes how Hamilton invoked the con-

cept of inclusive fitness, such that altruistic acts increase the transmission of gene copies even

if the altruistic individuals themselves do not reproduce, to resolve the problem of altruism.

The last two biologists featured are Nikolaas Tinbergen and Amotz Zahavi. Tinbergen was

one of the founders of ethology (the other two being Konrad Lorenz and Karl von Frisch).

Raghavendra Gadagkar succinctly summarises Tinbergen’s most influential paper, in which he

reflected on the field of ethology and laid out the four questions that would be important for

ethologists to address while carrying out their research. Sindhu Radhakrishna describes Tin-

bergen’s life and work, highlighting his carefully designed field experiments and use of natural

observations on a variety of species to understand the evolutionary contexts and adaptiveness

of behaviours. Amongst other things, Tinbergen worked on supernormal stimuli and their re-

sponses, and explained their prevalence based on possible adaptiveness of these behaviours

(article by T N C Vidya). Amotz Zahavi was known for his nonconformist ideas and proposed

the information-centre hypothesis in the context of communal roosting by birds, and the hand-

icap principle in the context of energetically expensive physical or behavioural phenotypes

shown by various species. Manjari Jain describes this work, as also Zahavi’s contribution as a

conservationist.

The last two chapters of the book, by Amitabh Joshi, impress upon the reader, the in-

tellectual importance of the idea of evolution, the domain of evolutionary biology, and sub-

disciplines within evolutionary biology. As Joshi writes, “No other idea in biology has the

sweep and the scope of evolution which encompasses both the diverse and striking particular-

ities of life, as well as the equally impressive similarities among lifeforms.”

Although John S Wilkins stresses that it is important to separate the science from the sci-

entist, and it is possible that there is reporting bias, it is difficult not to notice how nice some

of the scientists described in this book were. In Co-discoverer, Nanjundiah writes “Wallace’s

reaction to The Origin was handsome beyond belief: ‘Mr Darwin has given the world a new

science, and his name should, in my opinion, stand above that of every philosopher of ancient

or modern times’. To Bates he said ‘I do not know how, or to whom, to express fully my ad-

miration of Darwin’s book. To him it would seem flattery, to others self-praise; with however

much patience I had worked and experimented on the subject, I could never have approached

the completeness of his book ...’. Darwin reciprocated just as warmly, and with keen under-

standing...” In his biography of Haeckel, Amitabh Joshi writes about Haeckel’s meeting with

Darwin “Haeckel later recalled the visit and his first meeting with his idol,... “... the wel-

coming, warm expression of his whole face, the quiet and soft voice, the slow and thoughtful

speech, the natural and open flow of ideas in conversation – all of this captured my whole heart

during the first hours of our discussion.”” Dobzhansky trained and inspired a large number of

evolutionary biologists across the world, and was loved and admired for his personal warmth

and involvement in his work. John Maynard Smith also earned the affection and appreciation

of his students and colleagues, being approachable and helpful, while also being critical about

# 15
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scientific arguments – the distinction between personal and scientific criticism is essential for

the progress of science.

It is also interesting to note that most of the scientists described here were versatile and

proficient in multiple fields of study. Darwin leads the list, having worked on barnacles, earth-

worms, orchids, domestication of plants and animals, and sexual selection, and Wallace was

the founder of the field of biogeography, apart from both of them conceptualising evolution

through natural selection. Haeckel had poetic and scientific sensibilities, carried out natural his-

tory studies, conceptual work, and experimental embryology, and was an artist par excellence.

Fisher laid the foundation of statistics apart from contributing enormously to the foundations

of population and quantitative genetics. Haldane was an excellent geneticist and biochemist in

addition to being an excellent evolutionary biologist and a proponent of quantitative thinking,

a combination that must be very very rare, if indeed it exists today. Hamilton had an excellent

grasp of mathematics and natural history, again a rare combination. Some of these scientists

started out in one field and taught themselves new subjects. Weldon studied embryology and

morphology and later learnt statistics to empirically test natural selection. Maynard Smith ini-

tially studied aeronautical engineering and obtained a second degree in biology. As Nanjundiah

writes about Waddington, “a diversity of tastes and the desire to bring together concepts from

different areas...” seem to characterize many great biologists. Clearly delineated subjects in

school and college today with few links between them jeopardize the fostering of such connec-

tions in the minds of students. Some of the biologists featured in this book, including Haldane,

Haeckel, and Darwin, also wrote for the public and were excellent science communicators.

We also find from accounts of these different scientists that it is important to make clear

predictions or assertions even if they eventually turn out to be wrong. For example, there

were many wrong turns during the initial search for the mechanism of heredity. It is also im-

portant to raise logical arguments even if the underlying assumption is wrong. As Amitabh

Joshi writes in an article on Weldon, “Jenkin’s critique is an excellent example of how one can

raise very valid and important points, even though the motivations may be completely wrong

in the sense of being based on anachronistic beliefs. This often happens in science and is a

good reason for always following and debating the actual arguments rather than the position

or ‘camp’ espoused by the person putting them forward.” Scientific arguments help science

by spurring on attempts to falsify hypotheses, allowing only the best hypotheses to stand the

test of time. Although the debate between Wright and Fisher about the shifting balance the-

ory was bitter, it highlighted the need for empirical data and fostered excellent field studies in

evolution by groups led by Dobzhansky in the USA and Ford in the UK. Zahavi’s bold hypothe-

ses initiated studies aimed at refuting them, which led to major advances. Group-selectionist

arguments were criticised seriously after Wynne-Edwards wrote his book advocating group-

selection. Thus, as one of my best teachers, Prof. Raghavendra Gadagkar, often says, being

spectacularly wrong (and leading others to recognise the problem) may be of greater service to

the field than being slightly correct!

It is also important to realise that ideas are not born of a vacuum and are often tied to the

prevailing intellectual atmosphere and the social milieu. So it is, that multiple people may
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envision similar ideas at the same time (Darwin and Wallace; Fisher, Haldane, and Wright)

and, conversely, an idea may be ahead of its time and not be acceptable because of prevailing

notions to the contrary. As Bonner writes, Haeckel “made some bold strokes” to weld together

development and developmental genetics with evolution, “but the time was not right and his

ideas were pushed aside and buried under a heap of not very profound objections.” Mendel

had also been ahead of his time.

As perhaps evident, the title of this book is borrowed from the closing sentence of the

Origin, which says “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.” Darwin also wrote in Chapter 4 of the

Origin “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 all the other branches;... 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.” The history of evolutionary thought has also not been

linear but has been rather bush or tree-like. Ideas may drift, go extinct, expand and proliferate,

much like the branches on the ‘Tree of Life’.

I thank Amitabh Joshi for the suggestion to put together a Masterclass in biology and

all the authors for permissions to reprint these wonderful articles. I thank Geetha, Pushpa,

and Srimathi for the production, especially Srimathi, without whose extreme efficiency and

nudging, this book would not have come out on time. I also thank Subhankar for the appealing

cover.

I hope this book will be a useful resource for teachers and students of the subject.

T N C Vidya

Jawaharlal Nehru Centre for Advanced Scientific Research

(JNCASR), Jakkur, Bengaluru

March 2019
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Revolutions in Evolutionary Thought: Darwin and
After∗

Renee Borges
Centre for Ecological Sciences, Indian Institute of Science, Bengaluru 560012, India.

Darwin is as much a household name today as he was a century and a half ago.

Phrases such as Universal Darwinism, Social Darwinism, The New Science of Dar-

winian Medicine, Darwin Machines, Darwin’s Dangerous Idea, The Universal Acid

of Darwinism, Neo-Darwinism, Darwin is Dead – Long Live Darwin ... are in com-

mon usage today. Darwin stands out as a colossus – a giant among giants. A progres-

sion of great thinkers led to Darwin. Who were these revolutionaries and what are

the frontiers of modern evolutionary thought? Some of these questions are addressed

in this article.

Essentialism

Let us begin with a little history. The early pre-Socratic philosophers believed that all life

was generated spontaneously from inorganic elements like fire and water. For them, life forms

were constituted without a predetermined goal, without a teleological∗∗ purpose. Evolutionary

thought may have made significant progress under these philosopher-scientists but for Plato

who has been described by the evolutionist Ernst Mayr as the “great anti-hero of evolution”.

Plato’s essentialism implied that the world was composed of fixed, immutable entities. Aristo-

tle followed Plato and Aristotle’s world too was eternal and unchanging. Origins by creation,

yes, but evolution, no!

The Age of Reason and Enlightenment

The rise and spread of Christianity with its biblical chronologies for world events provided a

powerful intellectual strait-jacket. The hegemony of creationism was firmly established; all

else was blasphemy, a situation made worse by the fundamentalism of the Reformation. Major

cracks in this worldview began to appear by the 16th century. The Copernican revolution (1543)

toppled the Ptolemaic view of the earth as the centre of the planetary universe. Galileo (1610)

looked out into the heavens and saw new stars and new moons and thus stretched the limits

of known space. The Newtonian revolution at the end of the 17th century gave a mechanistic

approach to nature and suggested that the universe was working according to natural physical

laws. During the Age of Reason and Enlightenment in the 17th and 18th centuries, free thinkers

∗Reproduced from Resonance, Vol.14, No.2, pp.102–123, 2009.
∗∗The study of evidence for end-directed design in nature.
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Renee Borges

began to stress the need for rational explanations for natural phenomena. ‘Profane’ literature

started to appear. Fontenelle (1686) postulated the existence of living beings on other planets

in his ‘Conversations on the Plurality of Worlds’. He proposed the infinity of the solar system

and the infinity of time and space. Even the great German philosopher Immanuel Kant (1755)

devised the Nebula Theory in which the galaxies, sun and planets were supposed to have been

formed out of a chaotic nebula. Scientists and philosophers were seeking ultimate truths and

were not satisfied with religious revelations. Thinkers were divided into theists, deists and

atheists. The theists were those who believed that God set the universe in motion and then

intervenes, performing divine acts to create species. The deists believed that although God set

the universe in motion, the divine being only created natural laws; God does not subsequently

intervene but allows the universe to function according to these laws. The atheists deny the

existence of God.

Evolution in France

Many revolutions in evolutionary thought occurred in France in the 17th and 18th centuries.

The great French naturalist Comte de Buffon was impressed by Newtonian ideas of natural law

and was the first to clearly articulate the concept of common descent – some species looked

similar probably because they descended from common ancestors. He speculated that just as

men and apes could have had a common origin, so could various species of domestic livestock

be related to wild forms. He also privately believed, contrary to biblical dogma, that the earth

was at least half a million years old. As a Christian, however, he was intimidated by the

authority of creationism and, even in his writings, chastised himself for such speculations. For

his radically new perspectives, Buffon is considered to be the Father of Evolutionism.

Buffon was followed by Lamarck. Jean Baptiste de Monet, Chevalier de Lamarck, was

the curator of invertebrates in the Natural History Museum at Paris. He could see numerous

examples of the extinction of species in the fossil record. Yet he could not reconcile extinction

with the established concept of a ‘perfect’ God – surely such a God would not annihilate His

own creations? Lamarck attempted to resolve this dilemma and explain the disappearance

of species by proposing that species do not go “extinct”; they are merely “transformed” in

response to changing environments. A new environment would create a need for a new body

function or would make an older body function superfluous. Certain “subtle fluids” would

migrate to parts of the body needing modification and would form new organs: the redundant

organs would wither away by disuse. New or modified body parts thus acquired during the

lifetime of an organism would be passed on to its progeny. Lamarck didn’t know exactly how

these changes were inherited, but he postulated that all life forms from the simplest to the

most complex were linked by such transformations leading to increasingly greater perfection

and culminating in man. Although there were several critics of Lamarckism, evolution by the

inheritance of acquired characters was the only theory of evolution when Darwin appeared on

the intellectual scene in Victorian England.

# 2

2



Revolutions in Evolutionary Thought: Darwin and After

The Orthodoxy in England Shaken

The hallowed universities of Oxford and Cambridge were the strongholds of the clergy and

aristocracy and attempted to control seditious thought. Blasphemy was an offence punishable

by imprisonment. Yet, conformism to creationist views and literal interpretations of the Bible

could barely be disciplined. Geologists were finding that the earth had great antiquity, many

hundreds of millions of years compared to the 4004 BC date ordained by Archbishop Ussher

for the creation of the earth. The evidence for species extinction was mounting. There was

the problem of providing a biblical explanation for disjunct distributions of the same or similar

species across the globe. Sea voyages and explorations were bringing in vast numbers of life

forms, including reports of types of human beings, never mentioned in the Bible. If God created

man in His own image, how could the diversity of human groups be accounted for? How could

one explain homologous body structures which appeared to indicate common shared origins

such as the wings of birds and bats and the limbs of mammals? The number of issues on

which the credibility of the biblical account of nature was being questioned kept growing.

This was also the time of the industrial revolution when belief in the universal applicability

of Newtonian physics and in mechanistic processes was increasing. The deists were gaining

ground. The strong nexus between science and religion controlled by the Anglican Church was

being threatened.

Church leaders, royalty, and the aristocracy in Victorian England were also afraid of what

had happened only a few decades ago across the Channel in France – the French Revolution

of 1789 had abolished hierarchical privileges. The demands for democracy, equal rights and

universal suffrage were in the air, and were even the cause of civil unrest and riots. The foun-

dations of orthodoxy were being weakened.

The Age of Darwin

Into such an atmosphere came Darwin (1809–1882), born into a progressive family of Whigs

and Unitarians, to a deist grandfather and a free-thinking father who was an atheist in private

life. In college in Edinburgh, Darwin was exposed to many debates on unorthodox scientific,

religious and social issues and had even witnessed the gaoling of fellow blasphemers. The

major argument being made for creationism against the so-called scientific rabble-rousers was

the ‘Argument from Design’ whose chief proponent was the Reverend William Paley. As a

student in Cambridge, Darwin was required to read Paley’s Natural theology: or evidences of

the existence and attributes of the Deity collected from the appearances of nature. Paley argued

that just as something as efficient and prefect as a watch could only have been designed by a

watchmaker, something as marvelous as the eye could only have been designed by a perfect

deity. Paley saw evidences of divinity in the perfectly adapted forms in nature. Darwin entered

holy orders but was not ordained a clergyman – somehow doubts were nagging.

Darwin went on the epic five-year voyage on the Beagle, and returned in 1836, full of ex-

periences and more doubts. He was especially struck by the island-to-island differences he had
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seen in tortoises, mockingbirds and finches in the volcanic islands of the Galapagos off the

western coast of South America. He was also impressed by the similarity of the mockingbirds

and finches to counterparts on the South American mainland. Species in different geographical

locations were sufficiently similar to be recognized as the same type and yet sufficiently dif-

ferent to be considered as varieties of the same species or even as different species. Darwin’s

belief in the constancy of species, and even in the clear delimitation of species in nature as

ordained by the essentialists and creationists, was shaken.

The Malthusian Paradigm

In 1838, Darwin read the sixth edition of Malthus’ An Essay on the Principle of Population as

it Affects the Future Improvement of Society and crystallized his theory of evolution by Natural

Selection (Box 1).

Darwin had always been an admirer of rigorous, mathematical science. He was impressed

by the logical and mathematical approach of Malthus. Resources can only increase arithmeti-

cally but populations increase geometrically. Some resources, such as space, remain constant.

Demand would very soon outstrip supply. In the struggle for existence only those individuals

who were better adapted to the existing conditions would survive and reproduce. Darwin real-

ized that if there was variation between individuals then the selection process which consisted

of “preservation of favourable variations and rejection of injurious variations” could lead to the

establishment of new forms and new varieties. Darwin called this process of the development

of new more-adapted organisms ‘Evolution by Natural Selection’. Thanks to Malthus, Dar-

win’s revolutionary theory was ready in its basic form by 1838, only two years after his return

from the voyage.

Box 1. Rev. Thomas Robert Malthus (1766–1834)

Who was Malthus – the man considered to be largely responsible for the Darwinian revolution? The

Reverend T R Malthus was an economist for the East India Company. He had witnessed the population

explosions especially of the poorer classes around industrial towns in England during the industrial revolu-

tion. He realized that populations could not increase indefinitely without over-consumption of resources.

This would lead to starvation, greater poverty, disease and death. He advocated that the poorer classes be

denied welfare benefits as this would only encourage them to reproduce resulting in cycles of population

explosions and crashes. A staunch Whig, Malthus was a believer in open competition, denounced charity

as a social evil, and predicted that in the struggle for survival only the most competitive individuals would

win. Darwin was familiar with Malthusian theory even before he had actually read Malthus because the

social impact of Malthusian ideas was being felt in the reformed Poor Laws in which relief for all but the

most destitute was ended. Moreover, Malthus had been popularized by Harriet Martineau, whose novels

were read avidly by Darwin’s sisters. They wrote often about Martineau to Darwin while he was on the

Beagle. In the sixth edition of his famous Essay, Malthus was advocating that the Crown ship the surplus

populations of the poorer classes to colonies like Australia. Emigration was perceived as an answer to

overpopulation.
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Darwin had also developed considerable experience with pigeon breeding. In pigeons and

dogs, he realized the power of artificial selection in creating new forms and varieties. This

strengthened his belief in natural selection. Darwin also began to realize, like Buffon before

him, that all organisms, even man, must have descended from common ancestors. By provid-

ing a plausible mechanism for common descent, Darwin dethroned man from the privileged

position assigned to him in the Bible.

Wallace Converges on Darwin

Darwin’s ideas were heretical yet understandable given the social and intellectual milieu. In

1844, Vestiges of the Natural History of Creation was anonymously published. In this book,

the author (who was subsequently discovered to be Robert Chambers) tried to use natural phe-

nomena to explain the origin of “creation” of all life. He explored connections between life

forms in the fossil record and similarities in the embryological development of groups of an-

imals. Although not a scientist, he was a science-writer and Vestiges was a popular book that

went into twelve anonymous editions – a “must” in Victorian drawing-room conversations.

Darwin was aware that the author of Vestiges wished to remain anonymous for fear of being

ostracized. Darwin had earlier seen how the establishment had dealt with dissenters. And so

he brooded quietly over his theory of evolution for twenty long years, until 1858. He may have

continued to brood, even settling for posthumous publication of his theory, were it not for the

independent discovery of the same theory by Alfred Russel Wallace (1823–1913). Wallace, a

naturalist who had collected specimens in Amazonia and in the Malayan archipelago, had also

been impressed by Vestiges and by Malthus’ Essay and came to the same general conclusions

about the development of new forms‡. Darwin’s friends prevailed upon him to write up his

twenty-year old manuscript and to establish primacy over the concept of natural selection. The

ideas of Wallace and Darwin were jointly presented before the Linnean Society in 1858, and in

1859, On the Origin of Species by Means of Natural Selection, or the Preservation of Favoured

Races in the Struggles for Life by Charles Darwin appeared in print. The year 1859 marks the

crossing of a major frontier in evolutionary thought.

Darwin and Sexual Selection

Darwin also realized that the theory of evolution by natural selection not only applied to the

struggle for survival between individuals of the same species but also to males competing for

access to females (intra-sexual selection) and to females who must select the fittest male (inter-

sexual selection). Sexual selection, as defined by Darwin, is now acknowledged to be a major

evolutionary force responsible for such characters as the magnificent antlers of the stag and the

shimmering beauty of the peacock’s tail.

‡See Resonance, Vol.13, March 2008.
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Gradualism

While several people such as Thomas Henry Huxley initially thought that evolution occurred

in big leaps or saltations, Darwin could not understand how intricate, supposedly perfectly

adapted structures like the eye could arise by saltation. How would the organisms, with the

intermediate structures produced by saltation, survive before the appropriately adapted stage

was achieved? He proposed, therefore, that evolution could only occur by gradual, incremental

changes.

Pangenesis

Although Darwin knew that variation between individuals was the cornerstone of the selec-

tion theory, yet he did not know how variations came into existence. He also did not know

how the ‘favourable’ variations were passed on from one generation to another. Darwin was

still Lamarckian in his ideas about inheritance and he therefore proposed the ‘Theory of Pan-

genesis’ in which each type of body cell produced tiny particles called ‘gemmules’. These

collected together in the reproductive organs and, during mating, combined with gemmules of

the opposite sex to produce offspring with the modifications in body structures acquired by

the parents prior to mating. This theory provided the link between body cells and sex cells

needed for Lamarck’s theory of the inheritance of acquired characters. Since gemmules were

supposed to blend and combine at mating, in order to account for atavisms§ Darwin proposed

that gemmules sometimes remained dormant in the sex cells without being expressed.

The Discovery of Mendel

In 1866, seven years after the Origin appeared in print, Gregor Mendel published a solution

to the problems inherent with pangenesis in the obscure Austrian Journal of the Brno Natural

History Society. Darwin didn’t read Mendel: In fact, Mendel lay unknown till his work was re-

discovered by Hugo de Vries, Carl Correns and Erich von Tschermak in 1900. Working mainly

with pea plants, Mendel found that each trait or character is represented in a fertilized egg by

two particles – one paternally derived, the other maternally. The paired particles always re-

mained discrete, without fusing. Dominance or recessiveness and the independent inheritance

of particles from generation to generation could explain atavisms and variable trait expression

depending on which two forms of the particles came together in the fertilized egg. The proba-

bility of a particular type of trait appearing depended on the number of existing variant forms

of each particle controlling each trait. Mendel derived laws of inheritance which enabled pre-

cise predictions about the inheritance of traits. Still, no one knew how the variant forms of the

particles (or genes) were produced.

§Atavistic traits are those that seem to skip generations; they are present in grandparents or great-grandparents

and in children but are absent from the parents.
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Hugo de Vries arrived independently at the same conclusions as Mendel and was naturally

devastated at having been preempted by Mendel. However, de Vries made his own mark on

evolutionary history by emphasizing the production of genetic variation by a process called

mutation (de Vries’ Die Mutations theory, 1901). In his studies of breeding in the evening

primrose, he once found two plants in an abandoned potato field in Holland which were greatly

different from all the other individuals whose traits he had recorded for many generations. He

realised that a new variety had been suddenly generated. Although he still did not know how

the new variants had arisen, he was prescient and even proposed that subjecting germ cells to

“Roentgen rays or those of Curie” could cause changes in the hereditary particles. He also

found that the mutability of traits differed and aroused great interest in the causes and rates of

mutation.

Dethroning Lamarck

There were other concomitant discoveries which had great bearing on the understanding of

evolution. There was still the problem of reconciling Lamarck’s theory of the inheritance of

acquired characters with the mainstream of evolutionary thought. Darwin had attempted to in-

clude Lamarckism in his pangenesis theory by proposing a feedback loop between body cells

and sex cells via the migration of gemmules from the body to the reproductive organs. How-

ever, many experiments were showing the opposite results. Importantly, offspring of parents

with amputated limbs were born with limbs that were perfectly formed. Such observations

were beginning to dethrone Lamarck. It was in 1883 when August Weismann showed that

germ cells (sex cells) were completely separated from somatic cells (body cells) and did not

communicate with each other, that the case against Lamarckism appeared to be closed. Any

changes in offspring could only occur if these occurred in the germ cells of the parents and not

in their body cells. Change was directed from sex cells to body cells and not vice versa.

Mutations versus Selection

Towards the end of the 19th century, there was an increased understanding of the structure of

chromosomes and their role in inheritance. T H Morgan at Columbia University described and

recorded scores of mutations in fruitflies in the early 20th century and earned for the fruitfly

an important place in the evolutionary Hall of Fame. In the 1920s, H J Muller found that as

predicted by de Vries, bombardment of fruitflies with X-rays caused a 100-fold increase in mu-

tation rates compared to the rate of spontaneous mutations reported by Morgan’s group. This

also provided insights into the chemical structure of the gene (a term coined by W L Johannsen

in 1909 as a short form for pangene, the earlier de Vriesian name for the units of inheritance).

The first quarter of the 20th century was busy with genetic research centred around mutation.

This preoccupation with mutations coupled with the excitement over the discovery of Mendel’s

laws resulted in the widespread view that Darwinism was dead. Evolution driven rapidly by

mutations could replace evolution by natural selection, which was predicted to be an inherently

gradual process.
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Neo-Darwinism

Was Darwinism really dead? The tensions between the mutationists and the selectionists were

resolved when the ‘holy trinity’ of J B S Haldane¶, R A Fisher‖ and Sewall Wright† became

the principal architects of Neo-Darwinism or the ‘Modern’ Synthesis of the 1930s and 1940s.

Neo-Darwinism is basically a marriage of genetics and the Darwinian theory of evolution.

According to the synthesis, small mutations or micromutations were the ultimate source of

variation. Most mutations were believed to have negative or deleterious effects. Evolution was

considered to be a process whereby different forms of a gene (alleles) arising by mutation,

changed in frequency from one generation to another within a population largely under the ef-

fect of natural selection – the favoured alleles increasing relative to the others. Gene frequency

changes due to random processes of genetic drift were also considered. The major difficulty

of reconciling the slow process of evolution by natural selection with the drastic changes in

character brought about by mutation was ultimately resolved by the discovery that many com-

plex traits involved multiple genes. These genes, acting concertedly, could create a spectrum

of phenotypes on which selection could operate.

Macromutations and Neutral Evolution

Cracks in the Neo-Darwinian doctrine soon began to appear. Macromutations were being doc-

umented; sometimes bits of chromosomes were broken off and lost or were added to other

chromosomes during the process of sex-cell formation. Whole sets of chromosomes were du-

plicated in some new plant species. Therefore, gradual changes via micromutations were not

necessarily the norm. In the 1960s and 1970s, it was also discovered that many mutations had

neutral effects; i.e., they did not affect the functionality of the proteins coded for by the genes.

Natural selection is “blind” or insensitive to such neutral mutations and they could persist in

populations or even be fixed within populations by the random processes of genetic drift. The

neutral theory of evolution, in which selectively neutral genetic changes formed the major force

of evolution, was proposed by Motoo Kimura in 1968 and helped to explain many aspects of

molecular evolution.

The Myth of Panmixia

Many of the predictions made by Neo-Darwinists, with regard to changes in gene frequen-

cies in populations under the direction of natural selection, were based on the fundamental

premise of panmixia – a situation in which all individuals within a population select mates

freely throughout the population. However, population geneticists and ecologists of the 1950s

¶Resonance, Vol.3, No.12, 1998.
‖Resonance, Vol.2, No.9, 1997.
†Resonance, Vol.4, No.12, 1999.
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and 1960s began to realise that plants and animals with large geographically continuous pop-

ulations are not necessarily panmictic. Most usually, such plant and animal populations are

sub-divided into smaller local neighbourhoods or sub-populations called ‘demes’ within which

breeding occurs. It also came to be realised that in a large, freely mixing population, the genetic

composition of descendents represents only a sample of all possible genetic combinations. If

the demes are small, then the effects of random genetic drift can be quite pronounced, and cer-

tain genetic combinations may become more common in populations, not necessarily because

of the selective advantages of these combinations but because of the limited number of ge-

netic combinations possible within a smaller population with limited genetic variability. Such

a population could also be undergoing a “random walk” in evolutionary space.

Evolutionists were now being forced to look more closely at population sub-structures. The

experimentalists began to put fluorescent dyes on pollen grains in flowers to follow their trans-

port by pollinators, and to affix radio collars on animals, to actually estimate sizes of plant and

animal demes. There was beginning to be a synthesis between ecology, behaviour, population

biology, genetics and evolution. Evolutionists were coming to appreciate the strong effects of

genetic drift in the evolution of new varieties or even new species especially when populations

were reduced to a few individuals. Severe population bottle-necks can occur due to disease or

when the initial population itself is small as when a few founding individuals arrive on unin-

habited, newly created volcanic islands such as the Galapagos. Geographic isolation between

demes, type and rate of mutation within demes, deme sizes, rates of genetic drift, natural se-

lection – all these were being viewed as important components of evolution. A pluralistic view

of evolution began to emerge.

Levels of Selection

Until the 1960s, it was considered dogma that natural selection acted at the level of the in-

dividual – it was the individual with the relatively better or worse genetic combination that

won or lost the evolutionary race. In the 1960s, another revolutionary idea emerged whose

importance and validity is being debated even today. V C Wynne-Edwards proposed the idea

of group selection according to which natural selection should favour those groups of indi-

viduals that regulated their population size to match available resources so that demand kept

pace with supply. Groups that breed indiscriminately so that they outstripped resources would

not be favoured by natural selection. Prudence would be favoured over profligacy. The group

selection theory incited fierce intellectual debates. Today, although the group selection contro-

versy has not been fully resolved, there is a realization that natural selection can act at levels

above the individual. Consider what happened 65 million years ago. The dinosaurs succumbed

to a natural disaster; tiny shrew-like mammals survived and a mammalian radiation occurred.

Climate changes, predation, disease – these are all agents of natural selection which can also

act at levels higher than the individual. Yet, at the time of the dinosaur extinction, there must

surely also have been individual variation among the shrews – only the better adapted shrews

survived the disaster to become the ancestors of the great mammalian diversity. Evolution-
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ists began to acknowledge a hierarchical process in evolution – selection among individuals,

demes, populations, species, and even above the species.

Kin Selection

Evolutionists were also being forced to find explanations for breeding systems that seemed to

defy the premise of selection at the individual level. In honey bees, as in many insect societies,

only a few individuals (the queens and drones) reproduce. The sterile female worker bees are

seemingly altruistic in aiding the reproduction of the queen and giving up their own changes for

reproduction. W D Hamilton’s Theory of Kin Selection (1964) and concept of Inclusive Fitness

was initially thought adequate to explain this phenomenon. Fitness is a term that quantifies

reproduction. An individual’s fitness is the number of offspring it has produced. At the level

of the gene, however, the fitness of an individual who shares the same genes with another

individual would actually include the numbers of copies of the same genes transferred into

the next generation. The inclusive fitness of an individual would, therefore, not only include

the number of offspring it produced but also the number of related individuals or kin, such as

sisters, uncles, and cousins, who share the same genes, and who could also pass on these genes

to the next generation.

The honey bee female has two sets of chromosomes – one set obtained from her mother

and the other from her father – she is said to be diploid. Male drone bees have only a single set

of chromosomes derived from their mothers; males are haploid. Honey bees therefore have a

haplodiploid type of sexual system. When a queen produces daughters, she fertilizes her eggs

with sperm obtained by mating with a drone; when she produces sons, she lays unfertilized

eggs which bear only a single set of her own chromosomes. When a queen transmits any one

of her paired chromosomes to her daughter or her son, she could transmit either her paternal or

maternal chromosome for each chromosome pair. Therefore, queens and daughters share 50%

of their genes. Similarly, a queen shares 50% of her genes with her sons. Daughters, however

share between themselves, not only maternal genes but also paternal genes whereas sons only

share maternal genes. This means that sisters are more closely related to each other (sharing

75% of their genes) than they are to either their mother or their brothers. Therefore, according

to Hamilton, by the concept of inclusive fitness, it should pay daughters to raise more sisters

than to raise their own offspring. This could then explain the sterility of the workers and the

‘altruistic’ behaviour of the worker bees, and was found to be compatible with selection at the

level of the individual.

Although kin selection has been invaluable in the interpretation of altruistic behaviours,

recently its role in altruism in some insect societies has been questioned. Using DNA finger-

printing, studies of genetic relatedness between members of these societies have shown that

to produce daughters, the queen could be using sperm from multiple matings with several un-

related males. Daughters of the same queen could have different fathers and could therefore

actually be half-sisters. This could cause a reduction in the percentage of genes shared be-

tween some sisters to a level equal to that shared between mother and daughters or sisters and
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brothers. The origin and maintenance of many insect societies is therefore still a difficult prob-

lem in evolutionary biology.

Reciprocal Altruism

If Hamilton’s kin selection theory can explain altruism only between relatives, how can one ex-

plain situations in which altruistic acts occur between unrelated individuals? In 1971, Robert

Trivers, inspired by the musings of Darwin in Descent of Man (1871) and those of the great evo-

lutionary biologist George C Williams in 1966, proposed the Theory of Reciprocal Altruism.

This theory says that even unrelated individuals may perform altruistic acts that might seem to

reduce their own fitness if by doing so they can be assured of receiving reciprocal treatment

when needed. Is there any empirical evidence for such a theory? Surprisingly, the evidence

is mounting. Vampire bats feed on the blood of wild and domestic animals at night. These

bats lose a considerable percentage of their body weight each night in the process of burning

body fuel to keep warm. All bats are not successful in feeding each night. Bats which do not

obtain a blood meal have reduced chances of surviving the night. In a bachelor colony of unre-

lated males, Gerald Wilkinson observed that full males would regurgitate blood to feed hungry

males. By marking individual bats and following their behaviour closely, Wilkinson showed

that males who received regurgitated blood from a particular individual were more likely to

return the favour and regurgitate blood to the same individual when needed. Reciprocal altru-

ism was working. Theoreticians who make mathematical models of cooperative strategies have

concluded that a TIT FOR TAT strategy is one of the most stable evolutionary strategies for

interactants to adopt. Of course, such a strategy could only persist if individuals remembered

both the identities of the interactants and whether the interaction was good or bad, thus ensur-

ing that cheats would not be rewarded. This has profound implications for the origin, evolution

and maintenance of cooperation within animal (and human) societies.

The Selfish Gene

The discovery of the structure of DNA in 1953 by James Watson and Francis Crick led to a

greater understanding of the relationship between the evolutionary history of an organism as

stored in its genes and the function of these genes when translated into proteins. In his famous

book The Selfish Gene, Richard Dawkins in 1976 eloquently made a case for considering indi-

vidual cells containing genes, and bodies made up of cells, merely as vehicles to promote the

propagation of their genes. Through the selfish gene concept, Dawkins provided a powerful

metaphor for natural selection acting at levels, such as the gene level, that are lower than the

individual level. If genes are selfish and are only concerned with their own propagation, what

is to prevent individual genes from taking over cell machinery and making multiple copies of

themselves within a single cell? But this is exactly what is known to happen. We now know

that there are some genes that exist in multiple copies in cells; there are jumping genes called

transposons that hop between chromosomes and leave copies of themselves behind. Some
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forms of genes “kill” or suppress the transfer of other forms of the gene to the developing egg

or sperm cell. We know about ‘selfish’ chromosomes that ‘drive’ cell division processes so that

only one particular type of chromosome is transmitted. What prevents total anarchy among the

genes – a few genes from taking over? According to the evolutionary biologist Egbert Leigh,

it is the “parliament of genes” which prevents any one gene or a few genes from multiplying

indiscriminately. Leigh believes that for every wayward, rebellious gene that starts to multiply

within a cell, there will be a sufficient number of suppressor genes to counteract the runaway

process. If cells and bodies are considered vehicles of genes without which genes cannot mul-

tiply indefinitely, then the survival and successful multiplication of cells and bodies is also vital

to the survival of the genes. This probably explains why the incidence of wayward genes is

relatively low in normally functioning cells. Selection and fine-tuning is occurring at the level

of the genes and the ‘parliament of genes’ actually works.

Why Sex?

When diploid individuals reproduce sexually, each individual transmits only half its genetic

material to the embryo – an egg or sperm has only one set of chromosomes. Fertilisation re-

stores diploidy to the embryo. If a diploid individual were to reproduce asexually by cloning,

it would transfer all its genetic material to the embryo. This two-fold reduction in genes trans-

ferred by an individual to its offspring as a result of sex has been termed the Cost of Sex. If

genes are merely to play a numbers game and if individuals are merely vehicles of their genes

and need only to ensure successful propagation of their genes, why don’t individuals reproduce

exact copies of all their genes by cloning? Why has sex evolved? Even those species that are

mostly asexual usually have one or more sexual phases at some stage in their life cycle. There

are only very few species in which males have not been found. One of the popular explanations

for the ubiquitous presence of sex is the 1975 lottery ticket idea of George C Williams – not

having sex and producing clones with the same genetic composition is like having hundreds of

lottery tickets all with the same number. It is believed that the more varied the genetic make-

up of the individual offspring, the better their chances of surviving short-term unpredictable

changes in the environment.

Sex and the Red Queen

For many years the ‘environment’ of the individual was largely focused on abiotic elements

such as climate. However, in recent years, more attention is being paid to the relation between

sex and Leigh Van Valen’s Red Queen Hypothesis. This hypothesis gets its name from the

Red Queen in Lewis Carroll’s Through the Looking Glass in which the Red Queen is always

running as fast as she can to stay in the same place. From an examination of the fossil record

Van Valen found that there appeared to be a constant rate of species extinction such that the

average time between emergence and extinction of a species remains the same; thus organisms

must keep evolving constantly not only because the abiotic environment changes but because
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other organisms around them are also evolving. Sex is viewed as an essential weapon in the

co-evolutionary arms race between predator and prey, host and parasite. As fast as the predator

gets swift, the prey must get swifter if it is to survive. As fast as the parasite evolves a method

of eating into the host’s tissues, the host has to develop methods of sealing off the parasite,

killing it or blocking its entry. Sex, with its ability to combine genetic materials to form new

genetic combinations, is a vital ingredient for survival in the evolutionary game. In freshwater

topminnow fish in Mexico, asexual clones were found to be more heavily parasitised than

individuals from sexual populations. Moreover, when genetic variation in the sexual population

was reduced by inbreeding, the parasitism level in the sexual forms increased. And when new

genetic variation into the sexual population was introduced via fish from different stocks, the

sexual forms once more became more resistant to the parasites compared to the asexual clones.

These results show the Red Queen in action.

Beyond the Gene?

Although Darwin knew nothing about genes, the role of these units as specifiers and carriers

of information vital to the life and reproduction of organisms has been entrenched over the

last century. The gene and more specifically DNA have been considered the sole repository

of hereditary information. This view is now being supplanted by the new perspective of epi-

genetics according to which heritable changes in an organism’s phenotype may be caused by

factors other than direct changes in gene sequences. For example, methylation of DNA result-

ing in genomic imprinting can cause heritable changes in gene expression. Furthermore, gene

expression is now considered to be greatly influenced by the intracellular, intercellular, extra-

cellular, and even external environment of the organism. Thus genetic determinism is scarcely

tenable for many traits, especially complex ones. Looking for genes “for” a trait is no longer

considered a practical exercise except in special cases. Thus the emphasis has shifted from a

genomic view of life and evolution to a more holistic view that also includes the interaction of

genes with their environment.

A Long Way Since Darwin

Evolution has come a long way since Darwin. Many revolutionary theorists and experimental-

ists have contributed to this journey. And yet, Darwin’s central idea of Evolution by Natural

Selection is still the grand unifying theory of biology. Despite this, we must acknowledge

that even natural selection cannot perform miracles. It can only act on the existing variation.

This means that all species, all individuals, all structures, are not necessarily perfectly adapted.

There will be a time lag between the origin of new variation, the action of natural selection on

the variation, and the establishment of the better adapted form in the population. The next time

you curse an aching back, remember it is a legacy from your quadrupedal ancestors, the apes.

Proto-humans and humans walk upright despite a spinal architecture better suited for walking

on all-fours!
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Darwin’s ideas were born of the Encantadas – the Enchanted Islands of the Galapagos. It

is benefiting, then, that two Darwinian disciples should continue to produce revelations about

the origin of new species at the Galapagos even as we read these words. Since 1973, Peter and

Rosemary Grant have been working in the Galapagos on several species of Darwin’s finches.

On a few islands, they have individually marked entire populations of these birds and have

followed their population sizes, and the changes in the sizes of their beaks depending on the

availability of seeds of certain types. They have watched the larger-beaked species or larger-

beaked individuals within smaller-beaked species become more common when only large seeds

are available. The smaller-beaked species and smaller-beaked individuals were disadvantaged

and not favoured by natural selection. They have watched reversals of these trends when only

small seeds become available. They have seen species hybridise and are recording the fate and

reproductive success of the hybrids. Is a new species about to form?

The Grants are studying evolution in action. They may witness a speciation – an event that

has occurred and is occurring silently all around us and even within us all the time; Darwin

machines inexorably at work. How appropriate then the words of Immanuel Kant (1755) in A

General History of Nature and a Theory of Heavens – “The Creation is never over. It had a

beginning but it has no end. Creation is always busy, moulding new scenes, new things, and

new worlds”.
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A happy accident enabled the young Charles Darwin to go on a voyage of exploration

around the world. Among the outcomes of that voyage was a book, The Origin of

Species, which was published in 1859. In it Darwin developed a perspective of the

living world that, as we have come to realise, encapsulates its essence. By viewing

plants and animals as dynamical entities that were subject to external forces, he was

able to show convincingly that they had evolved, on the whole by a process known as

natural selection. In doing so he made the point that the living world was explainable

on the basis of natural laws and, at the same time, that biology can lay claim to

an autonomous status among the natural sciences. Paradoxically, he accomplished

all this without knowing how heredity worked or variations occurred. This article

attempts to look at The Origin of Species from the vantage point of the present. An

account of the events that led to the writing of the book will be followed by a quick

run through its contents. The essay ends with a mention of some issues that continue

to engage evolutionary biologists today.

Background

The sub-title of this article is borrowed from two distinguished students of evolution, Hermann

Muller and George Gaylord Simpson. Muller and Simpson seem to have independently chosen

“One hundred years without Darwin are enough” as an appropriate way to express their dismay

at the misunderstandings about Darwinism that prevailed at the time when the centenary of the

publication of The Origin of Species was being celebrated. Confusion about natural selection,

Darwin’s revolutionary contribution to biology, persists to this day, as much among biologists

as others. It may not be inappropriate for us to recall the message of Muller and Simpson by

saying “One hundred and fifty years without Darwin are enough”.

On the Origin of Species by Means of Natural Selection or the Preservation of Favoured

Races in the Struggle for Life is the full, unwieldy title of the book written by Charles Darwin

and published in London by John Murray on 24 November 1859. It sold out immediately, was

quickly reprinted, and went through six editions in Darwin’s lifetime. The editions contain

extensive changes and revisions. Some changes were made to correct obvious misprints and

errors, some were meaningful additions (the phrase ‘survival of the fittest’ appears in the fifth

∗Reproduced from Resonance, Vol.14, No.2, pp.124–153, 2009.
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edition and ‘evolution’ in the sixth), and others involved a softening of stand on Darwin’s part

(‘by the creator’ is added after ‘breathed’ in the last paragraph of the second edition). It is

generally believed that the first edition is truest to the real Darwin, and it is the one that is the

theme of this article. Darwin’s contributions to biology go far beyond writing The Origin of

Species; he was to develop many of the ideas that he presented there in greater detail later.

Nevertheless, because it contains both a comprehensive view of the evolutionary process and

describes a plausible process by which evolution could occur (namely, by natural selection),

the book retains an iconic status.

The Origin of Species is sometimes spoken of in the same breath as Newton’s Principia.

As far as the importance of the two books in the intellectual history of the natural sciences goes

the comparison is apt. However, it is misleading in two respects. One, even at the time it was

written the Principia was heavy going (that it was written in Latin and used geometric methods

were added difficulties). Generations of physicists can attest to its denseness; as recently as

1995 S Chandrasekhar came out with a guide entitled Newton’s Principia for the Common

Reader (‘for the uncommon physicist’ may have been closer to the mark). There is something

of the magician in Newton and reading him makes it clear that deep truths are being conveyed.

In contrast what Darwin says is transparent to the extent that one’s first reaction is to wonder

what the fuss is all about (though the apocryphal Victorian lady who said “Let us hope that

what Mr. Darwin says is not true; but, if it is true, let us hope that it will not become generally

known” caught on to its significance). The Origin became a hit with the literate public. Such

is the quality of Darwin’s prose that the book can be read to this day for sheer pleasure –

almost bedtime reading material. J T Bonner, one of the leading evolutionists of our day, has

drawn attention to the very ease of understanding of Darwin’s writing as a reason why it makes

some people doubt that natural selection can be correct (apparently the mathematician Harish-

Chandra once told Bonner how he found it difficult to believe that anything that simple could

account for the messiness of the living world). Many will have echoed T H Huxley’s famous

remark after first reading The Origin: How stupid of me not to have thought of that. There is

another difference between the Principia and The Origin of Species. One hardly ever expects to

find a reference to Newton’s work in the literature of contemporary physics; Darwin continues

to be cited all the time. Newtonian thinking had first to be assimilated by intermediaries and

then transmitted by them. Only later on was it absorbed and adapted to serve different ends

and citations to derivative writings began to accumulate. In contrast, people continue to read

Darwin for themselves, continue to find new sources of inspiration in his writings, to discover

new insights and develop them further. With some exaggeration, one could say that Newton

wrote Sutras that require Bhashyas to be understood; Darwin speaks directly to everyone.

The Beagle Voyage and Thereafter

A number of events contributed to shaping Darwin’s career to the decisive moment when the

book came to be written. The story is instructive; it illustrates that in human affairs, it is not

easy to pinpoint causes. Born on 12 February 1809, Darwin grew up as the indulged son of a
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rich physician. Hunting for sport was the one thing about which he was passionate. Besides

wanting to have a good time, he did not appear to be motivated to do anything. Despite that,

Darwin developed and retained throughout his life a keen interest in the outdoors, in observing

plants and animals, and especially when young in collecting beetles – part of a fad that had

spread through Victorian England. His father Robert had tried to make him follow in his

footsteps by sending him to study medicine in Edinburgh, but that was not a success. He found

the lectures boring and was horrified by surgery, which at that time was carried out without

anaesthesia. The father decided that a clergyman’s life was the only option left for his son. A

degree from Cambridge or Oxford was a prerequisite for ordination in the Anglican Church.

The choice fell on Cambridge: Robert Darwin and his father Erasmus, both irreligious, both

successful doctors (in Erasmus’s case with wide-ranging tastes in areas that included natural

history and evolution), had studied there.

The task of getting a degree was not a demanding one but even so Darwin came close to

failing. The situation was saved by the help of special tuitions from the Professor of Botany

in Cambridge, John Henslow, who had become his friend and mentor. Henslow seems to have

been the first person to have spotted in this young man a scientific mind that was out of the

ordinary. Darwin managed to clear his BA finals but had to remain in Cambridge for a further

six months to fulfil the University’s residency requirement. Finding himself free of all other

academic commitments, he made use of the break to do some reading for his own pleasure.

A Discourse on natural philosophy by the mathematician and astronomer John Herschel made

him feel eager to do something for science. Alexander von Humboldt’s description of his South

American travels captivated him to the extent that he decided to organise a small expedition to

study the botany and geology of Tenerife, one of the Canary Islands off the African coast. The

plan failed, but thanks once again to Henslow’s assistance, Darwin had embarked on a course

of preparatory training with the eminent Professor of Geology, Adam Sedgwick. Geology had

bored him in Edinburgh; but Sedgwick’s instruction awakened such an interest in the subject

that he soon became something of an expert. Very soon thereafter, in 1831, Henslow, having

considered and turned down the offer himself, recommended the 22 year-old Darwin’s name for

the post of unpaid companion-naturalist to Captain FitzRoy, who was to lead a naval expedition

to chart the coast of South America. Darwin was overjoyed and wanted to accept at once.

The exasperated father refused permission at the threshold of the step that was to change the

world of science. Robert Darwin only saw yet another postponement of the day when his son

would begin to make something of himself. The timely intervention of Darwin’s maternal uncle

Josiah Wedgwood made him change his mind (see Box 1 for an account written much later by

Darwin’s daughter Henrietta).

The five years that he spent on the Beagle (December 1831 to October 1836) were to prove

the defining element in Darwin’s career. The voyage took him around the world: southwards

from England to Bahia in Brazil, around Patagonia, up the Chilean coast, westwards across the

Pacific (with an epochal halt on the Galápagos islands), to New Zealand, Sidney, Tasmania,

around the Cape of Good Hope, a return to Bahia and then home. Sailing did not agree with

him, but whenever the ship touched land and he could get down, he paid keen attention to
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Box 1. ‘The way in which my Father got to go with the Beagle’;

Henrietta Litchfield, Oct 1873

(http://darwin-online.org.uk/content/frameset?itemID=

CULDAR262.23.4&viewtype=text&pageseq=1).

The players in the story are Charles Darwin’s father, his maternal uncle Josiah Wedgwood, John Henslow

the botanist who was Darwin’s friend and mentor at Cambridge, the Reverend George Peacock, a Cam-

bridge mathematician, and Captain Fitzroy, a deeply religious naval commander who was looking for ‘a

good Christian and cultivated naturalist’ to accompany him on a round-the-world voyage on the ship HMS

Beagle, whose mission was ‘completing the survey of Patagonia and Tierra del Fuego; to survey the shores

of Chile, Peru, and some islands in the Pacific; and to carry a chain of chronometrical measurements round

the world’.

In the words of his daughter Henrietta, “Capt Fitzroy sent through Capt. Beaufort to ‘Old Peacocke’ of

Cambridge to ask if he knew of any energetic young man fit to observe the Nat. Hist of the countries at

which they wd touch & to collect specimens - only reserving for himself the task of observing the savages

with whom they might come in contact. For this purpose he generously offered to share his cabin if anyone

could be found to come. Through Peacocke Prof Henslow stated that though my Father knew very little

he would be fit for the purpose & would be active & zealous. My Father was delighted with the scheme:

but he found that the Doctor thought it utterly wild & foolish & that to go would be the ruin of his career.

He ended by raging, ‘Well if you could find one sensible man who thinks it a wise scheme you may go.’

Seeing how strong was his Father’s disapproval my Father gave it up with many pangs. This took place

just before the 30th Aug on wh. day my F. went over as was his universal custom to Maer a place about

20 miles off belonging to his uncle Mr Wedgwood ... When he arrived at Maer he was lamenting his fate

& happened to repeat his father’s last words to Mr Wedgwood. His delight was great on finding that Mr

W. was of quite a different opinion ... The difficulty of his fathers objections was thus got over, & it was

arranged to accept Fitzroy’s offer. .. My father, however, heard afterwards from Fitzroy that he very nearly

gave up taking him for an original reason. It appears that he had a great belief in physiognomy & on seeing

my F. made up his mind that no man with such a nose could have energy ... I believe, however, that his

brow saved him.”

plant and animal life, fossils included, made geological observations, collected assiduously

and kept shipping specimens back to England. There was an especially long halt in Patagonia.

The collections helped make his reputation as a naturalist when he was still travelling. He

maintained a diary during the voyage. It was published later as a Journal of Researches and

became a best-seller (as did an abbreviated popular version entitled Voyage of the Beagle); even

the great Humboldt wrote to say how much he had enjoyed reading it. The descriptions retain

a vividness and charm to this day. After his return, and in the face of constant ill-health, for the

rest of his life Darwin worked at a pace that can only be called staggering. ‘Work’ meant going

over the observations recorded during his trip, talking to the experts about the specimens he

had collected – both fossils and extant species –, framing questions constantly, corresponding

with everyone who could conceivably help him with answers and, above all, pondering the

implications of the accumulated information. All his speculations went into meticulously kept

notebooks.

# 18

18



The Origin of Species after 150 Years

Figure 1: A marine iguana from the Galápagos islands, where Darwin found the famous finches

that showed evidence of speciation at work. They are unusual among lizards in living off the

sea. Darwin called them “imps of darkness”. (Credit: Wikimedia)

Doubts about the fixity of species surfaced when he learnt from the ornithologist John

Gould that the roughly similar-looking finches he had collected from the Galápagos Islands

belonged to distinct species, some of them restricted to certain islands; and from the zoolo-

gist Richard Owen that a South American fossil sloth and fossil llama were creatures unlike

anything known to science. Darwin slowly began to contemplate the possibility that what lay

behind the geographical spread of animals on earth (‘distribution in space’) and their appear-

ances and disappearances (‘distribution in time’) was a pattern of change in the course of which

species came, went and became transformed.

The notion of biological change itself was not new. After all, if one species could be

created, why not an entire succession? Erasmus Darwin, not to speak of the more famous

Jean-Baptiste Lamarck, had been evolutionists. But the idea that one species could give rise to

another, that too as part of the workings of nature, was radical – and the thought that human

beings might be part of the same process all the more so. Early in 1838 Darwin visited the

London zoo to view one of their prize exhibits, the orang-utan Jenny. He noticed that when the

keeper refused her an apple, Jenny threw a tantrum just like a human child. After coming back

he wrote in his notebook: “Let man visit the ouran-outang in domestication ... see its intelli-

gence. Man in his arrogance thinks himself a great work ... More humble and I believe true to

consider him created from animals”. (The resemblance was not lost on Queen Victoria either.

Upon seeing a later orang-utan, another Jenny, she described it as “frightful, and painfully and

disagreeably human”.) A different notebook entry from the same year has become famous:

“Origin of man now proved. – Metaphysic must flourish. – He who understands baboon would

do more towards metaphysics than Locke”. Some one hundred years previously the English

philosopher John Locke had posited that humans are born with an empty mind, a clean slate,

whose development after birth depended on sensory impressions and reflection. Darwin was
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hinting that the mind of a new-born baby might already be a sophisticated entity, equipped by

evolution to anticipate features of the external world.

The critical insight into how evolution might take place, into the process of natural selec-

tion, came later in the same year when Darwin read the Reverend Thomas Malthus’ An Essay

on the Principle of Population. Malthus had reasoned that unless there was some form of repro-

ductive control, in the long run food supply could never keep up with human population growth.

In its absence, there would be intense competition for food; disease and starvation would act

as natural checks on the population. Darwin reasoned by analogy that living creatures of the

same kind (the members of a species) could be subject to a similar principle. Because many

more were born than could be supported by the environment, individuals had to compete for

resources. If the ability to succeed could be transmitted from parents to offspring, the ones that

were more successful would gradually supplant the less successful ones.

Given that Darwin started to think about natural selection by 1839, why did it take him

twenty years to come out with The Origin of Species? After all, he had found the time to

write seven other books in the meanwhile. As it happens, by 1844 he had prepared a 230-page

handwritten ‘sketch of my species theory’. He described it in a private note addressed to his

wife as ‘a considerable step in science’, and requested her, ‘in case of my sudden death’, to get

it published and ‘take trouble in promoting it’. So there is no question whatsoever that Darwin

knew he was on to a big thing; and he was not one to shy away from public admiration and

acclaim. We may never know all the reasons behind the delay, but some guesses can be made.

The first guess involves Darwin’s marriage in January 1839, five days after he was elected

Fellow of the Royal Society. His wife Emma was deeply religious, and he may have agonised

over the pain he would cause her by advancing a theory which so starkly opposed the Biblical

version of creation. A second guess has to do with Darwin’s feeling that he had not acquired

the stature that was needed if he wanted to be taken seriously on as fundamental an issue as

evolution. For all his fame as an explorer and student of natural history, his technical credentials

as a botanist or zoologist were weak. His friend the botanist Joseph Hooker had disparaged

someone else’s writing on the grounds that the author had not contributed to the understanding

of a single species. That prodded Darwin to do something that would give him professional

clout. He started working on barnacles, marine crustaceans whose classification was (so the

zoologists told him) a mess. Darwin plunged into the affair with typical obsessiveness. One

thing led to another, and the result was years of toil that resulted in three massive books before

1859.

The Book

Finally The Origin of Species was put together in haste and released with much diffidence, al-

most apologetically, at a time not of Darwin’s choosing. It was accompanied by the disclaimer

that it was an abstract of a more comprehensive work that was in the making (and never got

written). The story is well known. A much younger naturalist, Alfred Russel Wallace, whose

role models were Humboldt and Darwin himself, had hit upon the idea of natural selection
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while recovering from a bout of malaria on the volcanic island of Ternate in eastern Indonesia

(see Resonance, March 2008). What makes this independent discovery almost incredible is

that for Wallace too the essential insight came from the very same book by Malthus. In his

enthusiasm he could think of no better person with whom to share his joy than Darwin. He

wrote up his thoughts in a short essay entitled On the Tendency of Varieties to Depart Indef-

initely from the Original Type and mailed it off to Darwin for his opinion. Realising that he

had been scooped in a matter where the priority ought to have been his long ago, the stunned

Darwin appealed to his friends Lyell and Hooker (the leading British geologist and botanist

respectively) for advice. Their initiative, and the large-heartedness of Wallace, ensured that a

compromise was reached that was agreeable to all.

The theory of evolution by natural selection was announced to the world jointly by Darwin

(in the form of excerpts from the 1844 sketch, along with a letter by him to the Harvard botanist

Asa Gray) and Wallace (in the form of the Ternate essay) at a special meeting of the Linnean

Society held on 1 July 1858. In the absence of either author, the actual presentation was

made by Lyell and Hooker. It was close to being a flop. The President of the Linnean was

to state later that the activities of the Society during the year had lacked ‘any of those striking

discoveries which at once revolutionise, so to speak, the department of science on which they

bear’. Goaded into rapid action thereafter, Darwin got to work. On the Origin of Species by

Means of Natural Selection eventually appeared one year later.

The chief things to remember about the book are that the huge mass of evidence in it

settled once and for all the fact that evolution had taken place; on top of that it offered a

novel and immediately plausible explanation for how it had taken place. Darwin took care

to affirm that he believed natural selection to be the most important, but not the sole cause

of evolution. In modern jargon, he was a pluralist – unlike Wallace, who remained a pan-

selectionist. He was open to the possibility that a trait might evolve because its expression was

correlated with another trait (on which selection acted). Also, he did not exclude the working of

entirely chance factors affecting a trait. Now known as drift, this is what happens when changes

in a trait are neither advantageous nor disadvantageous. Lastly, more than once he veered

towards Lamarck’s way of thinking about heredity. The ghost of Lamarck haunts The Origin

of Species. Darwin is convinced that Lamarck’s ideas cannot be right, especially the claim that

evolutionary change can be brought about by an inner striving for self-improvement; he says

so time and again. Occasionally he seems hesitant about accepting the possibility that acquired

traits can be transmitted to offspring. At other times he is more forthright. For example, “I

am surprised that no one has advanced this demonstrative case of neuter insects, against the

well-known doctrine of Lamarck” (the point being that it is logically impossible for the trait

of non-reproduction to be passed on; as the saying goes, celibacy is not heritable). Darwin’s

name was so strongly associated with natural selection that it became ‘his theory’. Wallace’s

self-effacing nature contributed to this; he went so far as to write a book titled ‘Darwinism’.

In spite of the misleading implication, the word continues to be used as a synonym of natural

selection.
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Box 2. The First Paragraph of The Origin or Species

WHEN on board H.M.S. Beagle, as naturalist, I was much struck with certain facts in

the distribution of the inhabitants of South America, and in the geological relations of

the present to the past inhabitants of that continent. These facts seemed to me to throw

some light on the origin of species – that mystery of mysteries, as it has been called by

one of our greatest philosophers∗ . On my return home, it occurred to me, in 1837, that

something might perhaps be made out on this question by patiently accumulating and

reflecting on all sorts of facts which could possibly have any bearing on it.

∗John Herschel; Darwin learnt this from Caption FitzRoy.

Right from the first paragraph of the Introduction, the directness and understated style of

The Origin hits the eye (see Box 2). Of the remaining 14 chapters, the first two deal with varia-

tion under domestication and variation in nature, and the third with the ‘struggle for existence’

(the insight from Malthus). Then, in almost deductive fashion, the fourth chapter spells out the

principle of natural selection. The rest of the book is taken up with justifying the assumptions

made earlier, tackling potentially troublesome issues and providing supporting evidence. A

final chapter, entitled Recapitulation and Conclusion, summarises the thesis – which, in short,

is that all life forms have been shaped by descent with modification from earlier, fewer and

simpler forms, largely by a process known as natural selection.

Darwin’s own description of the book was ‘one long argument’. The argument was under-

pinned by a lesson that he had taken to heart from Lyell’s Principles of Geology: unbelievably

slow processes that act over long epochs can lead to dramatic changes. The truth of Lyell’s

lesson in turn depended on an assumption (also made use of in cosmology) known as Uni-

formitarianism. It states that the natural processes that are observable at work today are the

same as those that were at work in the past, and its application to geology has been traced back

all the way to the Persian philosopher Ibn Sina. The approach was to land Darwin in trouble

with the famous physicist William Thomson (Lord Kelvin). Darwin had used the rate at which

sediments were deposited to estimate that some formations could be many hundred million

years old. Thomson refuted it by saying that this was impossible: if the earth was that old,

its rocks would have cooled down much more than they had. Thomson was wrong, of course,

because he had no idea of the existence of radioactivity and its contribution to maintaining the

temperature of the earth.

Along the way Darwin tackled a number of issues that have since grown into major areas

of research on their own. One was sexual selection: why are the males and females of the same

species often so different in respect of traits that appear to have nothing to do with reproduction?

A second was social behaviour: how could altruistic traits, which by definition benefit someone

else, not the altruist, evolve? A third was complexity: how could a structure such as the human

eye evolve via independent modifications of minor effect if, for its proper functioning, a large
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Figure 2: The only figure in The Origin, a tree diagram used by Darwin to illustrate speciation.

It is to be viewed from the bottom up, with each horizontal line representing 1000 generations.

“A”, “B”, etc., are different species at the start. Some lineages that begin from A (for example)

go extinct. Others diverge so much as a result of natural selection that eventually they are

classified as distinct species.

number of components had to complement each other precisely? Yet another was instinct:

could mental traits also be the result of evolution and if so how? On all these matters Darwin

anticipated many ideas that we tend to think of as modern.

Consider the issue of how a trait which benefits someone other than the individual in whom

it is perceived, and in fact is detrimental to the individual in whom it is perceived, could nev-

ertheless spread by natural selection. He frames it thus: “This difficulty, though appearing

insuperable, is lessened, or, as I believe, disappears, when it is remembered that selection may

be applied to the family, as well as to the individual, and may thus gain the desired end ...

Thus, a well-flavoured vegetable is cooked, and the individual is destroyed; but the horticul-

turist sows seeds of the same stock, and confidently expects to get nearly the same variety...”.

Later chapters highlight the importance of morphology and embryology for his theory. Darwin

asserted that relatedness by common descent (homology), not similarity of function (analogy),

was the right way to group living forms (an essential prequisite for making sense of the living

world). By doing so, he provided the first rational basis for classification. He made the per-

ceptive observation (made much earlier by William Jones in the context of tracing linguistic
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Box 3. The Final Paragraph

It is interesting to contemplate an entangled bank, clothed with many plants of many kinds, with birds

singing on the bushes, with various insects 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

on each other in so complex a manner, have all been produced by laws acting around us. 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.

affinities) that the significant traits for inferring relatedness by descent are precisely those that

seem to be of little use to their bearers. The book ends with a poetically worded summary (see

Box 3).

Natural Selection

In formulating the theory of natural selection Darwin was guided strongly by what he had

learnt about the moulding of plant and animal traits to desired ends by means of selective

breeding. The very first chapter of The Origin refers to the extensive use of artificial selection

made by the Emperor Akbar for indulging his passion for fancy pigeons (Ishqbaazi). Plant and

animal breeders had put their knowledge of heredity to enormous practical benefit ever since

the dawn of agriculture if not earlier. Often they succeeded in reinforcing changes in traits that

interested them, step by small step and over many generations. As Darwin put it, “The key is

man’s power of accumulative selection: nature gives successive variations; man adds them up

in certain directions useful to him”. It was obvious that artificial selection worked; Darwin and

Wallace made it plausible that natural selection worked in a similar way.

The principle of natural selection consists of three assumptions and an implication. The

assumptions are these: members of a species vary in respect of certain traits; the traits can be

passed down from parents to offspring; and some variations can make their possessors more

successful in living and reproducing than others. In short, individuals are assumed to exhibit

variation, heritability and differential fitness (it is implicit that they are capable of reproducing).

If the assumptions are true, a logical implication follows: the composition of a population

changes over the course of generations, that is, the population evolves, with the relatively more

successful types becoming more common. The philosopher Herbert Spencer coined the phrase

“survival of the fittest” to describe natural selection. Darwin was sufficiently taken up with the

description to use it in the later editions of The Origin. Few things have caused more confusion.

The phrase conflates the outcome of natural selection with its causes and risks making the entire

theory sound like a tautology, which it is not. The assumptions listed earlier amount to testable,

and therefore falsifiable, assertions concerning living creatures. It is only if the assumptions

are true that the implication is valid.
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Evolution by natural selection involves a continual testing of traits with regard to how

well they equip a plant or animal to perform relative to others of its kind and under specified

conditions. Therefore it brings into play considerations of engineering design, of efficiency,

of what one might call ‘economic’ criteria – with the number of surviving offspring as the

currency in which evolutionary success is measured. Cornish-Bowden has referred to this

aspect of natural selection as the pursuit of perfection. An older and more common word,

adaptation, describes the end result. Evolution by natural selection is an adaptive process.

Seen the other way round, adaptation is the signature of natural selection. To the extent that

living creatures exhibit adaptations, one may infer that natural selection has been operating.

At any rate, no one has come up with a better causal explanation for adaptations. To suggest

that they can come about by ‘intelligent design’, as some have done of late, is absurd in the

extreme. Crucially, natural selection works from one generation to the next: it deals with the

short term. When one looks back over a great many generations, successive adaptations are

seen to have accumulated and given rise to a major transformation, to what looks like a product

of design. But the design is unintended, without purpose. There is no way in which evolution

can plan for the future; it has no long-term goal. Evolution cannot exhibit foresight. It can be

compared to a game of chance that rewards successes – if they happen. This is why it is said

that evolution is opportunistic. Opportunism implies that it is not easy to trace the actual path

taken by an evolutionary transformation.

Adaptation is to a set of circumstances – the ‘environment’ – that comprises the physical

environment and the biotic environment. ‘Biotic’ includes other members of the same species

as well as other species. Prey, predators, parasites and infectious agents fall into the latter

category. Since the other species are also subject to selective pressures, it is obvious that the

evolution of a species cannot be viewed in isolation. The adaptive outcome that it attains must

take into account all other adaptations simultaneously. An adaptive response to the environment

by one species changes the biotic environment of another species. Or, as frequently happens,

the physical environment may change. What all this means is that evolution is a continuous

process; it does not come to an end. As the palaeontologist Van Valen points out, this implies

that as a species evolves, it does not improve itself in any absolute sense. If it does not go extinct

(which has been the fate of the vast majority of all species – yet another piece of evidence

against betterment), the best it can do is to keep up with all the other species. He sums up the

situation in the words of the Red Queen: “It takes all the running you can do, to keep in the

same place” (Lewis Carroll, in Through the Looking Glass).

Variation and Heredity

Considering that variation and heredity are two of the essential pre-requisites for natural selec-

tion, it seems remarkable that Darwin got as far as he did while being (along with everyone else

at the time) ignorant about the workings of both. Today we know that for all practical purposes

variations occur ‘at random’. That is, the likelihood of occurrence of a variation is independent

of its outcome. Darwin took variation as a fact, as something that was there. As to postulating
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mechanisms, he hazarded the guess that ‘Effects of Use and Disuse’, ‘Acclimatisation’ and

‘Correlation of Growth’ might be involved. Apart from the last factor, this again meant a tilt in

the direction of Lamarckian ideas. Being unable to come up with good alternatives, he could

not shake off Lamarck entirely. But he summed up the prevailing state of knowledge fairly by

confessing that “Our ignorance of the laws of variation is profound”.

Regarding the mechanism of heredity too, Darwin was entirely in the dark. Years later he

came up with a blending theory of inheritance called Pangenesis; it was seen to be unsatisfac-

tory right from the start (see Box 4.), He did not know that the first steps in solving the riddle of

heredity were being taken by his contemporary Johann Mendel. There is every reason to believe

that Darwin should have learnt of Mendel’s discovery, which was published in 1866, in time for

the later editions of The Origin; but he did not. Ironically, Darwin’s own experiments on cross-

ing different varieties of the snapdragon (Antirrhinum) gave clear evidence of the ‘Mendelian’

3:1 ratio, and therefore of the atomistic nature of hereditary factors. Unfortunately he did not

understand the implications of what he had found. Unlike Mendel, Darwin lacked a hypothesis,

a viewpoint, which would make him recognise and then analyse the significance of a 3:1 ratio.

The process by which the laws of Mendelian heredity found their rightful place in evolutionary

biology was far from smooth (see below). Despite his lack of firmness on the matter, the sug-

gestions that (a) variation and heredity might work independently and (b) the pace of evolution

was driven by selection, not variation, are important contributions of Darwin to evolutionary

theory – perhaps next only to natural selection itself. It is the lack of coupling between variation

and heredity which explains how seemingly purposeful entities can evolve in the absence of

design. Further, it endows the principle of natural selection with almost limitless power when it

comes to constructing complexity. Mathematicians and physicists have borrowed the strategy

to search for quick and acceptable solutions to seemingly intractable problems. No wonder the

philosopher Daniel Dennett calls natural selection “Darwin’s Dangerous Idea”.

The essence of the idea is that variation takes place at one level and the consequence of the

variation is tested at another level. August Weismann first emphasised its centrality to evolution

when he highlighted the distinction between reproductive tissue (the germ line) and the rest of

the body (the soma). The germ line is functionally sequestered and transmits hereditary traits

whereas the soma, which is exposed to the environment, expresses those traits. However, the

distinction between germ line and soma is obvious only in multicellular animals. It is murky in

the case of plants and non-existent when it comes to unicellular life. What actually lies behind

Weismann’s distinction, and the reason why Lamarckian inheritance does not work, became

clear only in the mid-20th century. It needed a recognition of the essential difference between

genes and proteins. Genes contain symbolic information for making proteins and variant genes

lead to variant proteins. But it cannot work in reverse. As far as we know a variant protein

cannot alter the information content of the gene that encodes it.

Ignorance of how heredity or variation worked were certainly handicaps. Despite those

handicaps, Darwin and Wallace managed to develop the hypothesis of natural selection and

explore many of its ramifications. It is not unknown for a robust theory or set of ‘laws’ to thrive

in the absence of a known mechanism that can justify them. Newton’s theory of gravitational
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Box 4. Pangenesis

Darwin’s theory of heredity was published in The Variation of Animals and Plants Under Domestication

(1868). He developed it in order to explain how traits that had been modified by selection could be passed

on to offspring. The idea was based on ‘gemmules’, which were supposed to be carriers of hereditary traits

distributed all over the body, each gemmule being specific to the part to which it belonged and modifiable

by the use made of that part during an individual’s pre-reproductive life. They were brought together in

preparation for transmission to the next generation. Critically, in the next generation the gemmules of the

parents were assumed to mix, to blend as colours might. In his own words: “It is universally admitted

that the cells or units of the body increase by self-division, or proliferation, retaining the same nature, and

that they ultimately become converted into the various tissues and substances of the body. But besides

this means of increase I assume that the units throw off minute granules which are dispersed throughout

the whole system; that these, when supplied with proper nutriment, multiply by self-division, and are

ultimately developed into units like those from which they were originally derived. These granules may

be called gemmules. They are collected from all parts of the system to constitute the sexual elements, and

their development in the next generation forms the new being; but they are likewise capable of transmission

in a dormant state to future generations and may then be developed.” Gemmules would have been a way

for transmitting traits that were acquired during life, and their existence would have pleased Lamarck.

Fleeming Jenkin, professor of Engineering in Edinburgh, shot down the proposal’s utility by pointing out

that the variation in each generation would be halved by blending – in which case, over time, what would

remain for natural selection act on? Darwin’s cousin Francis Galton thought he had disproved pangenesis

when he transfused blood between different breeds of rabbits and found that the recipients bred true to

their original types.

attraction is one example, and Mendelian genetics is another. Genetics flourished for half a

century and, geneticists built up an impressive formal structure of theoretical genetics before

anyone knew what genes were made of.

What did the Origin of Species Achieve?

On the lay public, the biggest impact of the book was the implication that human beings did

not occupy a special place in the universe. The last chapter of The Origin tantalisingly held

out the promise that “In the distant future ... light will be thrown on the origin of man and his

history”, but the book made it amply clear that humans were on a par with all other creatures

in the living world. In terms of the familiar tree of life, evolution by natural selection implied

that humans were at the end of one branch, dogs of another, tapeworms of a third, mangoes of

a fourth, and so on. In an objective sense, none of them could be said to be more advanced

than or superior to another. For the scientific community, a big lesson of The Origin was that

the living world could be explained on the basis of natural laws. The persuasive claim that

one species could give rise to another lent additional support to the lesson. Evolution in the

sense of a transformation of forms and properties is inherent to chemistry (if not to physics,

with cosmology being a prominent exception). By making it plausible that biological evolution

could occur naturally, Darwin and Wallace showed that biological change was at least formally

# 27

27



Vidyanand Nanjundiah

analogous to chemical change. Theirs was the first step in the still-ongoing integration of the

natural sciences. They made it meaningful for us to think of biology as we do today, as the

science of living matter. True, the problem of the origin of life was left unaddressed. But The

Origin of Species made people think of it as an approachable problem, as something that could

be tackled with the methods of conventional science. Some people claim that the age-old issue

of how to distinguish between living and non-living has now been settled: any entity that can

evolve by natural selection can be said to be alive.

Interestingly, while pushing biology closer to physics and chemistry, natural selection also

formalised the special status of biology within the natural sciences. It showed that even though

living systems must operate entirely according to the rules of physics and chemistry, the traits

that they exhibit are not necessary outcomes of the rules. The reason is that chance intervenes

between the laws of physics and the products of biological evolution. Heritable changes occur

in unpredictable ways, and the likelihood that a particular change occurs has nothing to do with

whether it is advantageous or disadvantageous. This realisation is at root of our understanding

of natural selection. Chance plays an essential role in evolution, both during mutation and

recombination (the shuffling of genes). Natural selection showed how biology is different from

physics in another respect. In physics, as often as not the object of study is the ‘isolated system’,

for example the single hydrogen atom. The underlying assumption is that all hydrogen atoms

are identical; and the essence of an atom can be studied in isolation. This approach does not

work in biology because the proper understanding of an individual plant or animal requires

taking into account its existence within the context of the rest of the population, that too a

population whose members differ significantly.

The third way in which natural selection showed how biology differs from physics and

chemistry is that it focussed on the fundamental importance of the past for understanding the

present. It made us realise that besides proximal explanations for the existence of a trait (i.e.,

the usual causal explanations based on physics and chemistry), biology permits us to assign

‘ultimate’ explanations. The distinction was known to Aristotle. He said that the existence of

a house can be explained in two ways. One can say that the house is there because bricks,

mortar and so on were put together. However, one can also say that the house is there because

someone wanted to live in it. The second sort of explanation, which invokes the consequence

of that which is sought to be explained, is central to any argument based on natural selection.

For example, suppose we want to explain the existence of colour vision. We can say that

we see colours because we possess the appropriate cone cells in the eye. On the other hand

we can equally legitimately say that we see colours because those of our ancestors in whom

the cone cell pigment variant first arose had an advantage over those who had only rod-based

black-and-white vision. Natural selection enables us to account for the presence of a trait in

ourselves by saying that its possession enabled our ancestors to be more successful at survival

and reproduction than others who did not possess it, or possessed it in a different degree. Thus

natural selection accounts for the aspect of purpose that is characteristic of all life forms. But

it does so by invoking historical contingency, not design.
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Natural Selection after Darwin

After an initial flush of enthusiasm the appeal of natural selection declined. At one time many

had given up on it as a plausible mechanism for explaining evolution. Difficult as it is to

believe, the rediscovery of Mendel’s laws in 1900 was responsible for this. The impression

gained ground that differences in the Mendelian carriers of heredity were associated with dis-

crete, qualitative changes (for example, in Mendel’s own experiments, the yellow versus green

colours and round versus wrinkled shapes of peas). How then could they explain the slow,

quasi-continuous process of evolutionary change that natural selection demanded? ‘Darwin-

ists’, who were convinced of the truth of natural selection, came to the conclusion that Mendel’s

laws were incidental to its understanding. ‘Mendelians’ drew the opposite inference. They

thought that natural selection was all very well for explaining gradual, quantitative transforma-

tions. But the real stuff of evolution had to be something else, namely mutations that changed

traits in a major way. The birth of a genetical theory of natural selection had to await three

developments. The first was a deeper understanding of genetics provided by the experimental

work of T H Morgan and his school (ironically, for a long time Morgan himself remained scep-

tical about the usefulness of natural selection for explaining evolutionary change). The second

was the development of a mathematical treatment of the spread of genes in populations initi-

ated by J B S Haldane, R A Fisher, S Wright and S S Chetverikov. Finally, a combination of

laboratory and field work in palaeontology, natural history and genetics made natural selection

respectable once again and gave rise to the construction of what we now call the modern or

neo-Darwinian synthesis. Before that happened, things had reached such a pass that Haldane

used the epigraph “Darwinism is dead – Any sermon” to lampoon the situation in the very first

chapter of his book The Causes of Evolution.

The one major modification to the Darwinian picture of evolution came from discoveries

made in molecular biology from the 1960s onwards. To everyone’s surprise, it turned out that

at the molecular level, most changes in the hereditary material (as inferred from DNA and

protein sequences) were almost ‘neutral’ – neither advantageous nor disadvantageous. Of all

the changes that occur in DNA, only a tiny fraction seems to be significant for evolution at the

level of the organism. As a result, the tempo of molecular evolution appears to depend more on

the rate of mutation than on natural selection. Molecular biology has kept throwing up other

surprises with regard to the details of the processes through which genetic information gets

decoded, and we do not yet know how to fit them into a coherent evolutionary picture. At a

more basic level, we are still to assimilate the implication of the extraordinary distinction that

exists within living creatures between quasi-symbolic informational entities (DNA, RNA) and

their meaning (proteins), or indeed why evolution has made the distinction.

Evolutionary Theory 150 Years after The Origin

By no means did the acceptance of natural selection settle all issues. A number of them con-

tinue to be vigorously debated; only a few can be mentioned here. The debates are of a curious
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sort, because with the exception of those cases in which physical catastrophes have played a

role hardly anyone questions whether natural selection can account for the origin or mainte-

nance of a trait. Rather, the issue is whether there might be an alternative way of accounting for

the trait, one that does not invoke selection explicitly. For example, it may be that the trait fol-

lows automatically from the principles of physics and chemistry. Thus the possibility of natural

selection being responsible for a trait is not questioned; the plausibility of its having done so

is. The splitting of lineages into different species and the appearance of major novelties (e.g.,

nucleated cells, multicellularity, and the vertebrate limb) are other examples. Are these better

explained by something other than natural selection? One reason for asking is that we still lack

a satisfactory genetical theory of speciation or of the origin of the major groups. Mathematical

genetics can deal with genetic differences that are correlated with differences in quantitative

traits, but is unable to bridge the gap between species. Another debated issue is the sudden-

ness (as some claim) with which major novelties appeared. The standard selectionist response

is that the seeming abruptness of many evolutionary changes is more apparent than real, an

artefact deriving from the paucity of fossil records in general (a problem to which The Origin

devotes much space: the risk of mistaking the absence of evidence for evidence of absence is

always present). Recent work in palaeontology has underscored the importance of not rushing

to final judgement: dramatic findings have revealed long-sought transitional forms, for exam-

ple in the evolution of tetrapods. Also, geological time scales can be misleading. On a scale of

100 million years, one million years look like an instant. But a million years can encompass

an enormous number of generations and provide enough time for qualitative changes in traits

to take place.

The general opinion remains that there is no way of understanding adaptation, the defining

characteristic of living organisms, other than as a result of natural selection. On the other hand,

some evolutionary biologists have been drawing attention to the ability of matter to organise

itself spontaneously into ordered states. The outcomes can be striking when they resemble

generic features of plant and animal form (e.g., branching, symmetry, serially repeated struc-

tures). By comparing the different parts of an organism to the ‘centrifugal governor of the steam

engine’ that maintained stability by using feedback, Wallace anticipated the general philoso-

phy. It is sometimes described as a ‘systems’, as opposed to reductionist, approach. This way

of looking at plant and animal form harks back to the early 1900s and the advocacy of D’Arcy

Wentworth Thompson, a staunch anti-evolutionist. Among other things, he argued strongly

that vertebrate skeletal morphologies were best understood as equilibrium structures that were

the result of mechanical forces, not as products of evolution. Then the mathematician Alan

Turing showed in 1952 that diffusible chemicals that were able to catalyse their own synthesis

could spontaneously give rise to a range of spatial patterns. However, there are problems with

biological order that is independent of genetic information. There is no assurance that the same

pattern will recur generation after generation: for example, the environment may fluctuate or

critical substrates may be in short supply. A way to get around this difficulty has been pro-

posed. If a self-organised pattern is stable it can recur generation after generation. Suppose

it is also beneficial and persists over a sufficiently large number of generations. Then genetic
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changes could occur in the interim and ensure that the processes that generate the pattern be-

come independent of external stimuli and unaffected by external perturbations. In this picture

the role of natural selection is more to fine-tune a trait than to cause its appearance.

Traits can and do vary in the absence of genetic variation. Non-genetic variation cannot lead

to immediate evolutionary consequences, but as we have just seen it has the potential do so if it

persists over many generations. That apart, it appears likely that under certain situations non-

genetic variation is a useful strategy to adopt by a group that is made up of genetically similar,

perhaps identical, individuals. The argument is that a group in which different members do

different things is better off than a group in which everyone does the same thing.

It is generally believed that along with the development of culture, natural selection has

slowed down or become insignificant in humans. Instead, cultural evolution, which unlike

biological evolution is largely Lamarckian, is said to have taken over. While that is largely

true, the interesting thing is that cultural evolution too may not be free of biology. With the

possible exceptions of language, cooking and life cycle rites, there are many ‘characteristically’

human cultural traits – for instance tool use, agriculture, art, music and ritual – for which it is

not too far-fetched to think of analogies in animals. A question engaging attention is, are they

more than analogies? Is it meaningful to talk of animal culture? And if so, can one trace links

with the corresponding human traits?

Natural selection moulds living organisms so that they function as efficiently as they can

under the genetic and environmental conditions to which they are subject. Genetic variations

occur randomly, and the ones that lead to adaptive changes spread through the population.

Adaptation is said to be to an environment; ecologists speak of an organism’s ‘niche’.

Even though the environment includes other organisms, this is a passive view of the role of

the evolving organism itself. But what if animals and perhaps plants take an active part in

constructing their own environments, something that we know happens all the time? Weaver

bird nests, termite mounds and beaver dams are spectacular examples. Cases such as these have

fuelled the growth of what is called niche construction theory, a theory still in its infancy. Its

goal is to incorporate the element of self-reinforcement (or feedback, or autocatalysis) implicit

in such situations into standard evolutionary discourse.

Only time will tell whether the possibilities mentioned here will modify the Darwinian

picture of evolution in an interesting way or merely add footnotes to it.

Darwin after The Origin of Species

In the long run, the success of a theory has to do with a number of factors. Its scope and

explanatory power, whether it continues to fulfil a need, holds its own vis-à-vis alternative

theories, and so on, all come into the picture. But if a theory is to catch on when it is first

proposed, it must be novel and it must ‘smell right’. An underlying mechanism for implement-

ing the assumptions of a theory is something to be prized, a bonus. But it is not essential.

Darwin’s comprehensive analysis of evolution in The Origin of Species, in which natural se-

lection was the most important but not sole engine of evolutionary change, smelt right. When
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subsequent advances in biology uncovered the details behind heritable variations, the feeling

was reinforced.

The eight books that Darwin wrote after The Origin – there were sixteen in all – initiated

research in diverse areas of biology. The Descent of Man, and Selection in Relation to Sex is,

as the title suggests, two books in one. The Expression of the Emotions in Man and Animals es-

tablished the evolutionary basis of epistemology and founded the (currently controversial) field

of evolutionary psychology. Of the remaining seven, six were on plants and, as J B S Haldane

put it, are concerned with those aspects of plant life which are most like animal and human life.

Haldane went so far as to say that these, not the theory of evolution, constituted Darwin’s most

original contribution to biology. They deal with sensory perception, movement, predation and

reproductive strategies. (The work on plant behaviour was carried forward brilliantly by J C

Bose.) Darwin remained active till the end. His last paper was published thirteen days before

he died on 19 April 1882. It contained a vindication of the claim that even a sedentary shellfish

(cockle) could disperse over large distances by latching on to the leg of a water insect or frog.

The work was based on a report that he had received from Francis Crick’s grandfather.

Further Reading

The Darwin Online site (www.darwin-online.org.uk) is a gold mine; it claims that it has all of

Darwin’s published and unpublished writings. If no citation is given, it should be assumed that

a quotation used in this article comes from there. There is also a less comprehensive Alfred Rus-

sel Wallace Page (www.wku.edu/∼smithch/index1.htm); a review of Peter Raby’s Alfred Russel

Wallace: A Life (Princeton University Press, 2002) draws attention to the different route that led

Wallace to natural selection (www.ias.ac.in/resonance/ March2008/p277–282.pdf ; Resonance,

pp.277–282, March 2008). Two modern, scholarly and readable biographies of Darwin are by

Adrian Desmond and James Moore (Darwin: A tormented evolutionist; Penguin, 1992) and

E Janet Browne (Charles Darwin: Voyaging and Charles Darwin: Power of Place; Jonathan

Cape, 1995 and 2002). A much smaller but insightful biography is Cyril Aydon’s Charles Dar-

win (Robinson, 2002). The Galápagos finches are exemplars of speciation and adaptive radia-

tion. Their story is told in The Beak of the Finch: A Story of Evolution in Our Time by Jonathan

Weiner (Vintage, 1995). As a brilliant piece of detective work by the historian of science Frank

Sulloway showed, the significance of the finches was established only in the middle of the 20th

century. See Darwin and His Finches: The Evolution of a Legend (F J Sulloway, Journal of the

History of Biology, vol.15, no.1 pp.1–53, 1982). J Maynard Smith’s The Theory of Evolution

(Penguin Books, 1993) covers much of evolutionary biology, not just natural selection. The

best description of natural selection that I know is The Blind Watchmaker (Penguin, 1990) by

Richard Dawkins. Two excellent books explore how it works in detail: A Cornish-Bowden’s

Pursuit of Perfection (Oxford University Press, 2004) does so in the case of biochemical path-

ways and J T Bonner’s Why Size Matters (Princeton University Press, 2006) shows how a sim-

ple theme can lead to varied outcomes. G G Simpson treats the theme of evolutionary oppor-

tunism in The Meaning of Evolution (Yale University Press, 1949). See The contribution of Ibn
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Sina (Avicenna) to the development of earth sciences (Al-Rawi et al., Foundation for Science

Technology and Education, 2002; http://www.muslimheritage.com/uploads/ibnsina.pdf ) for an

early example of uniformitarianism. On Growth and Form by D’Arcy Thompson (Cambridge

University Press, 1992; abridged edition by Jonh Tyler Bonner) is a classic exposition of the

physicalist approach to biological form, and a recent book on the subject by Forgacs and New-

man is reviewed in http://www.iisc.ernet.in/currsci/dec102006/1568.pdf. M Morange discusses

Darwinian and other approaches to the origin of life in Life Explained (Yale University Press,

2008). S Sarkar’s Doubting Darwin? (Wiley-Blackwell, 2007) contains a robust rebuttal of

‘creationist designs on evolution’. J T Bonner’s The Evolution of Culture in Animals (Prince-

ton, 1986) considers how biology might have a played a role in cultural evolution. The story of

Darwin’s last paper is given in Discoverer of the Genetic Code by Matt Ridley (HarperCollins,

2006).
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Department of Philosophy, University of Sydney, Australia 2006.

Charles Darwin’s name is going to be heard, read about, or spoken a lot this year, as

it is the second centenary of his birth and the 150th anniversary of the publication

of the Origin of Species. And as great as his contribution to science and the modern

world is, we might ask ourselves whether we are making rather too much of this man.

Is Darwin the important person he is being taken to be? To answer this question I

shall raise three more: first, why do we celebrate individuals in scientific history,

when it is the work of many scientists that gives us the results? Second, how original

was Darwin anyway – who else did the important work? And third, what role do

scientific heroes play in current science? Answers to these questions will give us a

better, more sober and balanced, and more useful explanation of actual science both

in the past and the present, and perhaps also in the future.

Darwin’s Contributions

To begin with, let us consider both the man himself and the theory that goes by his name. Dar-

win was born the second youngest of a family of six children, and he was the second boy after

his brother Erasmus. His mother died when he was young, and he was raised principally by

his elder sisters. He studied for a time at the University of Edinburgh, supposedly in medicine

but actually in zoology, taxidermy (which he learned from a freed African slave), geology and

other topics in ‘natural history’ (basically all the sciences, but particularly those to do with

biology and geology).

After the famous voyage on HMS Beagle, Darwin was struck by the distribution of vari-

ations and species that he had collected, and came to an initial hypothesis: the reason why

species vary in time and space the way they do is because all species arise from prior species

and related species share ancestors from whom they have changed over time. Darwin called

this “descent with modification”, meaning that there are lines of ancestor-descendent relations,

and that new species are modified. Today we call this ‘common descent’ or ‘phylogeny’. The

relations between species form a tree-shaped graph, and so the taxonomy of ‘group within

group’ in the Linnaean system of classification that was at that time greatly in vogue amongst

naturalists is an effect of this divergence of species. The reason why members of the order

Carnivora group together and all cats group within that is because all carnivores of that group

share a common ancestor, and all cats share a more recent common ancestor within that group,

and so on.

∗Reproduced from Resonance, Vol.14, No.2, pp.154–171, 2009.
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But Darwin lacked a mechanism for this diversification of taxa. A French biologist, Jean

Baptiste de Lamarck, had previously proposed a kind of vital fluid account, a hydraulic view

of evolution, as it were, so that animals and plants inherited changes from their parents’ expe-

riences. Lamarck said that organisms did this from besoin, or ‘need’ [1]. Unfortunately many

people translated this as ‘want’ (the French is ambiguous as the English term is), and so the

rumor was spread that Lamarck thought that organisms willed their own changes. He did think

some did this, but it was not necessary. Anyway, Darwin was concerned not to propose any-

thing that could be interpreted as Lamarck’s besoin, and knew that for common descent to be

accepted, he needed a lot of evidence and a mechanism to produce the changes.

The answer Darwin got via the inspiration of reading Thomas Malthus’ Essay on Popula-

tion was that if organisms and their traits vary, and they are observed to do so, then given that

there are limits to how many organisms may survive, those that vary in ways that are better

adapted will tend to dominate the population, and ultimately cause the persistence of varieties

as species. So for Darwin, the increase in the numbers and kinds of species of the evolutionary

tree of common descent was caused by Natural Selection. Later, he added Sexual Selection, in

which features that seem maladaptive like a Peacock’s tail fan are in fact due to selection by the

opposite sex – they are, in other words, adaptations to the preferences of one’s potential mates.

Another theory he contributed to, although Alfred Russel Wallace is regarded as the major

founder, is biogeography [2]. In this view, endemic species are distributed the way they are

because they arose from nearby ancestors. So you should expect to find, say, a certain kind of

duck on one part of India because it is the descendent of a species in another part of India or

some nearby region. Nearest relatives should not be greatly dispersed unless the species are

highly mobile.

Darwin also proposed a theory of heredity, which he called pangenesis [3]. Under this

theory, particles he called gemmules were moved from various parts of the body to the sex

cells, where if they had come from parts of the body that were used they would be more

strongly inherited, and if not they would tend to weaken inheritance. Darwin’s theory was not

well received, although he did contribute to the problem of heredity leading to modern genetics.

The term gene is a shortened version of Darwin’s pangene. This was a ‘blending’ theory of

inheritance, rather like mixing inks. One’s final heredity was a blend of one’s parents’. Of

course this led to a conclusion that evolution, especially variation, had better happen very

quickly or variation would tend to “regress to the mean”. In other words, if your father was

dark skinned and your mother white skinned, you would be medium color, and a population of

white skinned individuals would eventually dilute the color indiscernibly. I use this example,

because it was the example of Darwin’s major critic, F Jenkin, a Scottish engineer [4].

Darwin’s theory of pangenesis indicates to us that Darwin is not considered the very ex-

emplar of correctness in evolutionary biology. In fact, many of his ideas have been abandoned,

such as his claim that larger genera (which have many species) are more widespread as a rule.

Modern evolutionary theory does not hold that speciation, the generation of new species, is

entirely due to natural selection. In fact the widespread view is that species evolve through

more or less random changes in ways that result in their being reproductively isolated when
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they are brought together in one region. Some still hold that speciation is due to natural selec-

tion, or at any rate some of it is, and a view that predates Darwin, that species are formed by

hybridization, is gaining acceptance in botany and in microbiology.

And yet, Darwin is regarded as a hero in science. Why is this? If we have moved on a

long distance from the views he held, and we have, why is he being celebrated? He wasn’t the

first person to propose an evolutionary theory – Pierre Maupertuis in 1745 [5], and Darwin’s

grandfather [6], and Lamarck [7], among others, all held that species change or transmute over

time before he did. I mean, Darwin did some very cool science, and often was remarkably

perceptive about the nature of biology, but he’s not the only one in his day. In fact, he was

beaten by a great many people on various notions like the tree of life (Heinrich Bronn), natu-

ral selection (Patrick Matthew, and possibly Alfred Wallace), universal common ancestry (his

grandfather, Erasmus Darwin), transmutation (Pierre Maupertuis, Lamarck), the struggle for

existence (Alphonse de Candolle), division of labour (Adam Smith, of course), biogeographic

distribution (definitely Wallace), sexual selection (Erasmus again) and his erroneous views on

heredity (Lamarck, Buffon, and various others).

In fact the sole biological theories and experimental results that I think he was truly original

in are:

1. The origins of coral reefs and atolls [8];

2. The effects of worms on bioturbation ([9], his most popular book);

3. His studies of plants that can move [10];

4. The systematic relationship of barnacles to shrimp and other crustaceans, based on em-

bryonic form [11].

We do not remember him for these achievements, excellent though they are. What we remem-

ber Darwin for is a synthesis and the empirical support he brought in its defense. He brought

together many ideas that were ‘in the air’, so to speak, reading more widely than almost anyone

else as well as doing his experimental and anatomical work, and more importantly, managed to

filter out most of the bad ideas.

Darwin’s achievement was to identify crucial questions and offer a coherent theoretical

account that answered them. For instance, in the first half of the nineteenth century, the reasons

for the systematic arrangements of plants and animals, why they were arranged ‘group within

group’ as he put it, was being explored by idealists like William Swainson [12] and William

Macleay [13], who offered Pythagorean accounts based on similarities and magic numbers.

Darwin offered a general account – which we call common descent – that explained why this

was a fact, but also why it was not regular (for example, extinction is not evenly distributed

across all groups).

The broader point I want to make here is about the nature of science. Often as not, it

is the synthesizers who reorganize how we view things, and as David Hull [14] and others
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(e.g., Ellegard [15]) have shown, within ten years of the publication of the Origin, nearly all

specialists in the sciences concerned had adopted common descent and transmutation (descent

with modification). It was the closest any science has ever come to an actual Kuhnian paradigm

shift∗∗.

Very few of Darwin’s disciples agreed with everything he wrote [16]. Huxley was a salta-

tionist (which means he held that species were formed rapidly and abruptly), Wallace held that

natural selection, and therefore in his view evolution, could not account for the human mind

[17]. St George Mivart became a theistic evolutionist par excellence [18]. Asa Gray held that

some of the adaptations were actively guided by God, for providence’s sake [19]. And so on.

Various people thought that selection wasn’t the cause of speciation, such as Moritz Wagner

and J T Gulick. But they continued to both appeal to Darwin, even when they were what we’d

now call “Lamarckians” (a much abused term that has little meaning in my view, without fur-

ther clarification), and to return to his ideas for inspiration. Even now debates continue over the

modes of speciation, with at least some speciation thought to be of the kind Darwin believed

was true of all.

Science doesn’t depend on authority, as, say, religion or literary criticism might. Darwin’s

authority is limited in the extreme, because we know things he didn’t. However, even if some-

one disagrees with Darwin (and all modern biologists must, at least over heredity), they are

still entitled to call themselves “Darwinian”, even if they reject selection as a major factor in

evolution.‡ I say this, because in the popular mind, selection is regarded as the core of Darwin’s

ideas. We’ve moved on somewhat, and now we all accept that some of evolution is random,

and some is neutral. What we are now doing is arguing over the proportions.

So let us remember Darwin not as the discoverer of anything (apart from the crustacean

nature of barnacles, etc.), but as the guy who set off a fruitful, active, complex and ultimately

explanatory research program in biology, which continues to become ever more active. Don’t

make him a saint, an authority, or a hero. He’s just a damned good scientist.

Darwin’s Forerunners and Influences

It is sometimes claimed by those who wish to denigrate the achievements of Charles Darwin

that he was little more than a ‘serial plagiarist’. He is supposed to have lifted his central

ideas, without giving due credit, from a number of precursors including earlier evolutionists

∗∗Thomas Kuhn famously held that science progresses through rapid shifts of global theory he called “paradigm

shifts”, in which the rules for evaluating evidence itself also change. Paradigm shifts intersperse “normal” science,

in which the paradigm (the set of theories and rules) is merely refined and added to, according to his view. Most

philosophers and historians of science think that the notion is a mistake, and that no paradigm shifts have in fact

occurred, although many still think there may be a process of change to rational standards with a sufficiently global

change of theory.
‡The primary proponent of this historical rather than conceptual account of intellectual movements is David

Hull [20], and the contrary view, that Darwinism and other intellectual movements must share some common set of

core ideas is given in the opening chapter of Stephen Jay Gould’s magnum opus [21]. This is interesting, as Gould

is here acting in just the way I would expect a scientist to act, as described below.
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and formulators of the principle of natural selection. I think that Darwin, like any scientist, had

influences, but he was honest in his theoretical development.

Mere use of the word “evolution” is no indication that an author’s theory of origins is the

same as Darwin’s, either before the Origin or after [22]. A good many of those who preceded

Darwin believed that species were mutable – that is, they were not static and unchanging kinds

– and many if not most of those biologists and geologists who followed him had a view of

evolution that was based not on his own views, but on those of his precursors, up to the period

of the ‘modern’ synthesis of the 1930s and 1940s. The very word ‘evolution’ originally meant

‘to unfold’ and referred to the development of the fetus, until Lamarck used the analogy be-

tween the growth of a single organism and the development of a species. Darwin didn’t use

the term until long after he had formulated his theories, preferring instead to use terms like

‘transmutation’.

Darwin’s views changed a bit in the post-Origin era, as well. From about 1844 we can see

a robust and stable set of theories that we can call ‘Darwinian’. They are:

1. Transmutationism (called “Transmutation” by Darwin). This word in context means that

species change (‘mutate’, from the Latin) from one species to another. It is in opposition

to the prevailing views that species were natural kinds that were eternal.

2. Common descent (called “Descent with Modification” by Darwin). This is the view (not

held by all evolutionists prior to Darwin or even after) that similar species with the same

structures (homologies) were similar because they descended from a common ancestor.

Darwin tended to present the case for limited common descent – i.e., of mammals or

birds – but extended the argument through analogy to the view that all life arises from a

common ancestor or small set of common ancestors.

3. Struggle for existence. This is the view that more organisms are born than can survive.

Consequently, most of those zygotes that are fertilized will die, and of those that reach

partition (birth) many will either die or not be able to reproduce. The competition here is

against the environment, which includes other species (predators and organisms that use

the same food and other resources). This is interspecific (between-species) competition.

4. Natural selection. This is a complex view that species naturally have a spread of varia-

tions, and that variants that confer an advantage on the bearer organisms, and are hered-

itable, will reproduce more frequently than competitors, and change the ‘shape’ of the

species overall. Notice here that this competition is mostly intraspecific, i.e., between

members of the same species (and indeed of the same population).

5. Sexual selection. Many features of organisms are obvious hindrances (such as the tails

of birds of paradise), and these often occur in one sex only. Darwin argued that there

was competition for mating opportunities and any feature that initially marked a gender

out as a good mating opportunity would become exaggerated by the mating choices of
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the opposite gender. Competition here is between conspecifics (members of the same

species) of the same gender.

6. Biogeographic distribution. Darwin and Wallace were keen to explain why species were

found in the areas they were, and argued that dispersal of similar, but related, species

was due to their evolution in one place and migration into other regions.

7. Heredity. Darwin knew very little about what we would call the principles of genet-

ics. He accepted the prevailing view, which has been held since the classical era, that

those features of the organism that were more commonly used would be more effectively

inherited.

This differs from the list of five features that Ernst Mayr outlined for Darwin’s theory [23],

where he lists

• “Evolution as such” (= Transmutationism)

• Common Descent

• Gradualness

• Populational speciation, and

• Natural Selection.

I think that gradualness is a feature of the then-dominant ‘Uniformitarian views’ of Lyell, and

that populational speciation is not a theory in the proper sense so much as a new way of dealing

with biological data (and is largely an invention of Mayr anyway). On the other hand, sexual

selection, the struggle for existence and biogeographic distribution are positive hypotheses,

while Darwin’s views on heredity are focal to many confusions of his theory, even though he

did not publish them until well after the Origin.

The Great Man Theory

Historians have a certain way to pursue their profession – it involves massive use of docu-

mentary evidence, a care taken to avoid naming heroes and villains, and in general a strong

devotion to the minutiae and detail of history, instead of the now-old-fashioned grand sweeps

of a Toynbee or Marx. Sure, they disagree on how to interpret things, including mindsets of

agents in another time, but overall when a historian gives an account, you can be sure they at

least tried to be even-handed.

Scientists, however, are not historians, and they have a whole different set of interests and

goals when they appeal to history. They tell a simplified narrative in which there are good

guys (the scientists and their supporters whose ideas can be interpreted to support the modern

consensus) and bad guys (their opponents, particularly if they are religious, social conservatives
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– or, if the author is a conservative, the radical left – or some demonic profession of waste

and nonsense like philosophy). These simple narratives are often incorporated into textbooks,

lectures and the general mythology. Thomas Kuhn [24] called it, rightly, textbook history.

Even when you get a massive tome like Ernst Mayr’s The Growth of Biological Thought

[23], full of facts, names, dates and apparent concern for detail, when one looks closely at

the quotes and players, one sees that there has been a careful selection of favorable (to the

narrative) information, and the quiet exclusion of unfavorable. Mayr even states that he is

practicing Whig History§ because in science it’s actually all right, saying that he agreed with

an older author who preferred to be subjective.

Polly Winsor, a Canadian historian of science, has published on this [26]. She writes that

the use of history by scientists is subordinate to the scientific game itself. The ways in which

prior work is characterized depends significantly on the hopes the scientists has for the future of

their discipline. Historians notionally (more often honored in the breach than the observance,

one fears) do not. So what I’d like to do is suggest some reasons for the ways scientists use,

and abuse, history.

1. It is easier to teach and discuss straight line history. Famously, philosopher Imré Lakatos

[27] argued that the reconstructed history was good enough – we can relegate the actual

history to a footnote. If you are teaching your students, or arguing about the nature of

science, such details are distracting and undercut the propaedeutic or polemic point you

are trying to make.

2. It gives the scientists a warm fuzzy feeling about what they are doing. It’s easier to

devote your life to a task if you think that task is at the pinnacle of human endeavor, so

heroic figures and quantum leaps are the stuff of spin.

3. It engages the public, thus assisting in the getting of funding and future scientists. Simple

stories can be told in popular science magazines, or appealed to as the common view.

These are often the views that find their way into museum exhibits, popular science

books, science articles in the popular media, and of course the portrayal of science in

film (which is, marginally, better than the ‘frankenscience’ narrative that is their first

choice).

But here’s the major reason why scientists use history:

4. It is something one can use politically. Scientists are engaged in a political process of

competition for resources, students, reputation and personal reward. By appealing to

‘forerunners’, heroic and successful, one gives kudos to one’s own school, program,

project or lab. History is, in effect, a rhetorical weapon against one’s competitors, and a

way to unify one’s colleagues.

§Whig history was named by the science historian Herbert Butterfield [25], after the practice of 18th century

English historians to write histories that showed how the present (Whig) social policy was the inevitable result of

the historical process.
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I don’t think that politicking is somehow unworthy of science. In fact I think it is necessary,

as I argued in my most recent paper [28]. It actually acts to drive progress, not only by driv-

ing selection of the fittest (most empirically adequate) theory, but also by preventing socially

convenient solutions from being acquiesced in. However, it means that as history, politically

driven accounts are rarely accurate. Consider ‘Lamarckism’. Lamarck himself was not guilty

of Lamarckism as currently defined. It was formulated as a sin (or as a virtue!) when con-

trasted with August Weismann’s notion of the germ line. But for over a century since then,

people who want to denigrate a view have called it ‘Lamarckian’, and scientists who, like Ted

Steele or Eva Jablonka want to highlight their ‘radicalness’ have called their view ‘Lamarck-

ian’ to distinguish it from ‘Darwinism’ [29], [30]. It has also gotten tied up with molecular

notions like the so-called Central Dogma being called “Molecular Weismannism” [31].

Why should history not subserve science? I think that there is a very simple reason –

once you lose the empirical grounding in evidence, history can be made to play any role one

requires. In short, it becomes PR and propaganda. And we lose some useful information: often

the opposing schools that “lost”, had ideas of great utility that need to be preserved. Losing in

science is not a once and for all thing. If someone in the past had something good to say, or

even was wrong but not in a simplistic manner, then they should be remembered for saying it

the way they actually did, and not the way it suits some modern scientists to put it.

Historians have several approaches – none of which are ever used alone – for explaining

historical processes, and science, whatever else it is, is a historical process. One is the so-called

Great Man theory of Thomas Carlyle [32], in which some singular figure is the founder of all

that is right and true, or influential. Coming from the old style of history in which kings and

warriors and people of “breeding” were the players of history, when applied to science, it took

discoverers who were being honored for their work and made them into the motive forces of

science. As Carlyle said, “The history of the world is but the biography of great men”. On this

account biology is the outcome of work by giants like Linnaeus, Owen, Darwin, Huxley and

Pasteur; all the rest is filling out the details and making commentary.

Another is the Zeitgeist view: history occurs because some developments are just “in the

air”. Gertrude Himmelfarb, then a socialist, used this argument to deprecate Darwin’s ideas in

her Darwin and the Darwinian Revolution [33], by claiming that as Wallace was on the verge

of the idea, along with Owen and Robert Chambers, the author of the Vestiges, evolutionary

biology would have occurred anyway without Darwin and we shouldn’t make him crucial to

the progress of biology. A similar account is the Marxian one that economic factors drive

ideas, and so with or without Darwin, the English would have promoted their capitalist system

of division of labor and competition into biology [34].

These extremes are, I believe, wrong. Darwin’s individual contributions changed the way

that biological problems were approached from then on until our time. In particular, his notion

of common descent, or the branching tree of evolution, seems to me more important than most

historians have given him credit for. What had been a logical arrangement of taxa became

a historical outcome, and it radically changed how evolution was received and understood

from the previous linear accounts of his grandfather Erasmus, Lamarck, Geoffroy, and Robert
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Chambers. In fact it was the idea that was immediately taken up by naturalists, not natural

selection, which languished as a motor of evolution for another 60 years [35].

But biology like any science proceeds at a time from a series of shared problems, and a

problem has only so many solutions that satisfy the standards of a discipline at that time. It

is indeed likely that naturalists would have stumbled on the same solutions as we now have,

only in a longer (or shorter) time, without Darwin. Also, as founding figures tend to act as

attractor points, had it been Richard Owen whose ideas introduced evolution, we may have

taken longer to understand the role heredity and selection play in evolutionary adaptation, be-

cause people would be appealing to the authority of the founder, as Romanes did with Darwin

when he coined the term “neo-Darwinians” to sneer at Wallace and Weismann for their strong

selectionism [36].

Darwin as Saint and Hero

In popular mythology, scientists play very similar roles as they do in scientific mythology.

Pasteur, Darwin, Einstein and any number of other scientists are looked upon as heroes and

occasionally saints whose views either reinforce some view of the world (often, but I think

misleadingly, named “modernism”), or who are seen as competing saints and heroes to those

of popular religion, culture or parascientific view. The tendency is to write hagiographies or

demonologies depending on what one wants to use the great man for. Creationists and other

anti-evolutionists try to paint Darwin as the father of all that is evil in society, ranging from

supply side economics to eugenics, while those who are pro-evolution, or worse those who try

to make of a scientific theory a global worldview, try to defend him against all critics.

In point of fact, Darwin was rather admirable as an individual [37]. He was a devoted

family man, tolerant to a fault, and as the local squire of the village of Down in Kent took

his duties as magistrate and mostly anonymous donor very seriously. None of this, though,

has the slightest relevance to the correctness or not of his views. Many excellent people have

been deluded, and many otherwise evil individuals had true or admirable views of one sort or

another. Hitler, it is said, loved animals.

Science is a human enterprise, and thus human faults are a core aspect of doing science.

We need to understand, and impart to students, that scientific theories are not held to be correct

because of the moral or personal worth of the individual scientists. Scientists are in fact a

representative cross-section of human nature – they can be generous or selfish, even-tempered

or rash, moral or immoral. What makes their work stand is that when it comes to the data

they address it honestly and effectively, and give good explanations for it. Neither demonizing

Darwin nor sanctifying him serves to understand science or its place in the modern world.

Conclusion

There is a long-standing fallacy called the Genetic Fallacy – despite the name it is not related to

genetics, but to the word for ‘origin’, genesis. The fallacy presumes that the worth of an idea is
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derived from the worth of its source. Both sides fall prey to it. Pro-evolutionists feel that if we

make too much of the failings, all too human failings, of the origins of evolutionary science, we

will undercut the warrant that evolutionary biology has. Antievolutionists hold, that if they can

show that Darwin was immoral, or a plagiarizer of others’ work, or that the underlying ideas

are those of English industrialism and nationalism, they have in fact undercut the warrant for

evolutionary biology and we can all go back to our popular certainties of religion and tradition.

Neither side is correct. If evolutionary theory is correct, and if it isn’t no science is, it has

nothing to do with the merit or otherwise of the origins of the ideas it includes. Teaching

students this is almost more important than teaching them the science itself. And learning that

the science stands or falls independently of the persons, but in direct correlation to the facts

that it must deal with, is absolutely more important.

This doesn’t mean we must give class time to silly notions like ‘critical analysis’ – science

is founded on critical analysis, and if a science has reached the classroom with a general con-

sensus, the chances are that it has received all the critical analysis it could possibly get in class

time and then some orders of magnitude more. But some idea of the actual, rather than the

mythological, history of the science gives students understanding of how that critical analysis

took place and why. And this can only strengthen students’ appreciation of the complexities of

science. At the very least, it will stop them from finding out for themselves that our scientific

heroes had human flaws, and from drawing the wrong conclusions.
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In the folklore of evolution, Alfred Russel Wallace probably is destined to remain the Other

Man. At any rate, such has been his fate over the past 100 years and more. Considering

that along with Charles Darwin, he discovered the one unifying concept encompassing all of

biology, the principle of evolution by natural selection, this is grossly unfair. Raby’s splendid

book goes some way in restoring to Wallace the credit that is rightly his. While doing so, he

points out that Wallace’s reputation was at no time ranked as highly as it deserved to be. Much

of the responsibility for this must be laid at the door of Wallace himself. Modest, self-effacing

and – in particular when it came to comparing himself with Darwin – diffident to a fault,

Wallace always tended to downgrade his achievements. Viewed in the way science functions

today, this looks like self-destructive behaviour; but it happens to be true.

Wallace was born in England near the Welsh border in 1823 (which made him 14 years

younger than Darwin). His father was a poor manager of money and quickly dissipated what

had been a steady income. From then onwards financial problems were to dog the family almost

without respite. Being forced to earn a living, the young boy was apprenticed to a surveyor at

the age of fourteen. Those were the great days of the growth of the railways, and he developed

a taste for adventure and the outdoors that lasted all his life. A passion for reading flowered

quite early and he claimed to have read almost every book that was said to be ‘celebrated or

interesting’. Along with reading, Wallace enjoyed collecting insects, especially beetles – a trait

in which he resembled the young Darwin. There were portents of what was to become most

meaningful in his life. Darwin’s The Voyage of the Beagle, which came out when he was nine-

teen, was a book that Wallace went through carefully and made notes from. Another early hint

of his eventual calling came from the impression made by Robert Chambers’s sensational and

anonymously published Vestiges of the Natural History of Creation that appeared in 1845 (nine

years after Darwin returned from the Beagle voyage). Chambers made two bold assertions:

that the living world too was governed by natural law and that species could change. Both

struck a chord with Wallace; but because Vestiges remained silent about possible mechanisms,

the assertions remained vaguely unsatisfactory. Most important of all, he read the Reverend

Malthus’s Essay on the Principle of Population. Its message was to remain locked up in his

mind for a further twelve years before emerging transformed in a burst of feverish creativity.

The turning point in Wallace’s life came when he set off by boat on a collecting trip to

the Amazon jungle in 1848. The twin lures were the prospect of seeing an exotic world and

the desire to make a living by doing what he enjoyed. Henry Bates, an old friend, was his

∗Reproduced from Resonance, Vol.13, No.3, pp.277–282, 2008. Reprinted from Current Science, Vol.83, No.9,

10 November 2002.
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companion on the voyage. As with Wallace, Bates too belonged to the lower middle class,

was a self-taught naturalist and was to achieve fame in the annals of evolutionary biology (in

his case, for work on mimicry). In one sense the Amazon trip, which was to last three years,

was a failure. The specimens that he shipped back to England made little money; and on the

return voyage, a fire on board destroyed all his sketches, notes, drawings and precious insect

collections. But in a larger sense the tropical rain forest did for Wallace what it had done much

earlier for Darwin: it opened his eyes to the sheer variety of living forms, their abundance

and their extraordinary adaptations. By the time he came back, his name was well-known in

naturalist circles.

Not long after returning from America, Wallace started planning for his next journey. This

time it was to be to the Malay Archipelago. He was away for eight years; the trip turned out

to be ‘the central and controlling incident’ of his life. In February 1854, just before setting

off, Wallace had come across a ‘polarity theory’ of evolution based on a ‘Divine scheme of

organised nature’ put forward by Edward Forbes as part of a presidential address to the Geo-

logical Society in London. The ‘ideal absurdity’ of Forbes’s postulates spurred him on to do

some thinking of his own. The outcome, written up in a house at the mouth of the Sarawak

river, was an essay titled On the Law which has Regulated the Introduction of New Species. In

Wallace’s own words, the central idea – ‘the law’ – was that ‘Every species has come into exis-

tence coincident both in time and space with a pre-existing closely allied species’. One species

could change ‘either slowly or rapidly into another’; it remained unclear how. Though some

way from formulating the idea of natural selection, he was getting close. As an explanation for

the affinities that species displayed when they were found in close proximity, he claimed that

his law was superior to previous hypotheses. He went on to add that if the law were true, de-

ductions made from it would be as valid as the deduction of elliptical planetary orbits from the

law of universal gravitation. The evocation of Newtonian law was symbolic of what was a goal

for Wallace as it was for many others working on biological problems: physical science had

set the benchmark by which other areas of human endeavour had to be judged if they aspired

for scientific status. One might note here that later, in the famous last paragraph of The Origin,

Darwin too sought to draw attention to the analogy between natural selection and gravitation as

laws of nature. The desire to validate all of science by applying the standards of mathematical

physics has not been an unmixed blessing. Some, for example Ernst Mayr, have considered it

a positive hindrance: in his trenchant phrase, ‘Physics envy is the curse of biology’.

Darwin had been slowly chewing through the implications of natural selection for some

twenty years when the Sarawak paper (published in 1855) came to his attention. It did not

make much of an impression. ‘Nothing very new’ was the annotation he made in the margin

of his copy. As Raby hypothesises, Darwin would seem to have been misled by Wallace’s use

of ‘created’ where he meant ‘evolved’ and by ‘antitype’ when he really meant (in referring to

a species) ‘proto-type’. In any case, he saw no cause to feel worried by the prospect of being

forestalled. On the other hand, his good friend Charles Lyell, whose geological researches

provided crucial support to the thinking of both Darwin and Wallace, immediately grasped

# 48

48



Co-discoverer

what Wallace was getting at. Lyell warned Darwin that he stood the risk of being scooped.

Darwin reread the paper; this time he was slightly shaken. Nevertheless, he carried on with his

enterprise – producing a major book on evolution at his own measured pace – much as before.

The blow fell in 1858. Wallace had been laid low by malaria on the island of Ternate. The

forced leisure made his thoughts return to the problem of how species might change. Malthus’s

essay, read long ago, came back to his mind and provided him with the key to understanding

natural selection – in a flash, as it were. Malthus had held that war, hunger and pestilence, all

direct or indirect consequences of unchecked human population growth, fostered a struggle for

existence in which those least able to compete were weeded out. To Wallace this immediately

suggested how a similar mechanism, natural selection, might act on all living forms. In an

amazing coincidence, Darwin had hit upon the very same mechanism after being inspired by

the same book. In his exuberance, Wallace could think of no better adjudicator of his theory

than Darwin. He wrote him a letter and enclosed a short manuscript in which the essential idea

was elaborated; Darwin was requested to forward the manuscript for publication if he approved

of it. The rest of the story – Darwin’s dismay, his fear of acting in a less than honourable

fashion, how Lyell and Hooker convinced him that the correct thing would be to present his

ideas and Wallace’s simultaneously, and, most of all, Wallace’s extraordinary sense of fairness

and decency throughout what followed, is well known. The actual presentation took place at

a special meeting of the Linnean Society arranged because the one scheduled previously had

to be cancelled on account of the death of its President, the famous botanist Robert Brown.

There was no response from the audience. The new President is on record as having regretted

later that the year had not “been marked by any of those striking discoveries which at once

revolutionise, so to speak, [our] department of science”. Later, Darwin, for once bestirred to

act in what was for him a hurry, published his theory in 1859 as The Origin of Species (he

continued to maintain that the book was merely an abstract of a fuller version, a version that

never appeared).

Wallace’s reaction to The Origin was handsome beyond belief: ‘Mr Darwin has given the

world a new science, and his name should, in my opinion, stand above that of every philosopher

of ancient or modern times’. To Bates he said ‘I do not know how, or to whom, to express fully

my admiration of Darwin’s book. To him it would seem flattery, to others self-praise; with

however much patience I had worked and experimented on the subject, I could never have

approached the completeness of his book ...’. Darwin reciprocated just as warmly, and with

keen understanding: ‘You must let me say how I admire the generous manner in which you

speak of my Book: most persons would in your position have felt some envy or jealousy’.

When Bates passed on to Darwin one of Wallace’s letters to him, Darwin replied ‘He rates me

much too highly and himself much too lowly ... But what strikes me most about Mr Wallace is

the absence of jealousy towards me: he must have a really good honest and noble disposition.

A far higher merit than mere intellect’.

I hope I have given some idea of the main scientific thread that runs through this admirable

book. There are other threads as well: Wallace’s ever-growing reputation as a superb naturalist

(he lays claim to be called the founder of bio-geography, the study of the distribution of animals
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and plants in space), his perennial problems with money (to be only partly solved thanks to

Huxley and Darwin’s mediation which resulted in a government pension), his enthusiasms that

at times verged on impetuousness, his opposition to vaccination (he thought the claims for

success were not based on solid data), his credulous belief in spirits, his strong feelings on the

subject of women’s rights, his advocacy of land reforms, his socialist tendencies, his belief that

what people needed most was a sense of self-respect, his conviction that if humans were to

have a future at all, it lay in cooperation, not competition, and so on.

In all these respects, Darwin was the recluse who wanted to have only so much to do with

the world of human affairs as he was compelled to. Wallace was just the opposite. He was the

man with a broad social philosophy of whose correctness he was convinced and to which he

wanted to convert others. On one occasion Wallace tried to persuade Darwin of the truths to be

found in a ‘startling novel and original’ book on economics that he had come across; he failed

entirely. Instead, his advocacy elicited a tart rejoinder that some might approve of even today:

‘I read many years ago some books on political economy, and they produced a disastrous effect

on my mind, viz. utterly to distrust my own judgement on the subject and to doubt much

everyone else’s judgement’. He called himself lazy, but was punishingly hard-working (as was

Darwin of course); his publications include 22 books and 700 articles. He abhorred pomp

and always retained a sense of his own absurdity. Wallace lived till he was 90 and remained

intellectually agile and vigorous to the end. He was invited to contribute to a volume being

brought out to mark the centenary of Darwin’s birth in 1909 but declined, apparently because

he was dubious about the company he would have been forced to keep – William Bateson and

Hugo de Vries in particular. One would love to know exactly why he felt that way, just as one

would love to know how he reacted to the rediscovery of Mendel’s laws in 1900 – or indeed

whether he had any inkling of Mendel’s original publication of 1866. Raby is silent on both

points.

There was one aspect to Wallace that bothered all Darwinians (he counted himself as one,

going so far as to write a book titled Darwinism). This was his refusal to agree that humans

too were products of natural selection. He would not accept that the human mind could be

explained in the same manner as other aspects of the living world; there had to be something

else to it. No, the mind was ‘itself the living proof of a supreme mind’. The phenomenon of

consciousness and the powers of the mind were so astonishing that they must have resulted

from artificial selection, meaning from a scheme of selection carried out with a purpose in

view. A Higher Intelligence must have been involved in the development of the human race

in the same way that humans had developed races of cows or horses in order to serve special

ends. Darwin, Huxley and many others differed from Wallace on this, and ‘grievously’ at that,

as Darwin told him apologetically.

In ending, let me make a few general remarks. This biography forms an interesting coun-

terpoint to the recent biographies of Darwin. I have in mind the one by Desmond and Moore

especially. That book succeeded brilliantly in portraying Darwin as a product of his times:

a rich, upper-class British gentleman of leisure whose intellectual development took place

in, indeed was shaped by, a Victorian world in which social inequalities were rife and some
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people were manifestly more successful than others. The approach was acclaimed by many and

criticised by others who saw it as making Darwin appear to be almost an inevitable consequence

of social forces. With Wallace, though, at least as Raby portrays him (which is not all that dif-

ferent from what one had known or guessed), the assessment must be rather different. Here was

a man, with neither wealth nor connections, only boundless curiosity, in certain aspects also a

product of his times, who went on to indulge his curiosity to the fullest, even though prudence

and common sense, not to say convention, might have suggested a more regular, more stable,

more ‘normal’ career. Based on what we know, there does not seem to be any way in which

Wallace’s life can be understood other than as being based on a highly individualistic set of

choices. The point is that these were choices that would have been opposed, not fostered, by

societal expectations. To be sure, the choices that he made had to mesh with, even exploit, the

constraints imposed by an external world. Raby puts it nicely. Wallace’s was an astonishing

intellectual odyssey which was at the same time ‘fed by the Victorian institutions of self-help,

the mechanics’ institutes and local lending libraries, popular journals and magazines’.

We are often tempted to force explanations of human behaviour within a simplistic Nature-

versus-Nurture framework. If one were to do so in the present case, Wallace’s life could be

said to be dominated by the Nature end of the range of inputs. There is an interesting ‘control

experiment’ available for us to compare with Wallace. He and Bates were friends and contem-

poraries, had similar backgrounds, aspired to similar careers, made similar choices and, most

importantly, were intrigued by similar questions (as early as 1847, Wallace is writing to Bates

about a possible ‘theory of the origin of species’). Yet Wallace discovered natural selection

whereas Bates did not.

Finally, a striking fact comes through this biography which puts paid to the validity of Lord

Rutherford’s celebrated (or notorious) saying that in science, there is Physics, and then there

is ‘stamp-collecting’. The fact is that Darwin and Wallace saw themselves preeminently as

theorists. Both were convinced of the central importance of theory even in a field as rooted in

observation as natural history. Wallace has been quoted already. Here is Darwin to Wallace, in

a letter that went to Ternate and just predated Wallace’s momentous announcement to him: ‘I

am extremely glad to hear that you are attending to distribution in accordance with theoretical

ideas. I am a firm believer, that without speculation there is no good and original observation’.

That was in 1857, approximately fifty years before genetics and developmental biology began

to provide two more theoretical underpinnings to biology and about a hundred years before

neurobiology ushered in a third. We would do well to ponder the irony here. Namely, mod-

ern biology, whose practitioners tend to look down on old-fashioned descriptive botany and

zoology, often seems to involve little more than accumulating facts for their own sake. It has

become in its turn a refuge for stamp collectors, only this time the stamps are molecule-sized.
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Ernst Haeckel was born in Potsdam (near Berlin), the residence of the Prussian kings in

the period preceding the unification of Germany in 1871. His family was highly educated: his

father, Karl, was a jurist by training and served in the Prussian court, his mother, Charlotte,

was the daughter of a well-known jurist, and his elder brother, Karl, too, was a lawyer. One

year after his birth, Haeckel’s family moved from Potsdam to Merseburg, then the capital of

Saxony, about 170 km to the south-west of Potsdam. His father was in charge of schools and

ecclesiastical affairs at Merseburg, and Haeckel spent the next seventeen years in this relatively

small town. At home, the young Ernst benefited from an intellectually rich atmosphere. His

father was very fond of philosophy, natural sciences, geology, and travelogues, and often dis-

cussed these interests with him. His mother was a great admirer of classical German poetry,

especially that of Goethe and Schiller, and instilled a love for poetry in her son that he main-

tained throughout his life. He also developed an early passion for sketching and painting, and

by his teens, was a fairly proficient artist. His tutor, Karl Gude, introduced him to a wide array

of themes in biology ranging from Linnaean classification to the quasi-evolutionary specula-

tions of the comparative morphologist Lorenz Oken. In particular, Haeckel read and recalled

being greatly inspired by the travelogues written by Alexander von Humboldt and Charles Dar-

win (The Voyage of the Beagle, in German translation), as well as Matthias Jakob Schleiden’s

book on plants and their life. Schleiden, along with Theodor Schwann and Rudolf Virchow

(later Haeckel’s teacher and subsequent scientific opponent), enunciated the cell theory that

held that cells were the primary structural and functional unit of all life-forms. Interestingly,

both von Humboldt and Schleiden were also among the early German biologists to write about

the reality of evolution in the sense of the transmutation of species, though they did not then

have any understanding of the mechanisms underlying that phenomenon. It is instructive to

note how closely these three books foreshadow in many ways Haeckel’s subsequent interests

in, and contributions to, diverse sub-fields of biology, some of which he himself delineated and

named.

Incidentally, even Darwin was much inspired by von Humboldt’s travel account Ansichten

der Natur (Views of Nature, 1808), a collection of essays vividly depicting the impressions

that a five-year journey through the Americas left on him. During his own voyage aboard the

Beagle, Darwin wrote to Henslow, “I formerly admired Humboldt, I now almost adore him;

he alone gives any notion of the feelings which are raised in the mind on first entering the

Tropics”, Darwin’s sister, Susan, even thought that Darwin’s writing style in some passages

∗Reproduced from Resonance, Vol.23, No.11, pp.1165–1176, 2018.
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in The Voyage of the Beagle bore the imprint of von Humboldt’s more poetic style. Both von

Humboldt and Schleiden were, in turn, hugely influenced in the way they conceived of the

study of the living world by the earlier writings of the philosophers Immanuel Kant (1724–

1804) and Friedrich Schelling (1775–1854), and the great German poet and naturalist, Johann

Wolfgang von Goethe (1749–1832). This is important to mention because Kant, Schelling and

Goethe had a huge influence, not only on Haeckel but on generations of German biologists,

till the centre of gravity of biological research shifted towards the anglophone world after

the mid-twentieth century. More importantly, Haeckel’s poetic and scientific sensibilities and

the manner in which they interfaced were clearly part of the romantic tradition of German

biology that had largely been seeded by Kant, Schelling and Goethe. The notion that there

was an underlying unity to the diversity of life-forms, and that modularity was one way of

generating diversity from a small variety of building blocks, as well as the belief that the best

way to conceptualize an organism and how its constituents meshed together was through a

consideration of its functioning as a whole in a specific ecological context, were all due to the

influence of these three intellectual giants. Also, thanks to these three, was the pervasive notion

in nineteenth-century German biology that the best insights into the living world would come

only through a combination of poetic and scientific sensibilities.

In 1843, Haeckel joined the Merseburg Dom-Gymnasium (High School) and studied there

till 1852. At the Gymnasium, he benefited from a solid grounding in chemistry, biology and

also literature, especially the poetry of Goethe. For his matriculation, he had wanted to go

to Jena, where his idol, Schleiden, taught. But due to a knee injury incurred while hiking in

the mountains, he had to return to Berlin, where his parents had relocated, to convalesce. In

1852, consequently, he graduated from Berlin, and in the fall of that year joined the University

at Würzburg to study medicine. Würzburg, at that time, had perhaps the best medical faculty

in Germany, including such luminaries as Albert von Kölliker and Rudolf Virchow. Haeckel

remained at Würzburg till 1857, when he obtained his medical doctorate. German medical

education in those times was quite broad, and Haeckel greatly enjoyed studying histology and

anatomy, including microscopy, with von Kölliker, as well as Virchow’s cutting-edge lectures

on pathology. In an era prior to the popularity of camera lucida drawings, it was said that

Haeckel could draw specimens with one eye on the microscope and the other on his sketch.

He also took courses in botany and zoology. In fact, as he often wrote to his parents, it was

the biology part of the curriculum that kept him at Würzburg; he was not interested in actual

medical practice and found the clinical courses depressing. During his medical school days,

Haeckel was a somewhat aloof and solitary young man, indulging in his penchant for nature

walks, reading Humboldt, Darwin and Schleiden, and, of course, poetry. In one of his regular

letters to his parents, he wrote: “Poetry raises a man above the dust and worry of everyday life

and banishes evil thoughts.”

During his five years at medical school, Haeckel also managed to indulge his interests

in biology, especially field biology. In 1854, he spent the summer term at Berlin, studying

comparative anatomy and physiology with the legendary zoologist Johannes Müller, and the

alternation of generations in plants with Alexander Braun. Later that summer, he and a friend
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went to some islands in the North Sea where they fortuitously met up with Müller and were

invited to join his expedition examining marine invertebrates. This experience sparked off

Haeckel’s long-abiding interest in this very diverse group of animals. He also recollected dis-

cussing the vexatious “origin of species” question with Müller that summer. Clinical training at

Würzburg in 1855 was dull, but partly offset by a summer course in invertebrate anatomy with

Carl Gegenbauer, who became a close friend, and Franz Leydig. In 1855, too, Haeckel visited

Italy, and studied more marine invertebrates. He was also greatly put off by the ostentatious

pomp and pageantry of the Catholic church. Haeckel had been brought up in a Protestant and

liberal family, subscribing to the views of Friedrich Schleiermacher, who felt that the roots of

religion were a feeling of awe and smallness in the face of nature, its vastness, diversity, and

forces, and that elaborate theological doctrines were actually a distraction from these true roots.

By the time he visited Italy, Haeckel’s earlier liberal religious views had already been further

diluted by Virchow’s championing of materialism.

In 1856, Haeckel became Virchow’s assistant and once again visited the Mediterranean,

this time on the French coast, at Nice. While there, Haeckel again ran into Müller and had

another opportunity to collect and study marine invertebrates with him. In the winter of 1856–

57, Haeckel worked on his medical dissertation on the histology of river crabs with Leydig

in Berlin, and was awarded a medical doctorate in March 1857. He then did further clinical

training at Vienna and Berlin, and finally qualified the State Medical Examination for getting

licensed to practise as a clinician in 1858. However, as Haeckel had no interest in clinical

practice, he still needed to undertake a ‘habilitation’ which would qualify him to teach at a

university. The habilitation itself involved producing a serious dissertation based on indepen-

dent research. Haeckel had hoped to work in Berlin, with Müller, towards his habilitation, but

unfortunately, Müller died that same year. Moreover, in 1858, Haeckel got engaged to his first

cousin, Anna Sethe, after they had been in love for several years since their first meeting in

1852. Without a university position, it would not be feasible to think of marriage. Thus, in

1859, Haeckel thought of returning to the Mediterranean and doing his habilitation research on

marine invertebrates.

During his almost year-long sojourn in Italy in 1859, Haeckel drifted from Florence to

Rome to Naples, once again deeply disturbed by what he felt was an extremely stifling and

reactionary effect of the Catholic church on the Italian society. While in Italy, he did resume

serious painting but, for a long time, was neither happy nor doing any research. In Naples, he

began some perfunctory research on invertebrates and fish, but soon became disillusioned and

decided to ‘escape’ to the beautiful island of Ischia. On Ischia, Haeckel met a fellow German,

the poet Hermann Allmers, thirteen years older to him, and the two developed an exceptionally

close friendship based on a shared love for nature, painting and poetry. Allmers, in fact, seems

to have also developed some degree of physical infatuation for Haeckel that does not seem to

have been reciprocated. Together with Allmers, Haeckel embarked on what became essentially

a long painting and poetic vacation from Ischia to Capri, back to Naples and a day-night climb

of Mount Vesuvius, during which Allmers almost lost his life, and eventually on to Messina on

the island of Sicily. This was a turbulent time in Italy, with Guiseppe Garibaldi spearheading
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the movement for the unification of all Italian speaking kingdoms and Duchies into a single

state, and the two young Germans saw hope in those events for a similar unification of all the

German-speaking states into one nation. During this long, drifting, and somewhat bohemian

vacation, Haeckel toyed with the idea of giving up research and concentrating on art. But he

was led back to biology by the thought that only scientific research and teaching would enable

him to have a stable enough income to marry his beloved Anna.

Once Allmers left Messina in late 1859, Haeckel settled down to serious work. He had

carried with him Johannes Müller’s small monograph on radiolarians, tiny protozoans that pro-

duce elaborate silicaceous skeletons, a group that Müller had been working on before his death

in 1858. He realized that Müller had not been able to do a comprehensive job on this fasci-

nating and beautiful group of organisms and, hence, decided to focus on a detailed study of

radiolarian structure, distribution and systematics for his Habilitationschrift (habilitation dis-

sertation). Over the next few months, Haeckel worked furiously, collecting samples, studying

them and recording data on microhabitat and distribution of the numerous previously unde-

scribed species he unearthed. In April 1860, he moved back to Berlin and, with some support

from the Berlin Academy of Sciences, began to work on his collection of radiolarians at the

Berlin Zoological Museum. By the winter of 1860, Haeckel had moved to the University at

Jena as an assistant to Gegenbauer, and had also come across Heinrich Georg Bronn’s German

translation of Charles Darwin’s book On the Origin of Species. He was still furiously at work,

simultaneously preparing his Habilitationschrift and a report to the Berlin Academy of Sci-

ences. In March 1861, the 27-year-old Haeckel obtained his habilitation in the medical faculty

at Jena and became a ‘Privatdozent’, implying that he could teach courses and derive an income

directly from the fees charged of the students enrolling in the course. Through 1861, Haeckel

was busy with lectures and writing a monumental two-volume work on the radiolarians, cover-

ing their morphology, structure, distribution, ecology and systematics. Early on, he became a

popular lecturer and many of his early students recalled how inspiring he was when he spoke.

In the same year, he became committed to a Darwinian world-view in biology, writing to his

fiancee that he was “buried” in Darwin’s work.

In 1862, the massive two-volume Die Radiolarien (The Radiolarians) was published to

much acclaim. The first volume was over 500 pages long, and the second consisted of 35

copperplate illustrations, done by Haeckel himself, of stunning artistic beauty and accuracy, the

latter confirmed much later by electron microscopy. More significantly, the book was imbued

with an appreciation of Darwinian thinking as the organizing principle for systematics. Haeckel

interpreted his voluminous data on radiolarian structure and ecology in light of Darwin’s theory

of descent with modification and also offered up his analyses as a solid empirical example of

Darwinian evolutionary theory. It is striking to note that this first work that positioned itself

as an empirical validation of Darwin’s core ideas appeared within three years of The Origin of

Species. Haeckel wrote, “When one considers how every great reform, every strong advance

has found a mighty opposition, the more he will oppose without caution the rooted prejudice

and battle against the ruling dogma; so one will, indeed, not wonder that Darwin’s ingenious

theory has, instead of well-deserved recognition and test, found only attack and rebuff”. The
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clarion call had been sounded early, and Haeckel would, indeed, throughout the rest of his life

oppose without caution, all dogma unaccepting of the Darwinian world-view, and that too with

a passion and, sometimes, fury that would make T H Huxley, often called “Darwin’s bulldog”,

seem mild by comparison. Shortly after the publication of the book, Jena appointed Haeckel

as Extraordinary Professor and Director of the Zoological Museum. With financial stability

assured, Haeckel and Anna were able to get married on 18 August 1862. They spent the next

month in the Austrian Alps. Anna shared her husband’s passion for nature, mountains, and

Darwinian thought, calling him her “Deutsche Darwin-Mann”. The first couple of years after

their marriage were, perhaps, the happiest times of Haeckel’s life. His professional reputation

grew by leaps and bounds, and his personal life was settled and happy, with a perfect soulmate.

That winter, in addition to his regular lectures on zoology, Haeckel also delivered public talks

on evolutionary biology, and in 1863, he presented a talk on Darwinian theory at the court in

Weimar. In September 1863, the Society of German Natural Scientists and Physicians gathered

at Stettin for its thirty-eighth annual meeting. The young Haeckel, still not thirty, was invited

to deliver the first lecture on Darwinian theory, in a meeting where his idols and teachers, like

Virchow and Schleiden, were also speakers. Haeckel not only delivered a clear and cogent

account of Darwin’s basic ideas and the principle of natural selection, but also brought human

behaviour and society into the domain of evolutionary explanation, thus anticipating Darwin’s

The Descent of Man and Selection in Relation to Sex by almost a decade. He also defended

Darwinian theory against attacks by a couple of other speakers at the meeting, and newspaper

accounts suggest that the defence was both characteristically vigorous and well received by

much of the public. By the time the Stettin meeting was over, Haeckel was established as the

foremost German Darwinian, and his lecture received considerable press coverage due to its

obvious implications for the social and religious order.

At the beginning of 1864, just before his thirtieth birthday, Haeckel’s life appeared to be as

close to perfect as possible. Academically, he was a rising star, and his reputation was estab-

lished across the land. He was a greatly respected lecturer and was enjoying the atmosphere

in Jena, which had been the cradle of German romanticism in Goethe’s days. His personal life

was blissful, and Anna and he, together with Gegenbauer and his new wife, made up a quartet

with many common interests, in nature, poetry, art and science. He had also written to his

new idol, Darwin, sending him a copy of his book on radiolarians as a small homage to the

great man’s thought, and also newspaper clippings of his exposition and defence of Darwinian

thought at the Stettin meeting. Life, however, often has a habit of serving up the nastiest blows

when all seems to be wonderfully perfect. After a brief illness, Haeckel’s beloved Anna died,

ironically on his thirtieth birthday, barely nineteen months after they were married. To add to

the irony, the very same day, Haeckel received the news that he had been awarded the very

prestigious Cothenius Medal of the Leopold–Caroline Academy of German Natural Scientists

and that he would be receiving the Medal from the Academy’s President, Carl Gustav Carus,

a personal friend of Haeckel’s idol, Goethe, himself. Nothing would ever be the same again

for Haeckel; henceforth, there would be a bitter edge to everything he did, and this personal

tragedy also destroyed forever his belief in God and religion, however liberally construed. For
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the rest of his life, Haeckel would bitterly miss Anna’s companionship and love, and as he

threw himself into work as a form of escape from his loss, he began to wield Darwinism as the

principal weapon with which to attack and destroy religion, which he now felt was a falsehood

duping people into mistakenly believing in the goodness of God’s world.

For over a week after Anna’s death, Haeckel was distraught with grief, often unconscious or

delirious. His parents and brother rushed to Jena to look after him lest he commit suicide, a very

real possibility as Haeckel later recalled. They also persuaded him to take a trip to Nice, hoping

that his beloved Mediterranean and the change of scenery and climate would help him recover

from this unexpected and devastating loss. A few months in Nice did, indeed, help Haeckel

recover in part from his loss, but not to his former self. He wrote in a letter to his parents,

“The Mediterranean, which I so love, has effected at least a part of the healing cure for which

I had hoped... I hold that from so deficient and contradictory a creation as man, a personal

progressive development after death is not probable; more likely is a progressive development

of the species on the whole, as Darwinian theory already has proposed it.... Mephisto has it

right: Everything that arises and has value comes to nothing”. Later, the same year, Gegenbauer

also lost his wife, Haeckel and Anna’s friend, to childbirth complications. This was a further

blow, and, henceforth, Haeckel would seek solace, not in a blissful afterlife for the meritorious,

but in seeking to become one with nature in an understanding of it, and in the realization that it

is nature from whence we come and into nature that we return, and that, during our sojourn on

earth, it is nature in which we meaningfully exist and reside. Much later, he would confirm that

the tragedy of 1864 “destroyed with one blow all the remains of my earlier dualistic world-

view”. In his 1899 book Die Welträthsel (The World Riddles), he rooted human morals and

social behaviours firmly in biological evolution, disagreeing with both religion and the non-

deistic but humanistic moral philosophy of thinkers like Kant, Nietzsche, and Stirner. “Indeed,

the natural commandments of sympathy and altruism not only arose in human society millennia

before Christ; they were to be found characterizing those higher animals that live in herds and

social groups”, Haeckel wrote, continuing that “These traits have their oldest phylogenetic

roots in the formation of the sexes in the lower animals and in the sexual love and parental

care upon which the preservation of the species rests”. In one of the footnotes in the same

book, he also noted that “Indeed, there are now numerous educated people who find their real

edification, not in listening to prolix and meaningless sermons but in attending public lectures

in science and art, in the pleasures of the limitless beauty that flows in inexhaustible streams

from the womb of our Mother Nature”.

Haeckel returned in July to Jena and found Darwin’s reply to his letters waiting. He and

Darwin exchanged further letters, cementing their friendship with an exchange of portraits.

Haeckel also shared with Darwin his recent loss, writing that Anna “held the name Darwin in

as high a veneration as I myself do”. He began planning a monumental work on evolutionary

theory as the means of understanding biological diversity and its distribution, writing to Darwin

again in October 1864, “Now in my isolation, which since the death of my wife is so lonesome,

this engrossing work is a great consolation, and I toil at it with so great an enthusiasm, as if my

Anna herself drove me to its completion and had left this task as a memorial”. In 1865, Jena
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made Haeckel an Ordinarius Professor of Zoology, awarding him an honoris causa doctorate

in philosophy as well, to forestall a possible move to Würzburg. Later that year, Haeckel again

resumed public lectures on Darwinism and began the work on his monumental two-volume

Generelle Morphologie der Organismen, which appeared in 1866. Over the next three decades

or so, Haeckel was very active professionally, and his work helped further develop evolutionary

thought, the systematics of invertebrates, the early evolution of animal groups, developmental

biology and oceanography. He was also very active in the public propagation of evolutionary

thought, in arguing for a more liberal school education in Germany, and in the acrimonious

debates between the conservative elements of society and religious establishment on the one

hand, and those who believed in evolution, on the other.

In October 1866, Haeckel visited England for the first time, admiring museums, art gal-

leries and the botanical and zoological gardens, and meeting with Huxley, Hooker, Lyell, and

Lubbock. The high-point of the trip was, of course, a meeting with Charles Darwin himself, at

his country house at Downe on 18 October, a Sunday. Despite Haeckel’s English being quite

poor, and Darwin’s German poorer, the meeting further cemented the friendship and mutual

admiration that had grown through correspondence, and the two would remain in regular touch

till Darwin’s death in 1882. Haeckel later recalled the visit and his first meeting with his idol,

who had struck him as being imbued with the attributes of Jupiter, Atlas and Goethe, “.... out

of the shadows of the vine-covered entrance came the great scientist himself to meet me... the

welcoming, warm expression of his whole face, the quiet and soft voice, the slow and thought-

ful speech, the natural and open flow of ideas in conversation – all of this captured my whole

heart during the first hours of our discussion. It was similar to the way his great book on first

reading had earlier conquered my understanding by storm. I believed I had before me the kind

of noble worldly wisdom of the Greek ancients, that of a Socrates or an Aristotle.”

From England, Haeckel journeyed to Portugal and the Canary Islands, where he met up

with colleagues and students and spent several months studying diverse marine invertebrates

before meandering back to Jena in mid-1867, via Morocco, Spain and Paris. The work started

on this expedition culminated in his monumental treatises on siphonophores and other

cnidarians, and on sponges, leading not only to a general theory of early animal origins (the gas-

traea theory), but also to the foundations of manipulative experimental embryology

(Entwikelungsmechanik), later developed further by his brilliant students, Hans Driesch and

Wilhelm Roux. In June 1867, Haeckel got engaged to Agnes Huschke, daughter of a renowned

Jena anatomist, and the two were married in August the same year. The couple had three chil-

dren: Walter (born 1868), who became a noted painter, Elisabeth (born 1871), and Emma (born

1873). Though the marriage lasted till Agnes’ death in 1915, it was not a particularly happy

one, with Agnes forever falling short in Haeckel’s unfortunate comparisons of her with the

deceased Anna. Agnes did not share Haeckel’s intellectual interests and was quite upset with

his continuing bitter debates with the church and conservative society. Haeckel increasingly

sought escape from the marriage in scientific expeditions and his work.

In 1868, Haeckel developed his public lectures on evolutionary thought into a book aimed

at a general readership, Natürliche Schöpfungsgeschichte (The Natural History of Creation).
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The book went through 12 editions in 52 years, was translated into multiple languages, reached

many more readers than Darwin’s book, and was described as “the chief source of the world’s

knowledge about Darwinism” in a history of biology written in the early twentieth century.

In 1869, his monograph on the systematics and developmental biology of siphonophora was

published. This was followed over the next thirty years or so by equally monumental works on

calcareous sponges, monerans and other protists, the gastraea theory of early animal evolution,

systematics and phylogeny, biological individuality and the division of labour in multicellular

organisms, and four volumes describing over a thousand species of radiolarians, cnidarians and

sponges from oceanic samples collected from all over the world by the British Royal Navy’s

Challenger expedition between 1873–76. In addition, he wrote travel accounts of visits to

Italy, India, Sri Lanka, and Southeast Asia, all profusely illustrated, as well as a book on

Red Sea corals. He also continued to write more general works, including the famous Die

Welträthsel (The World Riddles) in 1899, a book that placed evolutionary thought into a broader

historical, philosophical and social context, as well as volumes on the contributions of Goethe,

Lamarck and Darwin to evolutionary thought, the evolutionary and developmental history of

humans, the importance of freedom of thought and learning in educational systems, and on his

non-deistic quasi-religious philosophy of monism. His Kunstformen der Natur (Art Forms in

Nature – see Classics, in this issue) is still regarded as a masterpiece of biological illustration.

The phylogenetic trees that Haeckel popularized are today found all across the evolutionary

literature, and the recently blossoming field of evo-devo owes its origins to Haeckel, even

though this is not often acknowledged.

From the 1870s till his death in 1919, Haeckel was mired in controversies and acrimonious

disputes, as his many critics and enemies hit back at him, often viciously. One major contro-

versy related to his use, in the first edition of Natürliche Schöpfungsgeschichte, three repeti-

tions of the same wood-cut picture to illustrate three embryos, claimed to be a dog, chicken and

turtle, in order to emphasize the similarity between the early embryonic stages of vertebrates

from different classes. This was first pointed out by Ludwig Rütimeyer, an anatomy professor

in Basel, in an 1868 review of Haeckel’s book. The charge was correct, and certainly repre-

sented a gross error of judgement. Haeckel’s response was that the fudging was done in a book

meant for the general public (as opposed to a scientific publication), in part due to the need

for haste amidst publication delays, and that it was done only to illustrate a well-known prin-

ciple of similarity of early embryonic forms across vertebrates. The error was rectified in the

second and subsequent editions. The charge, however, kept being resurrected, often by those

who had scientific differences of opinion with Haeckel, as a means to denigrate his standing

as a scientist. In 1874, the charge was repeated by Wilhelm His, who saw himself as one of

the protectors of the ‘purity’ of embryology against any incursions of evolutionary thinking, as

represented by Haeckel. Again, in 1891, Victor Hensen invoked the same charge as part of his

quarrel with Haeckel over the latter’s critique of the quality of Hensen’s scientific work. Even

as recently as the twenty-first century, suggestions that Haeckel’s illustrations are somehow

fraudulent continue to appear in the literature. However, as has been persuasively argued at

length by Robert J. Richards in his 2008 biography of Haeckel and elsewhere, there is really

# 60

60



Ernst Heinrich Philipp August Haeckel

not enough substance in these allegations, beyond a certain degree of artistic license in some of

the drawings, to support a serious charge of scientific misconduct. In some cases, distinguished

modern-day embryologists have used his figures in their textbooks, and later, upon realizing

that the figures were originally Haeckel’s, have claimed to see something suspicious in them.

In general, Haeckel has received inexplicably harsh treatment from many historians of science

and influential popular science writers, like Stephen Jay Gould. There have also been repeated

charges of racism and of his having provided the intellectual foundations for Nazism in Ger-

many, despite clear evidence suggesting that like Darwin, Haeckel was probably less racist than

the average biologist of his times, and that the Nazis themselves dismissed his scientific and

philosophical theories (see Box. 1 in Vignettes of Haeckel’s Contributions to Biology, in this

issue). Indeed, for a German of his era, Haeckel actually stood out as fairly liberal on most

social issues, including the vexatious issue of anti-semitism. He was often accused by critics of

being too friendly with Jews, and anti-Christian (although he was anti-church and religion, not

anti-Christian per se). Haeckel was also attacked vigorously by the church and conservative

elements of the society who believed that his liberal views and evolutionary theories would

drag humanity into a cess-pit of moral deprivation. Haeckel, of course, even in his later years,

hit back with all the passion and, indeed, venom at his disposal.

During these decades of incessant attacks from critics and opponents, and an increasingly

unpleasant atmosphere at home due to both his wife and youngest daughter suffering from

severe depression because of his travels and immersion in his work, Haeckel found solace

in a romance which briefly revived memories of his first relationship with Anna. In 1898,

a young 34-year-old unmarried lady from an aristocratic but impoverished family, Frida von

Uslar-Gleichen, wrote to Haeckel after reading his Natürliche Schöpfungsgeschichte, asking

some questions about evolutionary theory. She was clearly well-read and intelligent, and ap-

preciated Haeckel’s thought. They began to correspond regularly, sharing books, and, in 1899,

she helped Haeckel with the proof-reading of Die Welträthsel, even convincing him to tone

down some of the more vitriolic passages. They met a couple of times and became lovers in

1900. In 1902, Haeckel introduced Frida to his son and daughter, and Frida’s sister, too, was

aware of their relationship. Carried away by the coincidence that Frida was born in 1864, the

year that Anna died, Haeckel began to think of her as the reincarnation of Anna. The relation-

ship, however, ended as tragically as his first one. Frida developed serious cardiac problems

in 1902, which worsened the next year. She was in great pain and largely confined to bed,

unable to withstand even the slightest exertion. Finally, she requested Haeckel, as a registered

medical doctor, to help her procure morphine, which he did. In December 1903, Frida com-

mitted suicide, overdosing on the morphine she had requested for. A little later, in 1904, the

dancer Isadora Duncan visited Germany and invited Haeckel to a dance performance she had

choreographed, based on the evolutionary perspective of Darwin and Haeckel. It appears that

she was enamoured of him, having read his Natürliche Schöpfungsgeschichte and, in her own

words, thereby having acquired religion whereas earlier she had none. It is not clear whether

their relationship went beyond a cordial friendly acquaintance, but it was probably one of the

last pleasant events of Haeckel’s life. From 1908 onwards, Haeckel was in poor health and
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partly crippled by arthritis. He resigned from his university positions at Jena in 1909, but was

allowed rooms to work in at the newly established Phyletic Museum at the University, which

had been largely funded by Haeckel himself, who conceived of it as a “temple to the philos-

ophy of nature”. Unfortunately, a former student of Haeckel’s, Ludwig Plate, who succeeded

him as the Director of the Zoology Institute, and also oversaw the Phyletic Museum, hounded

him out, partly because he was deeply critical of Haeckel’s liberal and anti-religious views and

his friendship with Jews. Haeckel retreated bitterly to his own house, Villa Medusa. In 1911,

after he had fallen and broken his leg, his granddaughter, Else Meyer, moved in with him to

look after the old man.

The last eight years of Haeckel’s life were largely melancholic due to ill-health and the

Great War, in which large numbers of his nephews, grandchildren, and grand-nephews died. A

brief interlude of happiness was provided in 1914 by an invitation to visit Leipzig, to attend a

gathering in his honour on his eightieth birthday. There were rich accolades paid, by scientists

and social reformers alike, and a Festschrift volume Was Wir Ernst Haeckel Verdanken (What

We Owe Ernst Haeckel) was released. Haeckel’s daughter, son and grandchildren were also

present at the event. The happiness was, however, tempered by the realization that the political

atmosphere in Europe was becoming dark with the clouds of war. Haeckel (the first to use the

term ‘World War’), together with some French intellectuals, wrote about the need to prevent

such an eventuality. But the Great War broke out later that year and, over the course of the

next four years, brought a great deal of misery to Europe. When the French were joined by

the British, Haeckel, who was also a great admirer of British science, was, like many other

Germans, deeply saddened by this seeming ‘betrayal’ by their Anglo-Saxon cousins. He wrote

rather bitterly about his views on the British act and this, no doubt, has contributed to his con-

tinuing unpopularity in the English-speaking world. In December 1918, with Germany in ruins

following its unconditional surrender, Haeckel wrote, “At the conclusion of the calamitous four

years of this disastrous world war, we stand almost without hope on the ruins of a ravaged cul-

ture... We must yet seek hope for a better future in a more solidly realistic school education, in

a true knowledge of actual nature founded on monistic evolutionary doctrine. State and school

must remain free of the traditional restraints of the church. Pure reason must overcome the

governing superstition.”

In early 1919, Haeckel, by now almost 85 years old, began to suffer from symptoms very

suggestive of progressive heart failure. He often fainted and fell, sometimes suffering severe

injuries and fractures, and was largely confined to his room. He finally passed away in August

1919, facing his last months of largely invalid life with exemplary equanimity and stoicism. He

was cremated, as per his wishes, and his ashes were buried in the backyard of Villa Medusa,

crowned by a bust originally sculpted in 1908. The house itself, now known as the Haeckel

Haus, became a museum administered by the Jena University, through funding from the Carl-

Zeiss-Stiftung, in which Haeckel’s paintings, letters, manuscripts and research materials are

preserved.
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Ernst Haeckel was a very versatile and complete biologist, equally at home with

imaginative leaps of conceptualization, serious natural history in the wild, and metic-

ulous experimentation in embryology. His work shaped the development of a holistic

evolutionary perspective that brought ecology, ontogeny, phylogeny, and biogeogra-

phy together into a unified explanation of the patterns of diversity seen in the living

world. He, along with Darwin and Mendel, was perhaps one of the three most conse-

quential biologists of the nineteenth-century, in many ways the golden age of biology.

Have you ever wondered what ecology, ontogeny, and phylogeny might have in common?

In the light of today’s understanding of the evolutionary process, we might say that, ultimately,

the long-term moulding of phylogeny by ecology, through the medium of ontogeny, lies at

the heart of the process of adaptive evolution. The other answer to the question is that all

the three terms were coined by Ernst Haeckel, nineteenth-century German biologist extraordi-

naire, whose work contributed greatly to shaping the holistic evolutionary perspective initiated

by Darwin, as well as to its popularization in society at large. He was also largely responsible

for setting up evolutionary theory as a vehement counterpoint to traditional religious views.

Haeckel also coined the terms gastrula and gastrulation, as well as the concepts and terms phy-

lum, anthropogeny, and chorology (later known more widely as biogeography). The accom-

panying Article-in-a-Box in this issue sketches out the biography of Ernst Haeckel, attempting

to place him and his work in the context of the times and place he lived in. In this article,

I shall briefly discuss some of his major contributions to the development of biological and,

specifically, evolutionary thinking in the several decades after Darwin’s book, On the Origin of

Species, was published.

Haeckel was the first to boldly postulate that the cell nucleus was the site wherein hereditary

information was located. He was also the first to suggest that the so-called unicellular plants and

animals were better thought of as constituting a separate kingdom, the Protista. He described

thousands of new species of marine invertebrates, more than anybody else, and was also the first

person to describe and name the process of gastrulation, a key event in the early development of

animal embryos, and to link it to the early evolution of animal body-plans. Moreover, Haeckel

was the first to experimentally show that individual cells of an early embryo, if separated,

could develop into complete larvae, thus establishing what we today call the totipotency of

early embryonic cells (embryonic stem cells). Although his famous students Hans Driesch and

∗Reproduced from Resonance, Vol.23, No.11, pp.1177–1204, 2018.
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Wilhelm Roux are often credited with the discovery of totipotency, it was Haeckel who had

anticipated it almost two decades prior to their work.

Haeckel’s exposition of natural selection was, perhaps surprisingly, clearer and crisper than

that of Darwin’s. It was also Haeckel who first recognized, and pointed out to Darwin, that the

principle of natural selection followed, with all the certitude of a mathematical deduction, from

the observations that trait variations could enhance an individual’s success at surviving and re-

producing in the ‘struggle for existence’, and that many of these variations were to some degree

heritable. It was Haeckel, too, who first pointed out that advances in medicine had evolutionary

consequences in opposition to natural selection. Indeed, Darwin himself referred to Haeckel

as “one of the few who clearly understands natural selection”. In 1908, most fittingly, Haeckel

was awarded the Darwin–Wallace Medal of the Linnaean Society of London. In addition, he

was a member of over ninety learned societies and scientific associations.

Another aspect in which Haeckel excelled was in his role as a science communicator.

Throughout his active academic life of over forty-five years, Haeckel gave public lectures on

various aspects of biology and biology education. He also wrote several books on evolution

aimed at the general public, and it has been estimated that, in this regard, his influence was

unparalleled among evolutionary biologists between 1859 and the 1970s, a period which in-

cludes Darwin himself, as well as many other illustrious evolutionary biologists. In his hugely

impactful general book on the natural history of creation, Haeckel wrote, “I hold it as the

duty of natural scientists that they should not simply remain circumscribed within the narrow

confines of their speciality, improving and making discoveries, that they should not merely cul-

tivate lovingly and carefully the study of their special subjects, but that they should also make

their particular study useful for the polity and that they should help to broaden the scientific

education of the entire people”. These words, penned in 1868, resonate even today!

A Holistic View of the Living World

Biology, as is increasingly realized today, lies somewhat uncomfortably, in a conceptual space

spanning hard sciences like physics on one side, but also, and this is especially true of evo-

lutionary biology, a set of softer sciences including sociology, psychology and history. Of

course, this positioning need not be a source of discomfort; it could as easily be a reason to

celebrate, as it renders biology vaster than other sciences, both in its subject matter and in its

conceptual span. Owing to the earlier maturation of physics, and its triumphant demonstration

of the success of the deductive method in elucidating universal physical laws, however, biolo-

gists have often tried to avoid or deny the softer side of their science. This has especially been

true in the second half of the twentieth century, after the early successes of molecular biology

raised the hopes of a fully mechanistic understanding of all biological phenomena, a dream

that still lives on in the hearts and minds of many reductionist biologists. In the nineteenth

century, the situation was slightly different. Biology was just beginning its progression from a

purely descriptive endeavour to a formal science and Haeckel, both in his philosophy of science

and education, and in his researches in biology, was one of the earliest scholars to argue for
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recognizing many parts of biology, especially evolution and ecology, and geology as consti-

tuting a different kind of science than physics. This was a view that eventually got eclipsed

within both biology and geology in the twentieth century, but one that, at least in biology, is

now slowly but surely making a comeback, at least in some western countries.

Haeckel’s grasp of biology was both deep and exceptionally wide, ranging from the micro-

scopic minutiae of early embryonic development to the large-scale patterns seen in biogeogra-

phy, a field he was a pioneer in delineating, although his label for it – chorology – did not take

root. He saw, immediately upon reading Darwin’s On The Origin of Species, that the theory of

evolution provided a perspective that would intertwine embryology, heredity, ecology, palaeon-

tology and biogeography into one unified whole, which when applied to humans would also

encompass comparative linguistics, psychology and sociology. In his appreciation of the almost

infinite sweep of the evolutionary Darwinian perspective, he was perhaps ahead of most of his

contemporaries, including Darwin’s intellectual descendants in England. Moreover, Haeckel

also saw, and clearly enunciated, the corollary to this realization: that biology as an attempt to

explain why and how the living world, including human societies, was the way it was would

have to be a historical science, leaning heavily on inductive approaches to interpretatively ar-

rive at an understanding of how the living world is structured and changes. It is clear from

Haeckel’s extensive correspondence with Darwin that, in this respect, he was perhaps a more

holistic biologist than even Darwin himself. He convinced Darwin about the relative impor-

tance of the biotic environment to adaptation, arguing that the true ‘struggle for existence’ was

not waged against the physical environment but against other living beings, whether conspecific

or heterospecific, thus anticipating the metaphor of ‘the ecological stage and evolutionary play’

by almost a century. Haeckel also anticipated Darwin by almost a decade in bringing human

origins and an understanding of human behaviour and society under the purview of evolution-

ary explanation, and in invoking the role of mate choice in the evolution of behavioural traits.

In later editions of On The Origin of Species, Darwin often mentioned Haeckel by name when

incorporating his suggestions in the text. In his own book on human evolution and sexual se-

lection, The Descent of Man and Selection in Relation to Sex, referring to Haeckel’s recently

published book on the natural history of creation, Darwin wrote: “If this work had appeared

before my essay had been written, I should probably never have completed it. Almost all the

conclusions at which I have arrived I find confirmed by this naturalist, whose knowledge on

many points is much fuller than mine”.

Biological Individuality

In the contemporary literature on the philosophy of biology, one can find many papers on the

vexatious issue of what constitutes a biological individual. In the nineteenth century, too, this

issue attracted great interest, especially following the discovery of alternation of generations

and the complex life-cycles of many algae and marine invertebrates, with free-living as well

as colonial, primitively multicellular forms. Haeckel was one of the first to try and systemati-

cally analyze varied conceptions of biological individuality. At that time, thinking about what
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constituted the true biological individual varied widely, and many of Haeckel’s mentors and

idols held different views on the subject. His botany teacher, Alexander Braun, believed that

flowering plants were collections of differently modified individuals, or buds, that could form

leaves or flowers or stems. Goethe had argued that all flowering plant organs were modified

leaves, whereas Haeckel’s teacher, Virchow, believed that the true biological individual was the

cell and that multicellular organisms were a sort of a cellular society, just as a bee-hive was a

society of individual bees. Similar views of the multicellular organism as society rather than

an individual were to be found in the writings of the zoologist Müller, who had first introduced

Haeckel to the joys of studying marine invertebrates.

In trying to clear up these muddy waters, Haeckel proposed that we needed to consider

three distinctly different types of biological individuality, distinguishing between morphologi-

cal, physiological (or functional), and genealogical individuals. Morphological individuals, in

Haeckel’s view, were the most short-lived, temporally speaking, as an organism often changed

morphologically during its lifetime. For example, a cnidarian individual may exist as a free-

living medusoid, and later also as a colonial polyp, or an insect individual as morphologically

distinct larva, pupa and adult. He described morphological individuality as “a unifying expres-

sion of form that constitutes a complete and continuously connected whole, a whole whose

constituent parts cannot be removed and, in general, cannot be separated without destroying

the nature or character of the whole”. What we would typically think of as a biological in-

dividual, having a continuous existence from fertilized egg to adulthood and death, Haeckel

viewed as a physiological or functional individual, one that could maintain itself in a state

of being alive, while in principle undergoing dramatic changes in morphology and habit. In

keeping with his views regarding the relationship between ontogeny and phylogeny, Haeckel

also noted that physiological individuals tended to undergo sequential morphological trans-

formations that mimicked, at least loosely, the sequence of morphological forms exhibited by

the evolutionary ancestors in that lineage. Extending the domain of observation to a longer

timescale, Haeckel conceived of species and, indeed, higher taxa such as phyla (entire lin-

eages), as constituting genealogical individuals, made up of long sequences of physiological

individuals, just as they, in turn, were comprised of long sequences of morphological individ-

uals through a lifetime. Thus, Haeckel thought that considering different kinds of biological

individuality in this schema reflected the close intertwining, across increasing timescales, be-

tween embryological development, systematic (taxonomic) relationships and palaeontological

relationships, the same intertwining that underlay his development of stem-trees, or phylo-

genetic trees as a metaphor for, and description of, the fundamental evolutionary process of

descent with modification.

Developmental Biology

In the late nineteenth and early twentieth century, experimental embryology

(Entwickelungsmechanik in German) was the queen of the biological sciences and it was widely

believed that it was this sub-discipline that would illuminate the mysterious mechanisms of

heredity and evolution. The flowering of experimental embryology is inextricably wound up
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with the work of Roux and Driesch, and work done at the Zoological Station at Naples, founded

by Dohrn, which remained the post-doctoral Mecca for aspirational embryologists, including a

certain T H Morgan, well into the twentieth century. What is often forgotten, however, is that

Roux, Driesch and Dohrn were all doctoral students with Haeckel, and some of the founda-

tional experimental findings for which they are known were actually anticipated in Haeckel’s

own work decades earlier.

In early 1867, while on a trip to the Canary Islands with students and colleagues, Haeckel

became interested in the siphonophores, a particularly beautiful order of cnidarians. He wrote

to his friends back in Jena, “The siphonophores surpass all of the animal forms in these waters

by their beauty and delicacy, and by their great scientific interest...Think of a delicate slim

bouquet of flowers, the leaves and coloured buds of which are as transparent as glass, a bouquet

that winds through the water in a graceful and lively fashion – then you will have an idea of

these wonderful, beautiful, and delicate colonial animals.”

Haeckel conducted a series of experiments to better understand the developmental biology

of these beautiful cnidarians. Their basic structure and life-cycle had already been described

in detail, in part by Haeckel’s senior colleagues Gegenbauer and von Kölliker, but their de-

velopment was not well understood. First, Haeckel described the early embryonic stages of a

number of species from ten different genera of siphonophores, when cultured in the laboratory,

and noted that the earlier stages of embryos of different genera were extremely similar, with

divergence among genera being observable only later in development. Such observations, of

course, had already been made multiple times on arthropod and vertebrate embryos, even those

from different classes or orders.

Next, Haeckel examined the effects of altering temperature, light, or salinity, and of various

mechanical perturbations on the morphology of the developing embryos. In those days, mecha-

nisms of heredity were not known, as Mendel’s very recent work had not yet been widely read.

Many biologists, including Darwin and Haeckel, believed like Lamarck that the environment

could directly induce heritable variations in organisms. The logic of Haeckel’s experiments,

thus, was to see whether environmental perturbations could alter the ontogeny and, thereby,

the form of organisms in potentially heritable ways. Haeckel observed that altering the en-

vironmental conditions faced by early embryos could induce changes in the morphology of

siphonophore larvae, sometimes altering the morphology into something very similar to the

form characteristic of other genera. Haeckel interpreted these results as suggesting that organ-

isms had the potential to generate forms characteristic of other, perhaps ancestral species or

genera, under the influence of the environment. Based on the pattern of transformations he ob-

served, Haeckel speculated that the ancestral form of siphonophora was probably a free-living

medusoid, and this conclusion has now been established for not just siphonophora but the en-

tire phylum of cnidarians. This work also foreshadowed by over a century the more recent

work that attempts to link environmental changes to altered spatio-temporal patterns of gene

expression in developing embryos.

The third set of experiments that Haeckel did on siphonophore embryos anticipated by

about two decades the work of Roux and Driesch on totipotency, and, together with his environ-
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mental perturbation experiments, established the underlying logic of Entwickelungsmechanik.

He split up early-stage embryos into halves, thirds or quarters and found that each piece of

the embryo could, in fact, regenerate a complete, though small, larva. This work, along with

his other siphonophore work was published in a monograph on the developmental history of

Siphonophora in 1869, for which Haeckel was awarded a gold medal by the Utrecht Academy

of Arts and Sciences. Strangely, though, Haeckel is rarely credited with the demonstration of

totipotency of early embryonic cells, and neither Roux nor Driesch acknowledged this earlier

work of their teacher.

Evolutionary Origins and Relationships

In On the Origin of Species, Darwin prudently avoided any detailed discussion of two vexatious

topics on which an evolutionary view would be in stark opposition to the church. One was the

origin and evolution of humans, and the other the origin of life itself. On human evolution,

Darwin later published a whole book, The Descent of Man and Selection in Relation to Sex.

On the origin of life, he remained vague, at least in his published works. Although his letters

and diaries clearly indicate that Darwin did consider the possibility of spontaneous generation

of primitive life-forms via chemical means, his books leave open vague possibilities of creation,

and of multiple origins of life. Haeckel, on the other hand, took a much stronger view, and it

is the Haeckelian take that is closer to contemporary evolutionary thinking on this issue. In

a footnote to his first book, a monograph on radiolarians, Haeckel wrote, “The chief defect

of the Darwinian theory is that it throws no light on the origin of the primitive organism –

probably a simple cell – from which all the others have descended. When Darwin assumes a

special creative act for this first species, he is not consistent, and, I think, not quite sincere”. In

his fairly extensive correspondence with Haeckel, Darwin did not specifically respond to this

critique, also made by Heinrich Bronn, the German translator of Darwin’s first book, but did

continue to argue that “I much wish that this latter question (i.e. origin of life) could be settled,

but I see no prospect of it. If it could be proved true this would be most important to us.”

Early on, Haeckel in his 1866 book Generelle Morphologie der Organismen argued that

the Monera (his term for the simplest unicellular organisms, lacking even a nucleus) must

have arisen spontaneously from some distinctive chemical processes. In 1868, in his popular

science book on the evolutionary world-view, he used stronger language, arguing that although

it might be comforting for many to keep open the possibility of God creating life and leaving it

to evolve under biological laws, any such attempt to bring God into an explanation of how the

world is and came to be would be akin to “jumping into the inconceivable” (einen Sprung in das

Unbegreifliche thun). On the issue of whether there was one or a few origins of life, Haeckel

was initially more equivocal. In 1866, he advanced three hypotheses (Figure 1): a single

moneran origin for all life-forms, separately arisen monerans giving rise to plants, animals and

protists, and multiple origins of different moneran ancestors of major phyla. The last alternative

was initially considered the most likely by Darwin and Haeckel, but, in subsequent editions of

his book, Haeckel argued strongly in favour of either a single moneran origin for all life-forms

or, at best, two separate moneran origins – one for the protists and one for everything else.
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Figure 1: Stem-tree of plants, animals and protists, representing in one figure Haeckel’s three

hypotheses regarding the origin of life. The full figure, enclosed in the rectangle p-s-t-q, repre-

sents a single moneran origin of all life-forms. The subset of the figure enclosed in the rectangle

p-x-y-q represents three separate moneran origins, for plants, animals and protists, respectively.

The subset of the figure enclosed in the rectangle p-m-n-q represents separate moneran origins

for all major phyla within the three kingdoms of plants, animals and protists (from Generelle

Morphologie der Organismen, 1866).
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This view is close to the modern understanding, bolstered by molecular data and phylogenetic

techniques, but the final word on this vexatious issue is yet to be said.

In the context of visually depicting evolutionary inter-relationships, Haeckel was the first

to make extensive use of tree-diagrams, the forerunners of phylogenetic trees that are today

ubiquitous in the biological literature. Haeckel’s use of ‘stem-trees’ (Stammbaum) in his 1866

book, and subsequently, represents the first deployment of phylogenetic trees to bolster evolu-

tionary arguments about real relationships among taxa. In 1858, Darwin and Bronn had both

independently suggested that tree-diagrams could be used to depict evolutionary relationships

of ancestry and descent among species and other taxa, but they did not use them to depict any

real groups of organisms. In 1863, Haeckel’s friend August Schleicher, a linguist, included

a stem-tree of all the Indo-German languages in his book on Darwinian theory and linguis-

tics, an endeavour he had been encouraged to undertake by Haeckel. Haeckel himself used

stem-trees, both in his technical books and in works aimed at a general public audience. In

his books, Haeckel depicted stem-trees in a few different ways. He differentiated between

palaeontologically grounded genealogical stem-trees, representing physiological individuals

and depicting historicity and temporal depth, and systematic stem-trees, representing morpho-

logical individuals, that were based only on morphological and embryological similarities. He

also clearly distinguished between trees that highlighted “that part of phylogeny which con-

cerns the palaeontological developmental history of the direct progenitors of each individual

organism” from “true stem-trees” in which “the whole of the phylogeny forms a branched or

tree-like developmental series”. The former kind of idealized tree (Figure 2a) was used by

Haeckel primarily in books aimed at the general public, whereas the latter was typically used

in the more technical scientific monographs, and he was quite clear that it was the latter that

represented the “natural system”. Many critics have focussed only on the first kind of tree,

used for illustrative purposes in the more general books, and criticized Haeckel for not ap-

preciating the nuances of Darwinian thought, because those trees do give the appearance of

the author thinking in terms of a ladder-like progression from one form to the next, higher,

form. This criticism, however, does not hold if one looks at the “true stem-trees” (Figure 2b).

Moreover, later in his career, Haeckel also made tree-diagrams that plotted diversity, as well

as phylogeny, against time, a form of illustration that became increasingly popular in the early

twentieth-century palaeontology literature. In light of the criticism of Haeckel’s stem-trees, it is

also instructive to note that Darwin himself was perfectly satisfied with Haeckel’s phylogenetic

depictions, writing in the fifth edition of On the Origin of Species, “Professor Haeckel, in his

Generelle Morphologie and in several other works has recently brought his great knowledge to

bear on what he calls phylogeny, or the lines of descent of all organic beings. In drawing up

the several series he trusts chiefly to embryological characters but draws aid from homologous

and rudimentary organs, as well as from the successive periods at which the various forms of

life first appeared in our geological formations. He has thus boldly made a great beginning,

and shows how classification will in the future be treated”.
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Figure 2a: An example of one of the two kinds of stem-trees used by Haeckel: a ladder-like

depiction of the lineal progenitors of humans, who are at the apex (from Anthropogenie; oder,

Entwickelungsgeschichte des Menschen, 1874.
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Figure 2b: An example of the other kind of stem-tree used by Haeckel: true stem-tree of

mammals, with Homo sapiens in the extreme right top corner (from Generelle Morphologie

der Organismen, 1866).
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These soundly appreciative lines of Darwin render the criticism that Haeckel’s trees were

somehow not truly Darwinian rather hollow.

Early Animal Evolution

During the Canary Islands expedition of 1867, one of Haeckel’s students, Nikolai Miklucho

(also called Nikolai Miklouho-Maclay) focused his attention on sponges. For a very long time,

sponges had been thought of as either plants or plant-like animals. At that time, many zo-

ologists, including Haeckel, believed the sponges (horny, silicious and calcareous) to be an

independent evolutionary lineage deriving directly from the rhizopod protists (amoebae and

foraminiferans) as a colonial form, and not closely related to the cnidarian, arthropod, mollusc

and vertebrate groups that made up the animals. Miklucho described a calcareous sponge (he

named it Guancha blanca) that seemed to be a colonial form made up of distinct kinds of in-

dividuals, all variants on a common type resembling a champagne glass in shape. Miklucho

speculated that the various forms arose by modification, or fusion, of the basic form, which

he termed the ‘olynthus’. Miklucho also indulged in an evolutionary speculation that perhaps

the sponges were, in fact, closely related to the cnidarians, a relationship that he believed was

suggested by both forms having a digestive cavity with only one opening from which food was

both ingested and expelled. The general belief at the time was that ingestion took place through

smaller pores and the expulsion of waste from digestion alone occurred through the large open-

ing of the internal cavity. Miklucho’s evolutionary speculations spurred Haeckel’s interest, and

he undertook a characteristically detailed study of the reproduction and embryology of sponges

– topics about which little was known at the time – over the next several years which included

further collecting trips to Norway and the Adriatic.

Haeckel was the first to identify spermatozoa in sponges and worked out their reproductive

cycle in some detail. He then studied their early embryonic stages and described the process

that he would later term ‘gastrulation’ (Figure 3), in his first paper on sponges that appeared

in 1869: “After the egg, through the cleavage process, has formed into a spherical, mulberry-

shaped mass of densely packed, similar, naked, spherical cells, the mulberry-shaped embryo,

by a stronger growth in one direction, takes on an ellipsoidal or egg-shaped form and covers its

surface with cilia. Then within, a small central cavity (the stomach) expands; and at one pole

of the long axis, an opening breaks through the mouth”. He further noted the similarity of gas-

trulation in sponges with that in cnidarians, and also, as reported by other zoologists, in close

vertebrate relatives like Amphioxus. Based on this similarity of a very early embryonic stage

across diverse animal groups, and various other morphological and functional observations on

sponges, Haeckel speculated that a gastrula-like organism was probably a common ancestor

of sponges and all other animal groups (the Gastraea Theory of animal origins). He further

speculated that calcareous sponges were related via a common ancestor to cnidarians and other

animal groups, and independently, as an ancestor, to the silicious and horny sponges. Though

there is no empirical evidence for a common gastraean ancestor of all animals, it is widely be-

lieved today that a sponge-like animal was indeed the ancestor of all metazoans (implying that
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metazoa are monophyletic) and that the sponges are clearly not an evolutionary dead end as

was believed before Haeckel’s work on this group. Moreover, recent phylogenetic work based

on both rRNA and protein-coding genes confirms that the metazoa constitute a monophyletic

group, and also suggests, as Haeckel had imaginatively suggested over 130 years earlier, that

calcareous sponges are likely to be more closely related to cnidaria, ctenophores and other

metazoans than they are to silicious or horny sponges.

Figure 3: Haeckel’s drawing of the early embryonic stages, showing gastrulation (from the

1897 English translation of Anthropogenie; oder, Entwickelungsgeschichte des Menschen,

1874).
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There is, however, a final and ironic twist to this tale of the sponges. Haeckel had named the

polymorphic colonial sponge studied by Miklucho Ascetta primordialis and, believing it to be a

conglomeration of polymorphic individuals in colonial form, had used it as the centre-piece in

arguments for classifications based on a natural system (phylogenetic relationships) as opposed

to arbitrary morphology-based classifications (artificial system). The point he stressed was that

all the polymorphic individuals that made up a colony of this sponge would, under an artificial

system, be classified as different species. He also thought that polymorphic sponges like A.

primordialis had perhaps given rise to other more morphologically specialized sponge species.

In one more striking example of how a mistaken conclusion can, nevertheless, sometimes drive

great scientific insights, later work has indicated that A. primordialis was an illusion: it was

not a colonial species, but rather many different species whose individuals had so overgrown

one another in intertwined closeness that both Miklucho and Haeckel mistakenly thought they

were looking at a complex polymorphic colonial sponge. Yet, most of the insights that flowed

from this first, mistaken, conclusion have stood the test of time and render Haeckel’s sponge

work of continuing relevance to understanding early animal evolution and, indeed, evolutionary

relationships among the different types of sponges themselves.

Human Evolution

Once On the Origin of Species was published, Haeckel became the first biologist to extend

and apply the Darwinian logic of evolutionary modification to humans. Haeckel clearly stated,

where Darwin had been ambiguous, that the explanation of human origins required no divine

miracles. He was also one of the earliest biologists to explicitly declare that “man is separated

from the other animals only by quantitative, not qualitative, differences”, and to treat anthropol-

ogy as a part of zoology, in particular using comparative morphology and anatomy to speculate

that humans arose from the catarrhine apes, sometime during the Tertiary Period (66 million to

2.6 million years ago). He postulated that a genus Pithecanthropus (a bipedal, catarrhine ape)

was the ancestor of modern humans, and predicted that this “missing link” would be found

in Southeast Asia. Darwin believed that modern humans arose in Africa (which is now the

accepted view), but both Wallace and Haeckel believed that humans were more closely related

to orangutans than to chimpanzees or gorillas, and therefore favoured a Southeast Asian origin

of modern humans. Interestingly, though, Haeckel also stated that comparative anatomy and

morphology alone were sufficient to unequivocally place humans as catarrhine apes and that,

therefore, whether or not a “missing link” was to be found would not substantially alter the tax-

onomic status of humans. In the 1890s, Eugene Dubois, inspired to search for ancestral human

fossils in Indonesia by Haeckel’s predictions, indeed found fossil remains of such a creature at

Trinil, near Surabaya in East Java. He named the species Java Man (Pithecanthropus erectus);

it is now called Homo erectus erectus. At the time, this was the oldest hominid fossil found,

dating back to between 1.8 million and 141,000 years ago, and remained so till the discovery

of the roughly 2.8 million-year-old fossil Australopithecus africanus in South Africa in 1924.
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Haeckel was also the first to respond to Wallace’s criticism that natural selection could

not explain the large size of the human brain, by invoking selection operating on important

and complex behavioural skills, mediated by language and sexual selection, an argument that

Darwin, too, subsequently used. Haeckel believed language to be a great driver of human evo-

lution and held the view that humans consisted of different varieties (sometimes called races,

sometimes species, leading to a lot of confusion) corresponding to the major language fami-

lies. This is, of course, a view that is no longer held, but for a long time enjoyed considerable

support. In his later years, Haeckel believed that proto-hominids had one origin, having arisen

in a subsequently lost continent of Lemuria, in the Indian Ocean, and that after Asian and

African proto-hominids had been separated geographically, different varieties of humans and

apes eventually evolved on the two continents. Once again, these views are no longer ten-

able, in the light of subsequent discoveries and knowledge, but that does not detract from the

imaginative creativity of Haeckel’s speculations based on the information available in his time.

The parallelism of phylogenies of language and of human groups based on genetic data (work

pioneered in the twentieth century by the recently deceased geneticist Luigi Cavalli-Sforza),

however, clearly vindicates Haeckel’s basic insight into how human biological divergence par-

allels linguistic divergences.

The Biogenetic Law

Most students first encounter Haeckel as the author of the so-called biogenetic law, namely

that “ontogeny recapitulates phylogeny”. Unfortunately, for most students that is also their last

encounter with him, perhaps with the exception of a brief mention that Haeckel described the

process of gastrulation. It has been quite fashionable among the legions of Haeckel’s critics to

dismiss the biogenetic law as one more example of his mystically motivated deviations from

true Darwinism, a flight of romantic fantasy that has little biological basis. This criticism is not

really accurate, either trivially or more substantially, as I shall argue below.

To begin with, the biogenetic law was based on sound empirical as well as theoretical

principles and was already quite well accepted before Haeckel proclaimed it as a ‘law’. Start-

ing from the late 1700s, biologists began observing that, at least within major animal groups,

embryos of species with very different adult forms were actually quite similar, especially in

their early stages, and then differentiated only during subsequent stages of development. The

notion that this could be interpreted as a tendency of embryos to pass through developmental

stages reminiscent of their phylogenetic ancestry was codified in the early nineteenth century

by German zoologists Johann Friedrich Meckel, Étienne Serres and Carl Friedrich Kielmeyer.

The same observations about patterns of similarity across vertebrate embryos were also noted

by the great German embryologist and pioneer of comparative embryology, Karl Ernst von

Baer, but, being a strong critic of evolutionary views, he rejected any implication that ontogeny

recapitulated phylogeny. Von Baer stressed that early embryonic stages of different species

types within a group of animals were similar, while later stages became progressively different,

but rejected the notion that embryonic stages were sequentially mimicking the adult forms of

ancestral species.
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By Haeckel’s time, the empirical fact about species within major animal groups (echino-

derms, vertebrates, arthropods and molluscs) showing greater resemblance in early embryonic

stages than later was well established, though debates about the interpretation of this pattern

were ongoing. Added to this was the fact that most of those who rejected the idea of on-

togenetic stages mimicking a phylogenetic sequence were also those who were opposed to

the evolutionary notion of descent with modification. Given Haeckel’s tendency to militantly

proselytize for an evolutionary world-view, it is perhaps unsurprising that Haeckel favoured

an evolutionary interpretation of the observed embryological patterns. Incidentally, during the

second half of the nineteenth century, not just Haeckel, but Darwin, as well as all other Dar-

winians, accepted some version of the biogenetic law as correct, with interpretations ranging

from the more literal to the relatively metaphorical. Theoretically, too, the idea of developmen-

tal stages bearing an imprint of ancestral lineage was not as far-fetched as it sometimes is made

to appear today. After all, if a species could give rise to another, entailing some change in adult

form, then there would have to be some change in development underlying the generation of

this new adult form. Therefore, if one was to look at a linear series of ancestor and descendent

species, one would expect to see in the embryology of the most recent species some imprint

of all the previous changes that occurred with each sequential speciation event in that lineage.

This is what both Darwin and Haeckel explicitly believed, and this expectation is not too differ-

ent from what is a widely held view in evo-devo (evolutionary developmental biology) today.

Indeed Haeckel’s 1870s views on the important causal role of heterochrony and heterotopy

(variations in the timing and location of embryological events in the course of development)

in the evolutionary origins of new adult forms constitute one of the key tenets of present-day

evo-devo.

Let us now see what Darwin and Haeckel said about this issue of recapitulation. Haeckel

in his 1866 book on morphology, before he elevated the principle to the status of a ‘law’ in one

of his popular science books, wrote that an individual organism “repeats during the quick and

short course of its individual development the most important of those changes in form that its

ancestors had gone through during the slow and long course of their palaeontological develop-

ment according to the laws of inheritance and adaptation” (note that, in Haeckel’s terminology,

adaptation meant parents passing on acquired characteristics to offspring, whereas inheritance

implied a variation arising in the offspring while not manifest in the parents). Darwin, in sim-

ilar nuanced vein, had written in On the Origin of Species, in 1859, “The adult differs from

its embryo, owing to variations supervening at a not early age, and being inherited at a corre-

sponding age. This process, whilst it leaves the embryo almost unaltered, continually adds, in

the course of successive generations, more and more difference to the adult. Thus the embryo

comes to be left as a sort of picture, preserved by nature, of the ancient and less modified con-

dition of each animal”. Thus, Darwin, explicitly causally linked natural selection to the pattern

of recapitulation, a nuance repeated more cryptically by Haeckel in 1866. Darwin argued that

conditions in the womb (or egg), and very early in life, were often stable and isolated enough

for many aspects of selection to be inoperative, relative to how much selection acted on the in-

dividual later in life, when it had to participate more fully in the struggle for existence. Clearly,

# 77

77



Amitabh Joshi

both Darwin and Haeckel had a more nuanced view of why and how ontogeny often seems to

recapitulate phylogeny than the standard, somewhat caricatured, textbook accounts would have

us believe.

Darwin, however, as was his nature, was somewhat restrained and tentative in his presen-

tation of recapitulation as a pattern consistent with a selective explanation, especially as he

was not really an embryologist, and he felt there was little empirical evidence in support of

his proposed mechanism driving recapitulation. Haeckel, characteristically, made a stronger

case, arguing that recapitulation was a principle (later, a law) rather than a hypothesis. Both

Darwin and Haeckel were strengthened in their espousal of the evolutionary significance of

the principle of recapitulation, and the veracity of the proposed underlying mechanism, by

the work of the German naturalist and Darwinian, Fritz Müller (more widely known for his

discovery of Müllerian mimicry). Müller examined various crustaceans, especially crabs and

shrimp, and found that all species shared a common nauplius larval form, although the adults

of various species differed considerably in morphology. He further noticed two different pat-

terns in various crustacean species. In one case, later appearing species in a group showed

successive modifications towards the later part of their ontogeny, thereby mirroring reasonably

accurately the phylogenetic history of the group. In the other case, even earlier ontogenetic

stages showed differences among ancestor and descendent species, thus erasing the phyloge-

netic history. Müller argued that this pattern was characteristic of groups of related species

wherein the larvae were exposed to a vigorous struggle for existence. He further made the

point that both these patterns were explained by Darwinian theory, whereas the argument of

Louis Agassiz that recapitulation was a divinely inscribed pattern was falsified by the groups

within which ontogeny did not accurately depict the phylogenetic sequence. Both Darwin and

Haeckel mentioned Müller’s crustacean studies in their later writings, with Haeckel coining the

terms ‘palingenesis’ and ‘cenogenesis’ to refer to these two patterns, respectively.

It should be clear from the foregoing account that Darwin was as much a believer in the

principle of recapitulation as Haeckel was and, moreover, provided an evolutionary explana-

tion for this pattern that invoked natural selection as a causal mechanism. Second, the views

of Haeckel, Darwin and Müller on recapitulation were fairly nuanced, and considerably more

sophisticated than the critiques of the notion imply. For example, recapitulation, at best, was

believed to hold within, not across, major animal groups. Thus, early mammalian and fish em-

bryos would resemble each other, both being vertebrates, but neither would have any particular

tendency to resemble an early embryo of a starfish or an insect or an octopus. Furthermore,

it was recognized that selection acting strongly and differently on the larval stages of related

species would tend to obscure the ‘imprint’ of phylogeny on the ontogenetic stages. Adding to

this the fact that evolutionary changes in adult form must be achieved through alterations in the

ancestral ontogeny, and the consideration that changes in late ontogeny are less likely to ad-

versely affect viability as much as changes in early ontogeny, brings one to the conclusion that

Haeckel’s (and Darwin’s) understanding of the principle of recapitulation was actually pretty

close to contemporary thinking in evo-devo.
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Concluding Remarks

I rank Haeckel as one of the three most consequential biologists, along with Darwin and Mendel

in terms of how important his legacy has been in shaping the present-day biological weltan-

schaaung (world-view). Among those who took up Darwinism in the half century or so after

Darwin’s seminal book, Haeckel was certainly the most complete biologist, and also the clos-

est to Darwin’s own thinking. For example, compared to either Galton or Weismann, who

got mired in the heredity versus selection debate, Haeckel’s view of the evolutionary process,

rooted in comparative embryology and ecology, was much closer to Darwin’s own. Indeed, on

many topics Haeckel influenced Darwin. Some of the best and earliest supporting evidence for

Darwinism came from Haeckel’s work on marine invertebrates, as did some of the most co-

gent early descriptions of the process of natural selection. The extension of Darwinian analysis

to the evolution of humans and human social behaviour was articulated in detail by Haeckel

even before Darwin published his own views on this theme. Darwin himself clearly regarded

Haeckel as one of his most important intellectual heirs. In addition, Haeckel was possibly the

greatest invertebrate zoologist of all time.

It is, therefore, puzzling that one often finds historians of science, and quite a few scientists,

dismissing Haeckel as a mere popularizer of science, prone to metaphysical flights of fancy,

and one whose ideas about evolution deviated greatly from Darwin’s (see Box 1). Such, one

supposes, are the vagaries of history. I can only speculate that this continuing tendency to

dismiss Haeckel, while often additionally vilifying him as a fraud and racist proto-Nazi, is the

outcome of a fortuitous concatenation of three phenomena. First, a lot of critics of Haeckel

seem to base their assessments on his popular rather than technical writings. When writing,

or speaking, for a general audience, Haeckel was also simultaneously pushing an ideological

agenda of replacing religious with scientific explanations of the universe, as well as fighting

a battle for the inclusion of evolutionary science in school curricula in Germany. Thus, in his

avatar as a science popularizer, Haeckel was not a detached and neutral figure, but rather a

crusader doing battle against what he considered reactionary forces inimical to progress and

liberalism. This coloured both his language and his tendency to exaggerate or put the case

more dramatically than he would in his more technical scientific writings. Second, Haeckel’s

very bitter writings against what he perceived was British perfidy during World War I, and

his patriotically motivated but, in some sense, misplaced, attempted defence of the German

position on that war, obviously, did not endear him to the English-speaking world. And finally,

the Haeckelian way of looking at evolution was, in part, overshadowed by the meteoric rise

of Mendelian genetics in the early twentieth century∗∗. The rapid rise of the neo-Darwinian

merger of genetics and natural selection relegated Haeckelian considerations of embryology,

systematics and phylogeny very much to the background of evolutionary thought, although

that more holistic way of looking at evolution has been making a comeback in the past few

∗∗See Amitabh Joshi, Weldon’s Search for a Direct Proof of Natural Selection and the Tortuous Path to the

Neo-Darwinian Synthesis, Resonance, Vol.22, No.6, pp.525–548, 2017.
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decades, both in evo-devo and in what is often called the ‘extended evolutionary synthesis’. I

am personally hopeful that Haeckel’s contributions to evolutionary biology will be appreciated

more strongly in the decades to come, and I also hope that this article helps explain why I think

that will be the case.

In writing this article, and the accompanying Article-in-a-Box, I have drawn heavily from R

J Richards’ excellent biography [1], which also describes Haeckel’s work in some detail and in

historical context, and a few other sources, including a couple [2, 3] that admirably describe the

intellectual and cultural backdrop against which Haeckel grew up and worked. I must state here

that, in stark contrast to its usual high standards of completeness and accuracy, the Wikipedia

page on Ernst Haeckel, at least at the time of writing this article, is exceptionally poor: there

are factual errors and important omissions, and the overall write-up is very superficial. If one

wishes to learn about Haeckel, the Wikipedia page on him is, in its present form, best avoided.

Box 1. Haeckel and accusations of mysticism, non-Darwinian Lamarckism,

fraud, racism and Nazism.

Haeckel is perhaps the most unfairly maligned figure in the history of biology. He is routinely accused of

being a romantic mystic masquerading as a scientist, a follower of Lamarck who did not understand, or

believe in, Darwinism and the theory of natural selection, a scientific fraud, a virulent racist, and a proto-

Nazi, whose views laid the foundations for some of the worst excesses of Nazi rule. I am motivated to

discuss this issue here because all of these accusations pop up prominently if one searches for material on

Haeckel on the internet, even though most of them are ludicrous or just plain wrong, as has been pointed

out in great detail by R J Richards [1, 4]. Therefore, I believe, it is important to at least offer the readers a

brief refutation of most of these charges, especially given our tendency today to believe what is found on

otherwise generally reliable websites.

Regarding the charge of mysticism, it seems to stem from Haeckel’s promotion of what he often called

his religion of monism, the closest Indian parallel to which would be non-deistic ‘advait’. What critics

seem to miss, though, is that Haeckel was very clearly a rational materialist in his scientific thinking,

and this is exemplified by his writings from youth onwards. His well-known falling out with his former

student Hans Driesch was entirely because of the latter’s espousal of vitalism, a stance that was exactly

the sort of romantic excess that Haeckel detested, but of which Haeckel’s critics ironically accuse him.

It is abundantly clear that, despite some ambiguous rhetorical language in his popular writings, Haeckel

saw no place for any non-physical, supernatural or divine mechanisms in our explanations of the universe.

This is exemplified by the following quote from his 1866 book, dismissing teleology, as he so often did:

“so the mechanistic conception of the organism is recognized alone as the right one.”

The charge that Haeckel was not really a Darwinian, but rather a follower of Lamarck, is ludicrous, as is

the often repeated statement that Haeckel did not really believe in natural selection. Certainly, Haeckel

thought that acquired characters could be inherited, but, then, so did Darwin. Moreover, Haeckel repeat-

edly explained the principle of natural selection, claimed that it followed mathematically from a consider-

ation of biological variations, the struggle for existence, and inheritance of successful variants, and held

that the exposition of the mechanism of natural selection was one of Darwin’s two greatest achievements.

And if this were not enough to summarily dismiss this charge, consider the many laudatory references to

Haeckel in Darwin’s own writings and his description of Haeckel as being one of the few people “who

truly understand natural selection”.

Continued...
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Box 1. Continued...

The charge of fraud is the one that at least has some substance to it, although the most balanced conclu-

sion is that it was an error of judgement rather than deliberate scientific misconduct, fuelled perhaps by

Haeckel’s generally propagandist and crusading frame of mind when writing for the general public. In the

first edition of his popular book Natürliche schöpfungsgeschichte (The Natural History of Creation), three

repetitions of the same wood-cut picture were used to depict a dog, a chicken and a turtle embryo, in a

figure illustrating the similarity between the early embryonic stages of vertebrates from different classes.

The charge was correct, and certainly represented a gross error of judgement. Haeckel’s response was

that the mistake arose in the rush to publish the book, and he also argued that the book in question was

meant for the general public rather than being a scientific publication, and that the figure was meant only

to illustrate a very well established principle of early embryonic similarity. The error was rectified in the

very next edition. Somewhat similar, but far more tenuous, charges were also made with regard to various

other figures of embryos in his popular science books. It is worth noting that no such charge was ever

made about any figure in his technical scientific writings.

The charges of racism and having been an intellectual forerunner of, and inspiration for, the Nazis are

easily debunked, despite having been repeatedly trumpeted from the mid-twentieth century on, often by

influential writers, such as Stephen Jay Gould, who really should have been more rigorous in examining

the evidence. Ironically, for much of his life, Haeckel was reviled by his enemies for being too liberal in

his political views, too crassly materialistic and atheistic, too anti-war, and too positive in his appreciation

of the Jews in Germany! Indeed, Nazi party intellectuals often explicitly ruled out any contribution of

Haeckel’s Darwinian and rational materialism to their own theories of racist biology. Consider the follow-

ing quote from an article entitled ‘Biology and Nazism’ by Günther Hecht, zoologist and official in the

Nazi Party’s Racial Politics Division: “The common position of materialistic monism is philosophically

rejected completely by the racial-biological view of Nazism...more generally, every internal party dispute

that involves the particulars of research and the teachings of Haeckel must cease”. Even the often repeated

canard that Haeckel became a member of the extreme right-wing, Bavaria-based, proto-Nazi, Thule So-

ciety in 1918 (one year before his death at the age of 85) is utterly false. First, by that time Haeckel was

an invalid, pretty much restricted to his house in Jena. Second, Rudolf von Sebottendorff, the founder of

the Thule Society, explicitly mentions that the Ernst Haeckel who was a member of the society is not be

confused with Prof. Ernst Haeckel of Jena.

On racism, of course, Haeckel, in common with almost all European biologists of his era, was racist by

present standards, as also a believer in eugenics in some form. However, like Darwin, Haeckel was con-

siderably less racist than the average for that time. Although Darwin’s views have been widely recognized

to be relatively liberal for his time, though clearly racist by present standards, the same courtesy has, inex-

plicably, not been extended to Haeckel, and some critics have even twisted or completely misinterpreted

his written statements to support their charge. One striking example of this is the statement by some critics

that Haeckel’s writings about the likelihood of more primitive human groups going extinct in competition

with more technologically advanced Europeans (very similar concerns were also expressed by Darwin,

without similar criticism) represent nothing less than his calling for the extermination of inferior races!
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W F R Weldon, along with Karl Pearson, was one of the two main protagonists on the

biometrician side of the biometrician-Mendelian debate that roiled evolutionary biology dur-

ing the early years of the twentieth century. He was born at Highgate, London, on 15 March

1860, the second child of Walter Weldon and Anne Cotton. He had an elder sister, and a

younger brother, Dante, who unfortunately died at a young age in 1881. Weldon’s father was

a chemist and journalist and frequently moved around England, as a result of which Weldon

did not undergo a regular school education till the age of thirteen, although he was informally

taught by clergymen. In 1873, Weldon joined a boarding school at Caversham, where he spent

three years. After some months of private study, he joined University College, London (UCL),

for his matriculation in 1876. At UCL, he studied a variety of subjects, aiming to eventually

train in medicine. In particular, he was very impressed with the mathematics teaching of Olaus

Henrici, who had worked with Weierstrass and Kronecker, and later recalled that Henrici was

the first naturally gifted teacher who had taught him (incidentally, Weldon himself was later

revered as an amazingly inspiring and lucid teacher). He was also taught by the well-known

invertebrate zoologist and Darwinian – Edwin Ray Lankester. Weldon then moved to King’s

College, London, in 1877, and then to St. John’s College, Cambridge, from where he matric-

ulated in 1878. At St. John’s, Weldon was much influenced by the comparative embryologist

and morphologist Francis Maitland Balfour and shifted his focus from medicine to zoology,

eventually taking the Natural Sciences Tripos and graduating with a first-class in zoology in

1881.

After graduation, Weldon travelled to Naples to work at the Zoological Station, a cen-

tre established using private funds and donations from individuals and governments by An-

ton Dohrn, a protege of Ernst Haeckel, in 1872. The Zoological Station was envisioned as

a scientific community that would provide accommodation, research facilities, materials, and

an extensive library for visiting scholars in residence. At the time, embryology was the most

‘happening’ sub-discipline of zoology, and numerous biologists from Europe and the Americas

passed through the Zoological Station over the years – Driesch, Weismann, Uexküll, Bumpus,

Wheeler, Just, Warburg, Boveri, Morgan, and Watson of the DNA fame, to name a few. At

Naples, Weldon worked on the comparative embryology and morphology of marine inverte-

brates. In 1882, he returned to Cambridge and became a Demonstrator in Zoology, got married

in 1883 to Florence Tebb, who became a life-long research associate, and went on to become

a Fellow of St. John’s College and University Lecturer in invertebrate morphology in 1884. In

the same year, Weldon became a founding member of the research station of the Marine Biol-

ogy Association at Plymouth, where he continued to spend time over the next several years as

∗Reproduced from Resonance, Vol.22, No.6, pp.517–524, 2017.
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and when his teaching commitments permitted. In 1889, Weldon moved back to UCL, occupy-

ing the Jodrell Chair of Zoology, previously held by his teacher, Lankester. Around this time,

he was also much impressed by Galton’s writings on heredity and selection, and formed the

view that “the questions raised by the Darwinian hypothesis are purely statistical, and the statis-

tical method is the only one at present obvious by which that hypothesis can be experimentally

checked”. This led him away from classical embryology and morphology towards the study

of the statistical properties of trait distributions in marine invertebrate populations, and he also

continued to tutor himself further in probability and statistics, especially studying the work of

Quetelet and Galton. It was at this point that Weldon set out to collect data to test Galton’s

prediction that quantitative traits in natural populations would be distributed normally, even

in populations faced with natural selection. He studied natural variation in four organs of the

common shrimp (Crangon vulgaris) collected from five different populations, and also studied

trait-correlations in these populations, resulting in two landmark papers in 1890 and 1892 that

many believe to have laid the foundation of biometry. In these studies, Weldon found that, as

predicted by Galton, individual traits were indeed normally distributed within populations, but

that different populations showed normal trait distributions with varying means and degrees of

dispersion, an observation that Weldon interpreted as being the outcome of differing selection

faced by the different populations. This interpretation went significantly beyond and against

Galton’s ideas, although Weldon couched this departure from his hero’s views very diplomat-

ically in his paper. He also observed that, although individual trait distributions varied across

populations, the pattern of correlations among traits was fairly consistent among populations,

indicating a certain stability of ‘type’.

As a result of his first biometrical study, Weldon was elected as a Fellow of the Royal Soci-

ety in 1890. Weldon’s growing interest in using statistical approaches to empirically examine

phenomena in heredity and evolution led him into a close collaboration with his UCL and Gre-

sham College mathematical colleague, Karl Pearson. The collaboration continued even after

Weldon’s move to Oxford in 1899 to occupy the prestigious Linacre Chair in Zoology. Wel-

don and Pearson made sure to spend Christmas, Easter and summer vacations together, and

they continued their joint studies in biometry till Weldon’s untimely death in a London nursing

home in 1906, due to acute pneumonia developed from influenza contracted during an Easter

vacation in the country at Woolstone. It was Weldon, around 1890–91, who first introduced

Pearson to problems in biometry and to Francis Galton, and their collaboration over the next

fifteen years or so contributed hugely to the statistical understanding of heredity and natural

selection. It also led to the development of many statistical techniques and measures by Pear-

son to specifically deal with the problems Weldon and Galton were interested in. To the extent

that Pearson is deservedly regarded as the father of modern statistics, to Weldon must surely go

the honor of having supplied the biological problems that necessitated the invention of much

of statistics. Here, I briefly summarize Weldon’s work and its impact on the trajectory of

evolutionary thinking. Some of his most consequential work is discussed in greater detail in

another article in the same issue.
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In 1892, Weldon and his wife collected extensive data on Mediterranean populations of

the crab, Carcinus moenas, and observed that one trait (frontal breadth of the carapace) in the

crabs around Naples actually showed a highly skewed, rather than a normal, distribution. In a

paper on this data set in 1893, Weldon wondered whether this distribution could be the result of

the population being a mix of two different normal distributions, with the possible implication

that the population consisted of two different races or ‘types’ in the same locality. This study

sparked off the major collaboration with Pearson, who set about devising the mathematical

techniques for dissecting non-normal distributions into normally distributed component distri-

butions. In an 1884 article entitled ‘Contributions to the mathematical theory of evolution’,

the first of 18 such articles over the next 18 years with this common title, Pearson developed

the concept of ‘moments’ of a distribution. He used this concept to develop techniques for

analyzing whether or not a non-normal distribution was the result of a mix of multiple normal

distributions in the sample under consideration. The application of this technique to Weldon’s

crab data was included as an appendix to Weldon’s 1893 paper. This work of Pearson’s is

considered a landmark both in the study of evolution and in statistics. Sparked off by this

work, Alfred Russel Wallace (independent co-discoverer of the principle of natural selection)

persuaded the Royal Society to set up a ‘Committee for conducting statistical studies on the

measurable characteristics of plants and animals’. The committee consisted of Galton, Weldon,

Francis Darwin (son of Charles Darwin), and the mathematician Donald MacAlister along with

Ralph Meldola and Edward Poulton, both Darwinians who had worked extensively on mimicry.

Very soon, Pearson was also included in the committee.

For four years, the committee was largely discussing the continuing work of Weldon and

Pearson, albeit in the face of severe and increasing criticism by those who favored discontin-

uous variations as being more evolutionarily consequential than continuous variations. Thus,

in 1887, Galton proposed enlarging the committee to include William Bateson, a major propo-

nent of the importance of discontinuous variations in evolution, and an opponent of biometry

with its focus on continuous variation. Galton hoped that this might help foster dialogue and

collaboration between the two rival schools of evolutionary thought, both of which traced their

inspiration to his work. The committee was accordingly renamed in February 1887 to the ‘Evo-

lution (plants and animals) committee of the Royal Society’. However, rather than promoting

reconciliation between the two schools, the enlarged committee became the focus of increas-

ingly bitter and personal debates between Bateson and Weldon, as a result of which Weldon

and Pearson resigned from the committee in early 1900, and Bateson became its secretary.

Thereafter, the committee increasingly focused on the evolutionary and genetic implications of

the rediscovery of Mendel’s work and became the focal point of the biometrician-Mendelian

debates. After Weldon’s death in 1906, Bateson and Pearson became the chief antagonists

and acrimony generated by these ongoing debates rendered the committee relatively fruitless.

The biometrician-Mendelian debates on the nature of evolutionarily relevant variations (dis-

continuous versus continuous), the laws of heredity (Mendel’s laws versus Galton’s statistical

formulation of ancestral heredity as correlations between trait values in ancestors and descen-

dants), and whether evolution was discontinuous or gradual, eventually got resolved with the
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publication of R A Fisher’s landmark paper of 1918, which showed that Mendelian inheritance,

correlations between relatives, and continuous variations were perfectly compatible.

During the period between his 1893 paper and his death in 1906, Weldon continued his

work on crabs, trying to find empirical evidence for natural selection in action. He was able

to show that the distribution of frontal breadth of the carapace in adults had less spread than

the corresponding distribution in younger crabs, even though the distributions remained nor-

mal across life-stages. Following extensive and careful analysis as to how differential mortality

could account for the observed life-stage-specific changes in the trait distributions, he inter-

preted the results in terms of what we today term ‘stabilizing selection’, or an increased risk

of mortality for individuals with trait values relatively more deviant from the population mean.

He also found that, over the course of five years (1893–1898), mean frontal breadth of the

crabs from the Plymouth Sound population had reduced regularly for all age-classes. He then

hypothesized that larger frontal breadth might have become a mortality risk because of the

increased amount of suspended kaolin and other muddy matter in the waters as a result of in-

creased waste discharge in the sewers and the effects of the construction of a dyke. Indeed, as

the waters of Plymouth Sound had become muddier over these five years, several species of

coastal invertebrates had disappeared altogether. He then tested this hypothesis experimentally

by subjecting crabs in laboratory tanks to a high concentration of ground white clay, or actual

coastal mud, in seawater. In both cases, some proportion of crabs died, and Weldon found that

the mean frontal breadth of the survivors was less than that of the crabs that died. He also tried

to functionally link the mortality to the effects of suspended clay on the filtration of water in

the gill chambers of the crabs. This set of studies remains one of the best early demonstrations

of what we call directional selection and is an excellent example of how to empirically study

natural selection in action.

Alongside his crab work, Weldon was also led into a bitter polemic battle with Bateson

that resulted in the souring of a very cordial personal relationship. Bateson, a bit younger than

Weldon, had been a student at St. John’s with him, and it was Weldon who inspired him to

work with Balfour, thus nudging Bateson along the same evolutionary trajectory as himself.

Weldon was also briefly Bateson’s teacher at St. John’s and the two were close friends, with

Bateson particularly looking up to Weldon with great regard as a mentor. They remained close

friends through the 1880s, but then, from the early 1890s on, began to find themselves in-

creasingly on opposite sides of the debate on discontinuous versus continuous variations and

their respective roles in evolutionary change. Though initially both Weldon and Bateson had

been inspired by Galton, by the late 1880s their views had begun to diverge. Weldon was

attracted to Galton’s statistical approach to heredity and selection. He believed that a theory

of evolution via continuous variations could be built up by examining correlations between

those variations in parents and offspring, among different life-stages, and, finally, the corre-

lations between variations and mortality. This was a purely statistical approach that did not

depend on the knowledge of underlying mechanisms of either heredity or selective mortality.

Bateson, thorough the writings of W K Brooks, with whom he worked in the USA after

his studies at Cambridge, and also through his own extensive fieldwork across Eurasia, was
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increasingly convinced that continuous variations were often not heritable and thus would be

irrelevant to evolution. He believed that understanding the genesis of discontinuous variations,

and inherent biases in their generation, would be key to understanding the mechanisms of

evolution. Moreover, Bateson had the typical classically trained biologist’s dislike for purely

mathematical arguments and thus, was in a sense primed to be suspicious of the biometricians’

statistical arguments and theories. In his widely-read book Materials for the study of variation

(1894), Bateson argued the case for the importance of discontinuous variations in evolution-

ary change at length. Weldon, by now equally committed to the importance of continuous

variations to the Darwinian scheme, wrote a critique of Bateson’s views in a book-review for

Nature. Bateson was incensed, and took it rather personally, even though Weldon had praised

much of the book and criticized only Bateson’s arguments for the evolutionary importance of

discontinuous variations. Bateson responded, in part, by criticizing Weldon’s crab work that

was being discussed at the Royal Society in a series of letters to Galton, who was then steering

the committee. Around this time, too, Bateson entered into a very spirited debate with W T

Thiselton-Dyer over the importance of discontinuous versus continuous variations to specia-

tion in the plant Senecio cruentus (cineraria). After a series of pointed back-and-forth letters to

Nature by the two, Weldon intruded upon the debate, and sided with Thiselton-Dyer in favour

of the role of continuous variations. Once again, Bateson was personally offended by what he

saw as a betrayal by his erstwhile friend. The two made some attempts to patch up, but the rift

had become too deep and was worsened after the rediscovery of Mendel’s work on heredity in

1900.

Bateson became the leading champion of Mendel’s work and saw that Mendel’s ‘factors’

(Discrete particles of heredity – today’s genes) fit in beautifully with his views on discontinu-

ous variations. Weldon, like Fisher many years later, was struck by the suspiciously good fit of

Mendel’s data to predictions. He also noted that peas typically varied much more continuously

rather than in the neatly dichotomous manner observed in Mendel’s experiments. For example,

Weldon showed that peas naturally produced seeds coloured yellow and green, and most shades

of yellowish-green in between. Mendel had done extensive inbreeding to obtain the pure green

and yellow lines that he used for his crosses. To Weldon, this implied that Mendel’s results

were an artefact of having removed all continuous variations between green and yellow seed

colour from his lines before starting his hybridization experiments. By this time, fed up with

the debates at the Royal Society committee from which they had resigned, Weldon and Pearson

founded the journal Biometrika after a paper of theirs for the Proceedings of the Royal Soci-

ety was heavily criticized by Bateson and consequently had its publication delayed. Weldon

published critiques of Mendel’s work, especially its implications and presumed universality, in

Biometrika, and Bateson responded with a spirited defence of Mendelism, including vitriolic

attacks on Weldon. Over the next couple of years, Udney Yule and Pearson both suggested

that Mendelism and biometry were not incompatible, but their suggestions were ignored in the

fury of battle. Bateson and Weldon continued to marshal empirical data from breeding studies

in support of their respective, somewhat extreme, positions, and the debates grew ever more
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bitter. At one point, in 1904, the editor of Nature refused to publish any further correspondence

between Weldon and Bateson on the issue of Mendelism versus biometry.

In August 1904, Weldon and Bateson clashed for perhaps the last time at the meeting of

the British Association for the Advancement of Science. This debate became famous enough

to be mentioned twenty months later in the Times’ obituary of Weldon: Mr William Bateson,

as President of Section D for that year, had devoted his address to a vindication of Mendelian

principles in regard to heredity and variation, and subsequent discussion on the same subject

provoked from Professor Weldon and Professor Karl Pearson some rather severe criticism, to

which Mr Bateson replied. The debate, which was conducted before a large and somewhat

agitated audience, resolved itself into a dialectical duel between the President of the section

and Professor Weldon, and developed quite a considerable amount of heat.

The debates cooled down a bit for a while after Weldon’s sudden death in 1906, as both

Bateson and Pearson were greatly saddened by the loss. Bateson, in particular, regretted to

his wife that scientific disagreements had marred his warm personal friendship with Weldon.

Before too long, however, the debates continued, with the biometricians slowly losing ground

as Mendelian principles of heredity were increasingly accepted by biologists around the world.

Perhaps because of a frustrating realization that Mendelian principles were gathering ever wider

acceptance, Pearson in 1910 did away with the entire editorial board of Biometrika, after two

members of the board, Raymond Pearl and Charles Davenport published work favourable to

Mendelism.

An unfortunate aspect of the Bateson–Weldon, and later, Bateson–Pearson debates was

that the two sides were led to take ever more extreme positions, in part because the debate

was so personally acrimonious. Had the relationship between Weldon and Bateson not al-

ready deteriorated before 1900, it is possible that the reconciliation of the statistical approach

of biometricians with Mendelian principles of heredity might have occurred well before 1918.

Perhaps even more unfortunate is the fact that Weldon has gone down in history as the principal

protagonist of the ‘losing’ side in the debate (although, really, there were no losers) – a label

that has detracted from a more widespread appreciation of his amazingly important contribu-

tions to evolutionary thought. His active work on selection spanned only about 11 years, but

in that relatively short time, he and Pearson laid the foundations for a rigorous statistical un-

derstanding of evolution by natural selection, ironed out various misunderstandings of Galton

and other heirs of Darwin, and also provided an exemplar of how to empirically study natu-

ral selection in action through a combination of field observations and laboratory experiments.

More importantly, the discussions in Weldon’s crab papers are striking for the lucidity and clar-

ity with which he delineates the fundamental problems in understanding evolution by natural

selection, and the rigour with which he prescribes the experimental means to address them.

Philosophically, too, Weldon’s thinking is very ‘modern’ and foreshadows in many ways the

approach of the Neo-Darwinian Synthesis in his emphasis that the actual mechanisms of hered-

ity or of mortality are not as important to understanding adaptive evolution as are establishing

the timing and magnitude of mortality in the life-cycle, the correlations between trait variants

in parents and offspring, and the correlations between trait variants and mortality. Thus, he
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diverged from the views of the staunch adaptationist Darwinians like Wallace, who held that

working out the functional and ecological details of why trait variants differ in mortality was

critical to understanding evolution. He equally differed from those, like Bateson, who held that

the nature of variations and the mechanisms of their inheritance were crucial to understanding

evolution. Weldon believed that the statistical approach had very wide applicability, regardless

of the nature of the variations, the mechanisms of inheritance or the ecological details through

which variants suffered differing levels of mortality.

There is a certain beauty in this abstract approach to a real-life biological problem, and

the development, many decades later, by George Price of a simple general equation capturing

the dynamics of traits under selection largely through correlations perhaps vindicates Weldon’s

stance. In 1970, George Price, an eccentric amateur evolutionary biologist, developed a simple

equation that captures the essence of how the composition of an ensemble, whether a biologi-

cal population or anything else, changes under the process of selection. His equation requires

only the covariance of the characteristics of individual entities with the rate at which they make

copies of themselves, and the covariance of characteristics between ‘parent’ and ‘offspring’

individual entities, to predict how the composition of the collection of entities is altered in one

time-step. It is the most general and biology-free description of the process of selection pos-

sible, and it is seen that the earlier quantitative genetic formulation of Fisher’s Fundamental

Theorem of Natural Selection is actually a special case of the Price equation under the assump-

tion of Mendelian inheritance. Weldon was perhaps the first person to see that a statistical

description of selection would suffice and, moreover, be relatively unaltered by the details of

the biology that gave rise to the consequential correlations. It is most likely in appreciation of

Weldon’s ability to rise above messy biological details and appreciate the conceptual structure

needed to understand the process of evolution that Karl Pearson wrote in an obituary memoir

of his friend in Biometrika: He was by nature a poet, and these give the best to science, for

they give ideas.
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W F R Weldon first clearly formulated the principles of natural selection in terms of

what would have to be observed in natural populations in order to conclude that nat-

ural selection was, indeed, acting in the manner proposed by Darwin. The approach

he took was the statistical method developed by Galton, although he was closer to

Darwin’s conception of selection acting on small individual variations than Galton

was. Weldon, together with Karl Pearson, who supplied the statistical innovations

needed to infer the action of selection from populational data on trait distributions,

laid the foundations of biometry and provided the first clear evidence of both stabi-

lizing and directional selection in natural populations.

To fully appreciate W F R Weldon’s contribution to evolutionary biology, it is necessary to

understand the state of the subject around the time he was embarking upon an academic life

as a researcher in 1882. It is often believed that between the publication of Charles Darwin’s

Origin of Species in 1859, and the welding together of Mendelian genetics and the principle of

natural selection in the Neo-Darwinian Synthesis of the 1930s, there was a smooth progression

of evolutionary thinking towards the elaboration of Darwin’s well-received thoughts. That is,

however, far from the truth. For the first fifty years or so after Darwin’s Origin of Species

and the two-volume The Variation of Animals and Plants under Domestication in 1868, there

was considerable disagreement about whether natural selection could indeed work the way

Darwin had suggested and be the driving engine of adaptive evolution. Evolution, in the sense

of descent with modification, was widely accepted, but natural selection as its main driver was

not. In order to place Weldon’s evolutionary contributions in context, I first briefly summarize

the very mixed, often confused, reception to Darwin’s principle of natural selection in the late

nineteenth century.

Darwin derived his concept of natural selection from the experiences of plant and animal

breeders, who were routinely able to modify varieties by choosing individuals with certain de-

sired traits to breed from. He realized that the natural analogue of the breeder selecting which

individuals get to reproduce, based on whether they have the desirable trait(s) or not, would be

the ecological struggle for existence in nature as a result of competition for limiting resources.

∗Reproduced from Resonance, Vol.22, No.6, pp.525–548, 2017.

# 91

91



Amitabh Joshi

Thus, individuals that happened to possess traits that enabled them to function well in the envi-

ronment they inhabited, would tend to be more successful at surviving to breed, and eventually

leave more offspring than their counterparts with traits less suited to the environment. Linking

this success in the struggle for existence to longer term evolutionary change was what Darwin

referred to as the “powerful principle (or, sometimes, force) of heredity”. Of course, Darwin

did not know how variations in traits were generated or how they were inherited. Yet, he made

the conceptually important point that, given that offspring would be relatively more likely to

carry trait variations of their parents, if individuals with certain trait variations were to routinely

produce more offspring than others, then eventually those ‘favourable’ trait variations would

become more common in the population. In doing so, Darwin subtly recast the focus of hered-

ity from the ‘inheritance of similarity of type’ to the inheritance of ‘individual trait variations’

(see Box 1).

The first major critique of Darwin’s proposed mechanism for evolutionary change – natural

selection – came within a few years of the publication of the Origin. A professor of engineering,

Henry Charles Fleeming Jenkin, raised several very prescient questions about the nature of

variations and their inheritance, and the implications thereof for the proposed mechanism of

natural selection, in a review of Darwin’s book published in 1867.

Box 1. The Changing Conceptions of Heredity.

Science is ultimately more about the concepts we invent to explain the facts we observe than about the facts

themselves, a distinction not often brought out during one’s education. Today, when most of us have grown

up in the ‘era of genetics’, and when genetic phrases have even made their way into political discourse,

it is difficult to appreciate how recent our dominant conceptions of heredity are. In a way, any science of

heredity has to explain, in a unified and coherent manner, two seemingly opposite phenomena: similarity

and difference. Reproduction at one level is a conservative phenomenon – offspring resemble their parental

types. At another level, reproduction allows for variation between parents and offspring, and among

offspring of the same parents. Heredity must explain why the offspring of a crow are invariably crows,

and not mynas, and also why all offspring of a given mating pair of crows differ among one another, while

remaining crows. Also tied up with reproduction is the question of how a fertilized egg eventually gives

rise to an adult organism. From the 1700s through to the late 1800s, embryology was one of the central

disciplines within biology, trying to answer fundamental questions about reproduction and development.

As such, the study of heredity was a sub-discipline of embryology, and its focus was on the ‘similarity’

aspect: how do parent crows make baby crows? One consequence of this, conceptually, was a focus

on mechanisms and materials of heredity. Especially from the mid-1800s onwards, once it had been

generally recognized that development consisted of not only growth but differentiation of tissue types

(the epigeneticists’ position, as opposed to the preformationist view), embryologists grappling with the

question of heredity were focused on how ‘form’ arose during development and how the ‘instructions’ for

form would be transmitted from parents to offspring.

Darwin amended this focus to a large degree by recognizing that the mechanisms of heredity had to

account for not only large-scale similarity of parents and offspring but also, on a much smaller pheno-

typic scale, the generation and inheritance of the variants on which natural selection would then act. In

doing so, he introduced two important conceptual innovations into the study of heredity, especially as

Continued...
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Box 1. Continued...

it impinged upon evolution. One was to focus on the outcome of heredity rather than its mechanism.

Thus, Darwin emphasized that from an evolutionary perspective, what mattered about heredity was that it

implied some degree of similarity between trait variations exhibited by parents and their offspring greater

than that expected between the offspring and the population as a whole. This insight was subsequently

elaborated by Galton and Pearson and became the foundation for the statistical depiction of heredity in

terms of parent-offspring correlations in phenotypic traits. This conceptualization of heredity as parent-

offspring correlation also sidelined the details of development (the ontogeny) from the role of heredity in

explaining adaptive evolution, a point implicit in Darwin and subsequently made explicit by Galton. The

second conceptual innovation of Darwin’s view of heredity in the context of evolution was to imagine that

the individual organism could be treated as a mosaic of traits, each of which, at least to a degree, could

be independently modified by selection. Here, of course, the analogy to breeding is clear. This dovetailed

neatly with the first innovation in the sense that instead of considering the inheritance of holistic organismal

types, one could focus on the parent-offspring similarity for one or a few traits at a time.

Darwin, however, also had to grapple with the role of heredity in the generation and transmission of

variations. This was the context in which he developed a particulate theory of heredity – ‘pangenesis’.

He imagined that all parts of the body produced gemmules that collected in the reproductive organs and

these gemmules carried the ‘information’ regarding the corresponding characteristics that would be shown

by the offspring with regard to those specific traits. In this schema, Darwin allowed for gemmules to get

modified by environmental effects experienced within the individual’s lifetime. In this sense, Darwin was

very Lamarckian for he believed in the inheritance of acquired variations. This was crucial for him as it

provided a mechanism for the generation of new variations. The theory of pangenesis was soon discredited

experimentally by Galton, who then switched to a purely statistical conception of heredity, but continued

to influence subsequent workers interested in particulate mechanisms of inheritance, most notably Hugo

de Vries.

The notion of the inheritance of acquired variations was severely discredited in 1883 by August Weis-

mann’s insistence on the sequestration of germplasm early in the ontogeny. This lead to the germ-soma

dichotomy, foreshadowing the later genotype-phenotype distinction of Johannsen in the early 20th cen-

tury. However, Weismann’s germ-soma distinction was actually a byproduct of his embryological theory,

along with Wilhelm Roux, about the mechanism of differentiation. In their view, various cells destined to

become different tissue types gradually lost ‘hereditary determinants’ over multiple cycles of cell division

in the developing embryo. Thus, only the fertilized egg had all the ‘hereditary determinants’. Therefore,

some cells carrying the full array of determinants needed to make the organism with all its different tissue

types would have to be sequestered away early on in embryonic development, becoming the germline

cells. This view was criticized by de Vries in 1889, based on the observation in many plants that almost

any differentiated cell could regenerate a whole plant. The role of the nuclei (fusion of sperm and egg nu-

clei) in fertilization had been demonstrated in 1874, and de Vries extended the gloriously prescient 1866

proclamation of Ernst Haeckel’s that “heredity resided in the nucleus” to a view that placed the hereditary

determinants in the nuclei of cells, whereas their actions were carried out in the cytoplasm. The germ-

soma (or genotype-phenotype) distinction thus got redefined on to each cell, a view much more in line

with present understanding.

Thereafter, following the independent rediscovery of Mendelian laws by de Vries, Erich von Tscher-

mak, and Carl Correns, particulate inheritance gradually won over most biologists and by 1918, the

great conceptual reconciliation of particulate Mendelian inheritance and the statistical descriptions of

Continued...
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Box 1. Continued...

parent-offspring similarity for continuously varying phenotypes had been completed by Ronald A

Fisher. It should be noted that many people, including Mendel himself, as well as Udney Yule and

Karl Pearson, had pointed out that Mendelian inheritance was not incompatible with continuous vari-

ation of phenotypes. Also in the early decades of the 20th century, the hereditary determinants that

resided presumably in the nuclei of cells were identified with chromosomes and eventually in the 1940s

and 1950s, with DNA.

Interestingly, after almost half a century of an increasingly molecular level mechanistic characterization

of heredity, the statistical approach of treating heredity as parent-offspring similarity, at least for under-

standing the role of heredity in evolution, is making a comeback. Contemporary attempts to incorporate

non-genic modes of inheritance (epigenetic, cultural, ecological) into broader conceptualizations of the

evolutionary process, often referred to as the ‘extended evolutionary synthesis,’ have led to a renewed

interest in conceptualizing heredity as parent-offspring phenotypic correlations.

Jenkin’s major criticism related to what he termed the ‘phenomenon of reversion’ that

was to later also occupy Francis Galton as well as the biometricians Karl Pearson and W R F

Weldon. In modern terms, Jenkin believed that a species had a fixed range of variations it could

show, i.e., a species was a well-defined sub-space of phenotypic space, whose boundaries were

immutable. Therefore, if variations arose randomly (of course, Jenkin, like Darwin, had no

idea about how or why they arose), then variations arising from parents close to the species

boundaries in phenotypic space would be more likely to comprise of phenotypes closer to the

species type, or mean phenotype.

This would automatically result in a conservative tendency towards reversion, i.e., offspring

of phenotypically deviant parents would tend to be more similar to the population mean. Jenkin

also noted that if inheritance were such that offspring phenotypes were intermediate between

the two parents (blending inheritance), then variations could not be maintained for long in

any population. Very presciently, and foreshadowing the concept of random genetic drift in

population genetics by several decades, he also noted that a rare variant, however beneficial,

would be likely to be lost from the population merely by the sampling error associated with

the survival of a finite number of individuals out of a potentially almost infinite number of zy-

gotes. Basically, Jenkin pointed out that natural selection would work only under a set of very

specific assumptions about how variations arose, how common they were in populations, how

they were inherited, and what the mating system was. He also clearly differentiated between

what we would today call stabilizing and directional selection – the selection that results in

maintaining the existing trait distribution versus causing its mean to shift in one direction over

generations, respectively. Jenkin’s critique was made from the somewhat backward-looking

position of someone who believed in the fixity of species. Yet, the questions he raised were

conceptually sophisticated and spot on. Essentially, his work pointed to a disconnect between

Darwin’s conception of adaptive evolution involving a sort of diffusion process in which the

relative abundances of discrete variants got altered by selection, and his simultaneous insistence
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that evolution proceeded by gradually altering the distribution of traits that varied continuously.

Darwin confounded the two and did not clearly appreciate either that they were different or how

to reconcile them. Jenkin’s critique, thus, focussed subsequent attention to a proper statistical

description of both variation and selection, as well as to issues of whether inheritance was par-

ticulate or blending. It also focussed on whether mating was assortative (like mates with like)

or at random with respect to phenotype, and the effects of population size on the relationship

between the rarity of a favourable variant, and the likelihood that it would become common

in the population under selection. His critique set the agenda for evolutionary genetics even

before the field actually existed, and the disconnect he had first pointed out between the re-

placement of discrete variants and the gradual shift of trait distributions got resolved only with

the work of Ronald A Fisher from 1918 onwards (see Box 2). Jenkin’s critique is an excellent

example of how one can raise very valid and important points, even though the motivations

may be completely wrong in the sense of being based on anachronistic beliefs. This often hap-

pens in science and is a good reason for always following and debating the actual arguments

rather than the position or ‘camp’ espoused by the person putting them forward.

In the first few decades after Jenkin’s criticisms, evolutionary biologists were groping in the

dark at least as far as mechanisms governing variations and their inheritance were concerned.

Not surprisingly, the early attempts to empirically support the principle of natural selection

were based on a strategy of indirect corroboration. Darwin himself had taken this approach,

especially in second half of the Origin. Lacking direct evidence for natural selection, Darwin

built his case largely upon two pillars. One was to deduce the principle of natural selection from

generally accepted observations such as the fact that there was indeed a struggle for existence,

based on the fact that more offspring are typically produced than can possibly survive, given the

resources available, and that offspring tend to resemble their parents more than they resemble

the population average phenotype. This deductive argument was supported by the analogy of

natural selection to what breeders did while selecting for enhanced traits they were interested

in: they would choose individuals showing the desired trait variations and selectively breed

from them. The second pillar on which the case rested was the detailed exposition of how

natural selection could be used to explain so many, seemingly independent, phenomena in the

real world of natural history. This second approach was also taken by Alfred Russell Wallace,

August Weismann, and Ernst Haeckel. Some of the most striking indirect evidence for natural

selection in the late 1800s came from careful field studies of the phenomenon of mimicry by

Henry Bates and Fritz Müller. This line of work was the forerunner of modern day evolutionary

ecology and attempted to interpret and explain natural history in terms of natural selection by

trying to develop adaptive explanations for various observed traits of animals and plants.
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Box 2. Continuous Phenotypic Change via the Replacement of

Discrete Hereditary Variants Through Selection.

In the writings of Darwin, and of evolutionists in the following few decades, there is considerable ter-

minological confusion about what types of trait variants are being referred to. Darwin himself typically

used the terms ‘variations’, ‘individuals’, and ‘races’ or ‘varieties’. His use of variations was with re-

gard to small differences in traits among individuals that could be transmitted to offspring. He was quite

clear that he conceived of natural selection as occurring due to competition among individuals, resulting

in the preferential transmission of variations useful to the individual in its particular ecological context,

ultimately resulting in a change of the composition of the variety or race. Thus, Darwin treated individuals

as mosaics of different traits whose evolution could be tracked independently. Wallace viewed selection

as largely being due to competition between varieties or races, rather than among individuals within a

variety. Herbert Spencer differed from Darwin in considering the individual organism as a holistic entity.

He, therefore, thought of selection as acting on entire individuals, not on small variants of specific traits.

Both Wallace and Spencer, therefore, were implicitly thinking in terms of slightly larger-scale variations

than Darwin’s small individual variations, and in terms of types defined by specific constellations of these

larger-scale variants at multiple traits defining either distinct varieties (Wallace) or individuals (Spencer).

After the initial work on selection by these three pioneers, the situation became even murkier. Many evo-

lutionists, including Jenkin, and the very influential Galton and Weismann, thought that small individual

variations actually represented environmentally induced noise and were either not heritable, or subject

to hereditary reversion to type, and could not, therefore, be effectively acted upon by selection. Thus,

although Darwin’s notion of descent with modification was widely accepted very rapidly after the publi-

cation of the Origin, his mechanism of natural selection remained under a huge shadow of doubt for many

decades. Basically, there was an ambiguity in Darwin’s formulations that could not be clarified in the

absence of any knowledge of the mechanisms of inheritance. The ambiguity was about whether selection

acted through a sort of a diffusion process in which alternative (discrete) trait variants replaced one another

over time, or whether selection somehow directly modified the frequency distribution of a continuously

varying quantitative trait. While Darwin favored the latter view, some passages in his writings lean toward

the former, too. This ambiguity remained the basis for the bitter biometrician-Mendelian debates of the

early 20th century.

The confusion about how exactly selection was mediating evolutionary change was finally cleared up only

after Fisher’s reconciliation of Mendelian genetics and biometry in his masterful 1918 paper entitled ‘The

Correlation Between Relatives on the Supposition of Mendelian Inheritance’. As often turns out to be

the case in long-standing scientific debates, both sides of the biometrician-Mendelian debate were correct,

at least in some ways. Fisher pointed out that continuously varying quantitative traits were consistent

with Mendelian genetics if one assumed that the phenotype in such cases was the result of the cumulative

effects of alleles at very large numbers of loci, each exerting but a small effect on the phenotype. This had

actually been pointed out by Mendel himself but was somehow ignored in the excitement following the

rediscovery of his work, perhaps because those involved in the rediscovery and its championing were so

committed to the importance of discontinuous variations in evolution.

The same point was also made by Yule and even Pearson in the first decade of the 20th century, but their

treatment was relatively perfunctory and, coming right at the most heated period of the biometrician-

Mendelian debates, did not make much impact. Fisher’s treatment was far more detailed, and unlike

Pearson, he derived his results for a very general case, rather than for one example with somewhat arbi-

trary and restrictive assumptions. Moreover, the debate had largely subsided by 1918, partly due to the

rapidly increasing evidence for Mendelian genetics, including the chromosome theory of inheritance and

the discovery that genetic recombination was accompanied by crossing over of chromosome segments.

Continued...
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Box 2. Continued...

The essence of Fisher’s resolution of the confusion lay in realizing that, at the level of alleles at a locus,

directional selection is indeed best viewed as a diffusion process involving the gradual replacement of one

discrete entity (an allele) by another. Yet, this allelic diffusion process, when integrated over large numbers

of loci and projected onto the continuous phenotype that those loci affect, will result in smooth, gradual

changes in the phenotypic distribution, resulting in a shift of the mean over generations. The debate was

thus, not so much resolved as dissolved, and this appreciation became the basis for the rapid development

of evolutionary genetics, which remains an important and foundational part of our understanding of the

process of adaptive evolution via natural selection in a manner that is in many ways, very close to that

envisaged by Darwin even in the absence of any knowledge of the mechanisms of heredity.

An alternative approach, inspired in part by Jenkin’s critique, that was taken by many sci-

entists in the decades following Darwin’s book was to investigate the mechanisms by which

variations arose and were inherited and thereby try to examine the process of natural selec-

tion directly. This approach was rooted initially in Darwin’s theory of pangenesis (Box 1)

but rapidly split into two distinct modes of thought, following Francis Galton’s experimental

refutation of pangenesis. One line of thought was more mechanistic, the other more statistical.

Like Galton, Weismann also rejected pangenesis, replacing it with his notion of the germline

cells, containing all hereditary determinants, sequestered away early in embryonic develop-

ment. He also completely rejected the inheritance of acquired characters and believed that

natural selection was both a conservative and transforming principle in that it was solely

responsible for both maintaining the ‘type’ and altering the ‘type’∗∗. Thus, Weismann gave se-

lection more importance than even the principle of heredity, and this led to his position initially

being called Neo-Darwinism or sometimes, Ultra-Darwinism‡. Weismann believed that in the

absence of selection, there would be a complete breakdown of the integrity of a type. This was

based partly on the observation by breeders that, once selective breeding was stopped, often the

variety under selection would degenerate and start exhibiting all kinds of variations and often

lose the selected variants altogether. Today, we would attribute this to the selected variants

having higher mortality or reduced reproductive output than others. Thus, as long as we are

breeding only from them, the selected variant is increasing in frequency within the bred variety.

However, once we stop selection, the other variants are favored by natural selection, and the

selected variants begin to decrease in frequency. Although we do recognize today that selection

has both a conservative (stabilizing) role, especially if environments are relatively unchanging

for long periods of time, as well as a role in promoting rapid change in response to a changed

environment, Weismann pushed this idea to an extreme. He almost denied any role of heredity

in the evolutionary process, invoking the absence of natural selection to explain even vestigial

organs or the loss of traits in some lineages. He also completely neglected the counter-fact that

long-established varieties often did breed true to type even after selection ceased.

∗∗Today, we would call these two roles stabilizing versus directional selection.
‡Today, Neo-Darwinism refers to the synthesis of the principle of selection and Mendelian genetics, that oc-

curred in the 1920s–40s.
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Partly, as a consequence, this line of thought did not lead to major breakthroughs, except

convincing many people, especially in Germany, that selection was indeed a very important

and powerful force. This foreshadows the later ‘hyper-adaptationism’, much criticized in the

late 20th century by Stephen Jay Gould and Richard Lewontin, that sought to find an adaptive

explanation for everything. The more enduring part of Weismann’s thought was his departure

from Darwin’s emphasis on natural selection acting on small individual variations§ . Weis-

mann seems to have thought that small individual variations were likely to be restricted to the

somatic tissues and, thus, would not be inheritable. Consequently, his work focused on dis-

crete phenotypic variants, eventually leading through the work of Hugo de Vries and others

to the rediscovery of Mendel’s laws. Ironically, given Weismann’s all-powerful conception of

selection, the role of selection in evolution was eventually downplayed in this tradition, par-

ticularly as it developed in the work of de Vries, Wilhelm Johanssen, and William Bateson.

These ideas, often introduced in textbooks as the ‘mutation theory of evolution’, held that

the major ‘creative’ force shaping evolutionary change was non-randomness in which kinds

of discrete variants actually arose in a population, and that selection, at best, served to trim

out deviants from the population. In other words, selection was purely stabilizing, with di-

rectionality in evolution coming from biases in the generation of discrete phenotypic variants.

As it often happens in the history of science, this idea, after being eclipsed for many decades

by the dramatic rise of formal genetics since the 1920s, has now come back under a new la-

bel called ‘developmental bias’. The focus on discrete traits and Mendel’s laws, along with a

downgradation of selection to a purely stabilizing role, became the essence of the ‘Mendelian’

position in the Mendelian-biometrician debates of the early 20th century.

Galton, once he had demolished the theory of pangenesis in the early 1870s, took the more

statistical route to understanding both heredity and evolution. In a dramatic counterpoint to

Weismann, he actually argued that heredity would successfully act against selection and pre-

vent it from operating on small individual variations in the manner that Darwin had envisaged.

Almost paradoxically, Galton was thus the motivator, especially in England, for both the bio-

metricians, through his statistical approaches to selection and heredity, and the Mendelians,

through his insistence on discrete variations rather than continuous ones being the mediators

of evolutionary change. The essence of Galton’s statistical approach to heredity and evolution

lay in two observations. The first was that continuously distributed traits in plant and animal

populations typically followed, more or less, a normal or Gaussian distribution. The second

was the phenomenon of reversion, though more in the sense of Jenkin’s idea of an inherent or

hereditary tendency of traits to revert to the mean of the distribution, rather than Weismann’s

notion that, in the absence of selection, traits would revert to ancestral forms or be lost alto-

gether. Galton, incidentally, was the first major figure after Jenkin to explicitly emphasize that

the problems of heredity and evolutionary change were, in essence, statistical or populational

problems. Although Darwin has often been credited with replacing typological thinking with

populational thinking, especially by Ernst Mayr, that shift was actually realized only in the

§Continuously varying phenotypes, in today’s terminology.
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work of Galton and later, Weldon and Pearson.

Galton was familiar with the normal distribution as the ‘law of errors’. This was the idea

that quantities, all of which represent one basic underlying value but are subject to small and

random sources of error that cumulatively cause individual observations to depart from the

underlying value, would follow a normal distribution. From this, Galton drew the inference that

if in a collection of individuals some trait varied normally, then it was an indication that one was

looking at a distinct biological population or type, with the individual deviations from the type

mean representing the random effects of various vagaries of biological existence. The other

consistent observation that Galton made was that if one looked at the phenotypes of offspring

from a mating pair with phenotypes very deviant (above or below) from the population mean,

then the mean offspring phenotype was always less deviant from the population mean than its

parents had been. In the course of studying this phenomenon, Galton invented the technique

of linear regression¶ , eventually put on a sound mathematical footing by Pearson. In terms of

regression, if one depicts the average phenotype of parents making up the mating pairs on the

x-axis, and the mean phenotype of offspring resulting from those matings on the y-axis, then

what Galton saw was that the slope of the regression line through these data points was always

positive, and always less than unity.

These two findings were what led Galton to reject Darwin’s idea of evolutionary change

happening through natural selection acting on small individual variations. In his view, the

small individual variations (continuously distributed variants) mentioned by Darwin repre-

sented mere environmentally or otherwise induced ‘noise’ around the type or population mean.

He further argued that the tendency of offspring to regress to the population mean implied that

heredity was a conservative force that tended to bring the offspring of individually varying par-

ents back towards the population mean. Heredity, in this view, was a force maintaining the

stability of the type, with each generation showing small individual variations due to extrinsic

factors like the environment. Therefore, Galton rejected the role of natural selection acting

upon small individual variations specifically because he thought that heredity would oppose it.

He also articulated a vision of heredity which was similar to Weismann’s in that he postulated

that organisms had latent characters (analogous to the germ-line) and patent characters that

were what we could observe (analogous to somatic tissue). It was the latent characters from

the parents that came together upon fertilization to form an offspring’s latent characters, which

the ontogeny, modified by the environment and inherent aspects of heredity, rendered patent.

This view of Galton’s had shades of the later genotype-phenotype dichotomy, and also the no-

tion of dominance/recessiveness. It is, therefore, not surprising that the English Mendelians in

the early 20th century claimed intellectual descent from Galton. Galton’s view of evolutionary

change arose directly from his views on the normal distribution of traits and the tendency to

regress. He believed that discrete variations arose by some unknown underlying mechanisms

of development and resulted in the formation of a new type or population mean in one step.

¶Incidentally, Galton referred to the tendency of offspring to regress towards the population mean, and this is

why a technique for finding the best-fitting straight line is known as regression or going backward.
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Around this new mean would still arise small individual variations, but the mechanism of evo-

lutionary change would have to be through selection acting between these two new types rather

than between individual variations of any given type. Interestingly, this was very close to Wal-

lace’s conception of selection as primarily occurring between varieties rather than individuals,

as Darwin thought.

It was against this backdrop of thinking about variation, heredity, and evolution in the 1870s

and 1880s that Weldon and Pearson developed their biometrical approach. While inspired by

Galton’s emphasis on statistically analyzing problems of heredity and evolution, they departed

from Galton in not rejecting the significance of small individual variations to evolutionary

change. Indeed, the work of Weldon and Pearson is best seen as a rigorous attempt to uphold

the Darwinian conception of selection acting on small continuous variations among individuals

within populations, rather than between sub-populations representing different types. In this

sense, Weldon and Pearson were actually the truest intellectual heirs of Darwin. Their work

contributed a great deal to the eventual reconciliation of continuous phenotypic variation with

discrete heredity (see Box 2), even though their views on heredity, based on Galton’s early work

but increasingly departing from his own changing views, turned out to be completely wrong.

One of the conclusions that Galton had erroneously drawn from his empirical observa-

tion that offspring phenotypes were correlated not only with parental phenotypes but also with

those of grandparents and more distant ancestors was that heredity was affected by multiple

generations of ancestry. This became the basis for his ‘law of ancestral heredity’, which was

further elaborated by Pearson. This view seemed to dovetail well with regression, in that the

multi-generational ancestral heritage was thought to be the force that tended to pull traits back

towards the ancestral or type mean. Both Weldon and Pearson deeply and fervently believed

in the law of ancestral heredity, and it was largely this that drove their strident opposition to

Mendel’s laws when they were rediscovered in 1900. Mendelian genetics restricted the ances-

tral effects on offspring phenotypes to parental genotypes; there was no room there for previous

generations to affect offspring phenotypes. Yet, despite their misconception of heredity, the sta-

tistical reframing of Darwinian questions of variation, heredity, and selection that Weldon and

Pearson achieved, was to have effects on the development of evolutionary thought that far out-

lived the biometrician-Mendelian debate which, in a sense, the biometricians lost, at least with

respect to their opposition to Mendelian genetics.

In particular, Pearson’s formulation of both heredity and selection in terms of statistically

describable factors affecting trait distributions laid the foundations for Fisher’s breakthrough in

1918. Pearson formalized different modes of action of selection as those that could affect the

variance of a trait distribution in a population while leaving the mean unaltered, or those that

would alter both the mean and the variance. Alternatively, there could be situations in which

the population was heterogeneous, consisting of different types, each characterized by a dif-

ferent normal distribution. In such cases, selection could be conceptualized as acting between

the types, rather than among individuals within a population represented by a single normal

distribution of variants for that trait. He also clarified and formalized the distinctions between,

and consequences of, natural selection acting through differential mortality and differential
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reproduction, and in the process, also clearly distinguished between mate-choice and assorta-

tive mating, a distinction not very clearly made in Darwin’s writings. Pearson was also the

first to formalize the now widely-used concept of Darwinian fitness. In the first few decades

after Darwin’s Origin, most evolutionists thought of selection primarily in terms of differential

mortality, even though Darwin had clearly recognized that differences in both reproduction and

survival constituted selection. Pearson actually developed the formalism that emphasized that

fitness, in the sense of the attribute or quality that was the focus of selection, was composed

of both the propensity to survive and to produce offspring and that the two might interact in

complex ways to affect overall fitness. However, although it was Pearson who supplied the

mathematical acumen and rigor in their scientific partnership, Weldon’s contributions were

crucial. It was Weldon who first posed the relevant biological questions in statistical terms,

thus drawing Pearson into the enterprise. And in science, a well-posed question is half the job

done. Moreover, Weldon established a methodology for identifying selection in action on a

natural population that essentially has not been bettered till today.

Around 1888–89, Weldon, then in his late twenties, began to depart from the evolutionary

concerns of classical embryologists, then dominated by the principle of recapitulation. This

was a pre-Darwinian but vaguely evolutionary speculation, made independently by Johann

Friedrich Meckel (in 1808) and Ètienne Reynaud Augustin Serres (in 1821), later interpreted

in terms of descent with modification by Darwin, and championed with characteristic vigor

by Haeckel via the slogan “ontogeny recapitulates phylogeny”. The principle of recapitula-

tion held that evolutionary modifications tend to occur in the later stages of development, im-

plying that natural selection predominantly shapes adult characteristics, leaving earlier larval

characters largely unchanged. In an unpublished note written in 1888, the young Weldon ob-

served that the evolution of new adult characters was always accompanied by new characters

in the larvae and vice versa. Weldon developed the implications of this observation in the light

of Darwin’s concept of ‘growth correlations’, namely the correlations between the same trait

expressed at different life-stages, suggesting that the phenotypic values of a trait observed at

different life-stages were not independent of one another, being linked via ontogenetic connec-

tions. He then articulated with exemplary clarity the implication of these ‘growth correlations’

for the empirical study of natural selection.

An obvious way to demonstrate natural selection, Weldon argued, would be to establish

that variations among individuals for a given trait actually had effects on the mortality suffered

by those individuals. In natural populations, it would typically be difficult to obtain direct es-

timates of mortality rates suffered by individuals sharing a particular trait variant as it would

not be possible to record the phenotypes of every individual that survived or died in a given

period. However, Weldon suggested, it would be possible to compare the trait variant distri-

bution in the same population at two different time points. If one could then observe changes

in the mean or reductions in the variance of the trait distribution over time, it would provide

a demonstration of directional or stabilizing selection acting on that population. One problem

identified by Weldon in this approach was that it could be that any such observed changes

in the trait distribution were merely a reflection of the manner in which trait values were
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correlated across life-stages. Thus, it became important to also establish how the same trait

was correlated across life-stages, referred to by both Darwin and Weldon as the ‘law of growth’

of that character, such that the effects of selection on the alteration of trait distributions with

age could be teased apart from the manifestations of the law of growth. Similarly, Weldon also

argued that it would be important to establish how different characters were correlated with

each other, giving rise to a constellation of phenotypes reflecting the type, and how these corre-

lations might themselves change with life-stage or age. Around this time, Weldon also became

acquainted with Galton’s statistical approach to heredity and selection, and realized that the key

information to be sought empirically was that pertaining to these various correlations. Weldon

also realized that the statistical approach provided an avenue to rigorously examine Darwinian

principles in natural populations in a manner just not possible through the classical approach

of qualitative comparative embryology and morphology. This realization was the inspiration

for his empirical work on the common grey shrimp Crangon vulgaris, the shore crab Carcinus

moenas, and the gastropod Clausilia laminata , between 1890–1901.

Weldon’s first studies on C. vulgaris were aimed at refuting Galton’s notion that evolu-

tionary change through gradual selection on small individual variations could not be effective.

These studies were the first to examine whether various traits in natural populations, as opposed

to humans or domesticated species of plants and animals, were distributed normally. They were

also the first studies in which correlations among different traits were compared across popula-

tions, an issue that had a bearing on Galton’s view that organisms were holistic and thus would

be characterized by similar among-trait correlations across populations, reflecting the stability

of type. In the first paper, in 1890, Weldon looked at various quantitative morphological traits

in five populations of C. vulgaris, from northern and southern England, Scotland, Brittany, and

the Netherlands, and observed that all traits appeared to be more or less normally distributed

in each population. This confirmed Galton’s prediction about small individual variations being

normally distributed, with data from a natural population. However, Weldon also noticed that

the parameters of the normal distribution for a given trait varied among populations and he

interpreted this result in a distinctly anti-Galtonian manner, though the language he used sug-

gested otherwise: “Since the variations observed in adult individuals depend not only on the

variability of the individuals themselves (which is possible nearly alike in all races), but also

upon the selective action of the surrounding conditions – an action which must vary in inten-

sity in different places – the result here obtained is precisely that which might be anticipated,

and it is precisely that predicted by Mr. Galton” (Proc. R. Soc., Lond., Vol.47, pp.445–453,

1890.). This interpretation of the trait distribution in various populations being shaped differ-

ently by natural selection was very different from Galton’s view that continuous variation was

mere noise about a type and would not be shaped by selection. Despite the somewhat mislead-

ing statement that this was as predicted by Galton, the quote actually represents the beginning

of Weldon and Pearson’s attempt to rehabilitate Darwin’s idea of selection acting on small

individual variations. Weldon’s second ‘shrimp paper’, also published in the Proceedings of

the Royal Society, in 1892, was more Galtonian in its message. Weldon observed that pairwise

correlations between traits were pretty similar across the five populations sampled, supporting
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the view of a certain holistic similarity of type across populations, despite the individual trait

distributions being different. Incidentally, Pearson later argued in 1896 that the small differ-

ences between populations of correlations among traits were significant, supporting the view

that natural selection might be able to shape even the ontogenetic relationship between different

traits.

In 1893, Weldon published his first study on C. moenas, measuring 11 morphometric traits

of the carapace in female crabs from Naples and Plymouth. He took exemplary care to scale

each measurement by the total carapace length, in order to account for variation arising from

size differences among animals! For ten of the traits, and for 23 pairwise correlations among

traits, the results were the same as observed in the two shrimp studies: traits were normally

distributed within populations, and trait correlations were similar across populations. One trait

(frontal breadth of the carapace) in the Naples population, however, had a strongly right-skewed

distribution that was clearly non-normal. This was the finding that led to Weldon approaching

Pearson for statistical help, wondering whether it could be shown statistically that the skewed

distribution actually arose due to the population being a mixture of two normal distributions

with different means and variances. Pearson invented the necessary statistical techniques for

dissecting the distribution into components, and it turned out that this was indeed the case, and

the population was thus found to be ‘slightly dimorphic for frontal breadth’. Weldon inter-

preted this result cautiously as implying that the Naples population consisted of two coexisting

races, each of which was a homogenous type, subject to the usual, normally distributed, small

individual variations. Pearson, when he wrote up his statistical work a year later, argued more

strongly that the situation indicated ‘real evolution’ taking place in the population, as one,

presumably ancestral, trait distribution was seen to be splitting up into two, although the data

could also be interpreted as simply an admixture of two types in that location. Nevertheless,

the holy grail of catching Darwinian evolution in the act, and explaining it through natural

selection, was almost within grasp!

In the same paper of 1893, Weldon laid out his approach to what he believed to be the

central issue in evolution – the empirical observation of selection. He wrote, in a passage

that pretty much constituted the foundational statement of the biometricians’ approach: “It

cannot be too strongly urged that the problem of animal evolution is essentially a statistical

problem: that before we can properly estimate the changes at present going on in a race or

species we must know accurately (a) the percentage of animals which exhibit a given amount

of abnormality with regard to a particular character; (b) the degree of abnormality of other

organs which accompanies a given abnormality of one; (c) the difference between the death

rate percent in animals of different degrees of abnormality with respect to any organ; (d) the

abnormality of offspring in terms of the abnormality of parents, and vice versa. These are

all questions of arithmetic; and when we know the numerical answers to these questions for

a number of species we shall know the direction and the rate of change in these species at

the present day – a knowledge which is the only legitimate basis for speculations as to their

past history and future fate” (Proc. R. Soc. Lond., Vol.54, pp.318–329, 1893). The hereditary

theories of the biometricians may well have been buried under the triumphs of modern genetics
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in its formal, cytological, physiological and, eventually, molecular avatars, but this statement

of Weldon’s still accurately and succinctly describes how all of us study natural selection in

action!

Following the first crab study, Weldon was keen to use the technique of dissecting non-

normal distributions to catch selection in action in other species. To this end, he did a similar,

much larger, study on herrings. This study, however, did not yield clean results and the skewed

distribution of the herring populations resisted all attempts at decomposition into two or more

normal distributions. This, in part, led Weldon to adopt an even more direct strategy to exam-

ine natural selection in wild populations. In 1895, he published another study on C. moenas

that tried to link variations in the frontal breadth of the carapace, the trait that the earlier study

indicated might be evolving in the dimorphic Naples population, to differential mortality. He

studied the Plymouth population of C. moenas, and examined the distribution of this trait in

about 8000 crabs from 36 different age-classes, inferred by size. In very young crabs, the dis-

tribution was relatively narrow, then increased substantially in variance and, finally, narrowed

again in adult crabs. Weldon argued that non-selective mortality that was not due to variation

in frontal breadth would not change the variance of the trait distribution, but merely reduce

the area under the curve. On the other hand, if mortality was associated with frontal breadth

(i.e., the selection was acting on the trait), the variance of the trait distribution would reduce

with age. Weldon was able to show evidence for selective mortality of individuals that deviated

from the mean trait value, with mortality increasing exponentially with departures from the

mean, essentially an example of what we call stabilizing selection. This was a huge moment in

the history of evolutionary biology as it pertained to empirically nailing down an example of

natural selection in action in the wild. Weldon wrote, in summation, “By purely statistical

methods, without making any assumption as to the functional importance of frontal breadth,

the time of life at which natural selection must be assumed to act, if it acts at all, has been deter-

mined, and the selective death-rate has been exhibited as a function of the abnormality” (Proc.

R. Soc. Lond., Vol.57, pp.360–379, 1895). A very similar later study by Weldon on the gastro-

pod C. laminata, published in 1901, also provided clear evidence for stabilizing selection, in

this case on the radius of the peripheral spiral of the animal’s shell.

Weldon followed up this demonstration of stabilizing selection with another study on C.

moenas in 1898. In this paper, he analyzed data on the frontal breadth of adult crabs from the

Plymouth population collected during 1893–1898. He observed that in crabs of any age-class,

collected at similar seasons in different years, average frontal breadth seemed to have mono-

tonically decreased over those five years – an observation clearly suggesting the possibility of

directional selection for reduced frontal breadth. This time, instead of a purely statistical ap-

proach, Weldon adopted an even more direct experimental strategy by seeking to identify an

ecological cause for greater mortality in crabs with greater frontal breadth. He noted that the

recent construction of a large dyke that partly closed off Plymouth Bay, and greater sewage

flow into the bay due to an increasing human population, had led to an increase over the study

years of suspended clayey particles in the waters of the bay. Also, during these study years,

some invertebrate species had disappeared from the coastal waters of Plymouth Bay altogether.
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These observations led Weldon to speculate that the increased muddiness and pollution of the

water might be what was causing selective mortality of larger crabs. He tested this hypothesis

by keeping large numbers of crabs in a tank with seawater containing considerable suspended

fine clay particles. The experiment was replicated multiple times, including with mud from the

actual bay instead of clay. Over time, in all runs of the experiment, many of the crabs died, and

Weldon compared the distributions of frontal breadth in those that died with the distributions

in the survivors. He found that mean frontal breadth in the survivors was invariably less than

that in the crabs that died. Weldon then followed up with another experiment in which crabs

were reared in seawater free of suspended particles. In these crabs, mean frontal breadth in-

deed turned out to be greater than that in wild caught crabs of the same age from the waters

of the bay. Weldon wrote, “I see no shadow of reason for refusing to believe that the action of

mud upon the beach is the same as that in an experimental aquarium; and if we believe this,

I see no escape from the conclusion that we have here a case of Natural Selection acting with

great rapidity because of the rapidity with which the conditions of life are changing” (Report

of the British Association for the Advancement of Science, pp.887–902, 1898). If this were

not enough, Weldon also moved from identifying the ecological factor mediating selection on

frontal breadth towards a functional explanation. In the same paper, he observed that “The gills

of a crab which has died during an experiment with china clay are covered with fine white mud,

which is not found in the gills of the survivors. In at least ninety percent. of the cases this dif-

ference is very striking, and the same difference is found between the dead and the survivors in

experiments with mud”. It appeared, thus, that the rapid changes in the levels of suspended par-

ticulate matter in the waters of the bay resulted in larger crabs being more susceptible to getting

their gills clogged with clay and therefore suffering higher mortality than smaller ones. These

studies of Weldon on shore crabs remain exemplars of how to study natural selection empiri-

cally, and seamlessly weld together formal statistical, ecological, experimental, and functional

approaches in a manner not bettered in the more than a century that separates us from him.

Concluding Note

In writing this article, I have leaned heavily on four of the five books mentioned in the Sug-

gested Readings. The reprint of Pearson’s obituary memoir is useful for a detailed personal and

professional appreciation of Weldon, the man and scientist, by one who knew him the best. The

other four books deal in some depth and detail with the historical development of evolutionary

and genetic thinking, albeit with different focuses and perspectives. Amundson’s book deals

with the rich roots of much of evolutionary thought in systematics and embryology, especially

in the 18th and 19th centuries. His perspective is that of today’s evolutionary developmental

biologists who believe that the black-boxing of development in the Neo-Darwinian Synthesis

left out many important dimensions of the evolutionary process, especially those pertaining to

the gross evolutionary changes in organismal form. Gayon’s book is a magisterial treatment

of the historical development of the concept of natural selection from Darwin to the Neo-

Darwinian synthesis, especially in the face of the challenge posed by the widespread belief that
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heredity would swamp out the effects of selection, a point of view that persisted for almost

60–70 years after Darwin’s Origin. Henig’s book is more closely focused on understanding

Mendel’s work in its proper historical and conceptual context, whereas the book by Schwartz

is a very readable account of the history of thinking about heredity from Darwin till the nailing

down of DNA as the hereditary material in the mid-20th century. Together, these books empha-

size how the historical development of fields of study is not linear, the way it is often presented

in textbooks. There are digressions, dead-ends, wrong paths, and circuitous paths that mean-

der and then, almost miraculously, come back to the main trail. Thus, the history of any set

of ideas is as much a bushy rather than a ladder-like structure as the so-called ‘tree of life’ is.

What I find most impressive, in fact awe-inspiring, is how these scientists in decades past, were

not afraid to be spectacularly wrong when they made their great leaps of imagination. Trying

hard to make sense out of what were then deeply mysterious phenomena, they came up with

dazzlingly imaginative hypotheses and often developed equally amazing methodological and

conceptual tools to test them. That level of imagination and creativity is much rarer in biology

today.
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It is the year 2000, most of the human genome has been sequenced, genetically engineered

foods are on sale in supermarkets, and gene therapy is a reality rather than science fiction. We

understand today how genes act to transform a fertilized egg into a fruitfly with a segmented

body and paired legs and wings (or for that matter an unsegmented worm), and we even have

great insight into exactly how heredity and environment interact to produce, through the won-

derful process of evolution, the stunning array of diverse life-forms that inspire poets and sci-

entists alike with their beauty. Indeed, biology today is almost nothing but genetics: practically

every branch of biology, from development to physiology to ecology, is subsumed in the study

of the transmission, expression and evolution of the hereditary material. The green revolution

in agriculture was largely genetic in nature, and we are beginning to see the glimmerings of a

similarly far reaching genetic revolution in medicine in the not too distant future.

Yet, just over a hundred years ago, the picture was vastly different. In 1900, just before

the rediscovery of Mendel’s Laws of inheritance, heredity was still a mystery to biologists, and

Darwin’s theory of evolution by natural selection was still lacking the most important missing

link: a mechanism for maintaining discrete hereditary variants in the face of interbreeding.

Imagine the science of physics going from Galileo to Einstein in a hundred years, and you

will get some feel for why many people would argue that the twentieth century was truly the

century of genetics. This is a good time, then, to look back at the incredible and rapid strides

we have made in our understanding of heredity in the twentieth century. It is also a good time

to take a look at how Mendel’s laws have stood the test of ten decades of genetic research.

Johann Mendel was born in 1822 in the village of Heinzendorf, then in the northernmost

part of the Austrian empire and now in the Czech Republic. His father, Anton Mendel, was

a moderately well-off peasant and Johann spent much of his childhood helping his family

tend to fruit trees and bees. With some difficulty, due to financial limitations, he finished his

schooling and went on to study philosophy for several years. In 1843 he joined the Augustinian

Monastery of St. Thomas in Brünn (now Brno), partly, as he stated in his autobiography, to “be

spared perpetual anxiety about a means of livelihood”. Upon joining the monastery as a novice,

Johann took on the monastic name of Gregor by which he is better known. In 1849, Mendel

was assigned to teaching duties rather than pastoral work. He also had ample opportunity to

indulge in his hobbies of gardening and bee-keeping in the extensive grounds of the monastery.

Between 1851 and 1853, Mendel studied physics and botany at the University of Vienna and

took up serious studies of hybridization after his return to the monastery.

∗Reproduced from Resonance, Vol.5, No.9, pp.3–5, 2000.
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Between 1856 and 1868, Mendel carried out a series of breeding experiments with peas

and concluded from the results that certain ‘particulate factors’ were the units of inheritance,

and that these factors were transmitted to and expressed in offspring in certain regular ways

(Mendel’s laws, with which we are all now familiar). Mendel summarized his work in two

talks delivered to the Brünn Society of Natural Science, and the work was published in the

Proceedings of the Society for 1866. The first talk described his experimental results, stressing

the invariant ratios of different forms that were seen in hybrids arising from various crosses.

The second talk, a month later, laid out Mendel’s explanation for these invariant ratios.

The minutes of these meetings reveal that there were no questions or comments after Mendel’s

presentations. The audience, presumably, was completely taken aback by this ‘new’ sort of

biology which dealt with quantitative results and probabilistic abstractions rather than concrete

descriptions of structure or function . Yet, it seems that Mendel himself realized the significance

of his work, telling a friend of his after one such meeting that his time would come.

Mendel’s work, being truly ahead of it’s time, was not generally appreciated or understood.

Mendel sent copies of his paper to Carl Nägeli at Munich, the leading German expert on plant

hybridization at that time, and later exchanged a series of letters with him (an English transla-

tion of one of these letters is reproduced in September, 2000 issue of Resonance). Nägeli, too,

however, failed to see the significance of this work and appears to have regarded it as being

largely an exercise in speculative reasoning (in his many writings on hybridization after his

correspondence with Mendel, Nägeli does not mention Mendel’s work even in passing). In

1868, Mendel became the abbot of the monastery and with increasing administrative duties his

research essentially came to an end. Mendel died in 1884 after suffering from an ailment of the

kidneys. Mendel was well liked and respected in Brünn, even by those who understood little of

his science. He was known as a friendly, solicitous and compassionate person who genuinely

cared for others. Upon his death the local newspaper paid him the following tribute: “His death

deprives the poor of a benefactor, and mankind at large of a man of the noblest character, one

who was a warm friend, a promoter of the natural sciences, and an exemplary priest”.

To truly appreciate the almost prophetic nature of Mendel’s conclusions from his experi-

ments, we should take a look at what was known about inheritance at that time. Mendel’s work

came towards the end of almost 150 years of hybridization studies. Other workers before him

had noticed that if one crossed two different true-breeding lines, the progeny were often uni-

form in appearance but that both parental traits reappeared in subsequent generations. Nobody,

however, had ever tried to quantify the proportions in which the different types appeared. In

fact, given the dominant view that inheritance involved some kind of ‘blending’ of paternal and

maternal influences, the segregation of parental types in hybrid populations was something of

a mystery. Chromosomes had not yet been discovered and, therefore, meiosis was unknown.

And here was an obscure priest claiming that discrete particulate factors of inheritance ex-

isted in pairs in individuals, retaining their identity even if they were not expressed, and that

parents passed on one member of each pair to their offspring. It is not, perhaps, surprising, that

Mendel’s work was not understood for many years.
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In 1875, Strasburger described chromosomes, and Hertwig showed that fertilization in-

volved the fusion of egg and sperm nuclei. In the next 15 years, a series of studies by Van

Beneden, Hertwig, Rabl, Strasburger, Kölliker, Boveri, Flemming and Weismann established

the nucleus as the seat of inheritance as well as the basic facts of mitotic and meiotic cell

division. These findings set the stage for the eventual realization (by Sutton and Boveri, in-

dependently, in 1902–1903) that the behaviour of chromosomes during meiosis mirrored the

predicted behaviour of Mendel’s particulate factors of inheritance. Mendel’s work itself was in-

dependently rediscovered and verified in 1900 by Carl Correns in Germany, Erich von Tscher-

mak in Austria and Hugo de Vries in the Netherlands, thus inaugurating the era of modern

genetics.

After the rediscovery of Mendel’s work, findings followed fast and furious. By the mid-

1930s many of the basics of inheritance were understood. A whole lexicon of terminology

was in place, the sequences of gene arrangement on chromosomes were being mapped, and

Mendel’s particulate factors had been shown to explain even the inheritance of continuous

traits. Mendelism and Darwinism had been wedded to yield a composite genetic theory of

adaptive evolution by natural selection. The next two decades yielded insights into how genes

functioned by coding for enzymes, and also to the identification of DNA as the genetic material,

and the elucidation of its double helical structure by Watson and Crick in 1953. In another 20

years, the mechanisms of DNA replication and expression were worked out, and today, as we

all know, we can alter genes, design genes to our liking, and express genes from one organism

in another.

In the midst of all these revolutionary advances in our understanding of heredity, Mendel’s

laws have stood the test of time well. Essentially, Mendel had managed to correctly deduce

from his observed ratios of different types of progeny the behaviour of chromosomes during

meiosis and fertilization even before chromosomes had been discovered. And since Mendel’s

laws are nothing more than a description of chromosome dynamics, they still hold true. Never-

theless, there are several exceptions to Mendel’s laws. Genes physically close together on chro-

mosomes do not assort independently during meiosis, a phenomenon called linkage. Genes on

X and Y chromosomes, or those on mitochondrial or chloroplast DNA, are inherited in non-

Mendelian ways. These, however, are exceptions to the letter rather than the spirit of Mendel’s

laws. In some cases, even the spirit of Mendel’s laws is violated, due to phenomena unknown

for many decades after the rediscovery of Mendel’s work. Often some forms of a gene (alleles)

are more successfully transmitted to offspring than others, either due to gametic selection or a

phenomenon called meiotic drive. Sometimes it is not the transmission of genes but their ex-

pression that is non-Mendelian. This is the phenomenon of genome imprinting, that is now be-

ing intensively studied because of its involvement in many human disorders (this phenomenon

and some of its interesting evolutionary implications are described in some detail in two articles

in September, 2000 issue of Resonance).

By and large, Mendel’s work has clearly held its own in the face of a new research. Subse-

quent work by others has validated what Mendel predicted, and though new phenomena have

been discovered that may appear to violate his laws of inheritance, that is not really so in
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any fundamental manner. The basic framework of Mendelian inheritance is sound and deeply

rooted in biological reality even though it was first conceived of in a rather abstract manner.

Much like atoms, Mendel’s particulate factors have finally acquired a structure and can be

manipulated, split, recombined and harnessed for practical purposes. The hundred years of

genetics after the rediscovery of Mendel’s laws have, if anything, strengthened his claim to be

considered one of the two (the other being Darwin) most important biologists of all time.
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In the realm of science, the twentieth century has been, by and large, a time of ever in-

creasing specialisation. It is hard, and some would no doubt say impossible, to find amongst

the scientists of this century, people who can legitimately be considered the founding fathers

of more than one distinct field of scientific endeavour. Amidst the many great scientists of

our century, however, Sir Ronald Aylmer Fisher (1890–1962) stands out as a glorious excep-

tion in this regard. During the first half of this century, Fisher almost single-handedly laid the

foundation for much of what we today recognise as the academic discipline of statistics (see

accompanying article by Krishnan, September 1997.) Fisher also developed much of the the-

oretical framework of population and quantitative genetics, a body of work that provides the

conceptual underpinnings for fields as disparate as plant and animal breeding and evolutionary

biology.

To truly appreciate the magnitude of Fisher’s contributions to genetics, one must start by

taking a look at the state of this fledgling science at the turn of the century. When Fisher

joined Cambridge as an undergraduate in mathematics in 1909, it had just been a few years

since the rediscovery of Mendel’s work showing that inheritance was particulate, and that it

appeared that differences in discrete inheritable factors (what we now call genes) were largely

responsible for observed differences in structure and form among individuals. This view was

championed by Bateson, also at Cambridge, and one of the first professors in the new field of

genetics. An opposing view-point was held by many geneticists who worked largely on human

traits and who believed that most differences among individuals were with regard to traits like

height and weight that were continuous rather than discrete, and that, therefore, could not be

explained by any theory based on particulate inheritance which seemingly could lead only to

discrete differences among individuals. This school of thought, labelled the biometrical school,

was led by Karl Pearson, the head of the Galton Laboratory of Eugenics at University College,

London. This difference of opinion between the biometricians and the Mendelians, regarding

the continuous or discontinuous nature of inheritance, soon crystallised into a wide-ranging

and bitter controversy in biology. At the heart of this controversy was one of the central issues

in biology: The mechanism of adaptive evolution.

In the mid nineteenth century, Charles Darwin had proposed natural selection, the differen-

tial survival and fertility of some variants that were better adapted to the existing environment,

as the major mechanism of evolutionary change. Darwin’s emphasis was on differences among

individuals that were of a continuous rather than discrete nature, and evolutionary change

within populations was, consequently, viewed as being continuous and gradual. The miss-

ing link in Darwin’s theory was a mechanism of inheritance. For natural selection to work, the

∗Reproduced from Resonance, Vol.2, No.9, pp.27–31, 1997.
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differences among individuals had to be heritable. This missing link was finally provided by

the rediscovery of Mendel’s work in the first few years of the twentieth century. In the decade

that followed, the biological world was deeply divided by three mutually opposed views about

heredity and the mechanism of evolution. Bateson’s school believed that since inheritance

was particulate, evolutionary change had to be discontinuous and, therefore, rejected Darwin’s

views on the mechanisms of evolution. Hugo de Vries, one of the rediscoverers of Mendel’s

work had worked extensively with mutations that had large effects on structural characteristics.

Consequently, he believed that mutation alone was the major agent of evolutionary change,

and that natural selection had, at best, only a minor role to play in evolution. Pearson and

the biometricians believed that both inheritance and the evolutionary process were continuous,

and rejected the viewpoints of both de Vries and the Mendelians. It is difficult to overstate the

impact that this controversy had on biology at that time: as long as the controversy was not

resolved in some kind of grand synthesis, any significant advancement of our understanding of

evolution, the most important of all biological phenomena, would not have been possible.

This, then, was the stage onto which the young Fisher strode like a colossus. He had

been thinking of and occasionally giving talks about attempts to reconcile the biometrician-

Mendelian controversy since his undergraduate days, by showing that discontinuous inheri-

tance, continuous variation and gradual and continuous evolution were not only not mutually

exclusive, but that this combination was, in fact, how things had to be. This remarkable syn-

thesis was finally achieved in a landmark paper published in 1918. In this thirty-four page

paper, Fisher laid out the basics of what would today form the material for an introductory

course in quantitative genetics. He showed how a number of discrete Mendelian factors, each

with a relatively small individual effect on the trait in question, could generate a continuous

distribution of trait values for quantitative traits like height or milk-yield. In one conceptual

master-stroke, Fisher was thus able to resolve the greatest controversy in biology in this cen-

tury. Equally significantly, Fisher in this paper introduced to biology a way of approaching

problems that, although well known to mathematicians, was unknown to most practising bi-

ologists, even those with theoretical inclinations. The basis of this approach, in Fisher’s own

words, was to contemplate “a wider domain than the actual”, which, he argued, “leads to a

far better understanding of the actual”. In the preface of his book The Genetical Theory of

Natural Selection, published in 1930, he illustrated this approach by the following example:

“No practical biologist interested in sexual reproduction would be led to work out the detailed

consequences experienced by organisms having three or more sexes; yet, what else should he

do if he wishes to understand why the sexes are, in fact, always two?”

Applying this logic to the question of observed correlations between human relatives for

a variety of traits, Fisher was able to show that the observed patterns of continuous variation

were entirely consistent with Mendelian inheritance. He was also able to consider the effects on

these traits of various other modifying factors like dominance, linkage and non-random mating.

Moreover, he developed techniques for partitioning the observed variation into components due

to environmental effects and effects traceable to different types of genetic phenomena such as

additivity, dominance, and epistasis. In their own way, these results have exerted an influence
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on genetics, which though less well known, is comparable to the influence brought about by

Watson and Crick’s elucidation of DNA structure in 1953.

During the two or three decades following the landmark paper of 1918, Fisher turned his

penetrating insight on a number of problems in evolutionary biology and, indeed in classical

genetics. Given the constraints of space, I can do no more than list a few of his major contribu-

tions here, and hope this brief account will give the reader some feel for the remarkable breadth

of Fisher’s contributions to genetics. In this period, Fisher quantified the role of natural selec-

tion in altering the genetic composition of populations during adaptive evolution, developed

theories explaining the evolution of basic genetic phenomena like dominance and heterosis,

and explained why quantitative variation was more likely to contribute to evolutionary change,

as compared to variation caused by mutations of major effects. In addition, he provided sound

explanations for many observed phenomena such as equal numbers of males and females in

populations of many species, the ubiquity of sexual reproduction, the evolution of extreme or-

namentation (like the peacock’s tail), and the fact that species with a widespread geographical

distribution are more variable than their close relatives that are less widely distributed. Fisher

also did a lot of the work on the genetic consequences of finite population size, and much of the

theory of random genetic drift is actually due to Fisher’s work, though this theory is more com-

monly associated with Sewall Wright, who independently worked on it. In his work on finite

populations, Fisher conceptualised the spread of mutant genes in populations over generations

as a diffusion process, and used, for the first time, mathematical models from various branches

of physics, to describe genetic phenomena at the population level. It was also Fisher, appar-

ently during a conversation in a pub, who first satisfactorily explained the data on inheritance

of Rh blood groups by postulating the involvement of three closely linked loci in determining

the Rh phenotype of an individual.

Genius, it has been said, makes itself known early, and this was certainly true in Fisher’s

case. His daughter, in her biography of her father, tells of the three and a half year old Fisher

asking his nurse, “What is the half of a half?” Upon being told that it was a quarter, he asked,

“What is the half of a quarter?”, and so on till he was told that the half of one-eighth was

one sixteenth. Upon hearing that, Fisher thought seriously for a while and then said, “Then,

I suppose, a half of a sixteenth must be a thirty-twoth.” The astonishingly penetrating insight

that was to baffle and awe generations of population geneticists reading Fisher’s books and

papers was evidently present at this very early age. Arthur Vassal, who was Fisher’s biology

teacher at Harrow, when asked much later to name the ten or so brightest students he had ever

had said that on the basis of sheer genius he could divide his students into two groups: one

group consisted of Fisher, and the other of everyone else. Ever since I first came to know of

Fisher’s work when I began to study population genetics, he has remained one of my personal

intellectual heroes. I can only hope that this brief outline of his accomplishments will convey

to the reader why, for many decades after Fisher’s seminal work, the entire field of population

genetics was often described as an exercise in ‘writing footnotes to Fisher’.
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Few biologists of this century have done as much, and in as many areas, as John Burdon

Saunderson Haldane. Known primarily for his path-breaking contributions to our understand-

ing of how evolution works, Haldane was also a first-rate geneticist and biochemist. He devoted

a great deal of his time to the popularization of science, believing that to be at least as impor-

tant as carrying out original research. Many people who do not know exactly what he did as a

scientist nevertheless know of him through the stories associated with his name. Perhaps the

best-known is his supposed response to being asked if he believed in God: “I do not know if

God exists, but if He does, He must be inordinately fond of beetles”. (The point being, that of

all the groups of animals in this world, there are more species of insects – and among insects,

of beetles – than that of any other animal.)

J B S Haldane was born on 5 November 1892. His father, John Scott Haldane, was a

physiologist and a recognized expert on respiration. Young JBS soon started serving as a

guinea pig in his father’s experiments. Some of these concerned the effects of deep-sea diving

and so were potentially hazardous. Physical courage and a willingness to take risks remained

characteristic of him throughout his life. An aggressive attitude, along with a fondness for

underdogs, were also long-lasting traits. He seems to have been a precocious child and was

gifted with an excellent memory. In later years his powers of recollection were such that he

had no need to go to a library to look up the correct citations when he wrote something up

for publication. His formal education involved a preparatory school followed by the famous

‘public’ school of Eton – which he disliked intensely – and university study at Oxford. His

primary interests during this phase were Greek and Latin, philosophy and mathematics; not

biology, in which he never took a degree and was largely self-taught. He served in the first

World War and was seriously wounded. After the war he went into formal teaching and research

and worked at many academic institutions. The last of these were the Indian Statistical Institute

in Calcutta and the Genetics and Biometry Laboratory in Bhubaneshwar; Haldane and his wife

had migrated to India in 1957. He died in Orissa in 1964. (For more on Haldane’s Indian

sojourn, see the accompanying article by Majumder). His wife, Helen Spurway, a distinguished

student of genetics and animal behaviour in her own right, later moved to Hyderabad and

survived her husband by 12 years.

If we discount the experiments in which he assisted his father, the earliest important contri-

bution that Haldane made to science came when he was a schoolboy of 16. It all began from his

dissatisfaction with the interpretation of some results in a paper concerning mouse breeding.

∗Reproduced from Resonance, Vol.3, No.12, pp.36–42, 1998.
∗∗The material for this article has in part been abstracted with permission from Current Science, Vol.63, pp.582–

588, 1992.
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The author of the publication, a scientist named Darbishire, had not noticed that his results

appeared to disobey a rule formulated by Mendel, the founder of genetics. The rule was that

various inherited traits behaved as if they were passed down from parents to offspring indepen-

dently of each other, so that the joint occurrence of two traits was simply a matter of chance.

This is exactly what Mendel had found to be true in the case of his peas, and subsequent work

on other plants, mice and poultry had confirmed the rule. What Haldane noticed about Dar-

bishire’s data was that some traits appeared to associate with each other more frequently than

one would expect on the basis of chance alone. Together with the help of his younger sister

(who, under the name Naomi Mitchison, became a famous novelist and social worker and en-

couraged many young scientists), he repeated the experiments himself. The original finding

was confirmed, and Haldane realised that the association of traits could have exciting implica-

tions: perhaps it meant that genes, the particulate ‘carriers’ of those traits, were also associated

with each other, this time physically – like beads on a string. This was the first discovery of

what we now call linkage. Linkage is explained by saying that groups of genes are indeed

physically situated on string-like entities known as chromosomes. The hypothesis could not be

published immediately because of Haldane’s involvement with the war, and when it eventually

was, T H Morgan and his group in Columbia University had already reported linkage in the

fruit fly Drosophila.

The name of J B S Haldane is most widely associated with that branch of evolutionary

biology known as population genetics. This field depends on a combination of mathematical

modelling and experimentation. Its aim, roughly speaking, is to analyse the spread of genes

within populations and to describe populations in terms of their genetic structure. The basic

assumption on which population genetics depends is that one can associate something called

fitness with a gene or group of genes. Fitness is more properly the property of an individual,

but in a loose but useful sense one may define the fitness of a gene as the relative contribution

made by that gene to the reproduction of an individual carrying it. To take an example, suppose

that there are two sorts of animals within the population of some species, tall and short, and

that the difference between these sorts has to do with two different variants of the same gene.

Then, on average, if a tall animal has more (or fewer) children than a short one, the ‘tall gene’

may be said to be more fit (or less fit) than the ‘short gene’. Obviously, in the course of time

the ‘tall gene’ will spread (or be eliminated) through the population.

That much is easy to understand. But there are other aspects of the situation, and under-

standing them is not such a straightforward matter. How is the fitness differential related to

the rate at which a gene becomes more frequent or less frequent? What happens when – as is

true with most multicellular creatures such as the higher plants and animals – each gene comes

in two copies, and one of them can mask the effect of the other? (In technical language, one

copy is said to be dominant over the other.) Under what circumstances can a number of genes

co-exist so that the population exhibits a steady level of genetic diversity? How do mutations,

which change genes and keep occurring at random all the time, affect the outcome of evolu-

tion? How is the spread of a gene affected if population sizes are small? (In small populations

the average outcome may not be representative of what happens: accidental events, such as the
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failure of an individual to reproduce – for reasons having nothing to do with his or her genes

– become important and chance begins to play an important role in evolution.) The mathe-

matics which Haldane used to answer such questions was often developed ad hoc and was not

always elegant, but was nevertheless effective. A popular book in which he summarised his

early work was The Causes of Evolution published in 1932. The book has recently been issued

in a new and partially updated edition, but it inevitably lacks a great deal of what Haldane did

in population genetics and evolutionary theory after 1932.

Questions such as the ones mentioned above were attacked by a number of persons more

or less at the same time, soon after the rediscovery of Mendel’s laws of inheritance around

the beginning of this century. The reason was simple. Mendel had shown that the carriers

of hereditary traits were particulate entities (what we today call genes). This meant that their

mathematical analysis was straightforward, at any rate in principle. In addition, it was fairly

obvious that an essential difference between the different species of plants and animals that

inhabit the earth must lie in their hereditary traits: elephants have baby elephants and ants have

baby ants, so to speak. Therefore, it appeared that an understanding of the manner in which

changes occur in hereditary traits might be both possible and capable of yielding insights into

the evolutionary process. Four names are associated above all with that first attempt to apply

mathematics to the study of evolution: S S Chetverikov in the USSR, S Wright in the USA and

R A Fisher and J B S Haldane in Britain (for a more detailed description of these early years

of population genetics, especially the contributions of R A Fisher, see Resonance Vol.2, No.9,

pp.27–31). In parallel with these theoretical studies, a number of scientists carried out equally

pioneering empirical research on fossil records, genetic variation in nature and geographical

diversity. By about 1930, there was general agreement that a satisfactory understanding had

been achieved of the principles of evolution by natural selection as first enunciated by Darwin

and Wallace. The one major advance that has occurred since then has been mainly due to

the Japanese evolutionist Motoo Kimura. This was the realization that completely random

variations in gene frequencies are more important than had been thought possible. Indeed, at

the level of the genetic material (DNA) itself, they may be far more frequent than changes

occurring due to natural selection. Today the picture we have of evolution is that it is a process

that may be thought to operate at two levels. At the level of the anatomy, physiology and

behaviour of individual organisms, Darwinian natural selection is likely to be the dominant

force in evolution. On the other hand, only a small fraction of the changes that occur in DNA

sequences are thought to be due to natural selection, most of them occurring purely by chance,

as one mutant gene or the other becomes more common in different populations.

As stated earlier, Haldane’s work provided major insights in areas of biology other than

evolutionary theory. In formal genetics, he built on his early interest concerning linkage to

derive a mathematical formula to describe the relationship connecting the distance between

two genes on the same chromosome and the likelihood that they would associate more of-

ten than expected. He was one of the earliest to assert that by encoding catalytic activities,

genes influenced the rates of various chemical reactions in a cell. This became famous after it

was formulated by Beadle and Tatum as the one gene – one enzyme hypothesis. He gave the
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correct interpretation of the kinetics of the simplest possible enzyme reaction – what is com-

monly known as Michaelis–Menten‡ kinetics – and wrote an influential textbook on enzymes.

Together with Oparin, Haldane was among the first to propose a scientifically plausible theory

for the origin of life. In the course of doing so he introduced the phrase ‘hot dilute soup’ to

describe the consistency of the primeval ocean, a term that has stuck. A striking piece of work

that he carried out with Helen Spurway was an analysis of the dance language of the honey-

bee from the point of view of the then – new science of cybernetics. What is amazing is that

many of Haldane’s original scientific ideas were tossed off in popular writings rather than in

professional publications, something hardly thinkable in today’s climate of public relations and

advertising in science. Two that are especially noteworthy are the notion that it may have been

RNA, not DNA, that was the first self-reproducing molecular carrier of hereditary traits, and

that if altruistic behaviour had a genetic basis, it would find a better chance of getting estab-

lished among close relatives than among unrelated individuals. He produced a large number

of essays and books for the general reader, assuming that it was one of his duties as a scientist

to communicate what was interesting and exciting in science. These pieces are still readable,

not least for how much they seem to be anticipatory of future developments; Haldane always

tended to see much ahead of his time. One quotation of his has become famous and bears

pondering:

‘ ...the universe is not only queerer than we suppose, but queerer than we can

suppose’.

There is no end to the number of stories about Haldane. Whether they are always accurately

reported is hard to say, because they have been retold so often that some mutations must have

accumulated. But everyone who knew him is agreed that he was a character and a quotable

one at that. He could be extremely generous with his money and at the same time avoid trying

to pay for his tea in the canteen. Physically fearless, he would plunge blindly onto a Paris

street carrying heavy traffic with his arms extended because that was similar to the aggressive

signal employed by fish. He claimed that the only way he could recognise when the British

national anthem was being played was when he saw everyone standing up. Helen Spurway

was an interesting personality in her own right. (On the only occasion on which I met her, she

offered me whisky in a copper bowl from which a wild fox had just then been sipping water;

and when she saw my dubious reaction, assured me that the whisky would sterilize everything.

Some of my colleagues have more vivid stories.) Between the two of them, they decided that

an incident in which she was bitten by a policeman’s dog after she stepped on its tail was

provocative enough for them to leave Britain and settle in India. Haldanes’ strong Marxist

leanings made him look upon this major venture as a commitment as much as an act of choice.

Haldane had long been interested in Hindu and Buddhist philosophy, and had early on been

attracted by the simplicity and idealism of Islam. The stay in India began well but went on to

display elements of tragedy towards the end. He started out by being associated with the Indian

‡See D N Rao, Kinetics of Enzyme-Catalysed Reactions. Resonance, Vol.3, No.6, pp.31, 1998.
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Statistical Institute in Calcutta; its director, P C Mahalanobis, was a friend of his. After he fell

out with the bureaucratic attitudes in ISI, he went through a farcical year during which he was

supposedly working for CSIR as head of a new unit of genetics and biometry. The bureaucracy

there was if anything worse: The unit never got properly started. Equally important was the fact

that Haldane was a strong rationalist, not to say materialist, accustomed to speaking his mind

and able to give second preference to everything other than the carrying out of his scientific

activities. For such a person the transition to the hierarchical structure and sycophantic culture

of scientific institutions in India, overlaid with the inevitable overtone of religiosity, could not

have been a smooth one. On the positive side, a number of young men had the opportunity

of working with and learning from the Haldanes at first hand. One of them, Suresh Jayakar,

made fundamental contributions to population genetics and evolutionary theory, initially in

collaboration with Haldane and later on by himself.

J B S Haldane died of cancer on 1 December 1964. As he had wished it to be, his body was

sent to a medical college for use in the dissection class.
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After a few brief visits to India in quick succession, J B S Haldane accepted P C

Mahalanobis’s invitation and moved to India to join the Indian Statistical Institute, Calcutta,

as a Research Professor in 1957. He left the Institute in 1962 and after a brief period of

employment with the Council of Scientific and Industrial Research, New Delhi, he moved to

Bhubaneswar to start his own Genetics and Biometry Laboratory. Haldane died in Bhubaneswar

in 1964.

What were Haldane’s contributions during his period of stay in India? In his own words

(written in a letter to Mr Harrison Brown, Foreign Secretary, US National Academy of Sci-

ences, in 1964, upon being elected to the Fellowship of the Academy): “Since I have done

little independent work in the last seven years, I venture to hope that my election is in part a

recognition of the research done by my colleagues in India”. In 1961, Haldane stated “I owe

a great deal to this (Indian Statistical) Institute, but what I undoubtedly owe most is the op-

portunity it has given me of making some very important discoveries, namely, the discoveries

of a number of younger men than myself, who, I think, are in the great tradition of scientific

research”.

Indeed, the most notable contribution of Haldane during his period of stay in India was

to start several young men in their scientific careers, many of whom later gained international

renown for their own scientific work. Haldane advised that “if you want to excel in science,

try to develop the habit of quantitative thinking” and that “... it is your duty to begin thinking

statistically about anything that can help your country and the world”. Quantitative biological

research in India gained a major impetus with Haldane’s move to India. Haldane encouraged

his team of young students to carry out research in various areas of biology, with emphasis

on quantification and statistical design and analysis. Estimation of the amount of earth moved

by earthworms in the agricultural fields in India, study of variation in the number of petals on

flowers within a single species, impact on total grain yield of planting different varieties of rice

in the same plot compared with planting a single variety, were some of the projects his students

completed under his guidance.

The study of the genetic impact of marriages between biological relatives occupies a cen-

tral place in human genetics. Children of biologically related parents are said to be inbred.

Because biological relatives are likely to share genes derived from their common ancestor(s),

children of biologically related parents have an increased probability of being homozygous for

such ancestrally derived genes. This, in theory, is expected to increase the prevalence of rare

∗Reproduced from Resonance, Vol.3, No.12, pp.32–35, 1998.
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recessive disorders in populations where marriages between biological relatives are common.

Haldane was aware that in many communities in India, especially in southern India, uncle-niece

and cousin marriages are preferred. However, estimates of frequencies of such marriages and

their adverse genetic impacts on children were unavailable. In a major project undertaken in

Andhra Pradesh by two of Haldane’s students, these frequencies and impacts were estimated.

This study prompted Haldane to develop a new statistical test of significance of the inbreeding

coefficient of a population. Later, upon the advice of Haldane, data on frequencies of various

types of related marriages were collected at the all-India level during the 1961 decennial census

of India, thus providing a valuable database for human genetics research in India.

In 1949, in a landmark paper entitled ‘Disease and evolution’, Haldane suggested that it

is an advantage for a species to be biologically diverse and even to be mutable for genes con-

ferring disease resistance. He suggested that serological and biochemical diversity in human

populations may correlate well with disease resistance. To test this hypothesis, Haldane guided

and supported a student to carry out genetic studies in human populations living in malarial en-

demic regions of south India. This and subsequent studies have shown that, to a large degree,

Haldane’s hypothesis was correct.

Haldane also provided guidance to two students in collecting and analysing data on traits

that run in families in order to determine their modes of inheritance. One of them went on to

carry out an important study, under Haldane’s guidance, on the rate of change in frequencies

of genes in a population resulting from admixture with other populations. Haldane also guided

one of his more mathematically inclined students, Suresh Jayakar, on some problems in pop-

ulation genetics; he obtained some elegant and important results on genetic consequences of

temporal variation of natural selection.

Haldane emphasized the need to undertake palaeontological research in India. The National

Institute of Sciences of India (now, the Indian National Science Academy) invited him to a

symposium in 1953 to put forward his suggestions on evolutionary studies in India. Haldane

pointed out that “neither Europe nor North America possesses any satisfactory Jurassic beds

(213–244 million years before present) laid down on land. That is probably why our knowledge

of Jurassic mammals is so poor. There are several areas in India where Jurassic strata of

continental origin are found. So I think it quite likely that an Indian palaeontologist will find

the first complete skeleton of a Jurassic mammal”. Indeed, within a couple of decades, the first

Jurassic mammal from India was discovered by an Indian geologist, and was fittingly named

Kototherium haldanei.

In addition to providing research guidance to individual students, Haldane’s role in improv-

ing biology teaching in India was phenomenal. In 1960, the Indian Statistical Institute started

a unique degree course in statistics in which the curriculum included, in addition to statistics

and mathematics, natural and social sciences. Haldane’s contribution was summed up clearly

by P C Mahalanobis: “As a matter of fact, the integrated teaching programme which we have

could not have been put through, I’m almost certain, without his very massive support”. In his

speech delivered on the occasion of the inauguration of this integrated teaching programme,

Haldane lamented that in Indian universities “students who choose a biological course must
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give up the study of mathematics, not to mention statistics, at an early stage. This means

that graduates in the biological sciences are automatically debarred from most of the types of

research, which would be of value in developing our agriculture and husbandry”. Haldane

was in charge of teaching biological sciences in this programme. He took his teaching duties

so seriously that he saw “no prospect of doing serious research, even of a theoretical kind, in

the next two years”.

Haldane delivered a very large number of popular lectures on various aspects of biology

in schools, colleges, universities, conferences and even on the All India Radio. Every one of

these lectures contained new ideas for biological research that could be conducted in India

without the use of any sophisticated equipment. In sum, Haldane provided a major momentum

to biological research in India.

Suggested Reading
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Population genetics, the study of how the genetic composition of populations changes over

time under the influence of mutation, migration and natural or artificial selection, is one of

the few areas in biology that rests upon a thorough and rigorous theoretical foundation. This

foundation is itself almost entirely the result of the intellectual labours of three people – Fisher,

Haldane and Wright – largely during the first half of this century. Earlier articles in Resonance

have outlined the contributions of R A Fisher∗∗ and J B S Haldane‡ to the establishment of

population genetics as a major field of study. In this article, we shall take a look at the life and

work of the third member of this trio of intellectual giants to whom we owe much of our basic

understanding of the mechanics of the evolutionary process.

Biographical Sketch

Sewall Wright was born in 1889 in Melrose, Massachusetts, but spent most of his childhood

years in Galesburg, Illinois, where his father taught economics and mathematics at the Lombard

College. Sewall Wright was by no means an outstanding student in school, but took a keen

interest in languages (Latin and German), mathematics, physics and natural history. He went

on to do his undergraduate studies at Lombard College and graduated in 1911. At college too,

he studied relatively little biology, concentrating more on languages, mathematics, probability

and chemistry. He did, however, get some exposure to current ideas in genetics and evolution,

both subjects then being in their infancy. He had also, by this time, read important books by

Darwin, Wallace, Kellog, Reid, Galton and Punnett that were shaping thinking in these new

branches of biology.

Also in 1911, Wright had his first exposure to active research biologists when he spent

the summer at Cold Spring Harbor and had the opportunity of interacting with C B Davenport

and J A Harris, both biometricians, and G H Shull, a geneticist working on hybridization and

breeding. Wright returned to Cold Spring Harbor again the next summer, and did some research

on the distribution of freshwater and marine snails, and their parasites. He also struck up

a friendship with A H Sturtevant, a student of T H Morgan, who developed the technique

of recombinational gene mapping. Wright and Sturtevant were later to collaborate with T

Dobzhansky on a series of problems, which we shall come to a little later in this article.

∗Reproduced from Resonance, Vol.4, No.12, pp.54–65, 1999.
∗∗See Resonance, Vol.2, No.9, pp.27–31, 1997.
‡See Resonance, Vol.3, No.12, pp.32–35, 36–42, 1998.
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Between 1911 and 1912, Wright had obtained a Master’s degree from the University of

Illinois. His thesis, and his first paper, was on the anatomy of the trematode Microphallus

opacus. In 1912, Wright joined the Bussey Institution at Harvard, working towards a doctorate

with W E Castle, one of the leading American animal geneticists at the time. Also at the

Bussey was E M East, another outstanding geneticist who worked with plants. Between them,

Castle and East directed 40 doctoral students over a span of 35 years, including many whose

names are today familiar to students of genetics: S Wright, R A Emerson, E W Sinnott, L C

Dunn, C C Little and P Mangelsdorf. Wright obtained his PhD from Harvard in 1915 for his

work on the inheritance of coat colour and other coat characteristics in guinea pigs. At that

time, a major problem for geneticists was to explain results from crosses where the observed

phenotypic ratios in offspring did not exactly match up to predictions from Mendel’s laws.

In some extreme cases, one even found a whole range of phenotypes in the F2 generation

that differed only slightly from each other (graded variants). The major hypotheses to explain

these cases of graded variation were based on (a) multiple Mendelian loci, (b) multiple alleles

at a locus, and (c) environmentally induced variation (for more detail on loci and alleles see

Box 1). Wright was able to demonstrate the existence of multiple agouti and albino alleles

affecting coat colour, and multiple loci affecting coat roughness. He also speculated extensively

on how enzyme pathways and pigment precursors might provide the physiological basis for

the observed patterns of inheritance of coat colouration, more than 25 years before Beadle

and Tatum’s One Gene – One Enzyme hypothesis. Wright’s experimental work also helped

convince his advisor, Castle, that his own views on the alteration of genes during the course

of selection was wrong, and that his data could be adequately explained by assuming multiple

loci controlling the traits under study.

From 1915 to 1925, Wright worked for the United States Department of Agriculture

(USDA) at Washington DC. He then moved to the University of Chicago as Associate Pro-

fessor of Zoology, and stayed there until his formal retirement in 1954. After his retirement,

Wright became L J Cole Professor of Genetics (Emeritus) at the University of Wisconsin, and

remained there until his death in 1988. Amazingly, he was scientifically active right till the end.

After his formal retirement at the age of 65, Wright published 58 papers and a monumental four

volume book, Evolution and the Genetics of Populations. The last three volumes of the book,

and 20 of the 58 papers were published after the age of 80, and his last paper was published in

the journal The American Naturalist a few months before his death at the age of 99! From the

1930s on, Wright achieved international fame for his work. He was elected to the US National

Academy of Sciences in 1934, and the same year became President of the Genetics Society of

America. He went on to be the President of the American Society of Zoologists, the Ameri-

can Society of Naturalists, and the Society for the Study of Evolution. He received honorary

doctorates from nine universities, including Harvard and Yale, and was the recipient of many

awards including the US National Medal of Science, the Darwin Medal of the Royal Society,

the Balzan Prize of Italy, the D G Elliott Award of the US National Academy of Sciences, and

the Weldon Memorial Medal of the University of Oxford. It is difficult to think of evolutionary
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Box 1. Genes, Loci and Alleles

Often a non-specialist is confused by varying usage of the word ‘gene’. For example, in the phrase ‘the

gene for eye colour’, gene is being used for ‘locus’, whereas in the phrase ‘the gene for brown eyes’, it is

being used for ‘allele’. Basically, a gene is a stretch of DNA that ultimately fulfills a particular function,

such as specifying the formation of a particular enzyme. In most plants and animals, DNA is organized

into chromosomes that come in pairs (for more details on genes and chromosomes, the reader is referred to

the article ‘What is a Gene?’, Resonance, Vol.2, No.4, pp.38–47, 1997). Thus, most individual plants and

animals have two copies of most genes, the exception being males in species with X and Y chromosomes,

who have only one copy of genes on the X chromosome. The location on the chromosome occupied by

a gene that controls a particular trait is called a locus (plural, loci). If we imagine the chromosome to be

like a tall bookshelf with slots for different topics, then a locus is like a particular slot earmarked for, say,

history. If this is the third slot from the top, in all bookshelves you will find only a history book in this

third slot. However, different bookshelves may have a different history book in this slot: one may have a

book by Romila Thapar, another a book by Percival Spear. Similarly, in the two chromosomes of a kind

found in any individual, a particular locus may be occupied by alternative forms of the gene, called alleles.

Thus, the DNA present at the eye colour locus may vary in nucleotide sequence such that the stretch of

DNA at this locus on one chromosome specifies blue eye pigment, whereas that on the other chromosome

specifies brown eye pigment. Hence, we speak of either a blue eye allele or a brown eye allele occupying

the eye colour locus on a particular chromosome.

genetics today without the contributions of Sewall Wright, and I discuss these in more detail in

the next section.

Sewall Wright’s Work

Between 1925 and 1988, Wright increasingly published more in the field of evolutionary genet-

ics, rather than physiological genetics, and it is for his contributions to evolutionary theory that

he is famous. Yet, during the Chicago years, he was actively engaged in experimental physio-

logical genetics research on guinea pigs, and 17 of the 18 PhD scholars he advised worked on

problems in physiological rather than evolutionary genetics. One of Wright’s interests during

his years at Chicago was to somehow link genetics to the developmental process by understand-

ing how alleles at different loci interacted at the physiological level to produce an observable

phenotype. To this end, he continued his studies on coat characteristics in guinea pigs, and

also took up genetic studies on developmental abnormalities like otocephaly (reduced lower

jaw and other parts of the head) and polydactyly (extra fingers and toes). He also continued to

try to interpret his physiological genetics work in terms of underlying metabolic pathways and

their interactions. The approach to understanding development and genetics that Wright was

following was, however, gradually superseded by more sophisticated genetic and biochemical

studies on the fungus Neurospora, and ultimately eclipsed altogether by the rise of molecular

genetics after the 1950s.

Wright’s work on evolutionary theory, on the other hand, has endured. Much of his early

work on evolution was done between 1915 and 1925, published intermittently and finally
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summarized in a 62 page paper entitled ‘Evolution in Mendelian Populations’, published in

the journal Genetics in 1931. During this period, Wright theoretically investigated the con-

sequences of mutation, natural selection, migration and breeding structure (e.g. inbreeding

versus random mating) for the genetic structure of populations (see Box 2). He also took up the

issue of what happens to the genetic structure in relatively small populations, where random

fluctuations in genetic composition can occur due to sampling (a phenomenon called random

genetic drift: see Box 3 for details). Due to these random fluctuations, it is difficult to predict

exactly what the genetic composition of a small population will be at any point in the future.

What one can predict is what the probability of observing a particular genetic composition

will be, and this is what Wright did. He derived the probability distribution of allele frequen-

cies in a population subject to random genetic drift (and later verified it empirically), and also

in populations undergoing drift along with selection, migration and mutation. Many of these

same issues were also being studied around the same time by Fisher and Haldane, on the other

side of the Atlantic. Interestingly, and reassuringly for population genetics, Fisher, Wright and

Haldane typically arrived at very similar results even though their mathematical approaches,

and the simplifying assumptions they made, were often very different. Yet, there were serious

differences of opinion between Fisher and Wright on the implications of their mathematical

results for our understanding of how evolutionary change occurs. These differences, in turn,

provided the impetus for decades of intensive experimental work on evolution, most notably

by Dobzhansky and his co-workers in the US, and Ford and others in the UK.

The first debate between Fisher and Wright arose over the issue of dominance. Very often,

when two alternative forms of a gene (alleles) are together in an individual, only one of them

seems to be expressed at the phenotypic level (i.e. at the level of an observable trait). For exam-

ple, a human carrying an allele for brown eyes and one for blue eyes will actually have brown

eye colour. Thus, of the two alleles at the eye colour locus, the brown allele is termed dominant

and the blue allele recessive. Typically most mutant alleles are recessive to the wild-type (most

common) allele. Fisher argued that when a mutation first arose, it was not recessive to the wild

type, but that natural selection acted on other, modifier, loci that affected the expression of the

mutant allele, eventually rendering it fully recessive to the wild type. In other words, Fisher

thought that recessiveness evolved over time, and was not, therefore, a de novo property of the

mutant allele. Wright felt that the selection pressures operating on these postulated modifier

loci would be too small to cause any major evolutionary change. Instead, he argued that a mu-

tation at a locus would typically disrupt the function that was performed, either by resulting in

the formation of an enzyme with reduced activity, or by more complex means. In that case, an

individual with one wild-type and one mutant allele, would still possess sufficient quantities of

the wild-type enzyme, leading to the formation of the wild-type phenotype. Thus, in Wright’s

view, the recessivity of a mutant allele was a de novo property that arose from the physiology

underlying the mechanisms of gene action. Although Wright’s view has considerable empirical

support now, this debate is still ongoing: the last five years alone have seen six major review

articles on this topic in leading genetics and evolution journals.
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Box 2. The Genetic Composition of a Population

The study of population genetics is an exercise in understanding how the genetic composition of a popu-

lation changes over time. So the first question we need to deal with is: how do we characterize the genetic

composition of a population? If we consider a particular locus A, that has two different alleles A1 and A2,

the most obvious way of describing the genetic structure of this population, with regard to the A locus, is

through the relative proportions of the three possible genotypes. For example, if the population consists

of 1000 individuals, 500 of whom are A1A1, 300 A1A2, and 200 A2A2, we can describe the population at

this locus by an array of genotypic frequencies, P11 = 500/1000 = 0.5, P12 = 0.3, and P22 = 0.2. Note

that the frequencies sum up to 1.0. We can also represent the genetic composition of the population at this

locus in terms of allele frequencies, where p1 (freq. of allele A1) = {(2 × 500) + (1 × 300)}/(2 × 1000).

Basically, we have added up the number of A1 alleles present in A1A1 and A1A2 individuals and divided

by the total number of alleles in the population (remember, each individual has two alleles at the A locus).

Alternatively, we can write p1 = P11 + 0.5P12, and p2 = 1 − p1 = P22 + 0.5P12. This characterization of

the genetic composition of a population can be extended to multiple loci and multiple alleles at a locus.

A very important result in population genetics, the Hardy – Weinberg Law, tells us that in a very large,

random mating population, where no selection, migration or mutation occurs, the allele frequencies remain

constant over time, and the genotypic frequencies are related to allele frequencies by P11 = p1
2, P22 = p2

2,

and P12 = 2p1 p2. This result is important in that it establishes the inertial state of a population, telling us

that there is nothing in the cycle of meiosis and fertilization during sexual reproduction that would tend to

alter the genetic composition of a population over generations. With this as the base, one can incorporate

the effects of factors like mutation, migration, selection and inbreeding into models of the genetic structure

of populations, and ask how these factors bring about genetic change in populations.

The dominance debate highlights the fact that Wright’s background and research in phys-

iological genetics left a mark on how he thought about evolutionary problems. Wright knew

from first hand experience with guinea pigs how even simple phenotypic traits are often gov-

erned by complex patterns of interactions between alleles at different loci (epistasis, in genetic

terminology). Wright was also very conscious of the fact that many loci affected multiple

traits (pleiotropy, in genetic terminology). Thus, Wright’s view of evolutionary change was

one in which the organism was viewed holistically, and natural selection was seen to act upon

certain combinations of genes, a multi-locus as opposed to single locus genotype view (not

surprisingly, Wright was very critical of Dawkin’s ‘genes-eye view’ of evolution when The

Selfish Gene was published). Fisher, on the other hand, though undoubtedly as familiar with

pleiotropy and epistasis as Wright was, tended to think more in terms of single locus effects

being important in any given environment. More importantly, Fisher also thought that popu-

lation sizes in nature were typically large enough to ignore random genetic drift, and that one

particular genotypic combination would be the most fit (in the Darwinian sense of better able

to produce offspring) in any given environment. Wright thought that population sizes were

often not that large and that drift, consequently, had some role to play in evolution, if only as

an adjunct to natural selection. More importantly, he felt that there would be potentially many

genotypic combinations that would be more or less equally fit in an environment. These differ-

ences in the way Fisher and Wright viewed evolutionary change led to a long and bitter debate
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Box 3. Random Genetic Drift

We have seen that allele frequencies do not change over time in a large random mating population with

no migration, mutation or selection. Strictly speaking, this is true only for an infinitely large population.

In any finite population, allele frequencies change randomly from one generation to the next, and these

changes can be quite large if the population is relatively small. Imagine a random mating population of

size N individuals that is undergoing no mutation, migration or selection with regard to a particular locus

A, that has two alleles A1 and A2 at frequencies p1 and p2, respectively. We further assume that generations

are discrete (i.e. adults reproduce and then die) and that the population size is constant over generations.

We can visualize reproduction in such a population as being a process in which all the millions of gametes

formed by the adults are collected into a pool in which male and female gametes (eggs and sperm) fuse at

random to form N zygotes (fertilized eggs). Since gametes contain copies of alleles found in the adults,

the allele frequencies in the gamete pool will not differ from those in the adults. The problem is that out of

these millions of gametes, we are, in a manner of speaking, choosing 2N gametes at random to form the

N zygotes that will become the next generation. So the allele frequencies in the next generation (in this

sample of 2N alleles) can vary from those in the parental population purely due to sampling error. If you

pick out 10 balls from a bag containing a million red balls and a million white balls, on average you expect

your sample of 10 to consist of 5 balls of each colour. Yet, you may actually see anything from all 10 balls

being red to all 10 being white. This is exactly what happens with random genetic drift, and the smaller

the population (and therefore the sample size 2N), the greater is the magnitude of sampling error you may

expect. Ultimately, of course, the population will come to consist of one allele or the other, entirely by

chance (for the more statistically minded reader, this is a random walk situation, and the probability of

allele A1 eventually reaching a frequency of 1.0 is nothing but its initial frequency p1). Thus, in the long

run, drift tends to eliminate genetic variability in populations.

that assumed the proportions of a major transatlantic battle in biology. Central to this debate

was Wright’s Shifting Balance Theory of Evolution§, which he first laid out in two papers in

1931 and 1932.

In these papers, Wright argued that the optimal conditions leading to the greatest rate of

evolutionary advance were those where a large population was subdivided into a number of

local sub-populations or demes, such that most, but not all, matings occurred in a localized

manner among members of the same deme. In this view, neither very large random mating

populations nor very small isolated ones had much scope for continuing evolutionary advance.

What Wright was suggesting was that evolutionary change was a multi-step process involving

a balance between the forces of natural selection (both among individuals within populations,

and between local populations), random genetic drift and gene flow (migration), and that the

relative contribution of these factors to evolutionary change would vary over time and space;

hence the ‘shifting’ balance.

Wright himself did not see a serious conflict between his shifting balance theory, and the

Fisherian view of evolution, largely through natural selection alone, in large populations. Yet,

many people came to associate Wright’s theory with the view that random genetic drift was

a significant alternative to natural selection as a mechanism of evolutionary change. This led

§see accompanying article for details of this theory
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to a bitter and acrimonious debate in the literature between Wright and Fisher, Ford and co-

workers in the UK: this debate continued even after Fisher’s death in 1962. More importantly,

the debate sparked some of the best field studies in evolution, as supporters of both Wright and

Fisher sought empirical evidence favouring their points of view.

In the early 1930s, Sturtevant and Dobzhansky were planning a series of field-cum-

laboratory studies on the fruit fly Drosophila pseudoobscura aimed at estimating what the ef-

fective size of natural populations really was, as a means of empirically determining the degree

to which random genetic drift would affect their genetic composition. Much of the theory of

random genetic drift had been developed by Wright and moreover, he had an obvious interest

in finding out how likely it was that random genetic drift played a significant role in moulding

genetic variation in natural populations. Sturtevant, although much more sophisticated in quan-

titative reasoning and techniques than Dobzhansky, also felt that it would be necessary for the

two of them to get some expert statistical help in both experimental design and data analysis.

Consequently, he approached Wright with a suggestion that the three of them collaborate on

these studies that would attempt to empirically validate many of Wright’s theoretical predic-

tions about how evolutionary change occurred. Wright agreed, and the collaboration between

Dobzhansky and Wright (Sturtevant dropped out in 1936) resulted in a series of 43 papers

under the title ‘Genetics of Natural Populations’, even though Wright was not formally listed

as co-author on most of them.

Dobzhansky, himself one of the central figures in evolutionary biology from the 1930s

to 1970s, exerted a tremendous influence on biologists. He was himself greatly enamoured

of Wright’s work and has written that he ‘fell in love’ with Wright’s shifting balance theory

after the 1932 Congress of Genetics. Generations of evolutionary biologists throughout the

world, this author included, had their first taste of evolutionary genetics from Dobzhansky’s

‘Genetics and the Origin of Species’. In this book, Wright’s fitness landscape makes its first

appearance on page 8 of the introductory chapter. Indeed, many evolutionary biologists actually

got familiarized with Wright’s work through the writings of Dobzhansky, rather than Wright’s

own papers which are not very easy to read. Dobzhansky himself leaned very heavily on Wright

for assistance in planning experiments and analyzing data.

Eventually, the papers resulting from the Dobzhansky–Wright collaboration provided im-

portant information about selection intensities, mutation and migration rates, inbreeding levels,

breeding structure and effective population sizes in real populations, thereby providing much

empirical embellishment for the theoretical scaffolding that Wright, Fisher and Haldane had

erected. Evidence for selection acting on chromosome inversions was also found. Studies on

flower colour variants in wild populations of the small desert plant Linanthus parryae also

yielded important insight into the role of breeding structure and distance in causing the sub-

division of populations into localized breeding units or demes. The importance of the Linan-

thus data were that it seemed that large populations of this plant, occupying a fairly uniform

and contiguous grassland environment, were nevertheless subdivided into localized breeding

groups that were genetically differentiated from each other largely through random genetic

drift. The fact that even large populations in a fairly uniform environment (the ideal situation
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for the Fisherian process of mass selection to operate) showed the kind of sub-division that

Wright thought to play a major role in evolution was regarded as strong support for his views.

Incidentally, it was to deal with the analysis of the Linanthus data that Wright developed

his famous F-statistics that permit us to partition genetic divergence among populations into

components due to non-random mating within populations, and the fact that the populations are

reproductively isolated from each other. Unfortunately, doing justice to the F-statistics would

require a full article, so I will restrict myself to saying that all measures of genetic distance be-

tween populations (these measures are the basis for constructing phylogenies, or ‘family trees’,

using molecular genetics data) ultimately derive from the statistic FST, which measures the ex-

tent to which genetic differences among populations are due to their reproductive isolation.

On the other side of the Atlantic, the Wright–Fisher debate similarly sparked extensive

field work, especially on the evolutionary maintenance of different variants of a species. In

the 1940s, Fisher and Ford studied populations of the moth Panaxia dominula that showed

fluctuations in the abundance of certain colour variants from generation to generation. Using

the ‘mark and recapture’ technique now familiar to most ecologists, they censused the popu-

lations regularly and tried to show that the observed fluctuations in the frequencies of colour

variants could not possibly be due to drift alone. This work was continued by Ford and his

co-workers till the 1960s and eventually yielded estimates of selection intensities against some

of the colour variants. Once again, even though the debate was not resolved by this work, it

added greatly to our understanding of the evolutionary dynamics of real populations. Similarly,

decades of work on the evolutionary forces responsible for maintaining genetic variation for

banding patterns within and among populations of snails was sparked off and sustained by the

ongoing Fisher–Wright debate. This work, which has been the subject of books and entire

special issues of journals, yielded important empirical insights into the various types of ran-

dom effects that could affect populations, and how these could interact with different types of

selection pressures and breeding systems.

Wright’s work has stood the test of time well. Today, there is tremendous interest in the

ecology and evolution of subdivided populations (now more commonly called metapopula-

tions), something that Wright first stressed almost 70 years ago. The extensions of Wright’s

basic work on the genetics of small populations by the Japanese geneticist Motoo Kimura have

laid the foundations for the field of molecular evolution, which is today a very active area

of work in evolution and systematics. The shifting balance theory continues to inspire field

workers and theorists alike and has recently been extended to the evolution of inter-species

interactions. And finally, it is still impossible to teach a course in either evolution or population

genetics without spending several lectures on Wright’s work, which is, in a way, one of the best

compliments a scientist could wish for.
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The Shifting Balance Theory of Evolution is perhaps the most well-known of Sewall

Wright’s contributions to evolutionary biology∗∗ . This is probably partly because it is a verbal

theory, presented with the aid of heuristic pictures, as opposed to much of Wright’s other work

in evolution that tended to be rather mathematical. Moreover, this theory was described in many

of the most influential books in evolution (written by Dobzhansky, Simpson, and Waddington),

published in the middle of the century, that were read by a large number of biologists. Wright

himself returned to this theory repeatedly in papers he published (his last paper in 1988 was on

this topic), and was very fond of it. The theory itself has been controversial and confusing to

many but has, at the same time, also helped many people to think about the evolutionary pro-

cess in real populations. Ultimately, perhaps, the shifting balance theory has been not so much

a rigorous theory, as a picturesque and thought provoking metaphor that has proven helpful in

incorporating a spatial dimension into our thinking on evolution.

The shifting balance theory of evolution was first laid out by Wright in two papers in 1931

and 1932. In these papers, Wright argued that the optimum situation for evolutionary advance,

in the sense of the population becoming progressively better adapted to its environment, would

be when a large population was ‘divided and subdivided into partially isolated local races of

small size’. Wright illustrated these views through his concept of a ‘field of gene combina-

tions graded with respect to adaptive value’, nowadays more commonly known as a fitness or

adaptive landscape, or a surface of selective value‡.

The Adaptive Landscape

Wright’s idea of a fitness or adaptive landscape is a powerful conceptual tool to aid our think-

ing about evolution, and an example of this conception is shown in Figure 1. The two axes

represent two out of the potentially many dimensions along which different possible genotypes

can be arranged. Thus, in this example, each point on the surface demarcated by the axes rep-

resents a particular genotypic combination. A population can therefore be represented, based

on the genotypic composition of its members, as occupying a patch on this surface (e.g. the

grey shaded patch near the centre of Figure 1). Now imagine fitness along a third dimension,

perpendicular to the plane of the paper. The lines in the figure connect genotypic combinations

∗Reproduced from Resonance, Vol.4, No.12, pp.66–75, 1999.
∗∗See accompanying article for details on his life and work.
‡For readers not familiar with population genetics, it may be helpful to read the boxes in the accompanying

article before proceeding.
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that have equal fitness, like contours on a topographical map, and we can think of a fitness or

adaptive landscape in three dimensions. The areas marked + represent ‘peaks’ of high fitness

on the adaptive landscape, while areas marked – indicate ‘valleys’. The picture shown here can

be generalized to a large number of dimensions (n), instead of just two, and we can think of

a fitness surface in n + 1 dimensions on which a population moves as its genetic composition

changes in response to evolutionary forces such as selection, mutation, migration, etc.

Figure 1: An example of a fitness landscape, as conceived by Wright.

One important point about the evolutionary process is that, in the vast majority of situations

where selection is operating on differences in survivorship rather than reproduction, the mean

fitness of a population is non-decreasing. Thus, a population under the influence of natural

selection will typically only move upward on the fitness surface. Consequently, if there are

multiple fitness peaks in the adaptive landscape, a population will evolve so as to eventually

climb up the nearest fitness peak. In Figure 1, for example, even though peak A may be higher

than peak B (i.e. a population with a genetic composition that places it on peak A will have

higher mean fitness than a population whose genetic composition places it on peak B), the

population in the middle of the picture will evolve to occupy peak B (trajectory shown by the

solid arrow). Under the influence of selection alone, there is no way for the population to evolve

so as to occupy peak A (trajectory shown by the dotted arrow), even though that is the most

fit state for the population. In the metaphorical terminology of the shifting balance theory, the

fitness peaks A and B are separated by an adaptive valley which the population cannot cross.

Movement on the Adaptive Landscape

A very large random mating population living in an unchanging environment, Wright reasoned,

would eventually reach genetic equilibrium. At this point the population would occupy some

region on the fitness landscape, and such an equilibrium population is represented by the dashed

circle in the upper left of each panel (a–f) in Figure 2. If such a large population experienced
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an increase in mutation rate (or a decrease in selection intensity), its genetic variability would

increase and it would eventually occupy a correspondingly larger area on the fitness landscape,

shown by the shaded portion in Figure 2a. Similarly, if the mutation rate decreased, or if selec-

tion became more intense, the population would become less genetically variable and occupy

a smaller area on the fitness landscape (Figure 2b). Now imagine what happens if the environ-

ment changes, such that genotypes well adapted earlier are rendered less fit, and some hitherto

less fit genotypes become more fit in the new environment. This really boils down to a change

in the adaptive landscape: what was earlier a peak is now a valley, and a new peak has arisen

somewhere else (Figure 2c). In nature, the environment of a population is generally changing,

and the question is: what happens then? In Wright’s words, ‘A species occupying a small field

under the influence of severe selection is likely to be left in a pit and become extinct, the victim

of extreme specialization to conditions which have ceased, but if under sufficiently moderate

selection to occupy a wide field, it will merely be kept continually on the move’. This kind

of evolutionary change, involving a very large population continually tracking changes in the

environment and, consequently, forever climbing up an adaptive peak which has the nasty habit

of changing its position, did not, in Wright’s opinion, lead to evolutionary advance. Indeed,

this is what is often called the Red Queen effect (after the character in the Alice stories, who

ran as fast as she could merely to stay in the same place), wherein a population is continually

evolving merely to maintain a given degree of adaptedness to a changing environment.

In a very small population that is isolated from others of the same species, on the other

hand, random genetic drift will tend to swamp the effects of natural selection. Such popula-

tions will move about randomly on the adaptive landscape (largely down-hill, due to deleterious

effects of increased homozygosity), eventually lose all genetic variation and be essentially con-

signed to extinction (Figure 2d). Thus, according to Wright, neither very large random mating

populations nor very small isolated ones had much scope for continuing evolutionary advance.

He next considered the case of a moderately sized isolated population which would undergo

drift, but not the severe effects of increased homozygosity (at least not for a very long time). In

such cases, he wrote, ‘The species moves down from the extreme peak but continually wanders

in the vicinity. There is some chance that it may encounter a gradient leading to another peak

and shift its allegiance to this’ (Figure 2e). Here we have a mechanism – random genetic drift –

whereby a population can cross an adaptive valley on the fitness landscape! This is important,

for as we have seen, a large population under the influence of selection alone cannot evolve

so as to occupy the peak of highest fitness if it happens to be separated from it by an adaptive

valley. To quote Wright once again, ‘there is here a trial and error mechanism (i.e. random

genetic drift) by which in time the species may work its way to the highest peaks in the general

field’. However, Wright felt that the rate of evolutionary progress, in terms of how fast the

species could move to the highest peak, would be rather slow by this mechanism.

Wright argued that the optimal conditions leading to the greatest rate of evolutionary

advance were those where a large population was subdivided into a number of local sub-

populations or demes, such that most, but not all, matings occurred in a localized manner

among members of the same deme (Figure 2f). Such subdivision often arises in nature due
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Figure 2: Sewall Wright’s conception of the course of evolutionary change in populations of

varying size and degree of sub-division into local populations or demes. The original Figure

title reads: ‘Field of gene combinations occupied by a population within the general field of

possible combinations. Type of history under specified conditions indicated by relation to ini-

tial field (heavy broken contour) and arrow’. The labels for the different panels are in Wright’s

handwriting (from S Wright, The roles of mutation, inbreeding, crossbreeding and selection

in evolution, pp.356–366 in Proceedings of the Sixth International Congress of Genetics (D F

Jones, ed.), 1932.). N refers to the population size, u is the mutation rate per locus per genera-

tion, and s the selection coefficient. Large values of 4Ns or 4Nu indicate that the population is

large enough for genetic drift to be negligible, whereas 4Ns, 4Nu very small indicate that drift

will predominate as the agent of genetic change in the population over generations.

to geographical barriers to dispersal, or even, in the case of relatively sedentary organisms,

because the dispersal of gametes (e.g. pollen) or offspring (e.g. seeds) is not very effective

over long distances. In such a scenario, if environments differ from deme to deme, selection

pressures may also vary. Then, the movements of different demes on the adaptive landscape

will be towards local peaks. Moreover, if the demes are not too large, each deme will also tend

to move about randomly on the adaptive landscape due to genetic drift. Unlike in the case of an

isolated moderately sized population, however, the movements of demes on the adaptive land-

scape will be relatively faster under this scenario because of gene flow among demes. Thus,

because there are many demes moving about relatively rapidly on the adaptive landscape, there

is a good likelihood that one of them will come into the domain of attraction of the highest
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peak and then climb it. Now consider what the ‘highest peak’ means: the deme that has occu-

pied this peak has the highest mean fitness, in the Darwinian sense. Thus, this deme will tend

to produce more offspring than others (a kind of natural selection between demes rather than

between individuals within a deme). These offspring, due to increasing density in their parental

deme, are relatively more likely to migrate out and breed with members of other demes. Such

interbreeding will then have the effect of altering the genetic composition of other demes, mak-

ing it more similar to that of the deme on the highest peak. Ultimately, once again in Wright’s

own words, the deme on the highest peak ‘will expand in numbers and by crossbreeding with

the others will pull the whole species toward the new position. The average adaptiveness of

the species thus advances under intergroup selection, an enormously more effective process

than intragroup selection. The conclusion is that subdivision of a species into local races

provides the most effective mechanism for trial and error in the field of gene combinations’.

Thus, what Wright was emphasizing was that evolutionary change involved a balance between

the forces of natural selection (both among individuals within populations, and between local

populations), random genetic drift and gene flow (migration), and that the relative contribution

of these factors to evolutionary change would vary over time and space; hence the ‘shifting’

balance.

Wright’s writing, as can be seen from some of the quotes above, was not always very clear.

Thus, although he himself did not see a serious conflict between his shifting balance theory, and

the Fisherian view of evolution in large populations (situations of the kind illustrated in Figure

2c), many people came to associate Wright’s theory with the view that random genetic drift

was a significant alternative to natural selection as a mechanism of evolutionary change. This

led to a bitter and acrimonious debate in the literature between Wright and Fisher, Ford and co-

workers in the UK: this debate continued even after Fisher’s death in 1962. More importantly,

the debate sparked some of the best field studies in evolution (some are briefly described in

the accompanying article), as supporters of both Wright and Fisher sought empirical evidence

favouring their point of view.

Problems with the Adaptive Landscape

Although an evocative and beautiful metaphor, the shifting balance theory of evolution on the

adaptive landscape, as described by Wright, suffers from serious problems. One major problem

here is: what are the axes? Wright often talked about the axes representing gene combinations,

and stated that the number of possible gene combinations was exceedingly large. But what

does this mean? If we imagine each axis to represent a locus, then the different genotypes at

one locus cannot possibly be treated as a continuous variable. And if the axes have discrete

variables along them, then it is completely meaningless to talk of a surface.

On some occasions, Wright viewed the axes as representing allele frequencies at a locus.

In this view, if one considers only biallelic loci, the axes certainly have continuous variables

along them. But in this formulation, each point on the surface represents a population, not

an individual genotype, and the n + 1th dimension must, therefore, represent population mean
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fitness. The problem here is that there is not necessarily a one-to-one correspondence between

the allelic frequencies of a population and its mean fitness. Population mean fitness ultimately

depends upon genotypic frequencies, and allelic frequencies are not a good guide to genotypic

frequencies unless many assumptions regarding breeding structure, etc., hold true (formally,

allelic frequencies will specify genotypic frequencies, and therefore mean fitness, only if the

population is random mating and very large, undergoes no mutation, migration and selection,

and is in gametic phase equilibrium).

Another way of depicting the fitness surface is with continuously varying phenotypic char-

acters (e.g. weight, beak length, etc.) on the axes. This formulation, first put forward in 1944

by G G Simpson in his influential book ‘Tempo and Mode in Evolution’ was also used later

by Wright. The advantage here is that each point on the surface does, in fact, represents an

individual, and individuals of somewhat similar phenotype in a population will cluster together

on a small patch on the surface. The problem here is that one needs to assume that genotypes

and phenotypes have a good correspondence. This is, however, not such a serious problem as,

ultimately, fitness is a property of phenotypes even though it is genotypes that get selected.

More importantly, it needs to be noted that certain combinations of phenotypes may not be

attainable in a single individual due to genetic constraints. In other words, the fitness of certain

points in the adaptive landscape demarcated by phenotypic axes is undefined. This is also not a

big problem: it just requires some refinement in how we view the adaptive landscape. Indeed,

the depiction of the adaptive landscape in terms of phenotypic characters is perhaps the most

meaningful and has been used in many studies of evolution in recent years (Box 1).

Box 1. The Fitness Landscape for a Plant-Pollinator Interaction.

Tropical plants of the genus Dalechampia produce triterpenoid resins in a specific resin gland in their

flowers, and are pollinated by euglossine, megachilid and meliponine bees that collect these resins.

The size of the resin gland determines the size of the bee attracted; larger glands attract larger bees

and vice versa. Whether a bee actually pollinates the flowers while collecting resin depends upon bee

size, and the distance between the resin gland and the stigma, and between the resin gland and the

anthers. Scott Armbruster (presently at University of Alaska, Fairbanks) and his co-workers studied

bee visits and pollination in 45 populations of 23 species of Dalechampia, that differed in resin gland

size and the gland-stigma and gland-anther distance. The picture emerging from their studies is that

a combination of small gland size and large gland-stigma and gland-anther distance results in lowered

fitness, because the smaller bees attracted by small resin glands cannot effectively pollinate flowers in

which the stigma and anthers are relatively far from the resin gland. At the same time, resin produc-

tion is expensive to the plant, diverting resources that could be otherwise used for reproduction. Thus,

large resin glands are not of much use if the gland-stigma and gland-anther distances are small: when

small bees can do the job of pollination, it is wasteful to allocate resources to making large glands

which will attract large bees. Armbruster concluded that the adaptive landscape for flower structure

in these species is best described by a somewhat elongated adaptive ridge (Figure 3), along which

lie matching combinations of gland size and gland-stigma and gland-anther distance that yield high

Continued...
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Box 1. Continued...

fitness. Similar studies have also been used to predict adaptive landscapes for combinations of beak width

and beak depth in red crossbills, based on the characteristics of seeds available for them to feed on in

different habitats.

Figure 3: An adaptive landscape for some aspects of flower structure in the tropical genus Dalechampia,

predicted by Armbruster. In this landscape, plants with flowers of roughly matching resin gland size

and gland-stigma and gland-anther distance are the most fit, resulting in an adaptive ridge which falls off

steeply on both sides. Dotted arrows represent the directions in which fitness decreases as one proceeds

across the contours, and the minus signs represent adaptive ‘pits’ of very low fitness [5].

The Shifting Balance Theory Today

In the final analysis, the shifting balance theory of evolution remains an important contribution

to evolutionary biology, despite the several problems discussed in the preceding section. One

significant thing about this theory was that it highlighted the importance of population sub-

division to evolution and ecology as early as the 1930s. In recent years, studying the ecology

and evolution of subdivided populations (now commonly called metapopulations) has become

very important, especially from the point of view of conserving biological diversity. Similarly,

the theory stressed the importance of breeding structure to population sub-division; a popu-

lation may not be subdivided due to geography but may still consist of small breeding units.

The importance of breeding structure to the ecology and evolution of populations is also an

area that is currently receiving much attention. The incorporation of geographical and breed-

ing structure into a view of how selection, drift and local population extinction interact in the

course of evolution is the real crux of this theory. In the past decade, John Thompson (working

at Washington State University, Pullman) has extended this kind of reasoning to the issue of the
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evolution of species interactions such as mutualisms and competition in his Geographic Mo-

saic Theory of Coevolution. Theoretical population geneticists continue to attempt to put the

shifting balance theory on a sound mathematical footing, even as experimentalists continue to

address the issues of how real adaptive landscapes look, and how populations ‘explore’ them.

Thus, even 70 years later, Wright’s vision of evolution in subdivided populations continues

to spark new empirical and theoretical work, justifying its place among the most important

contributions to evolutionary biology.
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Dobzhansky and Evolutionary Cytogenetics:
Pioneering Evolutionary Studies with Chromosomes∗

Bimalendu B Nath
Department of Zoology, University of Pune, Pune 411007, India.

Living organisms continuously attempt to adjust to the environment. If this adjustment

occurs in a beneficial way, it is called adaptation. Certain individuals might possess charac-

teristics that better fit the environment and consequently such individuals survive longer and

reproduce more. If these beneficial traits are hereditary, such adaptation results in evolution. In

course of time, evolutionary forces can also bring about changes in adaptation and in diversity.

Since 1930’s and in the following decades, evolutionary biologists such as Dobzhansky,

Fisher, Ford, Haldane, Wright, Mayr and many others emphasized the presence of genetic

polymorphism in all natural populations and how populations use this reservoir of genetic vari-

ability for their evolutionary ‘needs’. Theodosius Dobzhansky (1900–1975), an outstanding

evolutionist of the 20th century, made seminal contributions to our understanding of evolution-

ary processes. He explored various facets of evolution empirically, both in the field and in the

laboratory; this article mainly focuses on his fascinating works on the adaptive significance of

chromosomal polymorphisms.

In the 1920’s and 30’s, chromosome research gained momentum and the integration of

chromosomal and genetic findings gave birth to a new discipline known as ‘Cytogenetics’. By

then, Drosophila was already established as an excellent model system for genetic research

(see Resonance, Vol.4, No.2, pp.48–52, 1999). Dobzhansky was greatly influenced by the

advancement of Drosophila genetics and cytogenetics since the early days of his genetics work

in Russia until 1936 when he began to work on Drosophila pseudoobscura. Let us now find

out the role of chromosomal rearrangements in evolution and then we’ll see how chromosomal

rearrangements were elegantly used by Dobzhansky to address evolutionary questions.

Evolution cannot progress in the absence of genetic variability. The primary sources of

variability are mutation (alteration of genetic material) and recombination. Variability is fur-

ther enhanced when chromosomes (which carry genetic material) undergo modifications in

their structures. One example of such chromosomal rearrangement is what is called ‘inver-

sion’. Chromosomes occasionally break and then get reassembled in various ways. If there

are two break points and if the middle piece rotates by 180◦, it results in a chromosomal inver-

sion. In Drosophila, such inversions are very easy to analyse in polytene chromosomes, which

are giant chromosomes about 150–200 times larger than normal metaphase chromosomes (see

Resonance, Vol.2, No.8, pp.41–49, 1997). This unusual size of the polytene chromosomes is

particularly useful to detect any irregularities caused due to structural rearrangements, even

under a light microscope. In one species of fruitfly, Drosophila pseudoobscura, Dobzhansky

discovered the adaptive significance of various chromosomal inversions located on the third

∗Reproduced from Resonance, Vol.5, No.10, pp.61–65, 2000.
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chromosome. We will now look into his experimental findings and the impact of his evolution-

ary interpretations.

Dobzhansky and his colleagues studied different types of chromosomal inversions in wild

populations of Drosophila pseudoobscura in the southwestern United States and estimated their

frequencies from 1932 to the mid-1940s. Each type of chromosomal rearrangement (banding

sequence of inversion) is known by its native name, generally abbreviated to two letters. In

evolutionary literature, the three most widely discussed types are ‘Standard’ (ST), ‘Arrow-

head’ (AR) and ‘Chiricahua’ (CH). These chromosomal variants can easily be detected in

the polytene chromosomes either by the formation of inversion loops in the ‘heterozygotes’

(see Figure 1), or by the detailed examination of sectional reversals in the known sequence

of band-interbands in the ‘homozygotes’ (for conceptual details about ‘homozygotes’, ‘het-

erozygotes’ and related terminologies, see Resonance, Vol.4, No.2, pp.48–52, 1999; No.10,

pp.78–87, 1999).

Figure 1: A schematically drawn portion of the polytene chromosome showing a typical ‘loop’

caused during meiotic pairing of homologous chromosomes by an inversion in a heterozygote

where out of two homologous chromosomes (paternal and maternal homologues), one has an

inverted segment (shown with arbitrarily chosen loci CDEFG). Regions without any inversion

(AB or IJ) show perfect pairing (synapsis).
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Figure 2: A) Frequencies (%) of three different third chromosome gene arrangements in

Drosophila pseudoobscura in twelve ecological habitats along the United States–Mexican bor-

der. (Adapted and graphs reconstructed from Dobzhansky 1944). B) Frequency (%) of different

third chromosome arrangements in D. pseudoobscura found at different months in one of the

localities (see arrow), Mount San Jacinto, California. (Adapted and graphs reconstructed from

Dobzhansky 1947). C, D) Two common third chromosome arrangements found in the inver-

sion heterozygotes of D. pseudoobscura (AR/ST & CH/ST, see text for details). (Adapted from

Dobzhansky and Sturtevant 1938).
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Dobzhansky found different geographic distributions for different types of chromosomal

rearrangements (see Figure 2), apparently because of their varying Darwinian fitness in dif-

ferent habitats. Thus AR is established throughout California and extends as far as Colorado

and New Mexico; ST is found all over California, while CH is prevalent only in Chihuahua

and Mexico and its frequency diminishes from Utah, Arizona to westwards along the Pacific

coast. Dobzhansky and his colleagues skillfully combined the methods of genetics and ecol-

ogy and obtained direct evidence to demonstrate the adaptive significance of the inversion

polymorphisms in Drosophila. They found that the frequencies of particular chromosomal re-

arrangements were correlated with the cyclic changes of season and with altitude. Thus, the

frequency of inversions varies in space as well as in time. Let us now ask the question: what is

the genetic basis of such adaptation?

Chromosomal inversions are known to suppress crossing over (exchange of genetic ma-

terial during meiotic cell division that occurs during gamete formation) between the genes

located within the inverted region. This is because of the mechanical constraints caused by

the loop formation when chromosomes start pairing during cell division. Interestingly, if an

‘inverted region’ of chromosome includes a combination of genes which is beneficial (adap-

tive) in a particular environment, the inversion will tend to be maintained in that population.

The adaptive success of an inversion is thus often based on its ability to maintain the advanta-

geous gene combination by preventing the ‘beneficial’ genes reassorting themselves into less

advantageous combinations during ‘crossing over’.

The advantage of certain combinations of genes ‘trapped’ within an inverted loop was

further demonstrated by Dobzhansky in laboratory experiments. He reared flies with various

chromosomal inversions in population cages and simulated different conditions of tempera-

ture, humidity and food-supply. He estimated relative fitness for individuals having different

chromosomal rearrangements and calculated ‘selective pressures’. Dobzhansky demonstrated

adaptive values associated with each type of inversion under different environmental condi-

tions. In later years, Dobzhansky’s pioneering technique became an excellent method for the

experimental study of natural selection in many populations.

Dobzhansky’s cytogenetic approach proved to be of great value since for the first time

it explained evolutionary significance of chromosomal rearrangements in natural populations.

Dobzhansky further established that polymorphic variations are adaptive in nature and that

populations can adjust to specific environments at specific times. Using ‘chromosomal re-

arrangements’ as a tool for evolutionary analysis, Dobzhansky and his colleague Pavlovsky

found experimental evidence for many other evolutionary processes such as ‘genetic drift’ via

‘founder principle’. Dobzhansky’s work has inspired the next generation of scientists, and evo-

lutionary cytogenetics, along with molecular methodologies, continues to be an exciting area

of evolutionary research. In fact, Dobzhansky’s stunning pronouncement that “nothing in biol-

ogy makes sense except in the light of evolution” has ‘unified’ biologists, at least conceptually.

A leading contemporary evolutionist, Stephen Jay Gould did not exaggerate when he extolled

Dobzhansky as “the greatest evolutionist of our century.”

# 146

146



Dobzhansky and Evolutionary Cytogenetics

Suggested Reading

[1] M B Adams (ed.), The Evolution of Theodosius Dobzhansky, Princeton University Press,

1994.

[2] L Levine (ed.), Genetics of Natural populations: the continuing importance of Theodosius

Dobzhansky, Columbia University Press, 1995.

[3] T Dobzhansky, Genetics of the Evolutionary Process, Columbia University Press, 1970.

[4] T Dobzhansky, Rapid vs. flexible chromosomal polymorphism in Drosophila, American

Naturalist, 96: pp.321–328, 1960.

[5] T Dobzhansky, Genetics of Natural populations XIV, A response of certain gene arrange-

ments in the third chromosome of Drosophila pseudoobscura to natural selection, Genet-

ics, 32, pp.142–160, 1947.

# 147

147



# 148



Theodosius Dobzhansky: A Great Inspirer∗, ∗∗

Amitabh Joshi
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Nehru Centre for Advanced Scientific Research, P.O. Box 6436, Jakkur, Bengaluru 560 064,

India.

At any given time, many scientists can be found working in any area of scientific research.

Of these, a small handful end up doing work that is so far-reaching that they achieve the intel-

lectual equivalent of immortality: Thus we have our Newtons, Einsteins, Mendels and Darwins.

The work of these intellectual giants no doubt inspires many who come after them, but often the

direct personal influence of some of these great scientists on their peers and successors is rel-

atively small. A very small number of scientists, however, enrich their fields of work not only

through their own research but also through inspiring others to work in that field. Amongst this

small group of great inspirers, Theodosius Dobzhansky stands tall as a scientist who influenced

evolutionary biology not only through his own work but also through the very large number of

outstanding scientists who received their training and, more importantly, their inspiration from

him.

Dobzhansky’s own contributions to evolutionary biology (especially evolutionary genet-

ics) are immense and some of these are summarized in two other articles in this issue by

Francisco J Ayala (perhaps Dobzhansky’s most distinguished student) and Bimalendu Nath.

In this article, I will focus on Dobzhansky’s almost incredible achievement as an inspirer of

future evolutionary geneticists through his writings and his personal contact. This achieve-

ment is truly colossal: a very large proportion of outstanding evolutionary geneticists of the

twentieth century are Dobzhansky’s intellectual children and grandchildren, as he liked to refer

to his doctoral students and their students. Dobzhansky’s influence on the development and

direction of evolutionary genetics research extended from Finland to North Africa, and from

Chile to India (Box 1). Scientists in Mysore studying the evolutionary genetics of speciation in

Drosophila species are direct intellectual descendants of Dobzhansky (Box 2), and I am myself

an intellectual great grandson of his, having worked as a graduate student and post-doctoral

researcher with a former student of a former student of Dobzhansky’s.

∗Reproduced from Resonance, Vol.5, No.10, pp.43–47, 2000.
∗∗Most of the material and quotations in this article have been gleaned from the edited volume Genetics of

Natural Populations: The Continuing Importance of Theodosius Dobzhansky published by Columbia University

Press in 1995.
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Box 1. Dobzhansky in the Words of Those Who Knew Him

This small collection of quotes from evolutionary biologists who were influenced by Dobzhansky through

working with him as graduate students or post-doctoral researchers will, I think, convey far better than I

could, the impact that Dobzhansky had on people.

“This great man (Dobzhansky) left mankind a very generous heritage . It will be inscribed together with

his name on the monument of the history of biological sciences.” (Chia-Chen Tan, Dobzhansky’s first

Ph.D student, China)

“..to interact with Dobzhansky the scientist always meant interacting with Dobzhansky the human being,

and all who did so were affected by the experience.” (Louis Levine, USA)

“Dobzhansky was one of the leaders of the modern synthesis (in evolutionary biology), one of his major

contributions being the initiation of experimental studies of the Darwinian process.” (Timothy Prout, USA)

“In his 1937 book ...Theodosius Dobzhansky indicated the way to transform the study of evolution into an

experimental scientific program.” (Costas Krimbas, Greece)

“The intellectual curiosity and drive of Theodosius Dobzhansky led the way for us into the morass of

evolutionary genetics. He stayed around long enough for us to profit immensely from his pioneering

approaches. More than making any single key discovery, he led us along the tangled path in what now

appears to emerge as the most profitable direction.” (Hampton L Carson, USA)

“ ...this influence (of Dobzhansky on his students) never consisted to any great extent of direct transmis-

sion of facts in lecture sessions ..... almost all the ‘lecturing’ was done by the students ..... He was the

quintessential teacher, for he showed the way, he inspired by his example, in addition, of course, to his

masterful ability to synthesize and organize the pieces of knowledge from many species and many sources

into hypotheses and theories that continue to guide evolutionary study even when his physical presence is

gone.” (Max Levitan, USA)

“His contributions to the expelimental study of evolution are monumental....His fluency in English, Span-

ish and Russian was legendary. There was his love, kindness and affection for his pupils. There was his

love for art, travel and music...He has left us, but his contributions to Evolutionary Genetics which shaped

the future of biological thought stay with us eternally.” (M R Rajasekarasetty, India)

“All the work ... was accomplished owing to the personal involvement, the keen interest, and masterly

competence of Dobzhansky in both field and laboratory research. He was not only the friendly, attentive

mentor but also the dynamic hard worker enjoying all activities and inspiring us with his example. Brazil

was his greatest beneficiary, since several research centres in population genetics and evolution that are

now well-developed departments were started by his former students.” (Antonio R Cordeiro and Helga

Winge, Brazil)

“I began to study the Chilean species of Drosophila after my stay at Columbia University in Dobzhansky’s

laboratory.” (Danko Brncic, Chile)

“There are crucial times in one’s life. My twentieth birthday was one of them ... (because of a) most

thoughtful present, a Spanish edition of Genetics and the Origin of Species. The book appeared to me as

such a strong argument for evolution that my intellectual life has been imprinted ever since. Later...I had

the privilege of interacting for two years with Doby and to appreciate his excellence as both a scientist and

a humanist.” (Antonio Fontdevila, Spain)

“ ...he invited us to his laboratory in Rockefeller University, New York City, where I spent one year.

Dobzhansky and the research in his laboratory inspired me so much that I am still working with Drosophila

and the processes of evolution.” (Seppo Lakovaara, Finland)
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Box 2. Dobzhansky’s Legacy in Mysore

The Department of Studies in Zoology at the University of Mysore was founded in 1960 and led for

almost two decades by M R Rajasekarasetty, a Drosophila worker after whom the tropical fruit-fly

species Drosophila rajasekari is named. Rajasekarasetty obtained his Master’s and Doctoral degrees

from Columbia University, New York, working with L C Dunn, one of the pioneering workers in the

first few heady decades of genetics in the 20th century. While at Columbia, Rajasekarasetty also came

under the influence of Dobzhansky who taught him Drosophila genetics and population genetics. N B

Krishnamurthy, a successor of M R Rajasekarasetty, who obtained his PhD under the guidance of W S

Stone in Texas, was also greatly influenced by Dobzhansky through attending a series of lectures he gave

during a visit to Texas. The influence of Dunn and Dobzhansky had a lasting effect: the Department

founded by Rajasekarasetty remains unique among the zoology departments in Indian universities in

that it has a strong and continuing tradition of evolutionary genetics research and teaching.

In 1959 Dobzhansky visited Central College, Bangalore (then affiliated to the University of Mysore),

at the invitation of Rajasekarasetty and delivered a series of lectures. After the passing away of Dunn

and Dobzhansky, the Department of Studies in Zoology organized the L C Dunn and Th. Dobzhansky

Memorial Symposium on Genetics in December 1976. The Dobzhansky heritage is alive even now in

this Department and is particularly illustrated by ongoing research on cytogenetic and other aspects of

the processes of race-formation and speciation in Drosophila, an area of research close to Dobzhansky’s

heart.

Material for this box was kindly provided by H A Ranganath, Department of Studies in Zoology, Uni-

versity of Mysore, India.

Among those who got their doctoral degrees working with Dobzhansky are many well-

known geneticists and evolutionists who, in turn, founded schools of research and influenced

generations of evolutionary geneticists worldwide. Francisco Ayala, Richard Lewontin, Mon-

roe Strickberger, Bruce Wallace, Lee Ehrman, Timothy Prout, Crodowaldo Pavan, Wyatt An-

derson, Louis Levine, Chia-Chen Tan, Sergey Polianov, Abd-el Khalek Mourad, Max Levitan

and Eduardo Torroja all did their doctorates with Dobzhansky, as did Colin Pittendrigh, one

of the most influential scientists in the relatively young field of chronobiology. Among peo-

ple who did post-doctoral work with him, Claudine Petit, Antonio Fontdevila, Danko Brncic,

Costas Krimbas, Abd-el Azim Tantawy, Seppo Lakovaara, Anssi Saura and Antonio Prevosti

gave rise to flourishing schools of evolutionary genetics in their respective countries. Well-

established research groups with long term interests in understanding the mechanisms of evo-

lution, and usually working with Drosophila as a model system, came into being in Spain,

Portugal, Egypt, Germany, Switzerland, Austria, Greece, Yugoslavia, Sweden, Finland, Brazil,

Mexico, Chile and India, largely as a result of Dobzhansky’s inspirational influence on other

scientists.

Two facets of Dobzhansky’s persona that are invariably mentioned by those who worked

with him and knew him whenever they write or talk about him are his personal warmth and his

enthusiasm for work. Unlike many great scientists, Dobzhansky was not only respected and

revered by those who came into contact with him, but loved with an unusual intensity. Former

students and associates fondly recollect their personal interactions with him, his wife Natasha
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and his daughter Sophie, who often accompanied him on field trips. His intense involvement

in his work can be seen in his own letters: writing to his friend Milislav Demerec during a

field trip to Mexico in 1936, Dobzhansky stated “Sturtevant and myself are gone crazy with the

geography of inversions in pseudoobscura, and working on this whole days – he with crosses

and myself with the microscope... As to our inversions, Mexico seems to be an inexhaustible

source of them, and I am beginning to regret that last year only relatively few Mexican strains

were collected.” In another letter to Demerec the following month, he wrote “Sturtevant and

myself are spending the whole time studying the inversions in the third chromosome in geo-

graphical strains of pseudoobscura. We are constructing phylogenies of these strains, believe

it or not. This is the first time in my life that I believe in constructing phylogenies, and I have

to eat some of my previous words in this connection.” Howard Levene, a doctoral student of

Dobzhansky’s has described their first meeting when he went to Dobzhansky and introduced

himself. “Levene, I am delighted to see you”, said Dobzhansky, “I have a lot of problems for

you ... ”.

It is possible to go on and on about Dobzhansky’s influence on people and, indeed, much

has been written about it. In conclusion, let me just recount my own progression from a young

undergraduate studying botany to an evolutionary geneticist working with Drosophila, as my

own experience demonstrates well Dobzhansky’s impact on the development of evolutionary

genetics. In 1982, when I joined BSc (Hons.) in Botany at Delhi University, I knew very

little about either evolution or genetics. In 1983, when I first studied genetics and fell in

love with the subject, the catalysts were two books: ‘Genetics’ by Strickberger, and ‘Modern

Genetics’ by Ayala and Kiger. Both Ayala and Strickberger were Dobzhansky’s students. In

1984 I was awarded a scholarship by Delhi University that was to be used for purchasing

books. The first book I bought with the scholarship money was ‘Genetics and the Origin of

Species’ by Dobzhansky. It was the first book on evolution I had ever read, and it sparked off

my continuing interest in evolution. In 1987 I went to Washington State University to pursue

doctoral studies in evolutionary genetics and worked with Larry Mueller, himself a student of

Ayala. In Larry’s laboratory I learnt how to work with fruit-flies and how one could rigorously

study the evolutionary process at work in the laboratory. The work my students and I do today

uses Drosophila as a model system to understand various aspects of the evolutionary process.

Large expanses of space and time separate us from Dobzhansky, but the main topic of our

interest – the mechanisms of evolution – and the model system and approaches that we use are

not much different from those pioneered and pursued by the great man himself.

Suggested Reading

[1] L Levine, (ed.), Genetics of Natural Populations: The Continuing Importance of Theodo-

sius Dobzhansky, Columbia University Press, New York, 1995.
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Conrad Waddington and the Marriage of Genetics,
Development, and Evolution∗

John Tyler Bonner
Ecology and Evolutionary Biology, Princeton University, Princeton, NJ 08544, USA.

C H Waddington was an important figure in the early days of linking development and

the genetics of development with the study of evolution. There had been great advances in

embryology from the 19th century onwards and going well into the 20th. It all started with

the simple description of the development of a wide variety of animals and was followed by

the beginning of experimental analysis, led by Wilhelm Roux, who pushed for understanding

the mechanics of development – how and why one step led to the next. Later this was called

‘causal embryology’. It culminated in the early 20th century when Hans Spemann and Hilda

Mangold discovered the amphibian “organizer” where one part of an embryo induced another

part to form the main axis of the embryo.

As has been pointed out by various authors, all this beautiful work took place with little

or no regard to evolution. It is true that Ernst Haeckel, in the latter part of the 19th century,

made some bold strokes to bring the two together, but the time was not right and his ideas were

pushed aside and buried under a heap of not very profound objections. (Furthermore Darwin,

in his Origin, tied in embryological development in the great scheme of evolution.) Aside

from the important realization at the turn of the century that the chromosomes of all cells carry

Mendel’s genetic factors, there was no major linking of development with genetics, or for that

matter any genetics before 1900!

The principal pioneer who brought the two together was Waddington. In 1940 he published

his Organizers and Genes and the ideas he spread grew to be of considerable importance.

Genetics itself strayed from embryology because of the great success of population genetics

– how the frequencies of particular genes changed in an evolving population. It proved to

be a powerful approach, but one that had no relevance to embryology; the two subjects had

gone on quite separate ways, neither one needing nor heeding the other. Waddington and a

few other notable workers such as Schmalhausen changed all that. The construction of an

organism, from fertilized egg to the formation of the embryo and the adult, involved genetic

instructions to lay out the internal changes necessary for reaching maturity. The outcome that

followed this modest beginning has been enormous, mostly because of the advent of molecular

biology. From mid 20th century onwards, the genetics of development became a gigantic and

very successful industry. We can now dissect the steps of development to the finest detail, from

the genes to their effect on the developing cells to the organization of the ultimate body plan.

Waddington had laid down the foundation.

In 1957, I went to Scotland on a sabbatical leave to work in Waddington’s Institute of

Animal Genetics at the University of Edinburgh. It was an exhilarating experience for many

∗Reproduced from Resonance, Vol.15, No.6, pp.491–492, 2010.
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reasons, from the trivial to the important. I was working on slime molds and made the trivial

discovery that the central heating in the building was turned off at noon on Saturday and back

on Monday morning. It meant that all my slime molds on the laboratory bench stopped in

their tracks and did not resume their activities until mid-morning on Mondays. We all had the

weekend off!

The non-trivial and important part of my visit was the remarkable intellectual environment.

Waddington had gathered a most distinguished group of scientists in his Institute, and I had a

large number of stimulating interactions with many of them. This was greatly helped by there

being a small lunchroom in the building and genetics, embryology and many other aspects of

biology were much discussed there. I also had numerous conversations with Waddington. He

would tour the building and talk to each of the researchers; he kept his hand on the pulse of the

Institute. He visited me on these tours, much to my profit.

He was a man of considerable reserve, but when discussing science he was free and open,

and would discuss everything from problems with the mechanics of an experiment to the deeper

implications. Besides running the Institute he was extremely prolific, not only writing up

experiments, but writing on diverse subjects. I remember being with him at a conference where

we listened to talks all day and during the break before dinner I passed his window and heard

his typewriter clacking away. Afterwards I asked him what he was doing when we were all

relaxing and he said he was working on a chapter of a book he was writing; no rest needed!

Often we would discuss bigger biological issues and his insights were often sharp and deep.

It was a long time ago, but I do remember one discussion where he felt quite passionately. He

was totally down on population genetics, even though some of the leading workers in the field

were in his Institute and with whom he got along well. As I pointed out earlier, population

genetics totally ignored development. But he would go beyond this in his zeal to bring all of

evolution into one tent, with embryology playing a major role. He would ask, rather aggres-

sively, “What significant contribution has population genetics made?” He clearly thought none.

In his writing he concentrated on genetics and development as the key parts of evolutionary bi-

ology. He had an original mind full of fresh ideas, and he had the energy, and particularly the

skill to express them on paper with enviable penetration and clarity.
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C H Waddington, Canalisation and Genetic
Assimilation∗

Vidyanand Nanjundiah
Indian Institute of Science, Bengaluru 560 012 and Jawaharlal Nehru Centre for Advanced

Scientific Research, Bengaluru 560 064, India.

Conrad Hal Waddington was an English biologist who was among the earliest to

emphasise that the proper understanding of multicellular development required an

evolutionary approach. More than 50 years ago he carried out a series of experiments

with intriguing implications for the evolution–development link. They appeared to

demonstrate that it was possible for evolutionary change to take place and a quali-

tatively different developmental outcome to result without the action of selection on

spontaneous mutations – that is, without the conventional neo-Darwinian route com-

ing into play. The findings suggested that Lamarckian mechanisms might be at work,

namely that acquired traits might be heritable. When Waddington is remembered

today, it is for this set of experiments and for the explanation that he gave, which

he named genetic assimilation. The explanation postulated that as a consequence of

evolution, the course of normal development was canalised or buffered against per-

turbations. What follows is an informal and non-technical account of his work on

genetic assimilation and his less successful effort to build a theoretical biology.

Introduction

Among biologists generally, the current upsurge of interest in the evolution of multicellular de-

velopment (often abbreviated as Evo Devo) has made Waddington’s name more familiar now,

over 30 years after his death, than it was during his lifetime. Even those who are not acquainted

with his work acknowledge his contributions indirectly whenever they use the words canali-

sation or epigenetics. For Waddington ‘epigenetics’ was simply the backdrop to multicellular

development. He used it to refer to the coordinated working of genes in different cells at dif-

ferent times that resulted in the same outcome – the characteristic adult form of a species –

time after time. This is quite different from the sense in which the word is used today, which is

in the context of a transfer of heritable information other than via the primary DNA sequence.

Waddington tried to come to grips with general phenomena rather than focussing on detailed

results. This made him adopt a theoretical stance in his numerous writings, and the special

terms that he coined (there were many more) are pointers.

∗Reproduced from Resonance, Vol.15, No.6, pp.503–513, 2010.
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Career

Soon after his birth in 1905, Waddington was taken to live with his Quaker parents, first to

Wynaad and then to Coimbatore, both in South India, where his father was a tea planter. He

was about four when he returned to the UK to be brought up by an aunt. Almost two decades

were to pass before his parents moved back; by then he was already married. After high school

he joined Sidney Sussex College in Cambridge University and went on to study a wide range

of subjects including geology, palaeontology and philosophy. Climbing and folk dancing were

serious hobbies. A diversity of tastes and the desire to bring together concepts from different

areas remained characteristic of him all his life. The titles of some of the books he wrote

show this: The Scientific Attitude, The Ethical Animal, and Behind Appearance; A study of

the relations between painting and the natural sciences in this century. He wrote many books

dealing with the themes of evolution and development. Even here he was among the first to

propagate the daringly radical explanation for biological patterns that had been put forward in

1952 by the mathematician Alan Turing. Later he tried to persuade biologists that René Thom’s

catastrophe theory∗∗ could provide useful insights into morphogenesis (the development of

biological form), but the attempt did not get very far.

A friendship with Gregory Bateson, son of William Bateson (among the more vigorous

proponents of the laws of Mendel after they were rediscovered in 1900), sparked an interest in

genetics. In 1931, together with J B S Haldane he published a somewhat involved algebraic

analysis on a difficult problem concerning the effects of inbreeding. How did the correlated

transmission of genes, known as linkage, affect the expected consequence of inbreeding, which

is to make the offspring genetically more and more alike? The experience would seem to have

left him dubious regarding the possibility of making quantitative statements regarding evolution

by using the mathematics-based approach known as population genetics (see the article by J T

Bonner in this issue). He expressed his reservations in a symposium held in 1952, but Haldane

rebutted him forcefully when he wrote the Foreword to the volume containing the symposium

proceedings.

A serious interest in embryology began at about the same time. Like many others, he had

become fascinated by the ‘induction’ experiments of Hans Spemann and Hilde Mangold in

Germany. Spemann and Mangold discovered something astonishing when they transplanted

the dorsal lip of the blastopore, a small peiece of amphibian embryonic tissue, to a different

location. The transplant seemed to redirect the fate of its neighbours to such an extent that it

made them organise themselves into a second embryo.

After spending some time in the laboratory of Honor Fell, a pioneer in the technique of

organ culture, Waddington managed to demonstrate embryonic induction in the chick. The

hope of discovering the inducer, a chemical entity that was expected to possess the property of

∗∗‘Bifurcation theory’ is the name of a mathematical framework to study dynamical systems that undergo large

and sudden changes following small perturbations in the parameters defining the system. ‘Catastrophe theory’ is a

branch of bifurcation theory that classifies the changes when certain conditions are specified and shows that they

can be described by a limited number of characteristic shapes (topologies).
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Box 1. Embryonic Induction

Research on embryonic induction was revived more recently after it was realised that the phenomenon

of induction had as much to do with the responding tissue as with the inducer, and that the various non-

specific artificial inducers seemed to be affecting the same set of genes in one way or another. The inducers

themselves seem to be members of the family of molecules known as growth factors. They are active at

very low concentrations and the non-specific effects seen earlier were very likely due to their being released

from the tissue.

inducing naı̈ve tissue to form a whole new embryo, fuelled much activity. The early excitement

in embryonic induction gradually petered out as it became apparent that inducer-like properties

were present in the strangest substances: in sterol-like compounds, the dye methylene blue and

even in silicaeous earth (See Box 1).

Waddington spent the Second World War years in an Operations Research establishment

that was headed by the physicist P M S Blackett. After the war ended, he was offered a Chair

in animal genetics at the University of Edinburgh, a position that was combined with having

to oversee work on plant and animal breeding. It was at Edinburgh that he carried out the

work on genetic assimilation that made him well-known. He had a number of distinguished

coworkers at Edinburgh and the laboratory attracted many famous visitors. J T Bonner, another

pioneer of the modern approach to looking at multicellular development from an evolutionary

viewpoint, was one of them. Tokindo S Okada, who played a major role in post-war biology

research in Japan, was another. Waddington published many papers on egg ultra-structure with

Eiko Okada. Sivatosh Mookerjee and Leela Mulherkar were two Indians who were exposed

to the techniques of studying embryonic induction under Waddington. Both came back to set

up laboratories in India, but it would not be unfair to say that in neither case did a tradition of

carrying out modern developmental biology take root.

Genetic Assimilation

The experiment involved wild-type‡ fruit flies. A stock of flies was briefly exposed to an

environmental shock, for example to high temperature or ether vapour. This was done when

they were at an early developmental stage, that is, when they were eggs or pupae. Many died

as a result of the shock. Among those that did not, some died after developing a bit further.

A few managed to complete metamorphosis and emerged as adults. Many of the adults were

aberrant in appearance and sub-normal in vitality.

Next Waddington did something that resembles what August Weismann did when he bred

from generation after generation of rats whose tails had been cut off. As is well known, Weis-

mann made an unsuccessful attempt to get a line in which the tailless condition appeared at

‡The wild-type is the experimentalist’s and field-biologist’s ideal prototype. For a given age and sex, all wild-

type flies look essentially the same and behave similarly. They are healthy and vigorous, what one usually thinks

of as ‘normal’.
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birth. (This experiment is often quoted – with poor justification – as an argument against

Lamarck’s theory of evolution based on the inheritance of acquired characters.)

Waddington looked for those adults that resembled – even if very slightly – known mutant

flies. The important point was that the environmental shock (increased temperature or ether

vapour) was not mutagenic. It would not have been expected to cause genetic alterations, cer-

tainly not in the way that ultraviolet light or X-rays would have. Therefore the aberrant-looking

flies, while not mutated themselves, copied the appearance of mutants. Such individuals are

known as phenocopies. Phenocopies are believed to develop when a critical developmental

step is perturbed by an external agency in a similar way and at the same time that it is affected

in a mutant animal. Some of the phenocopies that he worked with resembled mutants named

bithorax (more correctly, Ultrabithorax; flies have four wings instead of the usual two) and

crossveinless (some cross-veins in the wings are missing). He picked out male and female flies

of the sort that he wanted, let us say the ones that showed a tendency to develop four wings.

Then he allowed them to mate, waited until the eggs developed into pupae, treated these pupae

as before, and so on, generation after generation. In each generation the flies that were used

to breed the next generation were the ones that showed the most extreme transformation in the

desired direction – that is, those in which the two extra wings looked most like normal wings

(Figure 1).

Figure 1: Schematic drawings based on originals. (a) A multiply-mutant fly with four wings.

The pair of wings in front is as usual; the second (posterior) pair is not found in normal wild-

type flies. It develops because tiny dorsal metathoracic appendages, the halteres, have been

transformed into almost normal-looking wings. (b) An example of the outcome after genetic

assimilation for the Ultrabithorax phenotype [4]. The normal wings have been removed to

show more clearly the modified, wing-like halteres. [Adapted from [2]].
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There were three clear outcomes of the experiment. First, the proportion of adult flies that

were close to the desired type kept rising from one generation to the next. Second, they began

more and more to resemble four-winged flies of the bithorax mutant type. Finally, and perhaps

most interestingly, the intensity of the environmental shock required to get the desired effect

kept falling from one generation to the next. This last trend led eventually to the strangest

outcome of all. After about 15 generations, Waddington discovered that there was no need to

provide the environmental shock at all, because from then on the four-winged ‘phenocopies’

began to breed true (as a noteworthy aside, simultaneously they had lost the ability to fly).

Even though they had not been mutagenised at any stage, the flies appeared as if they were

bithorax mutants. However, their ancestors of a few generations earlier had belonged to the

wild type. It appeared that what had first looked like as an environmentally induced character

had gradually worked its way, so to speak, into the genome. At the time when Waddington

carried out these experiments, the Lamarckian notion that traits acquired during an individual’s

lifetime could be inherited had long been discredited – certainly in the case of animals. It

was noted that the change from two to four wings was a major transition, that it had occurred

in almost a handful of generations, and that the change seemed to mimic an evolutionarily

ancestral form (two-winged flies are believed to have evolved from four-winged ancestors).

No wonder, then, that the results caused consternation.

In order to keep this description simple I have omitted a clever twist that Waddington

introduced. It made the phenomenon appear even stranger. The twist was this. After the first

episode of environmental shock, he separated the adults into distinct groups of siblings. That is,

all the flies in one group had the same parents – the group consisted of brothers and sisters. For

breeding the next generation of flies, those brothers and sisters that had given the best results

were chosen for mating. But before being allowed to mate they were separated into two sets.

The pupae resulting from one set of matings (A) were given the environmental shock but the

ones from the set made up of the remaining flies (B) were not. The procedure was repeated in

all subsequent generations. The progeny of those brother-sister matings that had given the best

results were used to bring out the following generation. But the adults used for breeding were

always chosen from set B. The implication was extraordinary. Not only had the flies that bred

true for the four-winged form been derived from quite recent ancestors that had bred true for

the normal two-winged form, but, besides that, no individual in the entire lineage had actually

experienced the environmental shock.

How was one to make sense of the findings? Waddington himself provided the explanation.

It invoked nothing more than standard Darwinian selection but the genes in question influenced

the working of other genes. Part of the explanation involved something that plant and animal

breeders had known and practised for centuries. Called sib-selection, it depends on the princi-

ple that if an individual possesses a heritable trait, it is likely that close relatives will carry the

genes that are involved in the appearance of the trait. It does not matter whether they display

the trait or not. For example, suppose there is a genetic basis for milk yield in cattle (which

is a fact). Then, one way to improve the yield of milk is to breed from cows that are high

yielders and bulls whose sisters are high yielders. The second part of Waddington’s explana-
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tion went to the heart of what the term ‘wild-type’ means. In order to appreciate it we need to

remember that one belief held sway for many years following the explanation of evolution by

natural selection. The belief was that a species had been so moulded by evolution that at every

genetic locus, individuals had the ‘best’ genes appropriate to that locus. (A small minority of

mutant individuals, and differences between males and females because of reproductive func-

tions, were acknowledged as exceptions to the rule.) In other words, the members of a species

were assumed to be genetically identical. The assumption was believed to be confirmed be-

cause it was noticed that by and large they looked the same in their natural habitats – they were

‘wild-type’ individuals.

A combination of field work and laboratory experiments, many of them by Th. Dobzhan-

sky, showed that the assumption was incorrect. If anything, there was a substantial amount

of genetic variation in the wild. Evidently the variation was not apparent in terms of form or

behaviour, namely in terms of those traits of the organism with which it has to tackle the world,

traits that are mostly relevant for survival and reproduction – the ‘phenotype’. According to

Waddington, the reason for this was that the naturally-occurring genetic variation was masked

by the effects of other genes. These other genes modified the effects of the first set of genes

and ensured that development led to the same ‘wild-type’ phenotype (these days the words

regulation and regulatory gene are used rather than modification or modifier gene). Why were

modifiers there at all? That, he said, was because there was a fitness advantage possessed by

the wild-type phenotype over other alternatives. Therefore any genetic change that tended to

make the outcome of development resemble the wild type would be favoured by natural selec-

tion. The upshot would be something like buffering; changes which might have taken place on

account of one set of variables were compensated by a second set of variables. Waddington

named the buffering effect canalisation.

Canalisation enabled development to work reliably towards the same end in the face of ge-

netic, and possibly also environmental, variation. That end was the production of a wild-type

adult. Thanks to canalisation, flies can contain a great deal of genetic variation and yet look and

behave as if they are ‘normal’, so that they are classified as ‘wild-type’. The variation remains

cryptic. It was this cryptic variation that was being exposed by the environmental shock. The

development of different genotypes was indeed canalised or buffered in the natural environment

(in which selection for canalisation had taken place successfully). But as with any other buffer-

ing, there were limits to what could be tolerated. A sufficiently strong environmental shock

could break down canalisation and make it possible for the underlying genetic variation to be

exposed in terms of the different phenotypes that resulted. Once that happened, selection could

be applied on the phenotypes. That was because individuals that visibly belonged to different

phenotypes would also be likely to differ in terms of their genetic capacity to respond to the

environmental shock. Normally that capacity remained invisible. In Waddington’s experiment,

selection, in the form of the choice of breeding partners, favoured those genotypes which were

most likely to give rise to the desired four-winged phenotype. Therefore what looked like a

Lamarckian outcome could be explained in conventional Darwinian terms after all. But to do

so, one had to think in terms of two sorts of genes, a ‘structural’ set that affected the phenotype
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Figure 2: Waddington’s explanation of genetic assimilation. Panel I assumes a one-to-one

relationship between a set of genes (the genotype) G and phenotype P. Both refer to the

normal environment E, altered to a one-to-many relationship in the stressful environment E′.

As a result many new phenotypes become visible. Selection takes place in favour of one of

them (for phenotype P) and is followed by a return to the previous environment. The final

outcome is a new phenotype that breeds true, which makes it appear that, mysteriously, a new

genotype G′ has appeared. Panel II gives the explanation. Because of the canalisation for the

wild-type in the normal environment E, many genotypes (G1,G2, etc.) are consistent with the

same phenotype P. A transfer to E′ results in a breakdown of canalisation and the genotype–

phenotype relationship becomes many-to-many. Selection for P′ implicitly involves selection

for a new set of genotypes G′. The large arrows symbolise the shift from one environment to

the other and back. [Adapted from [2]].

per se and a second, ‘regulatory’ set that influenced the reliability with which the phenotype

developed (Figure 2).

Today we know that the words ‘structural’ and ‘regulatory’ are often interchangeable. A

structural gene in one context can be a regulatory gene in another context, and sometimes a

gene can play structural and regulatory roles at the same time (See Box 2). These experiments

on genetic assimilation have been repeated by others with similar results. These days genetic

assimilation is used as a possible explanation for cases of rapid, and often qualitative, evolu-

tionary transformation, for example a change in the type of symmetry of body form. (About 10

years ago there was the hint that a possible molecular mechanism behind canalisation involved

a protein named Hsp90. More recent results raise a question about whether that is the full

story.) Waddington’s most important contribution in all this may have been to draw attention to

the point that natural selection leads to two related but distinct outcomes. The first is a certain

‘product’ and the second is the accuracy with which the product is attained. Terms used in

communication theory are useful here: both ‘signal’ and ‘signal-to-noise ratio’ can evolve by

natural selection.
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Box 2.

The gene has been said to be “the central organizing theme of twentieth century biology”. Wilhelm

Johannsen, a Danish botanist, coined the word in 1911. He meant it to stand for the physical and functional

unit of heredity whose existence was implied by the findings of Mendel. For a long time the concept of the

gene was an abstraction. And yet the abstraction enabled scientists to construct the formal, elegant, and

enormously useful structure that constitutes the field of genetics. The existence of genes could be inferred

in two ways. One was via mutations, heritable changes whose effects were made visible by changed

traits. The other way was via recombination, which brings together and separates different genes. The

understanding of genes as giant molecules of DNA (and sometimes RNA) ushered in a revolution. Its

foundations appeared to be secured once it was recognised that a DNA sequence could specify implicitly

(‘encode’) the amino acid sequence of a protein. Ever since then we have learnt more and more about

what genes are and how they work. It is ironical that in parallel with these advances in knowledge a

simple explanation of what ‘gene’ means has slipped away from us. Wisely, people have not let that

come in the way of doing genetics. This theme needs a full article by itself, but in brief: genes are not

indivisible, can be unstable, and need not encode proteins. Johannsen’s definition was not so bad after all.

See http://plato.stanford.edu/entries/gene/ for a sophisticated discussion.

Theoretical Biology

The culmination of Waddington’s lifelong desire to build a theory of the organism was a se-

ries of four yearly meetings in Bellagio in northern Italy from 1966 onwards. In an article

that he wrote after the first two of them he pointed out the glaring lack of anything in biol-

ogy with the status of theoretical physics within physics. The problems, he said, were three.

There was the high level of complexity of biological systems in terms of both the number of

variables that had to be taken into account for describing them and the number of interactions

among those variables. Next, the prevailing gene-centred view failed to take into account the

fact that genes were as much responders as actors. Third, evolution had to be integrated into

any theory of development. One needed to understand organisms and their development by

including the workings of genes and the environment in one conceptual whole. It had long

been Waddington’s complaint that classical population genetics, the mathematical formulation

of evolutionary theory, lacked just that.

The Bellagio meetings were as notable for the range of topics that were discussed in them

as for the relative absence of molecular biologists; Francis Crick and Robin Monro were the

two prominent exceptions (see the article by M H Cohen). Among the themes that were taken

up at the meetings, one that forms part of the currency of discourse among modellers today is

the analysis of biological networks that has been fuelled largely by the explosive growth and

accessibility of computational power. The conference volumes that resulted, entitled Towards

a Theoretical Biology, attracted prestige and bafflement on the part of biologists in equal mea-

sure. Why might this be so? A look at what has happened in the fields that were Waddington’s

lifelong interest, genetics and embryology (or developmental biology), may be of interest.

Each field – embryology being much the older one – had its own favourite systems, exper-

imental approaches, ways of thinking and traditions. For a long time it was not obvious that
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they had anything to do with each other. Waddington was among the few who saw at the time

that they provided complementary approaches to deciphering how a fertilised egg becomes an

adult, and it was his hope to contribute to their unification. As it happens, the fusion of the

two fields came about in the late 1970s through an unanticipated route. At first thought this

appears odd, because he was one of the earliest workers to carry out experiments that focussed

on the genetic basis of embryological change – that too in the fruit fly Drosophila, which in

the 1970s became the prototype for the genetic analysis of developmental phenomena. But the

explanation stands out when one thinks about it a bit more. The crucial element in the break-

through achieved by developmental geneticists was their focus on single gene mutations with

major effects.

Waddington sought explanations involving gene networks, not genes in isolation. His early

models of how genes influenced development involved many genes, each of which affected

many developmental pathways. And in turn every pathway was influenced by more than one

gene. Right until his death in 1975 his goal remained the understanding of living organisms

in their entirety. He was what today we would call a ‘systems biologist’. His attempts to

further the development of a theoretical biology were in the same line. It was not easy then,

and it is not easy now, to see how this approach could be integrated with the sort of thing

that experimentalists do, grounded as they are most of the time in firmly reductionist concepts.

Overall, we still lack a theoretical biology of the sort that Waddington was looking for.
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John Maynard Smith (1920–2004) was a very versatile evolutionary biologist who applied

his mind to a number of vexatious conceptual questions in evolution, including whether the

unit of selection is typically the individual or the group, the evolutionary maintenance of sex-

ual reproduction, the evolution of social behaviours in animals, and the likelihood of sympatric

speciation being driven by host or habitat specialization. In particular, Maynard Smith, along

with the maverick George Price, pioneered the application of Game Theory to evolutionary

questions and gave us the now ubiquitous concept of an evolutionarily stable strategy (ESS). In

more recent years, despite his age, he was working actively on microbial evolution, the evolu-

tion of genetic redundancy in developmental systems, and the issue of how to accurately assess

recombinational rates from DNA sequence data. Along with David Harper, he had recently

finished writing a book on animal communication, and was working on a new edition of his

1995 book with Eörs Szathmáry, The Major Transitions in Evolution, an extensive treatise on

the important milestones in the evolution of different life forms and social systems.

Maynard Smith was born in London, the son of a surgeon. Unfortunately, his father died

when he was just eight and the family then moved to the western British countryside near

Exmoor. In an interview published in Natural History, Maynard Smith recalled having become

an avid bird watcher at that time, after an aunt gifted him a book on bird-watching. He went

on to school at Eton and later recalled finding the atmosphere at this famous school “really

anti-intellectual”, “snobbish” and “arrogant”, although he enjoyed learning mathematics there.

Indeed, a disdainful dislike of pomp and snobbery was a characteristic of Maynard Smith

throughout his life. He also recalled that the teachers at Eton had a great degree of antipathy

towards J B S Haldane and said in the same interview, “I remember thinking: anyone they

hate so much can’t be all bad – I must go and find out about him.” After Eton, Maynard

Smith joined Trinity College, Cambridge, to study aeronautical engineering, a move that upset

his family who expected him to join his grandfather’s stock-broking business. During World

War II, he worked for a company involved in stress testing aircraft components. Once the war

was over, he went back to studying at University College, London, seeking a second degree

in biology. At this point, Maynard Smith was a student of Haldane, who had a tremendous

influence upon him. During this phase and early in his career, Maynard Smith worked on many

questions in Drosophila genetics. Like his mentor, Maynard Smith was not only very sharp

intellectually, but was also blunt and iconoclastic, irreverent about established hierarchies, and

had liberal political views. Also like his mentor, he was interested in a very wide range of

topics and usually had novel insights or viewpoints to offer.

∗Reproduced from Resonance, Vol.10, No.11, pp.2–4, 2005.
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After finishing his studies, Maynard Smith worked as a lecturer at University College from

1952 to 1965, before moving to the University of Sussex at Brighton as founding dean of

the School of Biological Sciences. He remained at Brighton till his retirement in 1985 and

continued on as an Emeritus Professor. In addition to his numerous research publications, he

wrote over a dozen influential books, including basic books intended for students – such as

Models in Ecology (1974), and Evolutionary Genetics (1989, 1998) – as well as more narrowly

focussed technical books like The Evolution of Sex (1978) and Evolution and the Theory of

Games (1982). The contribution for which Maynard Smith was perhaps most well known

even beyond the community of evolutionary researchers was his application of game theoretic

models and approaches to issues in animal behaviour. In particular, he introduced the concept

of an ESS, a strategy that, when practiced by a majority of a population, cannot be successfully

displaced by another strategy. The concept of the ESS, together with the related concept of

a coevolutionarily stable strategy, has gone on to become ubiquitous in evolutionary ecology.

Of course, game theory is essentially an optimization model in which the benefits tend to be

frequency-dependent, i.e. how ‘good’ a phenotype is depends on the relative numbers of other

phenotypes present in the population. Maynard Smith was one of the early practitioners of

optimization modelling in biology, applying this approach to a study of mammalian gaits in

1956. He was also one of the most articulate and cogent defenders of optimization approaches

in ecology and evolution, which have remained somewhat controversial, appearing suspect

especially to many evolutionary geneticists uncomfortable with purely phenotypic models of

the evolutionary process.

Over his long and very active career, Maynard Smith consistently worked on problems,

often controversial, that lay at the centre of important debates in evolution. Early in his pro-

fessional life, he worked on sexual selection and possible mechanisms of sympatric speciation.

Along with George C Williams, Maynard Smith was the leading figure in the decisive rebuttal

of the notion that group selection played a major role in the evolution of animal behaviour.

Around the same time, he worked on the vexatious issue of the evolutionary maintenance of

sexual reproduction in the face of the apparent overwhelming efficiency of asexual reproduc-

tion, an issue that occupied several of the brightest minds in evolution during the 1970s and

early 1980s. Maynard Smith first clearly articulated the cost of sex in terms of the cost of invest-

ing in male function, although this too became controversial because G C Williams preferred

to formulate the cost of sex in terms of genome dilution, based on the reduced relatedness of a

sexual mother to her offspring compared to that of an asexual mother to her offspring. Maynard

Smith was also drawn into the often acerbic debate over the issue of ‘selfish genes’ and socio-

biology. Unlike fellow leftist Richard Lewontin, however, Maynard Smith was not vehemently

opposed to the very notion of sociobiology as an attempt to understand human behaviour in

evolutionary terms, although he may have disagreed with specific sociobiological explanations

for this or that phenomenon.

In more recent years, Maynard Smith had worked with Eörs Szathmáry on the commonality

between major events in the evolutionary history of life-forms, attempting an examination of

the evolution of complexity from an informational viewpoint. He also contributed to thinking
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about developmental constraints on adaptive evolution, and the broader issue of integrating

knowledge about development with our understanding of evolution as a dynamic process and

also with the historical record of evolutionary transitions. Maynard Smith also worked on

the population and evolutionary genetics of bacteria during the past decade, work that has

contributed to our understanding of the evolutionary dynamics of pathogenic microbes and the

evolution of antibiotic resistance.

Maynard Smith’s many contributions to evolutionary biology were abundantly recognized:

he was awarded the Crafoord Prize (1999), along with Ernst Mayr and G C Williams, and

the Kyoto Prize (2001), among other honours (these prizes have a status similar to the No-

bel for evolutionary biologists who are usually ineligible for a prize given for ‘physiology or

medicine’). The ultimate appreciation of a teacher, however, comes from how his or her stu-

dents remember their mentor. By this yardstick, too, Maynard Smith was greatly appreciated,

earning the lasting affection and regard of those who worked with him, whether students or

colleagues. He was down to earth, had no pretensions, and was always approachable and will-

ing to respond to questions and help other scientists, although he could be sharply critical and

blunt about scientific arguments he felt were not cogent. As a colleague and co-author, David

Harper put it in the obituary that he wrote; Maynard Smith was “famous not only for the quality

of the science he produced, but also for the way in which he produced it.”
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It is not surprising that animals are often in conflict because they compete for limited re-

sources. What is surprising however is that such conflict is often resolved by a trial of strength,

followed by the weaker animal surrendering resources to the stronger rival, without an injurious

fight until death. Before the 1960’s, this was attributed to the good of the species. Along with

G C Williams, David Lack and others, John Maynard Smith brought about the realization of

the fallacy of the good of the species idea. This brought back the focus to individual selection

and forced biologists to re-think evolutionary explanations for many apparently altruistic be-

haviours seen in animals. Maynard Smith took up the challenge of providing an explanation for

animal conflicts from the individual rather than the species point of view. Along with George

R Price he used game theory, originally developed by economists, to formulate the concept of

Evolutionarily Stable Strategies (ESS). ESS is a strategy that is evolutionarily stable because

it is unbeatable by any other strategy. Game Theory and the concept of ESS have since been

applied with success to a variety of situations including foraging, cooperation, communication,

sex ratios, parent-offspring conflict, predator-prey interactions and so on.

Figure 1: A sparring match between male spotted deer (Photo: E Hanumantha Rao).
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There is virtually no area of evolutionary biology to which John Maynard Smith did

not make a significant contribution. In this essay I try to present a flavour of his

accomplishments.

Background

Modem biology is made up of highly specialized sub-fields: molecular biology, cell biology,

biochemistry, structural biology, ecology, behavioural biology, genetics and evolutionary bi-

ology, to name a few. Among these, the role of genetics is both fundamental and unique.

Fundamental, because it concerns itself with heredity, the single most characteristic feature

of the living world. Also, genetics is unique among the life sciences, because the principles

of heredity can be expressed as statistical regularities or laws. First discovered by Mendel in

the late 19th century, these laws make it natural to use mathematical reasoning in genetics to

an extent that is almost unthinkable in other areas of biology (except, for example, when the

problem at hand allows a more or less direct application of physics or chemistry).

In the beginning of the 20th century, fairly soon after the rediscovery of the laws of

Mendel, mathematicians and mathematically-minded biologists began an ambitious research

programme. They tried to see whether, by combining Mendel’s laws with the Darwinian theory

of natural selection, they could throw light on the deepest of all biological problems, evolution.

The foundations of this quest were laid by R A Fisher and J B S Haldane in Britain, S Wright

in the USA and S S Chetverikov in the USSR. John Maynard Smith was trained as an engineer

and later went on to study under Haldane. He was among the earliest investigators of the role

played by genes in embryonic development. All through the second half of the 20th century he

was also one of the leading contributors to the field of evolutionary genetics.

But Maynard Smith was much else besides. My aim is to illustrate the breadth of his interest

in evolutionary phenomena by choosing a small number of examples from his published work;

I should stress that this is not meant to be a comprehensive survey. In what follows, I will first

state the general question or questions that lie behind an article or book by Maynard Smith and

then give a brief description of the particular aspect that he addressed, often with collaborators.

∗Reproduced from Resonance, Vol.10, No.11, pp.70–78, 2005.
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Articles

1. J Maynard Smith, A Theory of Aging, Nature, Vol.184, pp.956–958, 1959.

Why do we grow old? Is senescence a consequence of chemistry (like the rusting of iron),

genetics (because mutations keep accumulating and cause a subset of critical genes to malfunc-

tion) or evolution (because the strength of selection on an individual must inevitably decline

with the passage of time, thereby predisposing living creatures to a progressive ‘systems fail-

ure’)? The question of senescence or growing old is quite different from the question of the

life span; individuals can never grow old but have short life spans. However, under controlled

conditions, one can plausibly say that a measurement of life span in a population conveys

information about the rate of aging.

The physicist Leo Szilard had postulated that the reason why animals age could be that

many of their genes are present, right from birth, in just one functional copy. The other copy

would carry an inherited defect, a ‘fault’. In that case, said Szilard, as time passed, the grad-

ual accumulation of randomly occurring mutations might make both copies of more and more

genes non-functional. This would lead to a steady deterioration of the individual: it would show

signs of aging. (In a modified version, the argument has been resurrected recently and is pop-

ularly known as the ‘two-hit’ hypothesis for cancer). Maynard Smith used simple reasoning to

show that what Szilard said could not always be right. Male flies have a single X-chromosome

– unlike females, which have two. The males were sometimes shorter-lived than their female

sisters, as Szilard would have predicted; but there were also strains in which, contrary to ex-

pectation, males lived longer than females. Also, Maynard Smith pointed out that within the

same strain, flies aged differently at different temperatures. If this were due to differences in

the rates at which their genes accumulated hits at the two temperatures, a fly raised at one

temperature and then transferred to a second temperature would carry with it all the hits that

it had accumulated earlier. This would show up as an effect on its subsequent life span. But

the observations said otherwise: either the temperature-shift had no effect, or, in some cases,

had an effect opposite in direction to what was expected. Today, the theory of aging continues

to be in a state of ferment; all we can say is that chemistry, gene activity during the life of an

individual and evolution appear to have something to do with it.

2. J Maynard Smith and K C Sondhi, The Genetics of a Pattern, Genetics, Vol.45,

pp.1039–1050, 1960.

Are there limits to what evolution can achieve? Or is the range of evolutionary possibilities

significantly limited by constraints – which may originate from physics, chemistry or the past

history of evolution itself? The issue goes all the way back to Galileo, who is believed to have

wondered whether there could ever be ants as big as elephants (the answer is no). The question

investigated by Maynard Smith and Sondhi concerned the fruit fly Drosophila. This fly has

three ‘false eyes’ or occelli on the top of its head: one in the middle and, behind it, one each

on either side. Sometimes, by chance, a mutant fly arises that has one or the other occellus

absent. Maynard Smith and Sondhi tried to breed selectively from such flies, the aim being
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to raise flies that were exclusively ‘left-handed’ or ‘right-handed’. They failed consistently,

even though they managed to get populations in which flies had the two lateral occelli only,

and also populations in which one or the other lateral occellus was missing. But in the latter

case, the population was made up of some ‘left-handed’ flies and about the same number of

‘right-handed’ flies. It proved impossible to breed for a race of asymmetric flies – in spite of

the fact that at the individual level, a fly of either handedness could exist. It appeared that

the requirement of bilateral symmetry in the population as a whole (normally seen as bilateral

symmetry in the individual, of course) was a strong constraint on evolution. The origin of

bilateral symmetry during embryonic development remains a much-studied topic. As for the

evolution of symmetry, ample evidence has accumulated to show that in one way or another,

asymmetric plants and animals do poorly in comparison with their symmetric counterparts.

3. J Maynard Smith, Group Selection and Kin Selection, Nature, Vol.200, pp.1145–1147,

1964.

Can evolution work beyond the level of the individual? A popular way of looking at evolution

is that it leads to improvements in those traits that are for the ‘good of the species’. However,

in general, this view is incorrect. Darwin first pointed out, and R A Fisher and G C Williams

reiterated much later, that the level at which natural selection is most likely to act is the level of

the individual. The reason is simple: it is the individual that exhibits heritable traits, it is the in-

dividual that differs from other individuals, and it is the individual that reproduces. Therefore

the differential propagation of genes (that lies behind evolution) must reflect properties that

distinguish one individual from another. In 1962, V C Wynne-Edwards wrote a book (Animal

Dispersion in Relation to Social Behaviour) in which he tried to say that behaviours that were

advantageous at the level of the group but disadvantageous at the level of the individual – com-

monly termed ‘altruistic’ – could be found in nature and were proofs of group-selection. For

example, according to Wynne-Edwards, animals commonly practiced birth control – because,

he said, if the population grew too large, it could outstrip the food supply and put the survival

of the entire group at risk.

In this article, Maynard Smith carefully went over the special circumstances under which

traits could spread when they were favourable to groups but unfavourable to individuals. The

two exceptional circumstances that he treated had been invoked earlier by Haldane and Wright,

but the issue was not pursued very much by either of them. In one situation (‘kin selection’),

a group might consist of close relatives, meaning individuals who shared genes on account of

common descent. In such a group, an individual who behaved altruistically would, by means

of such behaviour, tend to favour other individuals whose genetic interests overlapped with

its own. Thus ‘altruism’ at the individual level would mask ‘selfishness’ at the genetic level.

In another situation (‘group selection’), the population could be divided into small groups,

each group being so small that there was an appreciable probability for an ‘altrustic’ trait to

spread within the group purely by chance. Once that happened, the group consisting of altruists

alone would do better than other groups and so the altruistic trait would also spread in the

population as a whole. The importance of this paper lies in the careful distinction between
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kin and group selection drawn by Maynard Smith and in his pointing out that many cases of

supposedly altruistic behaviour could in fact be accounted for without invoking either kin or

group selection. The paper was written at about the same time that the scope of kin selection

was detailed in two path-breaking articles by W D Hamilton. It is due to Hamilton and Trivers,

more than Maynard Smith, that the study of the evolution of social behaviour (the field known

as sociobiology) gained momentum subsequently.

4. J Maynard Smith and G R Price, The Logic of Animal Conflict, Nature, Vol.246,

pp.15–18, 1973.

Why do so many conflicts between individuals of the same species involve restraint rather than

all-out attack? Here Maynard Smith and Price addressed the puzzle of seemingly ritualized

warfare: threat displays or feints that settle, without either party risking serious injury, the

issue of who gets a resource (e.g., food or a mate). An easy explanation would be to say that

by avoiding injury, the survival of the species is promoted. Indeed, Julian Huxley, a leading

evolutionary biologist who was well known for his work on courtship behaviour, had suggested

just that. But, as we have seen, ‘the good of the species’ is a bad hypothesis. Instead, there had

to be a way of looking at animal conflicts from the standpoint of the individual which would

show why behavioural restraint might be favoured.

The essence of the explanation advanced by Maynard Smith and Price was that the best

thing for an individual to do when it encountered another individual depended on what the

second individual did. In short, the optimum behaviour of an individual depended on the

course of action that every other individual was likely to adopt. The reasoning appears circular,

but is not. The stable evolutionary outcome (assuming that it existed) would be one in which

there was a simultaneous optimization of every individual’s behaviour. This way of describing

the problem automatically leads itself to a mathematical formation known as Game Theory.

First developed by J von Neumann and O Morgenstern, Game Theory came into its own thanks

to the work of John Nash (whose life is the basis of the book A Beautiful Mind). The initial

applications of the theory were in economics and for the modeling of conflicts between the

USA and USSR during the Cold War. The theory depends on the assumptions that everyone

knows what options are available to everyone, and everyone knows what the consequences

are of exercising one or the other option. If the assumptions are valid, Game Theory enables

one to calculate an individual behaviourial strategy that cannot be bettered when everyone else

too uses his or her optimum strategy. Hamilton had shown that the choice of sex-ratio of

offspring, namely the choice of how many sons vis-à-vis daughters to have (assuming such a

choice to be possible), could be modeled on game theoretic grounds. Maynard Smith and Price

adopted a more general line of reasoning and developed the concept of an ESS or evolutionarily

stable strategy – basically, an unbeatable strategy. Their arguments showed that restraint and

ritualized conflict could well be an ESS. For example, if an individual had a high probability

of encountering an aggressive individual, behaving aggressively itself could leave it seriously

injured. ESS-based reasoning continued to be developed by Maynard Smith in a series of

publications including a widely acclaimed book, Evolution and the Theory of Games. His
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work stimulated many others to extend the basic idea, and it may well be the most influential

contribution that he made to evolutionary theory. However, the ESS way of analyzing animal

conflicts has not remained unchallenged. The most interesting, as also provocative, alternative

is something known as the Handicap Principle, which was advanced in 1975 by Amotz Zahavi.

Books

In most areas of science, including biology, it is no longer the fashion to publish original

findings or ideas in a book. The research article is the favoured medium for telling others

what you have done. In this regard – and fortunately for us – the field of evolutionary studies

has remained an exception. Besides publishing in scientific journals, Maynard Smith wrote a

great many books. They deserve consideration in their own right. The Theory of Evolution

(1958), his first book, lays claim also to be the best. To this day it serves as a comprehensive

study of various aspects of evolution. As popular writing, it comes close to approaching J B S

Haldane’s pieces in style and clarity. Mathematical Ideas in Biology (1968) is a little (and little-

known) gem. Among other topics, it contains one of the earliest descriptions of a mathematical

theory of pattern formation that Alan Turing had proposed in 1952 (this goes to show how

little Turing’s ideas were picked up by biologists). The Evolution of Sex (1978) is a research

monograph. It contains a detailed survey of a fundamental problem in evolutionary biology:

why do essentially all ‘higher’ organisms scramble their genes and then pass on only one-half

of the total to their children? More than anyone else, Maynard Smith hammered home the

seriousness of the problem: a potential drop in fitness of 50% for an organism that reproduces

sexually, as opposed to reproducing asexually. The Problems of Biology (1986) is a wide-

ranging look at what biology is all about and is the best such work known to me. Contrary to

what one might imagine, subsequent discoveries at the molecular level have not dated it. The

Major Transitions in Evolution (1997, with E Szathmáry) tackles a subject which is the most

fascinating of all in evolution, but which is also among the most difficult to tackle. Namely,

what may have been the origin of life? How did the first cell come about? What favoured the

appearance of creatures made up of many cells? What led to the evolution of cooperation? To

the evolution of language? Maynard Smith and Szathmáry offered two unifying principles that

might help in understanding these major evolutionary advances. First, that each step involved

a new way of transferring information from one generation to the next (in the case of language,

the information would be cultural, not biological). Second, each transition involved a new form

of cooperation, thanks to which selection at a higher level was able to override selection at the

(lower) level of the components that made up the higher level – in a manner reminiscent of the

working of group selection.
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John Maynard Smith: A Personal Reminiscence

John Maynard Smith and M K Chandrashekaran during the

1979 Mahabaleshwar Seminar. (Photo courtesy Dr K Usman)

I first saw Maynard Smith in 1970 or 1971. At the time I was studying physics at the University of

Chicago; he had come over for a longish stay, among other reasons to visit R C Lewontin. We used to

meet regularly over lunch, which was eaten in a place that seemed to be popular with the three of us (he

was accompanied by his wife Sheila) but not many others. He was a vivid conversationalist and intensely

curious about my research – which, thanks to the interests of my supervisor, Morrel Cohen, carried a whiff

of mathematical biology. However, my work was getting nowhere; looking back, this was a recurring

feature of my PhD career. The problem was that this made me feel awkward to tell people what I was up

to. Fortunately, Maynard Smith picked up the signals right away, and as early as our second encounter,

began by saying brightly, “Do you mind if we talk about Indian politics? There is so much I don’t know

about it”, and all was well. He was developing his ideas on using game theory at the time, but the one

seminar by him that I remember dealt with Marxism, the possible parallels between it and Darwinism,

and Darwin’s successful attempts to keep Marx and Engels at a distance. Almost ten years later, I was

able to cash in on our acquaintance and managed to persuade John and Sheila Maynard Smith to take

part in the 1979 Mahabaleshwar Seminar. The Seminar, organized by Madhav Gadgil, was on the theme

of sociobiology – a topic in some ferment during those days. It was a memorable meeting, not least for

Maynard Smith’s vigorous attack on Wynne-Edwards and the group selectionist point of view. He wore a

shabby green pullover, his spectacles seemed to be so dirty as to be practically opaque, his trousers kept

falling down, and he held the audience spellbound. He said something that cheered up many of us: he said

that if you discovered something that could also be found in the works of Haldane, Fisher or Wright, you

were allowed to publish it as an original finding; if not, no work would get done in evolutionary genetics.

But he did mention that he felt odd lecturing in a chapel, and from a lectern at that. Raghavendra Gadagkar

has written about this meeting in two places: Journal of Scientific and Industrial Research, Vol.39, pp.298–

301, June 1980, and Journal of Biosciences, Vol.29, No.2, pp.139–141, June 2004. The condition of the

spectacles appears to have influenced Richard Dawkins to conclude – in The Blind Watchmaker – that even

terrible vision must be better than none, and therefore the eye could have evolved in small steps after all.

We had a long car ride after the meeting, and what I remember most from that ride is that Maynard Smith

praised W D Hamilton to the skies and said what a shame it was that he had not been given the recognition

that he deserved.
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Rounding up

As I have said, this is merely a sample of John Maynard Smith’s large output. In whatever he

wrote, either he had something new and interesting to say or, equally importantly, he discussed

an old problem with a greater degree of clarity than before. The issues that he dealt with were

never trivial. He was as interested in applying the principles of genetics as in asking what

might account for those principles in the first place. In his writings, mathematics always took

a second place to biology; and he tended to rely on a combination of mathematics and verbal

reasoning. Though he laid great stress on precise models, he stayed away from the intricacies of

the mathematical approach favoured by Fisher or Wright or even, occasionally, his own teacher

Haldane. For all that, modeling let him down badly when he asserted that Zahavi’s Handicap

Principle could not work. But in this, as in other matters, he seems to have been guided by

Haldane’s dictum that it was better to be wrong then uninteresting. In the long run, he will be

remembered for his contributions to the evolution of sex and for his game-theoretic approach

to animal behaviour, and most of all, for showing how illuminating the study of evolution can

be. Lewontin’s appraisal is an apt one: Maynard Smith was one of the last grand evolutionary

theorists of the 20th century.
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Bill Hamilton – The Greatest Darwinian Since
Darwin∗

Raghavendra Gadagkar
Centre for Ecological Sciences, Indian Institute of Science, Bengaluru 560012, India and

Evolutionary and Organismal Biology Unit, Jawaharlal Nehru Centre for Advanced Scientific

Research, Jakkur, Bengaluru 560064, India.

William Donald Hamilton, described by Richard Dawkins (author of The Selfish Gene), as

the greatest Darwinian since Darwin, made many monumental contributions to evolutionary

biology, but his theory for the evolution of altruism stands out as his most significant con-

tribution. Some animals, especially social insects, display remarkable degrees of altruistic

behaviour. The honey bee worker for example spends her whole life working for the welfare

of her colony and helps the queen to reproduce, and dies usually without producing any of her

own offspring. Indeed, she even commits suicide in an attempt to protect her colony – when she

stings any marauder of her nest, she is unable to withdraw her sting. Her abdomen ruptures and

she flies away leaving behind her sting, her poison gland and a portion of her intestines, only

to die within a few minutes. But her poison gland continues to pump venom into the victim for

some 60 seconds after the bee has flown away.

How does natural selection, which is often paraphrased as ‘survival of the fittest’, favour

the evolution of such blatantly altruistic behaviour? This question bothered Darwin himself

and others for a hundred years after him. Hamilton however realised that natural selection is

not really about the survival or reproduction of individuals but is about the relative frequencies

of different genes (alleles) in the population. Thus Hamilton argued that, rather than compute

fitness as the number of offspring left behind by an individual, we should compute ‘inclusive

fitness’ as the number of copies of one’s genes that are transmitted to future generations, trans-

mitted both by producing offspring as well as by aiding genetic relatives. Hamilton proposed

his theory as a simple rule, now known as Hamilton’s rule, which states that altruism can evolve

by natural selection if br − c > 0, where b is the benefit to the recipient of altruism, c is the

cost to the altruist and r is the coefficient of genetic relatedness between altruist and recipient.

Hamilton’s rule has now become the cornerstone of evolutionary biology, and has helped to

unify many hitherto apparently disparate areas of biology. Hamilton also made extremely sig-

nificant contributions to our understanding of sex ratios, sexual selection, the evolution of sex

itself, the role of disease in evolution and several other areas.

The purpose of this little essay is not to summarise Hamilton’s work but to pay tribute to

the man behind the science, a year after his untimely demise. Although most of Hamilton’s

papers were theoretical in nature, he was widely acknowledged as an extraordinary naturalist.

His former student, Marlene Zuk says “He was the best field biologist I have ever met...If

you went out with him in England, he could identify every bird, every plant, every insect,

∗Reproduced from Resonance, Vol.6, No.4, pp.4–5, 2001.
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practically every microorganism he encountered”. Indeed his natural history expertise was by

no means restricted to England; his knowledge of the flora and fauna of Brazil, or even of

India was equally impressive. When he once visited my laboratory, he noticed that one of

my students was looking at an insect under a dissection microscope and repeatedly referring

to an identification manual, obviously attempting to identify the insect. Hamilton, sitting a

meter away, asked “to what level are you trying to identify that insect?” When told that the

student was trying to place the specimen in its family, Hamilton immediately gave the correct

identification of this specimen from Western Ghats, from a meter away and of course, without

the aid of microscope or manual. In his inimitable style Richard Dawkins has said “I suspect

that, of all his 20th-century successors, Darwin would have enjoyed most talking to Hamilton.

Partly because they could have swapped jungle tales and beetle lore, partly because both were

gentle and deep, but mostly because Hamilton the theorist was responsible for clearing up

so many of the very problems that had intrigued and tantalised Darwin”. Hamilton’s success

was surely because of his deep knowledge of natural history but also because of the fact that

his approach was theoretical and mathematical. Despite his deep interest in natural history,

Hamilton’s hero was R A Fisher the author of one of the most difficult books on mathematical

biology, and that too in spite of his teacher telling him that “Fisher had no credentials even to

be writing on biology”.

Another ingredient in Hamilton’s success was surely his belief in himself. His first, and

now, landmark paper was rejected by Nature. Hamilton recalls, “I received the editor’s de-

cision almost by return of post. In about three lines he regretted that he had no space for my

manuscript and suggested that, it might be more appropriate to a ‘psychological or sociological’

journal”. Throughout his career Hamilton had trouble publishing his papers in peer-reviewed

journals, underscoring the shortcomings of the peer-review system. Paul Harvey, Head of the

Department of Zoology at Oxford, where Hamilton worked, says, “Some of his ideas you

thought were lunatic and some great, and it sometimes turned out that the lunatic ideas were

the great ones”.

Hamilton died a year ago from complications arising out of cerebral malaria that he con-

tracted while doing field work. His former graduate student Bernie Crespi said in an email,

“I expect that this is how Bill would have preferred to go, fighting malarial parasites after an

expedition to the Congo to find the source of AIDS”. I met Bill after his first expedition to the

Congo when he told my why he had to go again (on his last fatal trip): “I wish they (the micro-

biologists he was collaborating with) had told me they needed more (of Chimpanzee faeces), I

could easily have collected kilograms”.

Hamilton was very fond of coprophagous beetles and knew that there is at least one species

in the Western Ghats. Before one of his visits to my lab, I asked him what arrangements he

desired? His reply was that he wanted two or three large dead rats to be kept ready for him!

Knowing Bill, I kept the dead rats ready. It is only after his arrival that I realised that he

was planning to use them as bait to get his favourite beetles. For Hamilton, his science was

inseparable not just from his life but also from his death. He wrote a moving article entitled

“My Intended Burial and Why?”, in which he expresses his desire to have his body dealt with
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thus: “I will leave a sum in my last will for my body to be carried to Brazil and to these forests.

It will be laid out in a manner secure against the possums and the vultures just as we make

our chickens secure; and this great Coprophanaeus beetle will bury me. They will enter, will

bury, will live on my flesh; and in the shape of their children and mine, I will escape death. No

worm for me nor sordid fly, I will buzz by the dusk like a huge bumble bee”. I can’t help being

reminded of what Albert Einstein said of Mahatma Gandhi, “Generations to come will scarce

believe that such a one as this ever walked upon this earth”.

Suggested Reading

[1] R Gadagkar, Survival Strategies – Cooperation and Conflict in Animal Societies, Harvard

University Press, USA and Universities Press, Hyderabad, 1997.

[2] R Gadagkar, The Origin and Resolution of Conflicts in Animal Societies – The Case of

the Bees and the Birds. Resonance – journal of science education, Vol.5, No.4, pp.62–73,

2000.

[3] R Gadagkar, Genomic imprinting – some interesting implications for the evolution of

social behaviour, Resonance – journal of science education, Vo1.5, No.9, pp.58–68, 2000.

[4] W D Hamilton, The collected papers of W D Hamilton, Narrow Road of Gene Land,

Vol.1, W H Freeman, New York, 1996.

[5] W D Hamilton, My intended burial and why, Ethology Ecology and Evolution, Vol.12,

pp.111–122, 2000.

[6] W D Hamilton, Narrow Roads of Gene Land, The collected papers of W D Hamilton,

Volume 2, Oxford University Press, London, 2001.

Website in memory of Hamilton:
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The Origin and Resolution of Conflicts in Animal
Societies: The Case of the Bees and the Birds∗

Raghavendra Gadagkar
Centre for Ecological Sciences, Indian Institute of Science, Bengaluru 560012. India.

Conflicts are ubiquitous in the living world. Especially in social animals, there are many

subtle and complex conflicts whose origin and resolution are hard to understand; success in

doing so has only been achieved rather recently. Somewhat paradoxically, it required an un-

derstanding of the mechanism of evolution of altruism before one could attempt to understand

the origin and resolution of these conflicts. I will first discuss our current understanding of the

evolution of altruism and then discuss two examples of recent attempts to understand the origin

and resolution of conflicts: (1) conflicts in some birds on who should breed, father or son and

(2) conflicts in honey bees on whether to be nice to their brothers or to their nephews.

Conflicts can be of many kinds. There is conflict between prey and their predators, between

parasites and their hosts and even between members of the same species when they compete for

limited resources. Since evolution by natural selection is based on competition and survival of

the fittest, the existence of these kinds of conflicts is not surprising. This article is therefore not

about these ‘expected’ conflicts. It is instead about other more subtle and rather unexpected

conflicts. A remarkable fact in the history of the study of conflicts is that an understanding

of the mechanism of evolution of altruism (the opposite of conflict) was necessary before we

could even discover the existence of many kinds of subtle conflicts. Today we have a well

developed theory that not only explains the evolution of altruism but also predicts the existence

of many subtle conflicts and provides ways of understanding how they might be resolved.

The Paradox of Altruism∗∗

Consider the behaviour of the honey bees (Figure 1). A colony of honey bees may consist of

tens of thousands of individuals but only one of them is the queen. All the other female bees

are workers – who are much smaller than the queen and also have other morphological and

anatomical adaptations that fit them for a life of working for the colony. Depending on the

season, the colony may also consist of a small number of males, also called drones. Since the

drones do no work for the colony and the queen is virtually an egg-laying machine, all the tasks

of nest building, brood care, nest defense and foraging fall to the workers. Apart from laying a

few unfertilized eggs (which develop into drones) in the unlikely event of the queen’s death, the

∗Reproduced from Resonance, Vol.5, No.4, pp.62–73, 2005.
∗∗Terms such as ‘altruism’, ‘nepotism’, ‘selfishness’, ‘sacrifice’, etc., are routinely used in studies of animal

behaviour and evolutionary biology merely for the sake of convenience. However, they are objectively defined in

terms of the consequences for the biological fitness of the actors and the recipients of the behavioural acts and they

should by no means be construed as having any moral connotations that are inevitable when necessary to assume

that animals are conscious of their actions in the same way that humans usually are.
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workers have no reproductive options of their own. Thus they spend their whole lives working

and caring for the queen and her brood – an act of supreme sacrifice or altruism (Figure 2).

Figure 1: Apis florea, the Asian dwarf honey bee. These bees are the most primitive of all

honey bees, but they exhibit levels of social organization and dance communication similar

to those of other honey bee species. Further study of Apis florea may well reveal important

information about the evolution of honey bees.

Figure 2: The consequences of interaction between animals. The recipient here is the actor’s

brother and therefore shares 50 percent of his genes, as is indicated by the shading. Help of

any kind (the offering of food or shelter, easing access to a mate, and so on) is indicated by

a vessel, and harmful behaviour by an axe. Selfishness: The selfish individual reduces his

brother’s fitness but increases his own to an extent that more than equals the brother’s loss.

Altruism: The altruist diminishes his own genetic fitness but raises his brother’s fitness to the

extent that the shared genes are actually increased in the next generation (Based on E O Wilson,

1975).
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If that’s not sacrifice enough, consider this. The sting of the worker bee is armed with

barbs pointing away from its tip so that when firmly lodged in the victim’s skin, it cannot be

withdrawn. When the bee attempts to flyaway after stinging, the sting, the poison gland, and a

part of its digestive system are torn away and left attached to the victim. This ensures efficient

delivery of the venom into the victim’s body since the poison gland keeps pumping venom

some 30 to 60 seconds after the bee has flown away. But for the bee, stinging is an act of

suicide in an attempt to protect the colony.

The worker bee’s altruism is not just remarkable from a human point of view; it is also

paradoxical from the point of view of Darwin’s theory of natural selection. How can natural

selection, which is based on struggle for existence and survival of the fittest, promote the spread

of such altruism? Will not altruists be eliminated by their selfish competitors, in the struggle for

existence? Darwin referred to the worker bee as a “special difficulty, which at first appeared to

me insuperable, and actually fatal to my whole theory”. Clearly we need to modify the theory

of natural selection to accommodate this difficulty. In an obscure little article in a now defunct

magazine called Penguin New Biology, J B S Haldane sowed the seeds of an idea that suggests

how we might make the required modification. Although few people have read Haldane’s

article in the original, there is a very popular story, attributed to Haldane, that goes something

like this: Haldane was once walking on the bank of a river with a friend. As was typical of him,

Haldane paused for a moment, made a quick calculation on the palm of his hand, and declared:

“If one or two of my brothers were drowning in this river, I might perhaps not risk my life to

save them but if more than two of my brothers were drowning, I might attempt to save them at

a risk to my life.” (Figure 3).

Figure 3: Cartoon illustrating the theme of J B S Haldane’s story. The shaded portions of the

drowning individuals indicate the proportion of their genes which are also present in the altruist

standing on the bank. Notice that the altruist is willing to risk his life when the numbers of his

genes expected to be rescued is greater than the number in his body likely to be lost. (Original

Drawing: Sudha Premnath)

# 185

185



Raghavendra Gadagkar

Inclusive Fitness

W D Hamilton has given us a formal theory that can provide a satisfactory solution to Dar-

win’s insuperable difficulty. Hamilton argued that altruism is no paradox at all if we realize

that natural selection is dependent on changes in the relative frequencies of genes (alleles)‡

regardless of the pathway by which the change is brought about. What this means of course

is that producing offspring is only one way to increase the representation of one’s genes in the

population. Aiding genetic relatives who carry copies of one’s genes is another, equally legit-

imate, way of doing so. To put it more starkly, you can be sterile and still have evolutionary

fitness! But how do we decide if a sterile individual is just as fit or fitter than a fertile one? We

have no difficulty in deciding that an individual producing two offspring is fitter than another

producing only one offspring. But how do we compare the fitnesses of individuals producing

one offspring and those devoting their lives to taking care of, say, one brother or three cousins

or five nephews?

This is where we can go back to Haldane’s logic. On the average, we share one half of our

genes with our offspring and siblings, one fourth with our grandchildren, nieces and nephews,

one eighth with our cousins, and so on (Figure 4). As far as evolution is concerned, caring

for one child is equivalent to caring for one sibling, or 2 grandchildren or 2 nephews, or 4

cousins, and so on. Genetically speaking we can express any class of relatives as offspring

equivalents and then compare the fitnesses of individuals with different propensities for rear-

ing offspring or aiding relatives. Hamilton went a step further and converted everything into

genome equivalents (a genome is the entire genetic material of one individual). This is easily

done by multiplying the number of offspring and siblings by 0.5, the number of grandchildren

and nieces and nephews by 0.25, the number of cousins by 0.125, and so on. The contribution

of different classes of relatives to fitness can then be added up to yield the inclusive fitness.

Now we can appreciate the hidden meaning behind Haldane’s reluctance to risk his life to save

only one or two brothers and his readiness to risk his life to save three or more brothers. Being

related to himself by 1.0, he would need to save three or more brothers (0.5 × 3 or more) to

make up for the loss of his entire genome.

Hamilton’s Rule§

The logic I have described above has come to be known as Hamilton’s rule. Stated in more

technical terms, Hamilton’s rule states that an altruistic trait can evolve if the number of indi-

viduals gained, multiplied by the altruist’s genetic relatedness to those gained, is greater than

the number of individuals lost, multiplied by the altruist’s relatedness to those lost. If Haldane

‡A locus is the position of a given gene on a chromosome. Alleles are different forms of a gene occupying a

given locus.
§In the example of Haldane’s story discussed here, we are assuming that Haldane was certain to die if he

attempted to rescue his brothers, etc., and that the drowning relatives were certain to be rescued. Of course the

probabilities of these events can be less than 1.0 but then the costs and benefits of Haldane’s behaviour can be easily

corrected for any given set of probabilities.
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Figure 4: Genetic relatedness under diploidy, as in humans and most animals. Notice that the

relatedness (r) between two full sisters is 0.50.

had rescued three brothers and lost his life in the process, the number of individuals gained,

multiplied by his relatedness to them (3 × 0.5 = 1.5) would have been greater than the number

of individuals lost, 1.0 (1 × 1.0 = 1.0). Thus the altruistic trait of risking one’s life to save

someone in danger can evolve by natural selection, if the net benefit is greater than the net cost

(Box 1). Notice that we can only say that the altruistic trait can evolve; we cannot assert that

it will evolve. The trait can only evolve if other conditions such as having a genetic basis for

the behaviour are met. It may seem unlikely that Haldane’s behaviour of jumping into the river

to save his drowning brothers has a genetic basis. However, Hamilton’s rule can be tested with

bees and birds where there appears to be a much stronger genetic basis for behavioural traits.

We have already considered the example of altruism in honey bees.

Let us now consider an example from the birds. Praveen Karanth and S Sridhar studied

the breeding behaviour of the small green bee-eater in and around Bangalore (Figure 5). They

found that in about 40% of the birds’ nest there was a helper in addition to the breeding pair.

The helpers must truly help because nests with helpers produced more fledglings per nest than

nests without helpers, and these fledglings grew more rapidly and had fewer problems with

predation than fledglings without helpers. Karanth and Sridhar did not know the genetic rela-

tionships between the helpers and the breeding pair. But we know from other species of birds

with the helping habit that older offspring often help their parents rear a second brood. Thus the

helper is behaving altruistically by staying back and helping its parents to produce more chicks,

instead of going off to breed on its own. If an altruistic bee-eater helps its parent produce an

additional three sibling chicks, its inclusive fitness as a helper is the number of individuals

gained, multiplied by its relatedness to them: 3 × 0.5 = 1.5. If the helper had instead gone

off to breed on its own and produced two offspring, its inclusive fitness would have been the
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Box 1. Hamilton’s Rule.

b/c > l/r

b = benefit to recipient, c = cost to donor, r = genetic relatedness between donor and recipient or

niri > noro

ni = no. of relatives reared, ri = relatedness to relatives, no = no. of offspring reared, ro = relatedness to

offspring.

Hamilton’s rule defines the condition for the evolution of altruism. The upper form is useful to predict

when an individual will be selected to sacrifice its life to help others. The lower form is useful to predict

when a sterile individual who rears relatives will be selected over a fertile individual who rears offspring.

number of individuals so gained, multiplied by its relatedness to them: 2 × 0.5 = 1.0. Thus its

inclusive fitness as a helper (1.5) would be greater than its inclusive fitness as a breeder (1.0)

and hence Hamilton’s rule is satisfied and the altruistic trait can evolve.

Figure 5: The small green bee-eater (Merops orientalis). (Photo: S Sridhar).

The perceptive reader would have noticed that Hamilton’s rule does not merely provide

a theory for the evolution of altruism. It also, simultaneously and automatically, provides a

theory for the evolution of selfishness. If Haldane had risked his life to save just one brother,

his inclusive fitness (1 × 0.5 = 0.5) would have been less than it might have been if he had

looked the other way (1 × 1.0 = 1.0). If a bee-eater (that can produce two offspring if it goes

away to breed) foregoes an opportunity to breed and becomes a helper but can only increase

the number of fledged chicks in its parents’ nest by 1, it will similarly suffer a net loss in

inclusive fitness. Under these conditions, selfishness is expected to evolve rather than altruism.

I mentioned above that it was necessary to understand the mechanism of evolution of altruism

before we could even recognise the existence of many subtle conflicts. It is because of the

ability of Hamilton’s rule to explain the evolution of altruism as well as selfishness that we can

now take a fresh look at conflict.
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Who Should Breed – Father or Son?

Let us now see a most bizarre kind of conflict between the apparently altruistic helpers and the

receivers of that help, among bee-eaters. I mentioned above that Karanth and Sridhar did not

know the genetic relationships between the helpers and the breeding pair in the small green

bee-eaters in Bangalore. But Emlen and Wrege had this information for their white-fronted

bee-eaters that they have been studying for several years in the lake Nakuru National Park in

Kenya (Figure 6). The white-fronted bee-eater lives in extended family units, or clans. In each

breeding season, numerous clans aggregate to form large colonies of about 200 birds each.

About 50 percent of all nests have at least one nonbreeding helper that participates in excavat-

ing and defending the nest, incubating the eggs, and feeding the nestlings and fledglings. Every

year, Emlen and Wrege painstakingly sexed and individually marked the birds for identifica-

tion, and also recorded for every nest the number of helpers, the identity of the breeders and

that of the helpers, the clutch size, the hatching success, and the fledgling success. Through

such lengthy observation of the birds and their behaviour, Emlen and Wrege were able to deter-

mine the genetic relationship between the helpers and the helped. With the resulting data they

were able to test several different hypotheses that had been proposed to explain how helpers

might benefit from helping. They found clear evidence in favour of the hypothesis that helpers

act nepotistically, i.e., helpers help only when close relatives are available to receive the help

and the helpers are thus able to enhance their inclusive fitness by helping.

Figure 6: The white-fronted bee-eater (Merops bullockoides). (Photo: Natalie J Demong).

Amidst such acts of altruistic help, Emlen and Wrege saw the bee-eaters engage in a bizarre

kind of conflict. Some individuals, particularly adult males, harassed other members of their

clan, particularly their sons, and prevented them from starting their own families. Harass-

ment included persistently chasing potential breeders away from their territories, interfering

with their courtship by preventing them from feeding their consorts, and physically preventing

potential breeders from entering their nests by blocking the nest entrances. A frequent conse-

quence of such behaviour was that the harassed individual abandoned its attempts to breed and
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returned to the harassers’ nest to act as a helper. Why did adult males harass potential breeders

in this fashion? Why did they seem to particularly choose their sons as targets of harassment?

Why did the sons accede to such harassment and not resist it more firmly? Why is it that the

adult males had the greatest success in recruiting helpers through harassment when they tar-

geted their sons? Amazing as it may seem, all these apparent paradoxes are understandable

with the help of Hamilton’s rule (Figure 7). Since Emlen and Wrege had all their bee-eaters

marked and the fate of each nest recorded, they could compute the costs and benefits of ha-

rassing as well of acceding to harassment. First let us look at the problem from the point of

view of the fathers. What are the costs and benefits of harassing their sons? If harassment is

successful, the sons will come back to the nest as helpers and increase the number of offspring

that the adult males can produce. That is a benefit. But then the sons will not breed on their own

and hence the harasser will lose some grandchildren. On the average, a nest without helpers –

with the only adults being the breeding pair – produced 0.51 offspring, while a nest with one

additional helper produced 0.98 offspring. Fathers who harass their sons and bring them back

would gain 0.98 − 0.51 = 0.47 offspring and lose 0.51 grandchildren. Since 0.47 offspring are

far more valuable then 0.51 grandchildren (remember the father is related to his offspring by

0.5 and to his grandchildren by 0.25), natural selection should favour fathers who harass their

sons.

Figure 7: Breeding options in the white-fronted bee-eater. (Based on Emlen and Wrege 1992;

drawing by Sanjeeva Nayaka).
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Box 2.

W D Hamilton

(1936–2000)

After this article was in press, I received the very sad news that Hamil-

ton died on 7th March 2000 from serious complications arising out of

a bout of malaria that he got while doing field work in the Republic

of Congo in Africa. As readers will see from this article, Hamilton

has laid the foundations of the modern study of animal behavior, ecol-

ogy and evolution. Hamilton will be missed by everyone in this field

and for those of us who knew him as one of the brightest and kindest

of friends, our sorrow is difficult to describe in words. But as Bernie

Crespie, Hamilton’s former student says, “This is how [he] would have

preferred to go, fighting malarial parasites after an expedition to the

Congo to find the source of AIDS”. A forthcoming issue of Resonance

will feature several facets of Hamilton’s life and work.

But why does the son not resist? Let us now do the calculation from his point of view. A

son who came back and helped his father would contribute to the production of 0.47 additional

siblings and lose about the same number, 0.51, of offspring (that he might have produced on

his own). Since he is equally related to his siblings and to his offspring, it does not matter too

much to the son whether he helps or breeds. Thus natural selection on the son will not be very

strong. The fathers will be selected to keep trying to get back their sons while sons will not

be selected to resist too strongly. The origin of the conflict between sons and fathers has to

do with the ecological condition that almost doubles the number of chicks fledged due to the

addition of a helper. And its resolution in favour of the father rather than the son has to do

with the fact that the father is twice as related to the chicks he gains (offspring) as compared to

those he loses (grandchildren) while the son is equally related to the chicks he gains (siblings)

as compared to those he loses (offspring).

Whom to be Nice to – Brothers or Nephews?

We have seen above that we share one half of our genes with our brothers and sisters. There

is no reason why brothers should be different from sisters in this matter. But that is not the

case with honey bee workers who often care for their brothers and sisters. In all insects that

belong to the order Hymenoptera, such as ants, bees and wasps, the relatedness of female

individuals to their brothers and sisters is not always the same. This asymmetry is brought

about by a phenomenon called haplodiploidy or male haploidy. Hymenopteran mothers can

lay both fertilized as well as unfertilized eggs. The fertilized eggs develop into diploid adult

females (daughters) while the unfertilized eggs develop into haploid adult males (sons). (An

irresistible aside is that Hymenopteran males therefore have neither fathers nor sons – think

about it!) Because adult males are haploid they transmit a complete copy of their genome to

each sperm, rather than a randomly chosen 50 percent, as all diploid organisms do. This makes

the sperms clones of each other and consequently two full sisters with the same mother and

father share 75% of their genes rather than the usual 50% (Figure 8). In contrast a female bee
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Figure 8: Genetic relatedness under haplodiploidy, as seen in the Hymenoptera. Notice that the

relatedness (r) between two full sisters is 0.75.

shares only 25% of her genes with her haploid brother rather than the usual 50%. However,

since a Hymenopteran female is diploid she is related to her sons and daughters, each by 50%,

as in all diploid organisms.

Since the worker bee cannot mate she cannot produce any daughters. As far as female

larvae are concerned they only have their sisters (the queen’s female offspring) to take care of –

there is no conflict here. As far as male larvae are concerned the situation is quite complicated

– in principle a worker has three options – sons (her own haploid offspring, r = 0.5), nephews

(haploid offspring of other workers, r = 0.75/2 = 0.375) and brothers (haploid offspring of

the queen, r = 0.25) (Figure 9). However, only a few workers are capable of developing their

ovaries and laying a small number of haploid eggs in the presence of the queen. In practice

therefore, an average worker usually has a choice between caring for her nephews and her

brothers. Their choice is obvious – they should prefer to care for their nephews to whom

they are related by 0.375 rather than their brothers to whom they are related by 0.25. Francis

Ratnieks has pointed out an important implication of this – workers should have a common

interest in revolting against the mother queen and in producing their own haploid offspring or

in taking care of each other’s haploid offspring. Thus little conflict is expected between the

workers on the question of rearing male offspring.

But the situation changes dramatically if the queen mates with several males and uses

sperm from different males in producing her daughters. The workers will now quite often

be step sisters or half sisters to each other (r = 0.25) (Figure 10). Although each worker

should continue to prefer to rear her own sons rather than her brothers, workers should now
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Figure 9: Different classes of relatives and their relatedness levels available to worker honey

bees under single mating and multiple mating by the queen bee (based on Ratnieks, 1988).

cease to prefer each other’s sons over brothers. Sons of their half sisters would be related by

0.25/2 = 0.125, a value half that of their relatedness to their brothers. Thus each worker should

now prefer the queen’s sons over sons of other workers. Although their first preference would

still be their own sons, they would not agree on which of them should produce the male eggs.

Indeed, Ratnieks has argued that workers should police each other and destroy any eggs laid

by each other because they would no longer prefer nephews (sons of half sisters in this case)

over brothers.

The honey bee is a good model system to test this prediction since the queens are known

to mate with 10 to 20 different males. Ratnieks and Visscher used the European honey bee

Apis mellifora and asked if workers actually police each other by eating each other’s eggs, as

predicted by theory. They found that while only 0.7 percent of the workers laid eggs survived

after 24 hours, 45.2 percent of the queen laid haploid eggs survived after a similar period

(Figure 11). It seems rather ironic that the queen ultimately benefits from the inability of

the workers to agree on which one of them should lay the male eggs, although they all agree

that it is not the queen but they who should be doing so. Is the queen’s habit of mating with

several males a strategy to disrupt the workers’ unity and get them to fight each other? Let us

conclude this example by recalling that a conflict over male production arises between queens

and workers because of the differential relatedness of the workers to their brothers and their

nephews. The conflict is resolved, in this case, in favour of the queens, because it is they who

can decide how many males to mate with and hence it is they who decide the level of genetic

relatedness among their daughters and between their daughters and nephews.

The two examples described above illustrate how, by the application of Hamilton’s rule,

originally developed for understanding the evolution of altruism, we can discover the existence

of subtle and unexpected conflicts in animal societies and begin to understand how they are
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Figure 10: Genetic relatedness under haplodiploidy with multiple mating. Notice that the

genetic relatedness between half sisters is 0.25.

resolved. I wish to close by pointing out that we have barely scratched the surface of this

fascinating line of inquiry into animal societies. The future holds in store endless mysteries

that are likely to be amenable to solution by combining appropriate theoretical analysis with

Figure 11: Reproductive conflict and worker policing in honey bees. When the queen bee is

multiply mated, worker bees are twice as closely related to the queen’s male offspring (brothers)

as they are to their sister’s male offspring (nephews). In accordance with this, they destroy

many more haploid eggs laid by their sisters as compared to the haploid eggs laid by their

queens (based on Ratnieks and Visscher, 1989).
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field observations and laboratory experimentation. With our rich and diverse flora and fauna

and the relative freedom from expensive instrumentation that such an enterprise provides, this

should be an attractive field of research for biologists in India.

Suggested Reading
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What Do Ethologists Wish to Know?∗

Raghavendra Gadagkar
Centre for Ecological Sciences and Centre for Contemporary Studies, Indian Institute of

Science, Bengaluru 560 012, India.

This issue celebrates the life and work of one of the founders of ethology and Nobel Laure-

ate, Niko Tinbergen. Readers of Resonance will be aware that we celebrate the contributions of

one scientist in every issue and in doing so, we reprint for the benefit of our young readers, one

of the more important papers of the scientist being celebrated. In this issue, we wished to do

the same and reprint what is perhaps Tinbergen’s most important paper and certainly his most

enduring legacy. However, the publishers of the original paper decided to charge us an unrea-

sonably high amount of money which this not-for-profit educational journal cannot afford. It

is a tragedy of our times that intellectual material, even when very old, is hidden inside vaults

of commercial publishers and is unavailable to young students who were not born when they

were first published. I will, therefore, whet your appetite by providing a glimpse into the main

theme of the paper in question and give a reference so that some of you may be able to find

some way to read the original paper.

On the occasion of the 60th birthday of another founder of ethology and also Nobel Laure-

ate, Konrad Lorenz, Tinbergen wrote a paper entitled, ‘On the Aims and Methods of Ethology’

[1]. In this paper, Tinbergen did what scientists do not do as often as they should, namely to sit

back, reflect and re-examine the foundations of his discipline of study. Tinbergen evocatively

called this process ‘soul-searching’. Thus, Tinbergen searched his soul and asked what were

the aims and methods of ethology. In doing so, Tinbergen created a map of the conceptual space

of ethology and asked what ethologists really wish to know and how they go about it? Based

on previous work and his own reflection, Tinbergen created an ethologist’s wish list in the form

of four fundamental questions namely, 1) What makes a behaviour happen (causation), 2) what

is the survival value of the behaviour (function), 3) how does a behaviour develop within the

lifetime of an individual organism (ontogeny), and 4) how has the behaviour changed over evo-

lutionary time, across species (evolution)? This framework has endured and has come to be

known as ‘Tinbergen’s Four Questions’.

I will illustrate Tinbergen’s four questions using the example of birdsong. Many species

of birds, especially the males (also females in some species), produce remarkably melodious

songs which are not only fascinating to biologists but have long captured the imagination of

writers, poets and lovers. The song of our own koel (Eudynamys scolopaceus) is a familiar

example [2].

∗Reproduced from Resonance, Vol.23, No.8, pp.841–843, August 2018.
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(1) What Causes Birds to Sing?

In answering this question, we study the anatomy of the sound producing organ of birds –

the syrinx – analogous to our larynx. But the syrinx by itself cannot do much without the

orchestration of several membranes and muscles that help channel air in unique ways. The

membranes and muscles are controlled by elaborate neural structures and circuits in the brain.

But the birds do not sing all the time. What are, therefore, the environmental and hormonal

stimuli that motivate birds to sing? As you can imagine this is in itself a major field of study,

aimed at understanding the mechanism of song production [3].

(2) What is the Survival Value of Birdsong?

Birds generally sing during courtship and the song helps attract mates. Where the females also

sing, there is generally a duet between the male and the female. Understanding the survival

value of behaviours has blossomed into a major sub-field of ethology namely, ‘behavioural

ecology’. There is a vast literature on the behavioural ecology of birdsong and about how

females may be choosing males that sing songs of their liking, a process which Darwin referred

to as ‘sexual selection’ [4].

(3) How Does Birdsong Develop in the Lifetime of a Bird?

This is an especially fascinating area of study because in most cases, birds are known to learn

their species-specific song by a process of trial and error; they match their songs with the songs

they have heard, usually their father’s, songs. The brain mechanisms that permit the bird to

accomplish this feat are being unravelled at a rapid pace [5].

(4) How Have Birdsongs Changed Across Species?

Such questions are usually answered by constructing phylogenetic trees of related species and

noting the branches in the trees in which traits of interest (in this case, song) arise, or are lost.

This question has not received adequate attention with reference to birdsong, perhaps because

song is not a simple, clear trait that can be easily scored as present or absent. Nevertheless,

there is an interesting study of the evolution of songs in orioles [6].

Tinbergen’s four questions are sometimes divided into two groups and called proximate

questions (causation and ontogeny) and ultimate questions (function and evolution) [7]. You

can see how anything we want to understand about birdsong can be mapped onto one or the

other of Tinbergen’s four questions. Such a taxonomy of questions allows us to clarify our

thoughts and make sure that we learn everything possible about any particular behaviour. Not

surprisingly, this legacy of Tinbergen has endured and is being put to use not only in different

branches of ethology but in other areas of biology as well. As we do with famous people,

we have also begun to celebrate the birthdays of this paper! On the 50th anniversary of the

publication of Tinbergen’s original paper, Bateson and Laland celebrated its anniversary by
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revisiting Tinbergen’s four questions, pointing out why they have endured and, more impor-

tantly, showing how modern developments in the study of ethology have made it necessary to

treat Tinbergen’s four questions now in a much more nuanced manner [8]. Both Tinbergen’s

original paper [1] and Bateson and Laland’s update [8] are well worth reading.
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Nikolaas Tinbergen: The Careful Scientist∗

Sindhu Radhakrishna
School of Natural Sciences and Engineering, Room No: S 23, National Institute of Advanced

Studies, IISc Campus, Bengaluru 560 012, India.

What is it about the work of some great scientists that sets them apart from the

admirable work done by many good scientists? Is it because some, if not all, of their

contributions stand the test of time? Or is it because their work paved the way for

other great ideas to develop? Nikolaas Tinbergen’s life and work suggests that it is a

combination of both these factors that characterise a truly great scientist.

Nikolaas Tinbergen (1907–1988) was a Dutch scientist who studied animal behaviour. Tin-

bergen began his academic career at the University of Leiden in the Netherlands and later

moved to Oxford, where he set up a school for animal behaviour studies. Tinbergen pio-

neered and popularised the science of ethology through his research and teaching. He lectured

widely on the subject and wrote extensively; some of his more well-known books include

The Study of Instinct (1951), The Herring Gull’s World (1953), Curious Naturalists (1958),

and the Time-life volume, Animal Behavior (1965). Tinbergen was an influential biologist

within his lifetime and received many honours for his work, most notably, the Nobel Prize,

the Swammerdam Medal, the Distinguished Scientific Contribution Award from the American

Psychological Association and the Diploma of Honour of the Sociedad Argentina Protectora

de Animales. Apart from being an excellent communicator who mentored a new generation of

renowned biologists, Tinbergen was also an exceptional photographer and filmmaker who was

celebrated for his films on animal behaviour.

Tinbergen is often described as one of the founding fathers of ethology, or animal be-

haviour. This simplistic description, however, does not provide a holistic understanding of the

importance of Tinbergen’s achievements, and some historical context is necessary to appreci-

ate this. Animal behavioural science existed long before Tinbergen began his work on animal

behaviour; the crucial difference being that the predominant approach then was one of compar-

ative psychology, and psychologists largely viewed behaviour as a learning process. Tinbergen,

on the other hand, was more interested in understanding why “animals behave as they do?” and

believed that the answer lay in the “hereditary influences occurring inside the animal”. In other

words, Tinbergen saw behaviour as an evolutionarily adaptive trait and emphasised a more

objective, biological approach to understanding behaviour.

To understand why animals behave the way they do, Tinbergen observed animal behaviour

in the natural environment of the species and conducted painstakingly designed, simple field

experiments to test out his hypotheses about how animals reacted to external stimuli. He studied

∗Reproduced from Resonance, Vol.23, No.8, pp.845–851, August 2018.
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a variety of species ranging from wasps and stickleback fish to gulls, blackbirds and kittiwake

and showed how natural observation techniques can be married successfully to experiments

within laboratories. Tinbergen’s field experiments were elegantly designed simple setups that

carefully teased apart functional explanations for particular behaviours exhibited by animals

and the nature of external stimuli that may elicit certain behavioural responses from animals.

The design of his earliest experiments on the orientation behaviour of the beewolf, Philan-

thus triangulum, highlighted what was to be the hallmark of his research – a careful, dogged

approach that incrementally addressed the effect of one variable at a time, so that it was abso-

lutely clear what kind of cues were being used by the beewolf females to orient themselves (for

a better idea about the design of Tinbergen’s beewolf experiments, please see Prof. Gadagkar’s

article on animal behaviour experiments in August 2018 issue).

Tinbergen refined this research approach throughout his career. For example, when Tin-

bergen started studying the reproductive behaviour of the stickleback fish in the laboratory he

set up at Leiden University, he was initially interested in observing the courtship behaviour

of male sticklebacks and carefully documented the many steps in their complex mating ritual.

He noticed that courting males turned red on their underside and attacked other coloured in-

dividuals that approached their territories. The colour red appeared to be a stimulus that set

off aggressive reactions in the males, for male sticklebacks attacked the sides of the aquarium

even when a red mail van passed beside the window of the aquarium. To prove that it was the

colour red that acted as the ‘sign stimulus’ or ‘releaser’, Tinbergen designed a set of experi-

ments wherein he created some rough models of sticklebacks, painted them in various colours,

including red, and presented them to the male sticklebacks in the tank. Red coloured models

always elicited more reaction from courting males, demonstrating that it was the colour red

(rather than the shape/identity of the fish) that acted as the ‘releaser’ for a specific action from

the male. Tinbergen then continued with his experiments to show that particular shape, size

or type of body movement can elicit certain reactions from males and females in the breeding

period. For instance, females will follow a red dummy fish and even try to move into a nest

in the sand (where none exists), when the dummy fish is poked into the sand. Again, females

will begin to lay eggs, when they are tapped repeatedly on the base of the tail (in a parody of

the male prodding her tail base) although they observed the removal of the red fish that led

them into the nest. These findings led Tinbergen to conclude that sticklebacks (and many other

species) respond “simply to ‘sign stimuli’, i.e., to a few characteristics of an object rather than

to the object as a whole....it is the signal, not the object, that counts. It seems to be typical of

innate behaviour, and many social relationships in animals apparently are based on a system of

signs.”

Tinbergen’s careful experimentation (in natural conditions and in the laboratory) shows that

he was an exceptional scientist, but it was his constant ability to learn that marks him as a truly

outstanding biologist. Tinbergen’s thinking about animal behaviour constantly evolved during

the course of his research career and he built on the findings of his earlier studies to ask newer

and more exciting questions. For example, his earlier studies such as his work on Philanthus

homing behaviour, and stickleback mating behaviour were built around the central question:
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What stimuli elicit innate and fixed behaviour patterns in animals? In his later studies, he

moved on to ask: What is the function of behaviour? His work on eggshell removal by the

black-headed gull typifies this approach.

Black-headed gulls remove eggshells from the vicinity of their nests almost immediately

after hatching. Except for the top end, shells do not markedly differ from eggs. Yet, eggs

are never removed from the nest. Tinbergen asked the question: What is the function of the

eggshell removal behaviour? He hypothesised that it was to increase the survival chances

of the chicks and proceeded to conduct a series of experiments to test out this hypothesis.

Tinbergen observed that the insides of the eggshells were white which could attract the attention

of predators. To build evidence for this point, he and his collaborators first conducted a set of

three experiments wherein they investigated if the natural colour of the black-headed gulls’

eggs acted as camouflage and thereby protected them from the attention of predators. To do

this, they painted some gull eggs white and left them alongside some unpainted eggs in shallow

depressions in the ground that were similar to black-headed gulls’ nests. Comparative rates of

predation on the experimental eggs showed that the natural colour of the gulls’ eggs made

them less vulnerable to predation than those painted white. Tinbergen then went on to test

if the presence of the eggshells in the vicinity of nests increased chances of predation. He

did this by comparing the rates of predation on gull eggs that were placed near eggshells and

those that were not. He also conducted another experiment wherein eggshells were placed at

increasing distances from eggs to investigate the effect of proximity of eggshells on egg/chick

predation. The results of his experiments conclusively proved that the presence of eggshells

near eggs/chicks made them more vulnerable to predation and that the chances of predation

decreased with increasing distance between eggs and eggshells.

The black-headed gull study demonstrates how Tinbergen could effectively deconstruct a

simple animal behavior to show that every behavioral response has adaptive and evolutionary

significance. In his discussion of this study, Tinbergen wrote: “Removal of an eggshell lasts

a few seconds. It is normally done three times a year. Nothing would seem to be more trivial

than this response, which at first glance might seem to be no more than fussy ‘tidying-up’ by

a ‘house proud’ bird. Yet we have seen that it has considerable survival value and that the

behavioural organisation is complicated and well adapted to the needs.”

Through his field experiments and emphasis on natural observations, Tinbergen not only

revealed several unexpected (and hitherto unknown) aspects of animal behaviour, he also rev-

olutionised the study of animal behaviour through this unusual approach. As Desmond Morris

described it, biologists “wear a white coat or Wellington boots, one or the other.....Tinbergen

does both. In my book, that makes him the most important person in his field this century.”

Tinbergen is best remembered for his formulation of the ‘Four Questions of Ethology’. In

his most famous paper ‘On Aims and Methods of Ethology’, published in 1963, he systemati-

cally laid out what he saw as the defining characteristics of ethology. This paper encapsulates

his thinking (and changes in his views) about ethology over 30 years of his ethological career.

To understand behaviour, he wrote, one must ask four main questions, namely: “(1) What is

its physiological causation? (2) What is its function or survival value? (3) How has it evolved
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over time? and (4) How has it developed in the individual?” By “dividing behaviour studies

into physiology, development, natural selection, and evolutionary history”, Tinbergen provided

biologists with a clear and holistic framework for studying behaviour that would in later years

be expanded to connect genes to behavioural phenotypes. For this reason, Tinbergen’s four

questions continue to remain as central to our understating of behaviour as they were when

they were first published (see Prof. Gadagkar’s Article-in-a-Box on this classic paper in Au-

gust 2018 issue). Although many early theories of ethology such as Lorenz’s psycho-hydraulic

model and Tinbergen’s hierarchical model of instinctive action have come to be critiqued over

the years, Tinbergen’s four questions about behavioural causation, development, function, and

evolution still forms the cornerstone of teachings in ethology.

The hallmark of Tinbergen’s research contributions was his careful, patient observations

and it was in this regard that he differed most significantly from his peer, collaborator and

friend Konrad Lorenz, one of the other founding fathers of ethology. Lorenz was a flamboyant

personality, whose pronouncements on imprinting and aggression took the biological world

by storm, yet it is Tinbergen’s methodology of careful experimentation and conceptual frame-

works to study behaviour that has become the textbook material for all aspiring students of

behaviour. Robert Hinde, in his biographical sketch of Tinbergen, relates an incident that en-

capsulates the differences in temperament and work between the two men. Post-World War II,

Tinbergen and Lorenz met at a conference in Cambridge in 1949. During one of their discus-

sions, they talked about “how often you had to see an animal do something before you could

say that the species did it. Konrad said he had never made such a claim unless he had seen

the behaviour at least five times. Niko laughed and clapped him on the back and said “Don’t

be silly, Konrad, you know you have often said it when you have only seen it once!” Konrad

laughed even louder, acknowledging the point and enjoying the joke at his own expense.”

Tinbergen’s contributions to biology are manifold. He advocated the biological approach to

understanding behaviour that is taken for granted today, highlighted the importance of detailed,

naturalistic observations in understanding behaviour, showed the possibilities of designing sim-

ple field experiments that can answer questions related to the function and cause of a behaviour,

and consistently stressed the need for careful studies that would build up evidence through care-

ful observations and experiments to justify any conclusions they made. Looking back, more

than 50 years after the event, it is difficult to appreciate the difference that Tinbergen’s ideas

have made to our understanding of animal and human behaviour. Today behavioural ecology

and evolutionary developmental biology are integral subdisciplines of biology and it is hard to

imagine that Tinbergen’s work helped stimulate the development of these fields. Tinbergen’s

(and his colleagues’) greatest accomplishment was that they made behaviour an integral part

of biology, a ‘testable science’, and this particular achievement was due more to Tinbergen’s

careful construction of how we can study behaviour than anything else. It is telling that in its

history, the Nobel Prize has been given only once for animal behaviour. In his speech, granting

the Prize to the trio of Karl von Frisch, Konrad Lorenz and Nikolaas Tinbergen, Börje Cron-

holm talked about how the triumvirate had succeeded in transforming the study of behaviour to

an analytical science, by treating behaviour as a biological trait within an evolutionary frame-
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work. While von Frisch was awarded the prize for his work on honeybee communication and

Lorenz for discovering fixed action patterns and imprinting, Tinbergen was cited for his ‘ex-

perimentation and the discovery of extra-normal stimuli that released cascades of actions’.

Tinbergen passed away in 1988 in his home in Oxford after a long and fulfilling career in

research and academics. Yet, every time biology students are introduced to the four questions

of ethology or are taught about designing behavioural experiments, Tinbergen is reborn. And

this, more than anything else, is why Nikolaas Tinbergen was a great scientist.
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Supernormal Stimuli and Responses∗

T N C Vidya
Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR),

Jakkur, Bengaluru 560 064, India.

In this article, I describe the curious phenomenon of exaggerated responses to su-

pernormal stimuli in animals. These have been observed across various taxa and

include preferences for larger egg size, darker or more contrasting colours or, in the

case of humans, preferences for processed foods and television among others. I de-

scribe mechanisms that have been proposed to explain supernormal responses and

possible consequences of such responses.

Experiments with Oystercatchers and Other Birds

The Eurasian oystercatcher (Haematopus ostralegus) is a wading bird that feeds on earthworms

and mussels. During a study of this oystercatcher, ethologist Nikolaas Tinbergen (see articles

by Sindhu Radhakrishna and Raghavendra Gadagkar in August 2018 issue) noticed that female

oystercatchers laid a few eggs and then began to incubate the entire clutch. Tinbergen and his

colleagues presented female oystercatchers with a clutch of five eggs rather than their normal

three eggs and found that they preferred to incubate the larger clutch that was not their own!

The scientists proceeded to offer the females a choice of eggs of varying sizes. In most cases,

the females clambered on to the largest egg, which was many times the size of their normal

egg, making it extremely difficult for them to even sit down upon [1] (see Figure 1)! Similar ex-

periments were carried out in herring gulls and black-headed gulls by removing the gull’s eggs

when the bird was away from the nest and placing two eggs at the rim of the nest. Gulls have a

tendency to retrieve eggs that have rolled away accidentally and would, therefore, choose one

of them first to roll back to the nest, exhibiting their preference. Using different combinations

of artificial eggs, Tinbergen and his colleagues showed that gulls also preferred larger eggs to

smaller ones. You can, perhaps, try this experiment with pigeons, ducks or hens! Reactions

to stimuli from artificial eggs in the context of colour, not size, had first been described by

Koehler and Zagarus in an article (unfortunately, for us, in German) on the ringed plover in

1937. Koehler and Zagarus found that the plovers preferred eggs with clear white background

and black spots to their own light brown eggs with darker brown spots.

∗Reproduced from Resonance, Vol.23, No.8, pp.853–860, August 2018.
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Figure 1: (a) Eurasian oystercatcher at the nest. Photo by John Haslam. Source: https://

en.wikipedia.org/wiki/Eurasian oystercatcher#/media/File:Haematopus ostralegus -Scotland

-nesting-8.jpg under Creative Commons license CC BY 2.0. (b) Oystercatcher preferring

giant egg to its own (smallest) egg. Source: Artwork by T N C Vidya based on Figure 43 from

Tinbergen [1].

Why did these birds prefer artificial eggs to their own eggs, especially when the artificial

eggs were of a size that they could not have possibly laid themselves? The large egg size and

marked colour contrast above are examples of what are referred to as ‘supernormal stimuli’.

As the term suggests, supernormal stimuli are exaggerated versions of stimuli to which animals

respond more intensely than to normal stimuli. While the preference for a slightly exaggerated

version of the stimulus may be adaptive – for instance, preference for a larger egg over a smaller

egg within a normal range may be beneficial as larger eggs may be more viable – the super-

normal stimulus hijacks the normal, possibly adaptive, response and leads to an exaggerated or

supernormal response.

Apart from his work on the organisation of instinctive behaviour or ‘fixed action patterns’

– behaviour that is largely influenced by genetic rather than environmental components and is,

therefore, shown by animals in response to a specific stimulus without any prior experience –

Tinbergen is famous for his work on supernormal stimuli. The stimuli that evoked instinctive

behaviours were called ‘sign stimuli’ or ‘releasers’ (as behaviours were thought to be released

by an ‘innate releasing mechanism’ by Konrad Lorenz, who first suggested this idea). Tinber-

gen observed various animal behaviours to identify releasers of those behaviours (see Sindhu

Radhakrishna’s article in August 2018 issue for a description of Tinbergen’s work on stickle-

backs). One such behaviour was ‘food-begging’ by chicks of herring gulls. Using models of

herring gull heads with various combinations of head, bill, and bill patch colour, head shape,

bill length, and movement, Tinbergen and Perdeck [2] found that herring gull chicks pecked

most at moving cardboard cutouts with long bills, whose bill patch colour contrasted with that

of the bill. Herring gulls have a white head, yellow bill, and a red bill patch. Tinbergen and

Perdeck then presented chicks with a choice of a thin, red rod with three white bands at one

end, and a three-dimensional head, and found that the former seemed to be perceived as a

‘supernormal bill’ and was preferred to the latter.
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Supernormal Stimuli in Other Taxa

Tinbergen showed that the grayling butterfly also reacts to supernormal stimuli, in the context

of finding a mate [3]. Male grayling butterflies are seen resting camouflaged on the ground

or tree barks and flying up towards passing females. Females respond by alighting upon the

ground if they are ready to mate, or by flying away if they are not, upon which the male

would abandon the chase and settle down to wait for another female. Interestingly, males were

sometimes seen flying up towards falling leaves, other butterflies and insects, birds, and even

shadows! Using paper dummies tied to a stick and various combinations of characteristics such

as colour, size, and shape, Tinbergen and his colleagues carried out about 50,000 tests on male

graylings in the wild and found that black dummies elicited a greater response from males

although females were naturally brown. Larger dummies were also important, as was fluttering

movement, although the shape was not. Simple circles or rectangles could elicit the same

response as a butterfly-shaped dummy! Thus, larger, darker, flying dummies seemed to provide

supernormal stimulation. Why would males waste their energy flying up towards objects that

are not conspecific females? If females were rare and/or competition amongst males for access

to females important, the cost of reacting to other objects (energetically and/or through possible

exposure to predators) might be outweighed by the benefit of not missing flying females, and

therefore, increasing the male’s reproductive success. Similarly, Australian jewel beetles have

been found attempting to copulate with shiny, brown beer bottles that seem to be perceived as

supernormal females [4], a finding that earned Gwynne and Rentz the Ig Nobel Prize in 2011!

Are humans sensitive to any supernormal stimulus? A quick look around leads to a re-

sounding YES. An everyday example is the craving for various processed foods, optimised to

provide our taste buds with irresistible combinations of sugar, salt, and fat that natural foods

seldom possess. Supernormal stimuli are also evident in depictions of the human body in paint-

ings and sculpture to appear more sexually attractive. Movie superheroes, certain video games,

television shows, and social media are also thought to provide supernormal stimuli, exaggerat-

ing social stimuli that are normally beneficial. Hyperbole in language presumably serves the

same function.

Mechanisms for Supernormal Response Generation

How do supernormal responses arise? Research during the 20th century showed that certain

principles seem to be followed in generating learned responses to stimuli. The first, called

‘generalization’, is that novel stimuli evoke the same response as established behaviour towards

known stimuli if the two stimuli are similar. There is a gradient of generalization such that the

response to the novel stimulus decreases with decreasing similarity of stimuli. The second,

called the ‘peak shift’, is that modified stimuli can sometimes elicit a more intense response

than expected, in a specific direction. For example, if an animal is trained to discriminate

between the colours red and orange by providing a reward when it chooses red and no reward

when it chooses orange, red is a positive stimulus (S+) and orange is an inhibitory (S-) stimulus.
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Each has a gradient of generalization around it, the responses around S+ being more frequent

than that around S- because of reward-associated learning. Now, if a new stimulus (S’) is

presented to the animal in the form of dark red colour, the animal prefers dark red (S’) instead of

red (S+) that it had earlier been rewarded for because the magnitude of difference between the

excitatory (S+) and inhibitory (S-) generalization gradients is greater at the dark red stimulus

(S’) rather than at red (S+) itself (Figure 2, see [5]). This, then, could result in exaggerated

responses such as to supernormal stimuli. Peak shifts occur during discriminant learning and

should not themselves be confused with supernormal responses, but it is possible that there is

a similar mechanism in the latter, with an underlying bias (such as a ‘bigger is better’ rule)

having been shaped adaptively over evolutionary time. This underlying bias is possibly shaped

by asymmetric selection pressure, corresponding to differential reward in the learning paradigm

above. It has been suggested that just as there is a reward (‘selection’) for a specific preference

but no punishment for the other in the learning experiments, there might be selection for, say,

large eggs as opposed to small eggs, but no selection against supersized eggs, leading to the

underlying bias [6]. This is, obviously, not always the case, as there might be other costs such

as predation.

Figure 2: Gradient of generalization and peak-shift illustrated. S+ (red colour) and S− (orange

colour) are two stimuli that an animal is trained to discriminate between by providing a reward

when it chooses red and no reward when it chooses orange. Each stimulus has a gradient of

generalization around it, represented by the two curves. The excitatory generalization gradient

(around S+) is larger than the inhibitory generalization gradient (around S-) because of reward-

associated learning. S′ (dark red) is a new stimulus presented to the animal. The difference

between the two gradients, shown as filled set brackets, results in the tendency to approach one

stimulus versus another. The animal prefers S′ instead of S+ that it had earlier been rewarded

for because the magnitude of difference between the gradients is greater at S′ than at S+. Drawn

after Pearce [5].
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In 1993, Enquist and Arak used a simple neural network model to try to explain the evolu-

tion of exaggerated signals and suggested that the evolution of hidden biases was inevitable in

recognition systems. This study was criticised as the simple neural network model used prob-

ably did not represent animal recognition systems, and a subsequent study to address a similar

problem did not find evolved networks to be responsive to supernormal stimuli. In more recent

times, while neural network models have become more complex, how well they can predict

supernormal responses remains to be seen. In terms of a mechanistic neurobiological under-

standing, studies in humans have suggested that dopamine plays an important role in learning

and in reward pathways, thus motivating (adaptive) responses towards stimuli. Supernormal

stimuli in humans are thought to act as addiction-forming substances, making the individual

seek out more of the stimuli. This can eventually lead to dopamine desensitization, with more

and more stimuli required to elicit a response.

Evolutionary Significance

What are the evolutionary outcomes of exhibiting supernormal responses? As mentioned

above, supernormal responses usually occur in cases when more intense responses towards

slightly exaggerated stimuli are adaptive: preference for larger eggs, quicker response towards

a potential mate, greater intake of calories. Therefore, the costs of overreacting to supernormal

stimuli may be outweighed by the benefits, allowing for such responses to persist or even in-

crease over evolutionary time. However, responses to such stimuli can also be exploited. For

example, supernormal stimuli may enable brood parasites (species that use other species to

raise their young ones) to take advantage of their hosts. If egg size or gape∗∗ size or colour are

stimuli to which birds show parental responses (as described above), small host bird species

might incubate eggs and rear chicks of brood parasites that are much larger than themselves

(Figure 3). As Tinbergen wrote in 1965 [3], “....it is possible that many songbirds are not

merely willing to feed a young cuckoo but simply love to feed it, just because the cuckoo

offers such an enormous and inviting gape.” It must be said here that the study of brood para-

sitism is a vast field and there are several hypotheses about why brood parasites exist. These

include the ‘mafia hypothesis’, according to which, hosts that reject the brood parasite’s eggs

are punished by their nests being destroyed by the brood parasite (see [7]), and the cost to

the host of wrongly rejecting its own offspring when brood parasite eggs and chicks closely

mimic those of its own. In the case of humans, positive responses to calorie-rich food, crucial

in pre-agricultural societies faced with unpredictable access to food, is currently manipulated

by the food industry through the marketing of supernormal (or ‘hyperpalatable’) foods. A wide

range of other products are also marketed by the advertising industry tapping into supernormal

responses.

While supernormal stimuli may not be frequently present in an animal’s environment ordi-

narily, a change in the environment may result in an ‘evolutionary mismatch’ [8] with responses

∗∗The interior of the mouth that is often brightly coloured in young birds.
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Figure 3: A Eurasian reed warbler feeding a common cuckoo (brood parasite) chick. Note the

size difference between the foster parent and chick and the large, red gape of the chick. Photo

by Per Harald Olsen. Source: https://commons.wikimedia.org/w/index.php?curid=1887345

under Creative Commons Attribution-Share Alike 3.0 Unported license (CC BY-SA 3.0),

http://creativecommons.org/licenses/by-sa/3.0/deed.en.

that evolved under previous circumstances being out of sync with and possibly being maladap-

tive under the changed environment. For example, the evolutionary mismatch that humans face

today, resulting in various supernormal responses being shown, possibly arise from the transi-

tion between the hunting-gathering lifestyle that we had for most of our lineage’s existence and

the relatively recent advent of agriculture. Responses do not have to be necessarily maladaptive

in a new environment. If there are costs (say, in the form of predation) to displaying an exag-

gerated response to a supernormal stimulus, and if the environment changes such that the cost

is removed, there may be selection for the supernormal stimulus (in the form of, say, brighter

eggs or specific mate characteristics), thus allowing for divergence between populations and/or

evolution of new forms.
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Amotz Zahavi: Tales of a Swamp and Peacock Tails∗

Manjari Jain
Department of Biological Sciences, IISER, Mohali.

On the 12th of May 2017, the scientific world lost a pioneer, a scientist extraordinaire, and

nature conservator – Amotz Zahavi. Zahavi was an Israeli evolutionary biologist and Professor

of Zoology at the Tel Aviv University. Zahavi combined outstanding research in evolutionary

biology and animal behaviour with environmental actions. He was known in the scientific

circles for his nonconformist ideas that not only stimulated scientific debates on sociobiology

and signal evolution but also often provided alternative and more accurate explanations to long-

standing paradoxes. Unfortunately, some of the most fundamental ideas Zahavi proposed were

almost unanimously rejected by his peers only to be eventually, and almost without exception,

accepted by all, including his critics. This should give some hope to the Zahavis in the making.

Zahavi also played a pivotal role as a conservationist towards saving the wilderness of

Israel, an aspect that has been overshadowed by his more fundamental work. This article will

try to find a balance between the two.

Early Life and Formative Years

Born on 14th August 1928 in a town called Petah Tikva (meaning ‘opening of hope’), 10 km

east of Tel Aviv and what was then part of Mandatory Palestine, Zahavi was a bird watcher and

nature lover even in his early years. While he nurtured his love for ornithology, he wanted to

study agriculture and become a farmer and settle as part of a communal settlement (Kibbutz).

However, Prof. Heinrich Mendelssohn at the Biological Institute in Tel Aviv, under whose

supervision he later did both his MSc and PhD persuaded him to study biology instead. He

thus registered to study biochemistry at the Hebrew University of Jerusalem. In Zahavi’s own

words in an anniversary essay, he wrote in Animal Behaviour in 2003: “I was attracted by

the great advances in cell biology and in biochemistry that took place at that time. But after

spending several months cooped up in a laboratory, I could not resist the temptation to go out

again into the field, looking for rare birds and watching birds display”. So he went back to

his first love, ornithology. He carried out his Master’s thesis work on the breeding biology of

the birds of Hula Swamp (1954). It is at the University that he met Avishag Kadman, a plant

physiologist, who was to become his long-term academic collaborator and collaborator for life

after they married in 1954.

Zahavi spent the following year at Oxford on a British Council fellowship to study animal

behaviour under the would-be Nobel laureate, Nikolaas Tinbergen [1] where he spent most

of his time observing black-headed gulls. In 1960 he started a project examining the social

∗Reproduced from Resonance, Vol.23, No.5, pp.525–533, May 2018.
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behaviour of wintering white wagtails. He made meticulous observations on how resource dis-

tribution could drive bird behaviour to shift from being territorial to flocking. Between 1969–

1970 he travelled to Edward Grey Institute, Oxford, to work with renowned ornithologist and

evolutionary biologist David Lack [1]. This was a time when the group selection∗∗ vs individ-

ual selection debate was at a high. Under David Lack’s mentorship, Zahavi was introduced to

the controversy and became a staunch supporter of individual selection. He received his PhD

from Tel Aviv University in 1970. Later that year, he joined Tel Aviv University as a Faculty

in Zoology and remained there till he retired. It was here that he initiated his famous long-term

studies on the Arabian babblers. These studies have significantly advanced our understanding

of the evolution of social behaviour, cooperation, and signalling systems.

Troubled Waters

Zahavi’s formative years were times of global political turmoil. In 1939, when he was barely

11 years old, World War II broke out. The Nazi holocaust and the crisis it resulted in led

to large-scale migrations, and many refugees flocked to Palestine and later Israel after it was

established in 1948. While Zahavi was a Sabra (Jew born on Israeli territory) the crisis did not

leave any lives untouched. The rapid influx of refugees, widespread poverty, food shortage,

and disease outbreak plagued societies around the world following World War II. Moreover, in

1948, the Arab-Israeli War broke out and a 20-year-old Zahavi had to serve in the military. He

subsequently returned to university education and registered for a Master’s degree.

The newly formed state of Israel (1948) had little time for jubilation once the war was

over. Hundreds of thousands of Palestinian Arabs and Jews were expelled or fled in opposite

directions. Given the geography and limited space available in Israel, some hard choices were

going to be made by Israelis that pitched sustenance and environment against each other, a

battle that the latter lost on many fronts. While Zahavi was studying at the University, Jewish

National Fund (JNF), a non-profit organization, embarked on an ambitious project to reclaim

land in order to promote agriculture and development of the newly formed nation. One of

JNF’s proposals was to drain the Hula Lake. It is the northern most of Israel’s three important

inland water bodies (Hula and Kinneret, the two freshwater lakes, and the Dead Sea, all three

connected by the Jordan river) and once spread over 1200 ha. Large parts of the Hula lake

valley were swamplands lined with papyrus and home to human settlements and wildlife since

prehistoric times. Given its link with the Jordan river and hence access to freshwater, it was an

important site with respect to the potential for increasing farmable land. Draining the swamp

was no doubt a controversial proposal. Yet, when survival was in question (due to food shortage

and spread of mosquito-vector-borne diseases), preservation of the environment and swamp

birds were unlikely to be a matter of concern.

Thus began the ill-fated and infamous draining of the Hula swamp, an ecological and en-

vironmental disaster in the making. In 1950, Prof. Mendelssohn sent young Zahavi to study

∗∗Group selection refers to the idea that natural selection can act on groups of individuals, favouring one over

the other leading to traits that are advantageous to the group.
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the bird communities at the swamp and himself tried to lobby to convert part of the swamp

into a nature reserve. His proposal was dismissed and JNF started their controversial work

towards draining the swamp in 1951, despite outcry from scientists and naturalists about its

long-term ecological demerits. For Zahavi, embarking on the task set by Prof. Mendelssohn

would mean delaying University (yet again), but as Prof. Alon Tal quotes in his book [2], Za-

havi finally made up his mind, “To hell with school. Soon there won’t be any birds left to see”

and hurriedly left to study the breeding birds of Hula swamps before they were all gone.

Fighting Losing Battles

When faced with opposing and difficult choices, governments often cater to myopic, short-term

gains and it falls on the shoulders of a handful to resist. Environmentalists and conservationists

even today are viewed as impractical and more seriously, as an obstacle to development. Given

those times, the situation was far worse, and it required courage, determination, and unadulter-

ated passion to fight the losing battle of saving the environment when all odds were against it.

The campaign to save Hula was pioneered by Prof. Mendelssohn, who was applying academic

as well as political pressure and trying all means to convince JNF to at least spare some part of

the Lake as a nature reserve. However, hope for the marshes was fast dwindling.

In 1953, a landmark event in Israel’s environmental history occurred when Amotz Zahavi

co-founded Israel’s first nature protection NGO – Society for Protection of Nature (SPNI) –

in Israel. The co-founders included his environmentalist friend Azaria Alon, J H Hoofien, and

Prof. Mendelssohn. The formation of SPNI gave hope to those who were against the drainage

project and many looked forward to a breakthrough, albeit the process of drainage had already

been initiated. However, little changed, and barely a couple years into founding SPNI, as

mentioned earlier, Zahavi was off to Oxford for a year. He returned back to find a poor and

powerless SPNI with a feeble membership and realised that juggling his academic interest and

his conservation mission could potentially be fatal to the latter. Zahavi took another radical

decision – to delay his doctoral work – and left his academic position to head SPNI for the next

15 years.

Zahavi and his co-workers were in tug-of-war with JNF, often falling flat on their faces but

bouncing back again. Unfortunately, by 1958, the Hula swamp and lake complex was drained

completely leaving behind an unrecognizable landscape and a devastated ecosystem. The wet-

lands were gone and along with it, the freshwater and the reeds that served as an important

feeding station for the migratory birds. Several species endemic to the lake ecosystem were

driven to extinction, including the Hula painted frog. Zahavi, as founding director of SPNI

continued to reach out to friends and citizens to save Hula. He was helped significantly by

Azaria Alon (also known as SPNI’s trumpet) who campaigned and lobbied for Hula alongside

his teaching duties. But with little money left even with the SPNI founding members and no

infrastructural support from the government, the dreams of resurrecting Hula was fast slipping

out of their fingers.
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Hope for Hula

Zahavi had run out of money, and in the face of chronic financial crisis, the future of SPNI

looked bleak. However, in 1956, Zahavi got a research assistant position at Tel Aviv Univer-

sity under Prof. Mendelssohn and with that began a renewed effort to revive SPNI. Member-

ship campaigns, political lobbying, and newspaper and radio publicity finally paid-off and JNF

agreed to resurrect part (about 300 ha) of the Hula swamp by reflooding it, a promise they did

not keep for a few years to come. However, with the intervention of the National Reserve Au-

thority, the Hula restoration project finally saw the light of day, and over the following years,

gradually recovered at least a part of its original glory. The Hula Nature Reserve was officially

announced in 1964. Following heavy rains in 1990, a part of the Hula Valley was flooded again

and it stayed that way.

In 1996, Hula Nature Reserve was declared a Ramsar Site – a wetland of international

importance. Over the years, wildlife gradually returned to the ecosystem, including thousands

of migratory birds and also the Hula painted frog, once declared extinct. Every year now,

Israel celebrates the Hula Valley Bird Festival during the autumn migration, taking bird lovers,

scientists, and tourists through the once doomed reed-covered marshes of the Hula swamp.

The people of Israel and its birds owe Zahavi and other members of SPNI a great deal. His

persistent efforts to fight and eventually, partially win a losing battle will give hope to many

environmentalists and activists.

Bold Ideas and Major Scientific Contributions

While fighting battles for nature, Zahavi managed to keep his academic interests alive. In 1970

Zahavi kick-started the Arabian Babbler Project in collaboration with his wife Avishag. They

established a world-class facility to study these birds in the wild at the Hazeva Field Station,

which was home base to them after he retired from Tel Aviv University. He managed to ring‡

and habituate many groups of babblers in his study site. This allowed him the unique opportu-

nity to observe the birds up close, thereby facilitating behavioural studies of these social birds.

The Arabian babblers are group living, cooperative breeders, i.e., non-breeding members of the

group assist breeders in raising the young ones. This altruistic act of raising other individuals’

young ones, interested Zahavi deeply. It is this aspect of the babbler study that eventually led

him to his most influential scientific work on the evolution of signals. Zahavi was a generator of

ideas, most of which were based on his elaborate observational studies on birds. Zahavi’s ideas

were frequently received with copious criticism/reservation (only to be verified later in many

cases). In 1973 he developed the information-centre hypothesis with Peter Ward, in which they

proposed that avian roosts act as information-centres where unlucky foragers stand the chance

to obtain information about the location of a resource-rich patch. The importance of this radi-

cal proposition in understanding the adaptive significance of gregariousness in birds was pro-

found. Yet, the hypothesis received little support for a long time, like many other radical ideas

‡A ring with a number/colour is placed on a foot of each bird to facilitate individual identification.
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proposed by Zahavi. There were at least two reasons why Zahavi’s ideas faced resistance from

the community. First, his ideas were often ahead of their times and second, he mostly indulged

in providing verbal models based on his empirical observations and never accompanied his

arguments with quantitative proofs. Notwithstanding that, his ideas, just like the man himself,

could not be ignored, and more often than not, were correct.

Evolution of Social Behaviour – A Case of Individual Selection

To give a little background, the times between the 1960s and 1970s saw much debate over the

theories on the evolution of social behaviour from the point of view of the unit of selection. In

other words, scientists differed in their opinion with respect to the level at which natural selec-

tion operates: the group, the individual or the genes. Wynne Edwards was the most vocal and

prominent advocate of group selection (GS). His argument was that an organism behaves in a

manner to enhance the survival of the group to which it belongs or for the good of the species.

This view was subsequently rejected by evolutionary biologists (including G C Williams and

Maynard Smith) in favour of individual selection. Another model of evolution of social be-

haviour via kin selection (KS) was proposed by W D Hamilton. The kin selection model

drew much support with the persuasive arguments Hamilton made in proposing the concept of

‘inclusive fitness’. What kin selection proposes is as follows: an individual can enhance its

own fitness by either raising/helping its own young ones and/or by helping relatives raise their

young ones to whom the focal individual is sufficiently or closely related. Zahavi, influenced

by David Lack, was a firm supporter of the individual selection model of evolution of social

behaviour. Zahavi opined that “models of KS are in fact models of GS among kin. They are

equally unstable. Although the investment and gain in GS models are not presented by gene

frequencies, any investment is ultimately turned into gains or losses in fitness. Thus, because

of the potential advantage to social parasites in models of KS and GS, both are equally unstable

over evolutionary time”. Zahavi remained for life an ardent subscriber to the view of individual

selection and in fact, continued to work on it till the end of his life, as evident from the last pa-

per he co-authored with Prof. Vidyanand Nanjundiah (the paper was published after Zahavi’s

death) [3].

The Handicap Principle – Honesty in Signals

Following his individual selection model and drawing from his observations on the Arabian

babblers, Zahavi developed an innovative verbal model explaining the evolution of exaggerated

traits or risky/costly behaviours in animals. He theorized that costly altruistic behaviour such

as chick feeding in Arabian babbler by a helper or risky behaviour such as mobbing snakes act

as a status symbol for the individual to increase its social prestige within the group.

To put his findings about the evolution of exaggerated traits in context, we need to go back

to Darwin who regarded his theory of evolution by natural selection to be inadequate in explain-

ing the evolution of exaggerated traits (including behaviours) such as the long ornamental tail
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of the peacock. He eventually proposed the theory of sexual selection [4], an advantage some

individuals have in exclusive relation to reproduction, in an attempt to explain the paradox.

In summary, he proposed that natural selection would act against males bearing exaggerated

traits and thereby reduce their survival chances. However, if females had a preference for ex-

aggeration in traits and were ‘charmed’ by it, then males bearing such traits were likely to get

more mates than those males with modest traits. As a consequence, any reduction in survival

of extravagant males due to their exaggerated traits would be compensated by the increased

number of offspring such males would father.

In 1958 R A Fisher extended Darwin’s theory by proposing an explanation for female pref-

erence for exaggerated traits via a process he termed as run-away selection [5]. He suggested,

that to begin with, a slight exaggeration of a given trait (say the length of the peacock’s tail)

might have been an indicator of the male’s survival value or quality. Thus, females who pre-

ferred males with slight exaggerations would have better quality offspring. However, if the

exaggerated trait and the preference trait were both heritable, sons of such females choosing

males with an exaggerated trait would have the exaggerated trait, as well as the genes for the

preference trait (that would not be expressed), and daughters of such females would have the

genes for the exaggerated trait (that would not be expressed) and the preference for that trait. If

there was a genetic correlation between the exaggerated trait and the preference trait, it would

result in positive feedback, with females preferring more and more exaggerated versions of

the trait and males evolving increasingly exaggerated traits, even if the exaggerated trait itself

becomes disadvantageous in terms of natural selection (say, predation). This positive feedback

loop, fed by the run-away process, is expected to stop when the cost of carrying the exagger-

ated trait (such as increased mortality before reproduction because of increased susceptibility

to predation due to the long tail) outweighs the benefit conferred by the trait (offspring obtained

due to preference of the long tail by females).

Amotz Zahavi provided a ground-breaking idea to address the seemingly paradoxical evo-

lution of the exaggerated tail of the peacock [6], popularly referred to as Darwin’s puzzle, by

proposing the following:

• Signallers evolve exaggerated versions of existing traits that receivers pay attention to.

• In doing so, they improve the ability of receivers to perceive and discriminate between

different variants of the signals and thereby between the signallers.

• The exaggerated signal must be costly (energetically for instance) to produce, maintain

as well as display and hence may be viewed as a handicap borne by a signaller.

• This handicapping signal should also be precarious in the sense that the signal or the sig-

nalling behaviour should break down at the slightest reduction in the signaller’s quality

(poor quality individuals should not be able to display the signal). In this way, the exag-

gerated signal (or handicap) would be a reliable or honest or true indicator of the male’s

quality. Receivers would evolve to pay more attention to handicapping signals which
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would be difficult to fake or impossible to be borne by low-quality individuals. One can

think of the handicap principle in terms of show-off or over indulgence as costly traits

that only the rich can afford. The same would hold in the case of the gazelle that stots

(jump up and down conspicuously) in the face of a predator. Only individuals who can

afford to spend additional time and energy to stot and still be able to escape if actually

chased by the predator will stot in order to indicate to the predator that the chase would

be pointless. Such individuals, if pursued by the predator, will outrun it and live to pass

on their genes, while those who do not have such energy reserves would be better off

running away rather than stotting. Therefore, stotting would be an honest signal that can

be used by predators to assess whether a prey is worth chasing or not. In fact, individuals

that stot are usually ignored by predators. An earlier article in Resonance has discussed

the handicap principle in detail [7].

As Zahavi’s proposition was verbal and did not include a mathematical model or quantitative

proof, the handicap principle set-off a raging debate amongst biologists, theoreticians, natural-

ists, and experimentalists alike. For years, it received widespread criticism, resistance and even

outright rejections from evolutionary biologists. Zahavi, of course, was unperturbed and con-

tinued to work towards gathering empirical evidence for his theory and left the rest to catch up.

It was only with the mathematical model proposed by Alan Grafen, elucidating how the hand-

icap principle could work that Zahavi’s contribution was gradually recognized and accepted.

In later years, the handicap principle and its remarkable potential in understanding signal evo-

lution in both human and non-human systems was penned down by the Zahavi couple in the

form of a book appropriately called The Handicap Principle – A Missing Piece of Darwin’s

Puzzle which was translated from Hebrew by their daughter and son-in-law [8]. The book is

written lucidly and makes a wonderful read for an expert and a curious beginner alike. That

was Zahavi’s style anyway. He believed in articulating his points verbally and never bothered

with formalizing his ideas and packaging it in shiny wrappers of mathematical models. This

was an aspect of his style of work that cost him recognition, especially for his most influential

contribution – the handicap principle. Nonetheless, Grafen himself noted that “These verbal

arguments are really just as convincing as all the mathematics, and their language makes clear

the strong connection with Zahavi’s arguments. This shows that the models given in this paper

is really are models of Zahavi’s handicap principle”.

The field has progressed much since and many more verifications to the handicap principle

pour in every year. Mostly notably, studies using the peacock model system itself by Marion

Petrie and her group have provided support to the handicap principle. These are studies that

could have easily be done in India, as lamented by Prof. Raghavendra Gadagkar in his excellent

review on this topic published in 2003 [9].

In my opinion, scientific progress should be measured by the quantum changes in thought

processes. Generators of ideas should be encouraged to discuss their ideas freely without the

hesitation of outright rejection and dismissal, on the grounds of not building quantitative mod-

els, especially when empirical observations in support of the ideas are persuasive. Did Zahavi

# 221

221



Manjari Jain

get perturbed by rejections on grounds of not having quantitative models to back his theories?

I hardly think so. On the contrary, I am tempted to think that not having a mathematically

verifiable model to peddle his idea of the handicap principle itself acted as a ‘handicap’ and

went on to indicate the ‘honest’ quality of his theories, which were eventually verified.

Suggested Reading

[1] Tel Aviv University, Department of Zoology, http://www.tau.ac.il/lifesci/

departments/zoology/members/zahavi/ baks/zahavi.html.0006.c9b9.bak

[2] A Tal, Pollution in a Promised Land: An Environmental History of Israel, University of

California Press, 2002.

[3] A Zahavi, K D Harris, V Nanjundiah, An Individual-level Selection Model for the Ap-

parent Altruism Exhibited by Cellular Slime Moulds, Journal of Biosciences, Vol.43,

pp.49–58, 2018.

[4] C R Darwin, The Descent of Man, and Selection in Relation to Sex, London: John Murray,

Volume 1, 1st edition, 1871.

[5] R A Fisher, The Genetical Theory of Natural Selection, Dover, New York, 1958.

[6] A Zahavi, Mate Selection: A Selection for a Handicap, Journal of Theoretical Biology,

Vol.53, pp.205–214, 1975.

[7] L Samhita, The Handicap Principle, Resonance, Vol.15, No.5, pp.434–440, 2010.

[8] A Zahavi, A Zahavi, The Handicap Principle: A Missing Piece of Darwin’s Puzzle, Ox-

ford University Press, New York, 1997.

[9] R Gadagkar, Is the Peacock Merely Beautiful or Also Honest?, Current Science, Vol.85,

pp.1012–1020, 2003.

[10] A Zahavi, Reliability in Communication Systems and the Evolution of Altruism, In: B

Stonehouse, C Perrins, (eds) Evolutionary Ecology, Palgrave, London.

# 222

222



Evolutionary Biology Today: 1. The Domain of
Evolutionary Biology∗

Amitabh Joshi
Evolutionary and Organismal Biology Unit, Jawaharlal Nehru Centre for Advanced Scientific

Research, P.Box 6436, Jakkur, Bengaluru 560 065, India.

“For a biologist”, wrote Sir Peter Medawar, “the alternative to thinking in evolution-

ary terms is not to think at all”. Yet, at the end of an education in biology in most

Indian universities, this is not quite the view of evolutionary biology that one is left

with. Evolution is presented summarily, almost as a footnote, rather than as a vital

branch of biology providing the conceptual foundation for our modern views about

the living world. In November 2002 issue of Resonance, we remember Stephen Jay

Gould, who wrote extensively and eloquently about evolution for a general audience.

It seems fitting, then, to also briefly discuss why evolutionary biology is important,

not only conceptually but also in terms of practical applications. In this first part of

a series of articles on modern evolutionary biology, we examine why the idea of evo-

lution is so important in our intellectual history, and also take a look at the domain

of evolutionary biology as a discipline.

Evolution makes its appearance in most Indian biology curricula almost grudgingly, tagged

on as an afterthought at the end of one paper or another, summed up in three trite phrases:

overproduction of offspring, struggle for existence, and survival of the fittest. Of course, in

zoology curricula one studies the history of the evolution of different animal phyla (and likewise

in botany), but of evolution as a dynamic process one learns next to nothing. On the other hand,

Theodosius Dobzhansky once described evolutionary biology as the study of the very dynamics

of life, and Michael Rose began his 1998 book Darwin’s Spectre with the words: “A spectre

is haunting the, modern world, Darwin’s Spectre, Darwinism. This spectre has frightened

religious ministers, curdled school curricula and left the politically correct ill-at-ease...Alone

among modern scientific doctrines, Darwinism has upset many beyond the academy. It has had

enemies on the right and the left, and some states...liquidated Darwinians for their scientific

beliefs...Darwin’s Spectre won’t go away.” Why is it that the Darwinian view of evolution

occupies such a unique position among major ideas in the intellectual journey of our species

from astrological speculations to the present time?

The Idea of Evolution

If we examine the living world with all its many creatures, three aspects of living things stand

out: the diversity, the relatedness, and the adaptedness of species. There is a stunningly diverse

∗Reproduced from Resonance, Vol.7, No.11, pp.8–17, November 2002.

# 223

223



Amitabh Joshi

array of lifeforms inhabiting the earth, from unicells to giant trees, from starfish to snakes, from

centipedes to kangaroos, and from seaweeds to humans. Yet, this diversity is not just a random

explosion of riotous forms: there are distinct patterns that we recognize. We can clearly see

that frogs and toads are more similar to each other than either is to a dog, and also that dogs,

toads and frogs resemble each other more than either one of them resembles a butterfly. Thus,

we can arrange living organisms in hierarchical groups, with groups lower in the hierarchy

containing species that are relatively more similar to one another, and with several such groups

together making up larger groups at higher levels of the hierarchy. Indeed, it is because of

these hierarchical patterns of similarity that we can have a taxonomy at all. Not only this, we

also find that species are typically quite well suited in terms of their morphology, physiology

and behaviour to the environments they inhabit, and the lives they lead. Another, fourth aspect

of the living world that is apparent if we look around us is that biological systems are full of

variation at every hierarchical level of organization. Whether we look at individuals within

a population of a species, or different populations of a species in different areas, or different

species within a genus, we find variation. No two individuals in a population are identical, and

neither are two populations of a species identical. What, then, are we to make of this incredible

array of adaptive, hierarchically arranged, biological variation?

Prior to Darwin, there was no particular explanation for these four attributes of the living

world. In most civilizations, there was a tacit acceptance that this was the way things were or

happened to be. In the intellectual world of Europe in the 18th and 19th centuries, the domi-

nant view was that God had created the living world in this manner and with these attributes.

This may have been a comfortably satisfying view but was in no sense an explanation. There

were not even many serious attempts among biologists to discern some general principles or

laws shaping the patterns of diversity seen in the living world, even while retaining a belief in a

supreme creator, as had been the case in physics with the work of Galileo, Newton and others.

Added to this was an intellectual tradition going back to Plato, that underlying the surface of

things are their true inner natures or ‘ideas’ (eidos). In Plato’s view, these ideas, or essences,

were of greater importance than the variety of ways in which individual objects manifested

them. Aristotle, the first great biologist in the European tradition, was a student of Plato and,

not surprisingly, applied this point of view to the living world. Thus, in Aristotelian biology,

the variations among individuals of a species were unimportant, mere distracting noise about

an underlying essence of that species. Aristotle further extended this view to inheritance and

postulated that it was the species essence that was transmitted from parents to offspring. Co-

incidentally, this view of biology also fit in well with the later European tradition of Rational

Christianity. As Michael Rose writes in his book Darwin’s Spectre, “Essences and Supreme

Beings go together quite nicely, lending an elevated tone to biology, which after the Renais-

sance fashioned itself part of natural theology”. This Platonic viewpoint has been quite tena-

cious in its grip upon biologists: even today, when you open a biology textbook and read about

the ‘archetype’ of a species, you are face to face with the ghosts of Aristotle and Plato!

What Darwin’s theory of evolution did was to simultaneously provide a coherent and rea-

sonable explanation for the relatedness of species (through the principle of modification by
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descent), as well as for the adaptedness and diversity of species (through the notions of nat-

ural selection and adaptive diversification in the face of competition, respectively). Darwin

also clearly recognized that messy variation, not some abstract underlying species essence, is

the true face of biological reality. Indeed, the notion of natural selection is predicated upon

the existence of heritable variation in biological attributes. In fact, Darwin’s main contribu-

tion to biology was not to suggest that evolution had occurred – the idea of evolution was

already around thanks to Lamarck and a few others – but to provide a mechanism whereby

adaptive evolution could take place, and to marshal evidence and arguments in favour of this

mechanism. The one missing link in Darwin’s theory of evolution by natural selection was

a mechanism of inheritance that would tend to maintain genetic variants in a population over

generations. Mendel’s work provided this link, and Fisher and Wright welded the laws of ge-

netics and the notion of natural selection into a comprehensive theory of how evolution works

(see Resonance, Vol.2, No.9, pp. 27–31, 1997).

Adaptive Evolution and Natural Selection

We are all familiar with the phrase ‘survival of the fittest’ as a pithy depiction of Darwin’s

theory. This phrase, coined by Darwin’s contemporary Herbert Spencer, is singularly unfor-

tunate as it conveys the impression of a violent physical struggle among organisms with the

more powerful ones killing off those weaker than themselves. The point is that survival here

implies long term persistence over evolutionary time, not life and death, and fitness implies

not physical prowess but the relative ability to produce offspring. A much more accurate and

equally concise description of natural selection is ‘heritable differential reproductive success’.

What does this imply?

Consider any entity that can reproduce, or make copies of itself. Now consider that different

individual entities vary in their relative ability to make copies of themselves. Assume, further,

that the ability to make a particular number of copies is transmitted (inherited) to the copies

made. Then, after many rounds of copy making (reproduction), the type of entity that makes

more copies each time will outnumber others (Figure 1). This is all that is required for natural

selection to take place. Indeed, if these conditions are satisfied, natural selection among these

entities is occurring by definition, and we would say, in context of Figure 1, that selection is

favouring the red entity. Note that this phrase is just a convenient shorthand: selection is not a

particular force favouring anything. All that is happening is that the red entity, by reproducing

at a greater rate than the blue, comes to become more abundant in the collection of entities over

time. That’s it! That is natural selection.

In the preceding paragraph, we were speaking of entities rather than individual organisms.

Most often, in biological evolution, the entities among which selection is occurring are indi-

vidual organisms, although there are exceptions to this. However, as Fisher pointed out in the

1930s, and as genetic algorithms today demonstrate, natural selection is not constrained to the

living world. Natural selection will operate on any entities, as long as there are heritable dif-

ferences in the rate at which the individual entities make copies of themselves. This is the core
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Figure 1: A schematic depiction of the basic notion of natural selection. Imagine a collection

of two types of entities, red and blue. Initially, the collection consists of two each of the red and

blue entities. Both kinds of entities last for one unit of time, and then disappear, after having

made copies of themselves. They differ in the efficiency of making copies: the red entity makes

two copies of itself at the end of one time unit, whereas the blue entity makes only one copy

of itself. The figure shows how, as a consequence of the difference in the rate at which they

make copies, the red entities come to outnumber the blue entities after a while. This is natural

selection.

mechanism of adaptive evolution. It is simple, indeed almost simplistic, but the subtlety lies

in the mechanistic details. If we consider selection acting on individual organisms, the unit

of selection is the individual, but the unit of evolution is the population. This is because an

individual cannot change over evolutionary time: it merely dies. What changes over time is

the composition of the population. As generations go by, the population consists of a larger

proportion of individuals that are relatively better off at coping with, and reproducing in, the

particular environment occupied by the population. This is what is usually meant by adaptive

evolution: the mean Darwinian fitness of the population tends to increase over generations.

This sort of adaptive evolution that fine tunes the adaptedness of a population to its environ-

ment is often called microevolution, as contrasted with macroevolution or the origin of new

species or higher taxa. In the rest of this series of articles, I will use evolution to mean micro

evolution, unless otherwise specified.

The Domain of Evolution

The process of adaptive evolution can be viewed by analogy to an example from basic physics.

We all learn that when a force acts upon a body, the body moves along a certain trajectory

through space and that the trajectory taken by the body depends not only upon the force but
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also upon the structure of the body. We also learn that multiple forces can be resolved into a

single net force. Applying this analogy to evolution, consider a population as the body. Imagine

a space whose axes are the various attributes of that species – this is the phenotypic space, and

the population can be represented as a point in this space based upon its mean phenotype for

all the different traits that constitute the axes of the space. When the population changes in

its attributes, therefore, we can think of the change as the population moving to another point

in this n-dimensional phenotypic space. If we track these changes over generations, we can

construct an evolutionary trajectory of this population that shows us exactly how its overall

mean phenotype changed through time. The force acting on this population is the force of

natural selection; this is nothing more or less than a resolution of the ecology of that species.

As a result of this force, the body takes a particular evolutionary trajectory through phenotypic

space, and the nature of the trajectory is determined by the force of natural selection, as well

as the structure of the body, and also by chance events (Figure 2). By the structure of the body,

we mean certain genetic attributes of the population, something formally called the genetic

architecture of fitness, a concept we will discuss in detail in subsequent articles. This view

of adaptive evolution, however, is a somewhat simplified one. We say that natural selection

is acting on the population and that, as a consequence, the mean phenotype of the population

is changing over generations. However, the phenotype does not transmit itself to subsequent

generations; that is done by the underlying hereditary endowment, or the genotype. Thus,

there are three aspects of living systems to consider when thinking about their evolution: the

genotype, the phenotype, and the environment (Figure 3).

If we look at the bottom of Figure 3, we have the meiosis fertilization cycle that charac-

terizes the haploid-diploid alternation of generations characteristic of most living organisms.

There are two aspects of this process of transmission of genetic material that need to be noted.

First, diploid genotypes do not get transmitted to the next generation. Meiosis chops up mul-

tilocus diploid genotypes in two important ways that have evolutionary consequences. During

meiosis alleles at the same locus on different chromosomes in an individual get separated due

to the production of haploid gametes from diploid precursors. Similarly, alleles on different

loci on the same chromosome can get separated due to crossing over. Thus, meiosis shuffles

up the multi-locus diploid genotype along both axes: across chromosomes, as well as within

chromosomes. What is then transmitted to the next generation are newly shuffled combinations

of alleles at various loci, reconstituted into multi-locus diploid genotypes by fertilization. Un-

derstanding and quantifying the consequences of this shuffling for the genetic composition of

populations is the domain of population genetics. The second important aspect of transmission

of genetic material is that the phenotype is required. Nucleic acids do not replicate themselves

without an elaborate machinery. In most cases, this machinery is embedded within an even

more elaborate organism, and the cycle of meiosis and fertilization occurs within a complex

lifeform that needs to feed (or photosynthesize), avoid or defend itself against other species,

find a mate, etc.

Thus, genotypes direct the formation of phenotypes (the blue arrow in the middle of Fig-

ure 3). The production of the phenotype is affected both by the phenotype itself, and by the
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Figure 2: A simplistic view of adaptive evolution. The evolutionary trajectory of a population

can be viewed as analogous to the trajectory of a body upon which a force acts. The evolution-

ary trajectory records how the phenotypic composition (and, therefore, the mean phenotype) of

the population changes over time, and is the result of an interaction between the force of natural

selection and the structure of the population. The force of natural selection is the resolution

of the entire ecology of the organism into a net statement about which phenotypes are better

able to survive and reproduce, while the structure of the population refers primarily to the way

in which different traits relevant to fitness in that environment are genetically correlated with

each other (modified from Fig.1 in A Joshi 2000, J. Indian Inst. Sci., 80: pp.25–37).

environment. For example, proteins already in the fertilized egg can affect the way in which

genes early in development are switched on, and environmental conditions can do the same at

practically any stage of development. The central arrow in Figure 3 represents the domain of

developmental biology: the generation of the phenotype under the direction of the genotype.

Continuing towards the upper part of Figure 3, the phenotype can be further influenced by the

environment and can, in turn, influence the environment. The environment itself, of course,

consists both of the physical environment as well as other individuals of the same or different

species. Physiology, behaviour, etc., occupy the middle part of the figure in this schematic.

They constitute what the phenotype ‘does’ and ‘how’ it does it. However, whatever an or-

ganism does is not done in a vacuum: it is done in a specific physical and biological context.

Therefore, behaviour and physiology are best understood in the context of the organism’s en-

vironment, and this interface of phenotype and environment (the blue solid line in Figure 3) is

the domain of ecology.

Now consider the longer term consequences of the interaction between a organism’s pheno-

type and the environment. Some individual phenotypes, by virtue of their underlying genotype

and environmental conditions during their lifetime, are better able to make a living and find a

mate and produce offspring in the particular environment they experience, compared to other
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Figure 3: A more detailed view of evolution in living systems (the depiction is with diploid

organisms in mind, but the general issues are the same for haploids as well). Below the dotted

brown line is the genetic domain, and the dark violet circle represents the haploid-diploid-

haploid cycling of genetic material through the alternation of meiosis and fusion. The blue

arrows in the centre of the figure represent influences that play a role in the lifetime of an

individual, whereas the brown arrows to the right of the figure represent influences on the

evolution of the population of individuals.

contemporaneous phenotypes. Thus, their genotypes – or rather, the alleles making up their

genotypes – are transmitted to the next generation to a greater degree than those of the other

phenotypes. This is natural selection, depicted in Figure 3 by the brown arrows leading from

environment and phenotype to the cycle of meiosis and fertilization. Sometimes purely genetic

considerations (the genetic architecture of fitness, meiotic drive, etc.) can also affect the trans-

mission of alleles to the next generation: that is the brown arrow leading from ‘genotype’ to

‘natural selection’ in Figure 3. We will deal with some of these issues in detail in subsequent

articles.

Conclusion

I hope that this article has left you, the reader, with some feeling for the domain of evolutionary

biology, and for why the idea of evolution is considered one of the major intellectual achieve-

ments of humankind. As the depiction in Figure 3 suggests, evolution in its broadest sense

is concerned with life itself: all biology is evolution. This is the sense in which Dobzhansky

called evolution the study of the very dynamics of life. No other idea in biology has the sweep
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and the scope of evolution which encompasses both the diverse and striking particularities of

life, as well as the equally impressive similarities among lifeforms. In subsequent articles in

this series, we will discuss in greater detail some of the specific kinds of questions addressed

by evolutionary biologists and the tools and techniques they use. In addition, we will also

discuss some of the important applications of evolutionary biology to agriculture, medicine,

conservation and to the way in which we think about human history and society.

Suggested Reading

[1] M R Rose, Darwin’s Spectre: Evolutionary Biology in the Modern World, Princeton Uni-

versity Press, Princeton, USA, 1998.

[2] R Dawkins, The Selfish Gene, Oxford University Press, New York, USA, 1976.

[3] S J Gould, The Panda’s Thumb, W W Norton & Co., New York, USA, 1982.

[4] F J Ayala, Theodosius Dobzhansky: A man for all seasons, Resonance, Vol.5, No.10, pp.

48–60, 2000.

[5] A Joshi, Sir. R A Fisher and the evolution of genetics, Resonance, Vo1.2, No.9, pp.27–31,

1997.

[6] A Joshi, Sewall Wright: A life in evolution, Resonance, Vol.4, No.12, pp.54–65, 1999.

[7] S C Stearns and R F Hoekstra, Evolution: An Introduction, Oxford University Press,

Oxford, UK, 2000.

[8] Special Section on Evolutionary Ecology, Current Science, Vol.72, No.12, pp.923–

956,1997.

# 230

230



Evolutionary Biology Today: 2. What do
Evolutionary Biologists do?∗

Amitabh Joshi
Evolutionary and Organismal Biology Unit, Jawaharlal Nehru Centre for Advanced Scientific

Research, P.Box 6436, Jakkur, Bengaluru 560 064, India.

One of the most common questions that people get asked is “What do you do?”.

When I say that I am an evolutionary biologist, most people respond with “Oh, so

you study fossils”. My response to this is to say that I do not work with fossils, and

that I am an evolutionary geneticist. This clarification typically results in the person

saying “Oh, so you work with DNA.” By the time I have said that I do not actually

work with DNA either, the person who asked the question begins to appear some-

what confused. It seems that many people do not really have a clear idea of what

evolutionary biologists today do, the kinds of questions they seek to answer, and the

approaches and methodologies they use. Of course, many evolutionary biologists do

work with fossils or DNA, or both, but there are also large numbers of researchers

in evolution whose work does not fit into these stereotypes. In the first part of this

series, we looked at the domain of evolutionary biology. In this article, we shall look

at some of the sub-disciplines of evolution, embodying slightly different questions,

techniques and emphases.

As we saw in the previous article, evolutionary biology in a broad sense is a very vast field

because its domain is nothing more or less than life itself: in order to understand how lifeforms

evolve, we must also understand how they are made and work, how they behave and how they

reproduce. Even in a narrower sense, evolutionary biology is quite broad, and different people

working in the field tend to fall into several loose groupings that can be described by differences

in the kinds of questions they seek to address in their research. In this article, I will describe

some of these groupings, delineated in a manner that is basically the way I like to visualize

them. I stress at the outset that this is just one way of looking at the field of evolution and its

sub-disciplines, and also that the boundaries between these sub-disciplines are rather blurred

with the research of many scientists spilling over one or more of these boundaries.

The first major division that I like to make is between studies focussed primarily on de-

scribing and understanding patterns in the living world, and those aimed primarily at examin-

ing processes (Figure 1). The dotted line dividing the ‘box of evolutionary biology’ into two

is meant to indicate that this barrier is porous. After all, patterns in the living world, whether

in space or time, are generated by evolutionary processes. Clearly, then, process and pattern in

evolution are intertwined, at least conceptually, as it is the process that generates the pattern,

∗Reproduced from Resonance, Vol.8, No.2, pp.6–18, February 2003.
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Figure 1: One way of envisioning the major sub-disciplines of evolutionary biology. The over-

lapping boundaries of the disciplines are to emphasize that these distinctions are not absolute.

In The Origin of Species, Darwin himself made use of approaches and arguments that would

be considered belonging to all four of the sub-disciplines depicted here, although the rudimen-

tary knowledge of heredity in his time made it difficult for him to go into the consequences of

natural selection in great detail.

and the pattern in turn does exert feedback on the process. Yet, in terms of actual practice, re-

searchers trying to understand patterns and those working on processes often do very different

kinds of research. Within the study of patterns, we can further distinguish between research

programmes primarily addressing patterns in space (the distribution of lifeforms) and those

aimed at patterns in time (the history of lifeforms). Here, too, there is overlap between these

two sub-disciplines, as we shall see.

Among evolutionary biologists interested in the processes underlying evolutionary change,

one can broadly distinguish between evolutionary ecologists and evolutionary geneticists,

though the distinction is again a fuzzy one (Figure 1). In general, evolutionary ecologists

tend to be more focussed on the causes of natural selection i.e. how the ecology and the life

history of an organism interact to produce a force of natural selection that results in certain in-

dividuals being more successful at surviving and producing offspring than others. Or, to put it

another way, evolutionary ecology is more concerned with how interaction between phenotype

and environment generates differences in Darwinian fitness among different phenotypes (Fig-

ure 2). Evolutionary genetics is somewhat complementary to this approach and focusses more

on understanding how the differences in Darwinian fitness among phenotypes ultimately result

in differential transmission of genes to subsequent generations, and how these differences may

eventually alter the genotypic and, therefore, the phenotypic composition of the population,

resulting in adaptive evolution (Figure 2).
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Figure 2: The domain of evolution. Evolutionary ecology, represented by the dashed lines,

encompasses the interaction of phenotype and environment which gives rise to natural selec-

tion, because some phenotypes, by virtue of the traits they possess, are better able than others

to survive and reproduce in that environment. Evolutionary genetics, represented by the area

enclosed in the dotted boundary, is focussed on understanding the consequences of differences

in Darwinian fitness between phenotypes. This involves understanding the genotypic differ-

ences underlying differences in phenotype, and how the differential reproductive success of

phenotypes (and their underlying genotypes) will ultimately alter the genotypic (and, there-

fore, phenotypic) composition of the population in the next generation.

Phylogeny and Systematics

Since earliest times, humans have tried to classify living things and, especially in ancient civ-

ilizations, the detailed classification of plants and animals was often based on their signifi-

cance to humans. However, there was widespread recognition that the diversity of living forms

was clearly discontinuous, and that distinct lifeforms (species) could be recognized, and also

grouped together into hierarchical categories based on some assessment of degree of similar-

ity. Taxonomy was quite a developed science well before the concept of evolution was widely

accepted, and many workers emphasized the need to consider many different characters when

assessing similarity, claiming that classification based on one or a few arbitrarily chosen char-

acters were artificial, whereas a classification based on many characters would be natural,

reflecting ‘natural taxonomic categories’.

Darwin appears to have been the first to argue at length that the reason we can think of

‘natural’ classifications is because different species form a sort of a family tree due to descent

with modification from common ancestors. In The Origin of Species, Darwin devoted an entire
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chapter to this argument, writing in the summary “In this chapter I have attempted to show

that the subordination of group to group in all organisms...that the nature of the relationship

by which all living and extinct beings are united by complex, radiating and circuitous lines

of affinities into one grand system...all naturally follow on the view of the common parentage

of those forms which are considered by naturalists as allied, together with their modification

through natural selection, with its contingencies of extinction and divergence of character.”

The acceptance of Darwin’s ideas about adaptive evolution through natural selection

changed the conceptual backdrop against which taxonomists worked, and many in the field

began to argue that the purpose of a scheme of classification should be to reflect the phylogeny,

or evolutionary history and interrelationships between species, rather than just providing a con-

venient system of nomenclature and species identification. Today, many systematists see their

field as concerning not just classification and naming of organisms, but of understanding their

evolutionary interrelationships and also using information on the distribution of species in time

and space to make inferences about various aspects of the evolutionary process (Box 1).

The practice of phylogeny construction itself has undergone a great change in the past few

decades with the development of the theory of molecular evolution, and the availability of

the technology for obtaining detailed genetic information on large numbers of individuals. A

phylogenetic tree of a group of species or other taxa is basically a graphic summary of the evo-

lutionary history of that group. It tells us how closely different members of the group are related

to one another, and also how long ago they shared common ancestors (Figure 3). Phylogenetic

trees can be represented graphically in many ways that often look different. The important in-

formation conveyed in a phylogenetic tree is in the nodes, or branching points, from where two

or more species (or other taxa) diverge from a common ancestor. The relative vertical distance

between successive nodes on a branch should be a measure of time elapsed between the suc-

cessive branchings of daughter species (taxa) from a common ancestor. The relative position

of species (taxa) along the horizontal dimension does not convey any information about the

similarity or relatedness of closely placed species or taxa (Figure 4).

In fact, the dimension of time is critical to a phylogeny. Similar tree-like diagrams (dendro-

grams) can in principle be made for a group of species or taxa on the basis of some measure of

similarity based on many morphological or other traits. Such dendrograms are used extensively

in the practice of taxonomy, and whether or not they should be considered phylogenetic trees

is still a matter of some disagreement among scientists. One potential problem of evolution-

ary interpretation in such cases is that distances between nodes in the tree represent a measure

of phenotypic similarity, not time, or even degree of relatedness (genetic similarity). Conse-

quently, many researchers prefer genetic data over morphological data for the construction of

phylogenetic trees. Whether genetic or phenotypic characters are used, there are certain crite-

ria that a character useful for constructing a phylogeny must meet. A basic requirement is that

characters used for making a phylogenetic tree should be independent, and not correlated. For

example, body length and body weight will usually not be independent. The reason this is im-

portant is that very often different trees can be made that are consistent with the observed data.

Statistical tests are then used to decide upon the best tree, and these tests require the characters
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used as input data to be independent. Another criterion is that characters used for phylogenetic

tree construction should be homologous (inherited by modification from the same structure in

a common ancestor). Similarity of characters reflects relatedness only if the characters are in-

herited from a common ancestor. In many cases, superficial similarity may be due to adaptive

evolution having shaped a structure for a similar purpose in different taxa.

Figure 3: An example of a phylogenetic tree, showing the evolutionary interrelationship be-

tween five hypothetical species. In this tree, species D and E are more closely related to each

other than either is to species C, because species D and E shared a common ancestor more

recently in time (at branching node 4) than the point at which these two species shared a com-

mon ancestor with species C (at branching node 3). Ideally, the vertical distance between two

successive nodes should correspond to time. In reality, it often corresponds to some indirect

estimate of time, such as some measure of genetic difference.

Figure 4: Alternative graphical depictions of the phylogenetic tree shown in Figure 3. It is im-

portant to note that these are all identical in the information they convey about the evolutionary

relationship between these five species, even though they may look superficially different.
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Box 1. The Comparative Method in Evolutionary Biology

The comparative method is used a lot in evolutionary biology to infer adaptation. The basic notion in

applying the comparative method is to seek a correlation between two traits, or between a trait and some

ecological variable, and if there is a strong correlation between the two across many species, then some

inference about causation is made. For example, consider breeding systems in primates. Some species

show monogamous pairing, some have single male troops where one male monopolizes matings with all

the females in the troop, and yet others form multi-male troops where females may be inseminated by

many males. In the latter case, we may expect relatively intense competition for fertilizing an egg among

sperms from the different males that have inseminated the female. In the event of such competition, all

else being equal, one could predict that males delivering more sperm in their ejaculate would have a higher

chance that one among their sperm would be successful in fertilization, compared to males ejaculating a

smaller number of sperms. Scientists have tried to assess whether natural selection has tended to favour

males ejaculating larger numbers of sperm by looking across species of primates whether breeding system

is correlated with testis size (relative to body size), such that males from species with multi-male troops

have relatively larger testes than those from species with single male troops or monogamous breeding

systems. The assumption here, of course, is that testis size is positively correlated with sperm count in the

ejaculate, and there is some evidence supporting this assumption.

When many primate species were studied, it was indeed found that species with multi-male troops tended

to have males with larger testes relative to their body size. However, to infer that this observation confirms

our hypothesis that sperm competition in species with multi-male troops has led to the evolution of larger

testes, we need to first rule out a possible alternative explanation, and for this we will need to know the

phylogeny ofthe species studied. It could be that, just by chance, a particular species of primate in the

past had the combination of multi-male troops and relatively large testes and all the species showing this

combination today are descended from it (left hand side of figure below). If that be the case, then the data

cannot be used to support our hypothesis, because there is no real ‘independent’ replication of the finding

that multi-male troops and large testis size go together. If, on the other hand, it is seen that the combination

of multi-male troops and large testes appears independently in several lineages (right hand side of figure),

then we can feel more justified in claiming that the data support our hypothesis.
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The independence and homology of characters can usually be tested without too much

difficulty. A third criterion for characters useful for phylogenetic tree making is somewhat

trickier to ensure, and this is that the characters should minimize homoplasy. Homoplasy

denotes noise in character data used for phylogenetic purposes. Traits may appear similar

in taxa due to natural selection in similar environments, rather than close relatedness (a recent

common ancestor). Conversely, some traits may differ among closely related taxa due to chance

factors like random genetic drift, or because selection in different environments has caused

divergence in those traits. One key here is to choose traits according to the level of taxonomic

hierarchy with which one is working because it is important to choose characters which evolve

neither too rapidly nor too slowly, relative to the age of the taxa for which we are constructing

the tree. In the case of traits evolving too fast, differences based on different ancestry can get

obliterated; if traits evolve too slowly, differences among taxa may not be seen at all.

Here we can only sketch the barest outline of the kinds of problems on which researchers in

phylogeny and systematics work. It is useful to differentiate between research done to develop

new methodologies for phylogeny construction and research done with the aim of collecting

data to construct a phylogenetic tree for a particular group of taxa. The former research has

leaned heavily on mathematical and statistical theory and, more recently, on computer science.

Once we have collected data on carefully chosen characters across a number of taxa, we need to

ask the question: which phylogenetic tree is most consistent with these data? Broadly, there are

two types of statistical approaches used to answer this question. Parsimony based approaches

seek the tree that will minimize the amount of evolutionary change required to explain the data.

Maximum likelihood approaches try to find the tree which has the greatest probability of yield-

ing the observed pattern of data under some underlying model of how the characters change.

For large data sets, where the number of possible trees can get astronomically high, developing

efficient algorithms to find the ‘best’ tree is in itself an active research area combining statistics

and computer programming. Developing models for character change, especially for genetic

data, is a whole branch of study called molecular population genetics. This branch of study

grew out of the work of the Japanese geneticist Motoo Kimura on how genes that are neither

selected for or against evolve. This is a highly mathematical area of evolutionary research us-

ing mostly the theory of stochastic processes. Data collection for phylogenetic analyses can

involve many methodologies, depending on the characters being studied which can range from

gross morphology to anatomy to behaviour to DNA sequence. An increasingly used strategy

is to make a phylogeny of a behavioural or morphological character and then compare it to a

phylogeny of the same taxa based on genetic data (Box 1). This often allows interesting infer-

ences to be drawn about the way in which that particular behaviour or morphological trait has

evolved in that group of taxa. Phylogenetic analyses can also be useful in some very practical

applications outside academic research (Box 2).
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Box 2. A Forensic Epidemiological Application of Phylogenetic Tree Construction

It may seem that construction of phylogenetic trees would not be of any interest outside the realm of

academic research in evolutionary biology, but this is not so. In the 1990s, an American dentist who

had tested HIV-positive was suspected of having infected a patient. As a follow up, many of his patients

were tested and several were found to be HIV-positive. However, many of these patients also fell into one

or another high risk category for contracting HIV infection, and it was not clear whether they had been

infected by the doctor, or through some other source. To sort out the issue, scientists from the US Centers

for Disease Control sequenced one of the genes of the virus (gp120) from a number of HIV-positive people

in that city. The infected people sampled included both patients of the dentist and others. A phylogenetic

tree of the sequence of the HIV gp120 gene was then constructed.

The figure shows a schematic depiction of the kind of result they obtained. In the figure, X marks the

gene from the virus infecting the dentist, black circles indicate the gene from viruses from his patients,

and open circles denote the gene from viruses sampled from infected individuals who were not patients

of the dentist. It was clear that the gp120 gene in the virus sampled from a majority of the dentist’s

patients clustered together with the gene sampled from the dentist in a distinct lineage. More importantly,

HIV infected people who were not his patients did not cluster within the same part of the phylogeny as

the dentist and most of his patients. The two patients on the right hand side of the figure evidently got

their HIV infection from some source other than the dentist. The importance of this finding was that it

confirmed the suspicion that the dentist was infecting his patients with HIV, and this confirmation then

led to a number of changes being made in the way in which dentists and other doctors worked, so that

chances of such transmission of HIV could be minimized in future. Similar evolutionary approaches to

understanding the spread of infectious diseases have been successfully used in several countries in the past

ten years.

Biodiversity

Biodiversity today is a term we come across all the time in the media. Unfortunately though,

the impression often conveyed by all the media coverage is that biodiversity studies are not

much more than glorified nature excursions in which all one does is to routinely catalogue all

the species found in a given area. Of course, studying what species there are in a given region

is important, but this is just the first step in any attempt to study biodiversity. The ultimate
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purpose of serious research in biodiversity is not only to document patterns in the occurrence

of life forms on Earth, but to understand the forces shaping these patterns, and to do this is no

trivial task.

The geographical distribution of species was of considerable interest to Darwin, and also

provided an initial impetus for him to begin thinking about the forces responsible for generating

these patterns of distribution. Interest in understanding the forces shaping biodiversity waned

somewhat in the early 20th century. This was largely because the development of the theo-

retical foundations of population genetics and population ecology that was taking place at this

time, and in the initial phase of this endeavour workers like Fisher, Wright and Haldane in pop-

ulation genetics, and Lotka, Volterra and Nicholson in population ecology, were focussing on

a detailed mathematical analysis of simple systems. With the maturation of both fields by the

1960s, a serious attempt to theoretically study the dynamics of ecological communities began.

Particularly notable in this regard was the work of Robert MacArthur, trained as a mathemati-

cian, who turned his keen mind to community ecology. Although MacArthur died at a very

young age, his theoretical work on the importance of competition and migration in shaping

the dynamics of species composition on islands provided the foundation for much subsequent

work aimed at understanding how the structure of ecological communities changes over time.

MacArthur also developed the theory of density-dependent natural selection, which recognized

that different traits would be beneficial to an organism’s Darwinian fitness depending on the

degree of crowding an organism typically encountered. The theory of density-dependent selec-

tion represented the first step towards a merger of population genetics and population ecology

which had till then developed largely separate from each other. Despite his very brief career,

many ecologists feel that MacArthur was probably one of the most influential ecologists of the

20th century.

Once again, we do not have the luxury of a detailed discussion of community ecology and

biodiversity studies here. I would just like to point out that, as in the case of phylogeny and

systematics, research problems and researchers in this field too are of diverse kinds. Even the

quantification of biodiversity raises interesting questions, and many statistically minded work-

ers have applied their ingenuity to devise meaningful estimates of different aspects of biodiver-

sity. The study of community structure and dynamics brings together naturalists carrying out

surveys and manipulative experiments in the wild, experimentalists testing theories in carefully

controlled microcosms in the laboratory or greenhouse, and theoreticians trying to understand

how various ecological factors interact to affect the growth and composition of communities, a

problem in complex system non-linear dynamics.

Evolutionary Ecology and Evolutionary Genetics

I will turn briefly now to the two broad areas of evolutionary biology where the emphasis is

on understanding the evolutionary process. Both the sub-disciplines, evolutionary ecology and

evolutionary genetics, warrant articles on their own, in which we will look at examples of the

kinds of studies that are done by practitioners of these fields in some detail. As mentioned be-
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fore, the focus in evolutionary ecology studies tends to be on the fitness consequences of certain

phenotypic attributes, whereas in evolutionary genetics the focus is on the evolutionary conse-

quences of the differential fitness of phenotypes. Very often, the first problems are suggested by

some application of the comparative method. For example, it has been observed for a long time

that animals inhabiting colder regions tend to be larger than similar species, or populations of

the same species, inhabiting warmer climates. Theoretical arguments can be made about why

larger body size would be helpful in a cold climate because in a larger animal, the ratio of

surface area to volume is likely to be less than in a smaller animal. Consequently, conservation

of heat is likely to be easier for a larger animal, and this should help it survive better in a colder

climate, resulting in higher fitness. An evolutionary ecologist would most likely follow up this

reasoning by subjecting animals of different size to different temperatures and asking whether,

in fact, larger animals had higher survival at colder temperatures and vice versa. An evolution-

ary geneticist would probably like to go a step further and say “Okay, maybe larger body size

results in greater fitness at low temperatures, but since we know very little about the genetics

of body size, we should still ask whether larger body size will in fact evolve in organisms liv-

ing at low temperatures for many generations”. He or she would then go ahead and try to do

a long-term experiment in which some populations of the species were maintained for many

generations at low temperatures, and then compared with those maintained at higher tempera-

tures, to see whether larger body size actually evolved in the low temperature populations. In

both these sub-disciplines, too, actual research consists of a blend of theory, experiment and

observation.

Conclusion

In this second part of the series, I have tried to give a brief overview of the major sub-disciplines

of the field of evolutionary biology. Some of these – evolutionary ecology and evolutionary ge-

netics – will be dealt with in greater detail in subsequent parts. That is not to imply that these

fields are more important than others; I will discuss them in more detail because those are

the fields I happen to be more familiar with through direct experience. Another aspect that

I have tried to stress here is that evolutionary biology and its individual sub-disciplines are

syncretic sciences in which theory, observation and experiment blend far more equitably than

in many other fields in biology. Although individual scientists may focus in their research on

a particular organism and a small set of traits, they cannot afford to lose sight of the broader

conceptual framework of evolution. In India, evolutionary biology as a research field is rather

under represented. Yet, although few Indian scientists do research in evolution, their contri-

butions to the enhancement of our knowledge in this field has been notable. The Suggested

Reading accompanying this article have been chosen to give you a sampling of some of the

work done by Indian evolutionary biologists, and I have referenced articles published in Indian

journals in the hope that they will be relatively accessible to interested readers. Worldwide,

scientists from diverse backgrounds, ranging from engineering to zoology, have contributed to

our understanding of the evolutionary process and its consequences. Similarly, questions in
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evolutionary biology have often led to the development of new areas in other fields of study

such as mathematics, statistics and computer science. In our country, unfortunately, evolution

is taught largely as a historical footnote to classical biology courses, and I hope that these arti-

cles on evolution will appeal to students from disciplines other than biology, and help convince

them that there is something for everyone in this very fascinating and inter-disciplinary study

of the dynamics of life.
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