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Preface

As | was close to completing this book, | found myself watching the sun go down from an empty beach
in west Wales. The sky was livid with salmon-coloured bands of clouds. The shore was being washed
with the steady pulse of the sea, and a stream threaded its braided course across the wrinkled brow of
the sandy beach to the water's edge, where a white foam frothed on top of the turbulent eddies. Behind
me rose rugged cliffs, each cradling countless miniature replicas of itself in a craggy hierarchy. Along
the cliff path | had noticed earlier in the day the spiral arrangement of spikes on the gorse bushes, the
five-petalled wild flowers. And | don't think it was until that moment that | truly appreciated how the
patterns that | had spent the last several months describing were far from the arcane curiosities of
laboratories or the virtual creations of a computer cyberspace, but indeed the blue-prints for nature.

| had just read Brian Appleyard's response, in Under standing the Present, to the famous remark of
physicist Richard Feynman on how understanding a flower scientifically can only increase our
appreciation of it. Appleyard is unmoved: 'We are supposed to be grateful,' he scoffs. Reactions to
scientific inquiry will ever be diverse, | suppose; but | know that at that moment | was grateful that the
patterns of west Wales's wild coast can be understood and appreciated, not just experienced. It made me
feel at home there.

| hope that you too will acquire from this book the kind of excitement that | now feel when | observe
the lace-work of the sky or the outrageous designs of a butterfly's wing. When alittle mystery is
dispelled, the wonder and beauty need not go with it.

Asever, my accuracy (not to say clarity) has been improved immeasurably by the generous advice of
those who really know about this stuff. For comments on the text, | am deeply indebted to Robert
Anderson, John Barrow, Michael Batty, Eshel Ben-Jacob, Elena Budrene, Scott Camazine, Pierre
Hohenberg, Jm Kirchner, Rolf Landauer, Michael Marder, Hans Meinhardt, Jim Murray, Geoffrey
Ozin, Pggman Rohani, Katepali Srinivasan, Tom Mullin, Udo Seifert, Gene Stanley, Tamés Vicsek, Art
Winfree and George Zaslavsky. For providing reference material, | should like to thank Michele
Emmer, Michael Gorman, Alan Mackay, Alan Newell, Peter Ortoleva, Juan Manuel Garcia-Ruiz,
Robert Phelan, Luciano Pietronero, Lee Smolin, Harry Swinney, Steven VanHook and Dennis Weaire.
And | am most grateful to all the others who generously loaned me photographs and illustrations. |
would like to express particular thanks to Graeme Hogarth, Andrea Sella and the chemistry department
of University College, London, for assistance with the chemical experiments in the appendices.
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| have been greatly encouraged in this project by the enthusiasm of Cathy Kennedy at Oxford
University Press, and also by that of many friends who | have regaled with the just-so stories of natural
patterns. My partner Julia has listened patiently and helped me to see where my enthusiasm outruns my
lucidity.

P. B.
LONDON
OCTOBER 1997
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1
Patterns

The waves of the sea, the little ripples on the shore, the sweeping curve of the sandy bay between the
headlands, the outline of the hills, the shape of the clouds, all these are so many riddles of form, so many
problems of morphology, and all of them the physicist can more or less easily read and adequately solve.
D'Arcy Wentworth Thompson

On Growth and Form

There was always something alittle different about meteorite ALH84001, found in 1984 on the icy
Allan Hills of Antarctica. For one thing, it came from Marslike only 11 other meteorites found around
the world. But unlike these others, ALH84001 was oldand | mean four-and-a-half billion years old. The
rock was formed when the Red Planet was newly born. But the most extraordinary aspect of thislittle
lump of Mars did not emerge until August 1996, when scientists from NASA announced that it might
contain signs of fossil life from our cosmic neighbour.

Maybe my years at Nature magazine have exposed me to too many amazing ‘discoveries that vanish
like morning mist under close scrutiny; but | felt in my bones that this claim would not stand the test of
time. If I'mwrong (and | rather hope | am), thisis one of the most significant discoveries of the
twentieth century. But although the jury is still out while scientists clamour for more pieces of the
meteorite to carry out exacting tests, already there are signs that this evidence for ancient life on Marsis
on shaky ground.



One of the lines of argument particularly caught my attention. Within the Martian rock the NASA team
found microscopic wormlike features about atenth of a micrometre in width, which they suggested
might be the fossilized remains of bacteria (Fig. 1.1). What leapt to my mind was a book called Earth's
Earliest Biosphere, in which Californian geologist William Schopf lists and depicts countless examples
of curious, bacteria-like structuresin ancient rocks from Earth's early history. Schopf explains that,
while some of these are indeed microfossils of primitive bacteria dating back to around a billion years
after the Earth was formed, many others are not fossils at all, but most probably structures formed in the
rocks by purely geological processes.

Prospectorsfor early life on Earth are in constant danger of being fooled by these mineral structures,
which in some cases look barely distinguishable from well-established microfossils (Fig. 1.2). Thereis
arecognized class of objects called 'dubiofossils, which are microscopic rock structures whose origin
one cannot unambiguously ascribe either to organic or inorganic causes. | should say that the NASA
scientists were familiar with these pitfalls, and were also uncomfortably aware that their putative
Martian fossils were much smaller than any known from Earth. But they felt that the several other
suggestive chemical characteristics of meteorite ALH84001 added weight to the idea that the worm-like
structures were indeed the mineralized casts of primitive organisms from Mars.,

Y ou might think that it should be an easy matter to distinguish afossilized remnant of aliving organism
from some rock feature formed by physical forces alone. Surely we can, at even a brief glance, tell a
crystal from aliving creature, an insect from arock?

Y et what isit that encourages us to make these distinctions, based on superficial features alone? |
suspect that most of us at some level identify akind of characteristic form that we associate with living
things; but it is hard to put that into words. Living organisms come in al shapes and sizesatree, a
rabbit, a spiderbut there is something purposeful about these forms. They are complex (and | shall
shortly have to be alittle more
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Fig. 1.1
These microscopic structures found in a Martian meteorite have been presented as
evidence for ancient bacterial life on Mars. Are they the fossilized remnants of tiny
worm-like organisms? (Photo: NASA.)

precise in using this word), but not random. They have akind of regularityevident, for instance, in the
bilateral symmetry of our bodies or in the branching pattern of atreebut it is not the geometric
regularity of crystals. Somehow it seems natural, when we see formslike thosein Fig. 1.1, to associate
them with the subtle and delicate forces of life, not with the coldly geometrical exigencies of physics.
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Fig. 1.2
How do you tell afossil from arock? The formations
shown here have all been identified in ancient rocks;
but whereas those in () are probably genuine fossilized
bacteria, several billions of yearsold, it is possible that
those in (b) were formed by purely geological
processes. (Photos: from W. Schopf (ed.) (1991). Earth's
Earliest Biosphere. Reprinted with permission of
Princeton University Press.)

If thereisonething | hope to do in this book, it is to shake up these assumptions. | wish to show in
particular that pattern and organized complexity of form need not arise from something as complicated
aslife, but can be created by simple physical laws. Thisidea of complexity from simplicity has become
amost a new scientific paradigm in recent years, and most probably a cliche too. Yet | hope hereto tie
it down, to show that it is not a recondite solution to all of life's mysteries, nor aresult of a newly
acquired facility for tricky computer-modelling, nor even a particularly new discoverybut a theme that
has featured in scientific enquiry for centuries. Some of the complex patternsthat | shall consider in this
book pose questions that are truly ancient: from where come the stripes of atiger, the procession of
'mare'stail' clouds, the undulations of sand dunes, the vortex of awhirlpool, the shapes and decorative
adornments of sea shells?

I mposters

L et me delve further into our preconceptions about form and pattern. If you saw through the microscope
mineral formations like those in Fig. 1.3a, would you suspect that these are the shells or skeletons of
some tiny creatures? That would be an understandabl e assump-
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tion, yet they are the products of a purely chemical process involving the precipitation of silicafrom a
soluble salt. Much the same chemical brew can produce the surface patternsin Fig. 1.3b, strikingly
reminiscent in both shape and scale of the putative Martian fossilsin Fig. 1.1! What on earth sculpts
these mineral bodies into such odd and apparently 'organic' forms?

Fig. 1.3

(a) Arethese complex, patterned mineral structures the

shells or skeletons of tiny organisms? On the contrary,
they are the product of a purely synthetic chemical
process carried out in the laboratory, [b) A similar
chemical process generates these surface patterns,

which bear some (coincidental) resemblance to those

in Fig. 1.1. (Photos. Geoffrey Ozin, University of Toronto.)



Fig. 1.4 (a) Modern-day stromatolites in Shark Bay, Western
Australia. (b) The complex, laminated structure of a
2.7-billion-year-old stromatolite from Western Australia.
The image shows an area of 3 x 4 cm.

(Photos. Malcolm Walter, Macquarie University, Sydney)



A particularly striking cautionary tale of this association between life and complex formand one that
reverberates through the story of the Martian meteoriteconcerns the rock formations known as
stromatolites that are found in ancient reef environments around the world. Ever since these curious,
spongy structures were discovered in the nineteenth century, their origin has been disputed. The
prevailing interpretation is that they represent the fossil remains of mat-like structures created by
marine microorganisms such as cyanobacteria, which are amongst the oldest known forms of life on
Earth. Fossil microbes have been found in some stromatolites, but the argument for their biological
origin finds its most crucial evidence in the similarity in form between ancient stromatolites and modern
analogues that are demonstrably still being
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constructed from cyanobacterial and algal mats (Fig. 1.4a). If this association holds, stromatolites
provide some of the oldest evidence for life on Earth, since they have been dated back to three-and-a-
half billion years ago. Researchers have even proposed that searches for life on Marsitself should
include the option of looking for stromatolite-like features around the dried-up lakes and springs of the
Red Planet.

But in 1996 John Grotzinger and Daniel Rothman from the Massachusetts I nstitute of Technology
showed that a comparison based on form alone cannot provide unambiguous evidence for the
handiwork of biology. They demonstrated that the characteristic features of the irregular layers of a
typical stromatolite (Fig. 1.4b), whose bumps and protrusions look for all the world like the product of
biological growth, can be generated by simple physical processes of sedimentation and precipitation of
minerals from the overlying water. This does not prove that stromatolites are purely geological
structures (and it isvirtually certain that at least some are not), but it shows that arguments based on
form alone are not sufficient to rule out that possibility.

We can play this game the other way around. What are the objects shown in Fig. 1.5living organisms or
crystals? Their geometric regularity suggests the latter, but these are viruses, and all too dangerously
alive. Complex form may not require an organic origin, but similarly geometric form does not exclude
it. There are, in other words, forces guiding appearances that run deeper than those that govern life.

Lookno hands

Our pregjudice says otherwise. The most striking examples of complex pattern and form that we
encounter tend to be the products of human hands and mindsshaped with intelligence and purpose,
constructed by design. The convolutions of atraditional patchwork fabric, the intertwining knots of a
Celtic symbol, the horizon-spanning stepped terraces of Asian rice fields, the delicate traceries of
microelectronic circuitry (Fig. 1.6)all bear the mark of their human makers. The subconscious message
that we take away from all this artifice is that patterning the worldshaping it into the forms of our needs
and our dreamsis hard work. It requires a dedication of effort and a skill at manipulation. Each piece of
the picture must be painstakingly put into place, whether by us or by nature. This, we have come to
believe, isthe way to create any complex form.

So when they found complexity in nature, it is scarcely surprising that many theol ogians throughout
time have refused to see anything other than the signature of divine guidance. From the action of
nature's most basic physical laws, on the other hand, such as Newton's inverse-square law of gravity, we
have learnt to expect nothing but the geometric sterility of aplanet's elliptical orbit around the Sun.

Would it not be extraordinary, however, if these laws could by themselves contrive to generate rich and
beautiful patterns? If we could decorate a table cloth by using dyes that spontaneously segregate into a

multicoloured design? Or to scatter a hillside with topsoil and watch it arrange itself into terraces ready
to receive water and seed? But experience teaches us that this is not the way things go. On the contrary,
dyes mix, don't they? Soil gets distributed randomly by the wind and rain, right?



Fig. 1.5
These geometric, ordered forms are in fact living organismsviruses, (a)
The cowpea chlorotic mottle virus; (b) the herpesvirus.
(Images: () Jean-Y ves Sgro, University of Wisconsin; (b) Hong Zhou,
University of Texas at Houston.)

The astonishing thing is that sometimes apparent reversals do happen. Fluids unmix of their own
accord; landscapes become scul pted by the elements into regular patterns. Through such processes,
nature's tapestry embroiders its own pattern. And by studying these strange and counter-intuitive
processes, we discover that some of nature's patterns recur again and again in
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Fig. 1.6
Most of the complex patterns that we create are the products of painstaking labour: (a) a Kuna mola tapestry
from Panama; (b) paddy fieldsin China; (c) Celtic design on a stone cross; (d) circuitry on a microprocessor
chip. (Photos: (b) Getty Images; (d) Michael W. Davidson and the Florida State University.)

situations that appear to have nothing in common with one another. Y ou can't avoid concluding, once
you begin to examine this tapestry, that much of it is woven from a blueprint of archetypes, that there

are themes to be discerned within the colourful fabric. Nature's artistry maybe spontaneous, but it is not
arbitrary.

Form and life



Biologists are used to the idea that form follows function. By this | mean that the shape and structure of
abiological entitya protein molecule, alimb, an organism, perhaps even a colonyis that which best
equips the organism for survival. (In today's gene-centred view of biology, we should instead strictly
say that it isthe survival of the gene that is paramount, the organism being merely a convenient vehicle
for this.) Thisisthe Darwinian paradigm: form is selected from a palette of possibilities, and by
selected | mean favoured by natural selection. A form that gives the organism an evolutionary
advantage tends to stick.

Thisisasimpleidea, but phenomenally powerful. The objection that it would take an unreasonably
long time to find the best form from the range of alternativesa favourite argument for evolutionary
scepticscrumbl es beneath the extraordinary and demonstrable efficiency of natural selection. We can
watch the process take place in a matter of days for generations of bacteria bred in culture. In 1994,
Swedish researchers performed computer experiments showing that even a biological device as
sophisticated as an eye will evolve from aflat sandwich of photosensitive cells



Page 6

in amatter of around 400 000 generationsperhaps half-a-million years, ablink in geological termsif one
makes conservative assumptions about such factors as the rate of mutation between each generation.
Even getting life started in the first place, from a brew of simple organic chemicals on the young Earth,
seems to have been astonishingly easy: it may have taken less than 200 million years from the time that
the planet first had a solid surface, and would presumably have involved competition and consequent
selection amongst generations of replicating molecules and small molecular assembilies.

Fig. 1.7

The Cambrian period was a time of tremendous
experimentation in nature's body plans. Here are

just afew of the bizarre creatures reconstructed

from remains found in the Burgess shale.
Clockwise from top left: Anomalocaris, Aysheaia,
Hallucigenia and Dinomischus.
(Drawn by the author, after Marianne Collins.)



But as an explanation for natural form, natural selection is not entirely satisfying. Not because it is
wrong, but because it says nothing about mechanism. In science, there are several different kinds of
answer to many questions. It islike asking how a car gets from London to Edinburgh. One answer
might be 'Because | got in, switched on the engine, and drove'. That is not so much an explanation as a
narrative, and natural selection isabit like thata narrative of evolution. An engineer might offer a
different scenario: the car got to Edinburgh because the chemical energy of the petrol was converted to
kinetic energy of the vehicle (not to mention afair amount of heat and acoustic energy). Thistooisa
correct answer, but it will be a bit abstract and vague for some tastes. Why did the car's wheels go
round? Because they were driven by a crankshaft from the engine. . . and before long you areinto a
mechanical account of the internal combustion engine.

Some biologists want to know about the internal combustion engine of biological form. They will
accept that the form is one that conveys evolutionary success, that a fish shaped like a giraffe wouldn't
exactly have the edge on its competitors. But this form has nonetheless to be put together from asingle
cell. What are the mechanical ins and outs of that process?

From anaive evolutionary perspective, anything seems possible. Y ou assume that nature has at its
disposal an infinite palette, and that it dabbles at random with the choices, occasionally hitting on a
winning formula and then building mostly minor variations on that theme: for fish, the torpedo-body-
and-fins theme, for land predators the four-legs-and-muscle idea. To judge from the astonishing
diversity of form apparent in fossils from the Cambrian period (Fig. 1.7; see also Stephen Jay Gould's
book Wonderful Life)adiversity far exceeding anything we find in today's organismsyou might imagine
that thisis precisely what happens. But is the palette truly infinite? Once you start to ask the ‘how? of
mechanism, you are up against the rules of chemistry, physics and mechanics, and the question
becomes not just 'is the form successful ? but ‘isit physically possible?

Questions of this sort were what prompted the Scottish zoologist D'Arcy Wentworth Thompson in 1917
to write a beautiful book whose influenceis still felt today. In On Growth and Form, Thompson gave
an engineer's answer to the Darwinism that was rushing like a deluge through the biology of histime.
Still initsfirst flush, Darwin's theory was propounded as the answer to every question that someone in
Thompson's community might want to ask. The shape of agoat's horn, of ajellyfish's protoplasmic
body, of a sea shellall have the form they do because natural selection has scul pted them that way.

D'Arcy Thompson saw such ideas as an affront to one of science's guiding principles. economy of
hypotheses, exemplified by the approach to problem solving expounded by the fourteenth-century
philosopher William of Ockham and now known as Ockham's (or Occam'’s) razor. Put simply, this
approach demands that we set aside complicated explanations for things when a simpler one will do.
The principle is not much funthere would be no UFOs, no paranormal phenomena, if
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we had al learnt to observe itbut it prevents the proliferation of unnecessary ideas.

What, suggested Thompson, could be more unnecessary than invoking millions of years of selective
fine tuning to explain the shape of a horn or a shell when one could propose a very simple growth law,
based on proximate physical causes, to account for it? The sabre-like sweep of an ibex horn does not
have to be selected from a gallery of bizarre and ornate alternative horn shapes. we can merely assume
that the horn grows at a progressively slower rate from one side of the circumference to the other, and
hey prestoyou have an arc.

Thereisno inconsistency here with the Darwinian scheme of things, within which it is quite possible
for such a growth law to arise. But Thompson's point was that it need not have been selectedit was
inevitable. Either the horn grew at the same rate all around the circumference, in which case it was
straight, or there was this imbalance from one side to the other, giving a smooth curve. It just did not
make sense to invoke other shapes. nature's pal ette contains just these two. Even the more elaborate
spiral form of aram's horn need be only the manifestation of a stronger degree of imbalance, causing
the horn'stip to curve through several complete revolutions.

In D'Arcy Thompson's view, some biological forms, the shapes of amoeba say, can no more be
regarded as 'selected for' than can the spherical form of awater droplet; rather, they are dictated by
physical and chemical forces. To support this assertion he evinced many organisms whose shapes could
be explained as a more or lessinevitable corollary of the forces at work. What was the point, he asked,
in accounting for the shape of abone in evolutionary terms (which 'explained’ nothing) when it could be
rationalized through the same engineering principles that engineers use to design bridges? Skeletons are
then seen not as arbitrary structures moulded this way and that by natural selection, but as constructions
that must satisfy engineering requirements. The same is true of trees, and of all living forms whose
stability is dominated by gravity. When small size reduces the influence of gravity, surface tension
takes over and a new set of forms can resullt.

Despite, or perhaps because of, Thompson's erudition and facility with other disciplines (he was also a
professor of Ancient Greek), On Growth and Form has a quixotic air. It sometimes veersin spirit
towards the ideas of the Frenchman Jean Baptiste Lamarck, who argued before Darwin that evolution
was a response to the environment, in which adaptation is not the result of random mutations but is
guided along a preordained path by the environmental forces to which organisms are subject. Today this
ideais biological heresy.

On Growth and Form came close to heresy too, and Thompson was conscious of it. 'Where it
undoubtedly runs counter to conventional Darwinism', he said when submitting the manuscript, 'l do not
rub thisin, but leave the reader to draw the obvious morals for himself." And so they did: the English
biologist Sir Peter Medawar called the book 'Beyond comparison the finest work of literature in all the
annals of science that have been recorded in the English tongue'. Without a doubt, it is beautifully
written and deeply scholarly. But to what extent was Thompson right?



The black box of genetics

Inits most basic form, D'Arcy Thompson's thesis was that biology cannot afford to neglect physics, in
particular that branch of it that deals with the mechanics of matter. (He was far less concerned with
chemistry, the other cornerstone of the physical sciences, but that seems to have been because he did
not consider it sufficiently mathematical. Today there is much in the field of chemistry that would have
served Thompson well.) His complaint was against the dogma of selective forces as the all-pervasive
answer to questions in biology. For him this did not answer questions about causes; it merely relocated
the question. A physicist, on the other hand, ‘finds "causes' in what he has learned to recognize as
fundamental properties. . . or unchanging laws, of matter and of energy'.

Today, Thompson would surely have to take up arms against the modern manifestation of the same
Darwinian idea: genetics. It is not hard to become persuaded that in modern biology, all questions end
with the gene. The pages of Nature and Science are filled with papers reporting the identification of a
gene (or the protein derived from a gene) that is responsible for this or that biological phenomenonfor
the development of aforearm, the predisposition to breast cancer, even for intelligence. The climate of
the culture in molecular biology (although not, | think, the expressed belief of itsindividuals) isthat, by
understanding the roles of genes and the mutual interactions of the proteins derived from them, we will
understand life.

This attitude finds expression, for instance, in the Human Genome Project, the international effort to
map out every one of the 100 000 or so genesin the 23 chromosome pairs of the human cell. This
project might be completed by the turn of the century, and to
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hear some speak about it, you would think that it will provide us with a complete instruction manual for
the human body. But biologists know that it will not provide this at all. We can certainly expect to learn
an awful lot about the way our cells work, and perhaps more importantly, we will obtain atool that will
greatly aid researchers studying genetically related diseases. That kind of information will be
tremendoudly valuable for biomedical science.

Y et biological questions do not really end in the gene at all: they start there. It is easy to get the
impression that once a gene for a particular congenital disease has been located, the problem is solved.
But most genes are just blueprints for proteins, and the physiological pathology associated with the
gene often results from some biochemical transformation that the protein does or does not facilitate. It
might even result from some malfunction that shows up only several steps down the line from the
behaviour of the gene product itself. Very often, if we are to make effective use of the information that
genetics provides, we must figure out how the gene's protein product works, not just where the geneis.
Biologists know this, of course, but | am constantly struck at how much of molecular biology advances
at a'black box' level, with little concern for the physical or chemical details of abiochemical process
and an interest only in the identity of the genes and protein gene products that control it. Therest is, of
course, truly the ‘hard part' of biology (cynics might suggest that, now that chunks of human
chromosomes can be patented and sold off, it is also the less profitable part). The crucia point, though,
isthat a gene itself might provide precious few clues about what this hard part entails.

Furthermore, organisms are not just genes and proteins made from them. There is goodness knows what
elsein the cell: sugars, soap-like molecules called lipids, non-protein hormones, oxygen, small
inorganic molecules like nitric oxide used for cell communication, and minerals like the calcium
hydroxyapatite of bone and tooth. None of these substances are encoded in DNA, and you would never
guess, by looking at DNA aone, what role they play in the body. There are, furthermore, physical
properties that biological structures possess, such as surface tension, electrical charge and viscosity.
These are al relevant to the way that cells work, but gene-hunting cannot tell us much at al about what
their roleis.

In short, questionsin biology of a'How? nature need more than geneticsand frequently more than a
reductionist approach. If natureis at al economical (and we have good reason to believe that thisis
usually so), we can expect that she will choose to create at |east some complex forms not by laborious
piece-by-piece construction but by utilizing some of the organizational and pattern-forming phenomena
we seein the non-living world. If that is so, we can expect to see similaritiesin the forms and patterns
of living and purely inorganic or physical systems, and we can expect too that the same ideas can be
used to account for them both. It isin the undoubted truth of thisideathat the spirit of On Growth and
Formlies, and thisis where the true prescience of D'Arcy Thompson's achievement resides. Although |
shall focus only occasionally on pattern and form in biology, | feel that this spirit pervades all of what |
shall say in this book.

I sbiology just physics?



It is not often that biologists develop simple models based on physical laws in attempting to explain
what they see. And with good reason: it is very hard to take account of all of the multifarious factors
that are important in living organisms. Biological systems are usually too delicate to rely on crude,
general physical principles, and so biologists are wary of trusting to broad physical phenomenafor
explanatory purposes. To them, it feels uncomfortably like driving a car with no hands on the wheel,
hoping that friction and air resistance will somehow conspire to guide the vehicle down atortuous road.

It can be tempting, once one starts to appreciate the stunning variety of complex pattern and form in the
natural sciences, to let the pendulum swing too far to the other extreme. A popular accusation against
modern geneticsisthat it is too reductionistic, that one cannot understand all of the rich complexity of
biology by breaking it down to genetic influences. One hears this again and again from proponents of
‘holistic' science, who have no shortage of arguments to support their point of viewfor certainly, one can
find emerging from large populations of interacting ‘units' (be they living organisms or non-living
entities) akind of largescale organization and structure that one would never be able to deduce from a
close inspection of the individual units or their mode of interaction. Such ideas, which have now
become fashionable under the banner of ‘complexity,’ are often lauded as an injection of richness and
mystery into the sterility of areductionist world view.

| applaud a perspective that broadens the horizons of 'black-box' biology, but there is no getting away
from the fact that most of biology, particularly as a molecular
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science, is hideously complicated, which, in distinction to complex, means that the particulars matter:
leave out one part of the chain, and the whole thing falls apart. In such a case, one gains rather than
loses understanding as the magnification isincreased. Until we get reductionistic about the immune
response, let's say, we won't know much about it, and neither will we have much idea how to tackle
pathological conditions such as AIDS. Reductionism can certainly be aesthetically unappealing, but it
can also be fantastically useful. In addition, reductionism is not always the dogmaiit is cracked up to be.
Richard Dawkins, whose books The Selfish Gene and The Blind Watchmaker are often invoked as the
epitome of genetic reductionism, has stressed that his ideas by no means imply akind of genetic
determinism of biological form, characteristics and behaviour. Dawkins says only that it is the gene on
which evolutionary forces ultimately act: that is, selection acts on the genotype (the organism's genetic
composition), not the phenotype (the physical expression of that composition). There is nothing in what
| shall say about biological form that is inconsistent with these notions.

But afew biologists, riding against the mainstream of current thought, hold a more extreme opposition
to the genetic orthodoxy. Brian Goodwin from Britain's Open University has argued that a gene's eye
view of modern biology cannot be complete, and that there are some fundamental aspects of an
organism's form that persist in spite of natural selection, not because of it. Goodwin suggests that the
pattern-forming principles seen in some non-living systems operate as strongly in living organisms,
giving them features that evolution is powerless to erode away. | have to say that not many people
believe Goodwin, although it seems to me that his arguments become weakened only when extended
from specific instances to the status of a new developmental principle in biological growth. Insofar as|
shall talk about biological form at al, the position | take is rather different. | don't think we know very
much yet about whether natural selection has the power to modify or suppress certain pattern-forming
principles that occur in nature. But | would suggest that, in the here and now, such principles
undoubtedly existand do so in sharp distinction from the idea that genes are like a deus ex machina that
holds al biological processesin thrall, building organismsin alaborious, brick-by-brick manner. To
that extent, | don't believe | am saying anything that will disturb molecular biologists (although | think
it apity that they do not always regard these pattern-forming processes with a greater sense of wonder).

What isform?

This book is about the development of pattern and form, and so it is aswell to have an indication of
what | mean when | use these words. | cannot give either term a definition of mathematical rigour,
however, nor can | always maintain a clear distinction between the two. There is always an element of
subjectivity in perceiving patterns. On the whole | shall be concerned with patterns and forms in space,
ones that we can see and perhaps touch. But of course there are all sorts of patternsin atime sequence of
events, in human behaviour and interactions, in stories and myths. The word is avery plastic one.



There are surely certain spatial images that most people would categorize as patternsthe repeating
designs of wallpaper or carpets, for example. This prompts the idea that a pattern might be regarded as a
regularly repeating array of identical units. | want to broaden that concept slightly, and include in my
definition arrays of units that are similar but not necessarily identical, and which repeat but not
necessarily regularly or with awell-defined symmetry. An example isthe ripples of sand at the seaward
edge of abeach or in adesert (Fig. 1.8). No two ripples are identical, and they are not positioned at
exactly repeating intervals (which isto say, periodically in space)but nonetheless, | don't think it istoo
hard to persuade ourselves that this might be reasonably called a pattern, as we can recognize within it
elementary units (the ripples) that recur again throughout space. The ripples are usually all of more or
less the same width; but | don't feel that even this need be essential to qualify as a pattern. A mountain
range has features of all sizes, from little crevasses to huge sweeping valleys, but thereis still something
about the way it looksto us, from out of an aeroplane window, that allows us to see a pattern there.

Form isamore individual affair. | would define it loosely as the characteristic shape of a class of
objects. Like the elements of a pattern as described above, objects with the same form do not have to be
identical, or even similar in size; they ssimply have to share certain features that we can recognize as
typical. Shells of sea creatures are like this. The shells of organisms of the same species all tend to have
acertain form that can be recognized and identified even by arelatively untrained eye, despite the fact
that no two shells areidentical. The same s true of flowers, and of the shapes of mineral crystals. The
true form of these objects is that which remains after we have averaged away all the slight and
inevitable variations between individuals.
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Fig. 1.8
Ripplesin sand are self-organized patterns formed by wind-blown sand transport.
(Photo: Nick Lancaster, Desert Research Institute, Nevada.)

Patterns, then are typically extended in space, while forms are bounded and finite. (But take thisas a
guideline, not arule.)

Symmetry and order are related but not synonymous. Complex natural forms commonly have the
appearance of akind of order even when, mathematically speaking, they have very little symmetry. An
oak tree, for instance, has as little symmetry asit is possible for an object to possess, but isit
disorganized? It is often said of symmetry that our intuition is at odds with a mathematical description.
Which is more symmetricala kaleidoscopic image like that in Fig. 1.9a or a six-pointed Star of David
(Fig. 1.9b)? We might say that the kal eidoscope pattern has more organization, more repeating features;

but mathematically the symmetries of both images are the same. And are either of these more
symmetrical than acircle? No, they're notthe circle has the highest possible degree of symmetry for a
two-dimensional (flat) object. It's just that we don't perceive the symmetry so readily when it becomes
asgreat asitisinacircleto usthat just looks bland and featureless. | don't propose to say much more
about symmetry per se, because there are many splendid books that deal with this endlessly fascinating
topic, of which Hermann Weyl's Symmetry is a classic and Fearful Symmetry by lan Stewart and Martin
Golubitsky is one of the most up-to-date and lucid.



Fig. 1.9
The formal symmetry of these two patternsisthe
same, even though (a) looks much more complex than (b).

The natural language of pattern and form is mathematics. This may dismay those of you who never
guite made friends with this universal tool of science, and it may seem alittle disappointing toofor
patterns and forms can be things of tremendous beauty, whereas mathematics can often appear to be a
cold, unromantic and, well, calculated practice. But mathematics has its own very profound beauty too,
and thisis something that you do not any longer have to take on trust. The now familiar images of
fractal forms and patterns
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demonstrate that mathematics is perfectly able to produce and describe structures of immense
complexity and subtlety.

The main point is that mathematics enables us to get to grips with the essence of pattern and formto
describeit at its most fundamental level, and thereby to see most clearly what features need to be
reproduced by an explanation or amodel. In short, the mathematical description of aform can be
considered to pertain to that which isleft after the particular irregularities or anomalies of any

individual example of that form (for example, the small imperfections or bumps on a shell) are averaged
out. To explain how the form of the shell arises, thereis no point in trying to explain al the hide bumps,
since these will be different for each shell; we need instead to focus on the 'ideal’ mathematical form.
This concept of an ideal, perfect form behind the messy particulars of reality is one that is generally
attributed to Plato.

Why does maths help usin this endeavour? For a start, it provides avery concise and precise
description of aform. Try to describe acircle in words, without using any of the pre-existing
associations of circular objects (such as 'the shape of afull moon'). It is'round all over', but isn't that
also true of an egg or a seasmoothed pebble? And if you had to construct a circle without exploiting its
mathematical features (which | am just coming too), you'd have an even harder time. The French
mathematician Pierre Laplace was famously able to draw a perfect circle freehand, but this ability is not
g