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Metamorphosis: The action or process of changing in form or substance, especially by magic or witchcraft.

The Shorter Oxford English Dictionary

Metamorphosis: A profound change in form from [one] stage to the next in the life history of an organism.

Webster’s College Dictionary
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Immature starfish (drawn by Haeckel)


Prologue


The Beautiful Mystery

IT IS A HOT DAY at the end of August and students at Amanda Elementary School in Manhattan, Kansas, stream out of classes to gaze heavenwards. After several days of cloud and rain, the weather has improved, and today the sun is beaming down out of a clear blue sky. Suddenly, fingers point to where splashes of golden-orange are soaring above the playground. Fluttering gaily, in a cloud drifting southwards, the great monarch butterfly migration has begun. Further south, in Emporia Village Elementary School, students are also staring up at the sky and counting. By the end of the day they will have already listed one hundred sightings. Later that afternoon, monarchs come pay a visit at Corinth Elementary School in Shawnee Mission. Hundreds float high in the air, then all of a sudden descend on the playground, accompanied by birds and dragonflies that appear to be making the journey with them.

The monarch migration is an exciting annual attraction, when up to one hundred million butterflies migrate from the colder north to winter on the warm Californian coast or the Sierra Madre in Mexico. It is a journey as old as, and maybe a great deal older than, the great migrations of buffalo that have entered American legend. On the websites that link to the school biology lessons, teachers explain what is happening: the story of caterpillar and butterfly, two utterly different life forms following their different life cycles. The children are fascinated to learn of how the monarch ‘changes its ecological niche entirely when it transforms from a caterpillar to a butterfly … a miraculous biological process of transformation [involving] two ecologically different organisms, as distinct as a field mouse and a hummingbird’. It appears almost magical, a transformation that has captured the human imagination from classical times – and perhaps even longer.

We see a similar magic in the pictures that adorn rock shelters in Australia and South Africa, and deep within the gloom of French and Spanish caves, dating back to the Aurignacian period, roughly thirty thousand years ago. Painted by Stone-Age hunter-gatherers, they include rearing horses and charging rhinoceroses imbued with naturalistic grace. For scientists interested in human evolution, these earliest examples of figurative art are seen as a crucial threshold in the development of the creative imagination: they convey the quintessential qualities of what makes us human. Equally exquisite are sculptures dating from the same period, such as the figurines of a diving cormorant, or the putative head of a horse, carved out of mammoth ivory, which were discovered by the German palaeoanthropologist Nicholas Conard at the Hohle Cave in the Ache Valley.1 One such ivory figurine, just a few centimetres long, depicts the hybrid features of a man and a lion. We can’t be sure what the artist intended, but given that a second lion-man sculpture has been discovered in a nearby German cave, Conard suggests this might fit with a common shamanistic religious experience, noting ‘the transformation between man and animal, and particularly between man and felines, was part of the Aurignacian system of beliefs’.2 For Conard, this extension of creativity, from mere observation of nature, to a more ideational, perhaps spiritual inspiration, was the most exciting discovery of all. ‘I’ve been digging for a long time and I’m usually very calm in my work – but this certainly got my heart pumping’. Anthropologist Christopher Chippendale, of the University of Cambridge Museum of Archaeology and Anthropology, has extensively documented that early cave art often features ‘composite beings, from a world between humans and animals’. These, he says, ‘… are a common theme from the beginning of painting’.

There is a word for the dramatic transformation of one being into another: “metamorphosis”, derived from the Greek meta, “with”, as in to share in common, and morph, “form”. This is the title Ovid chose for his classic collection of exotic and wonderful stories, so reminiscent of what was seen in the ancient sculptures and cave paintings, of how men and women lost their human forms and souls to be transformed, by divine miracle, into four-legged animals, birds, and flowering plants. It seems not unreasonable to assume such inspiration came from the everyday observation of the natural world, where the mystery of metamorphosis surrounds us. Indeed, the more one looks to nature, the more widespread is this phenomenon of bizarre, spectacular change. It extends far beyond the world of insects to include amphibians, such as the familiar frogs and toads, and in its most dazzling variety, to the strange and colourful marine invertebrate creatures that inhabit the hidden depths of the oceans, such as starfish, sea urchins, crabs, and sea squirts.

All such metamorphoses involve a series of transformations, so that the developing being exists in a variety of different stages, or forms, from the egg, through one or more “larval” stages, such as we see in the grubs or caterpillars of insects or the bewildering variety of marine invertebrate forms, to a transformation that results in the final, or “adult” form of the insect, or periwinkle, lobster, or salamander. An intriguing example is the startling metamorphosis of the starfish, Luidia sarsi, in which larva and adult co-exist simultaneously as independent life forms in the different ecologies of the surface waters and the ocean floor. If we did not know the larva and adult starfish were born from a single fertilised egg, we would view them as radically different animals belonging to completely different branches of the tree of life. In fact, this is no rare or fantastic freak: it is an altogether typical example drawn from the entrancing, some might say magical, process of transformation the starfish shares with the majority of the animal species that inhabit the oceans, lands, and air of our planet.

In nature, we are familiar with the metamorphoses of moths and butterflies, where the humble caterpillar stops its frantic feeding to enter a phase of quiescence, known as the pupa, or chrysalis. Walled off from the world, it appears to undergo a mysterious, and wholesale, transformation from which, as if by some quasi-miracle, the glory of the adult eventually emerges. For the Dutch anatomist Jan Swammerdam, judged by many to be the foremost naturalist of the seventeenth century, the metamorphosis of caterpillar to butterfly symbolised the journey from pedestrian life to death and resurrection in the afterlife, with the pupa representing the repose of the soul between death and the Day of Judgement. Such ecstatic vision is perhaps understandable when we see what emerges from this seemingly death-like cocoon, the newly emerging adult insect with its multi-faceted eyes, articulated legs, new-found sexual maturity, and extraordinary wings. That two such very different beings could derive from a single fertilised egg is at once shocking and thrilling. It is little wonder it has long intrigued the human imagination.

For a great thinker such as Aristotle, the butterfly’s caterpillar stage was a continuation of its embryonic life before the formation of the perfect adult. ‘The larva, while it is in growth’, he argued, ‘is nothing more than a soft egg’.3 William Harvey, famous for his discovery of the circulation of the blood, saw some mystical influence at work in the transformation of the larva into an entirely new form. In the pages ahead we shall meet other naturalists who were equally enthralled, including Charles Darwin, the father of modern evolutionary theory, and the French naturalist and “poet” of nature, Jean-Henri Fabre. A modern example is Don Williamson, a marine biologist who has spent his working life at the former Port Erin Marine Laboratory in the beautiful setting of the Isle of Man. If Williamson is right, metamorphosis is even more intriguing than some of these past luminaries of science and philosophy dared to imagine.

Williamson will be seen as an iconoclast, a breaker of the conventional image of evolution. In one of his published papers, he explains the dilemma. ‘The concept of “self” is quite sufficiently complicated in animals like ourselves, which do not metamorphose from one group to another during development’, he writes, ‘but it seems important … to consider forms which, apparently, do undergo such changes and which add another dimension to the problem of identity’. In part, this book is his story, the encapsulation of a scientist inspired by a radical new theory, his struggle for credibility and the broader enlightenment his theory offers to science.

Williamson’s ideas have provoked controversy in the fields of marine biology and entomology, so much so that some colleagues will likely object to my discussing his theory at all. By the conclusion of this book, I hope my readers will understand why I include him, in part because his story encapsulates the conflict with orthodoxy, the search for new areas of research as well as enlightenment. Metamorphosis is truly complex and profound, and thus no theory, whether orthodox or radical, should stand alone. So, in addition to important contributions from Darwin and Fabre, we shall focus on the revolutionary work of Sir Vincent Wigglesworth, widely regarded as the father of insect physiology; the American entomologist Carroll Williams; and the modern inheritors of both Wigglesworth and Williams’s pioneering enlightenment, the husband-and-wife team of Lynn Riddiford and James Truman.

We cannot claim science has all of the answers – metamorphosis still jealously guards many of its secrets. But what we have captured to date is so precious and fascinating, it is no exaggeration to say that, even in its scientific exploration, metamorphosis remains both awesome and beautiful.

We shall examine these various scientific explorations of the mystery, which includes transformations in real life that appear every bit as exotic and strange as those we encounter in Ovid’s fantasies. Metamorphosis will be seen to lie at the very heart of the origins of the animal kingdom, extending beyond insects and the diverse and fascinating marine divisions of life to the vertebrate animals, including the familiar frogs and toads, and possibly to certain aspects of humanity. There are scientists who believe we humans undergo metamorphosis in the profound and body-changing experience of puberty – and there are extrapolations of metamorphosis that may help us to understand the development of the very organ that defines our sentience, our extraordinary human brain.

For some people, such wonders are simply beyond any explanation. I understand and empathise with this feeling of awe. But I want to know how such strange and wondrous changes actually arose. This book searches for the answers to these great riddles.



Part I


Anomalies in the Tree of Life

Those strange and mystical transmigrations that I have observed in silk-worms turned my philosophy into divinity ... Ruder heads stand amazed at these prodigious pieces of nature, whales, elephants, dromedaries and camels … but in these narrow engines there is more curious mathematics. Who … wonders not at the operation of two souls in those little bodies?

Thomas Browne,
‘Religio Medici’1
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The Birth of an Idea

THE NORTHUMBERLAND COAST is as lovely as it is sparsely populated. Here, in the early 1930s, the youthful Donald Williamson would explore the lively fishing town of Seahouses, population little more than a thousand, where his father was a schoolteacher and amateur naturalist. At a time when the oceans had not yet been over-fished and polluted as we find them today, the herring boats would chug out to sea from the old harbour and return so overladen with catches that MacKay’s fish shop would sell fresh herrings for a penny. To the north and south lay the great windswept beaches of Bambrugh, Beadnell, and Embleton Bay, where the lobster creels would be piled high on the harbour. On his walks, he came across bladder wracks to pop, or he collected the whorled shells of sea snails, some lined with brilliant mother-of-pearl inlays, and sea urchins and starfish, with their exotic prickly shapes and colours. But it was the sea birds that most fascinated the boy. His greatest treat, once a year, was a trip with his father to visit the bird sanctuaries in the neighbouring Farne Islands. Here he gazed spellbound at the masses of squawking gulls, ducked his head to avoid attacks by the dive-bombing terns, or was deafened by the hundreds of kittiwakes, all announcing their names with their songs in counterpoint. In these surroundings Don Williamson fell in love with nature, and with the marine aspects of nature in particular.

In 1940, at the age of eighteen, he enrolled for a degree in zoology at King’s College, Newcastle upon Tyne, then part of Durham University. The Second World War had begun and his first two years there included some aspects of military training in addition to conventional lessons in zoology, botany, and chemistry. In June 1942, he enlisted in the Royal Navy as a Probationary Sub-Lieutenant, leading to training as a RADAR officer before serving in the Mediterranean theatre on HMS Abdiel and HMS Antwerp. It was an eventful experience, ending in March 1944, when he suffered a pulmonary haemorrhage en route to Taranto, Italy. He was taken to a military hospital where he was invalided out with the worrisome diagnosis of pulmonary tuberculosis, a disease that still awaited modern treatment with chemotherapy.

After brief spells in several military and naval hospitals, Williamson was dispatched far from his beloved sea, to Wooley Sanatorium, near Hexham, in Northumberland. Here, in the sanatorium library, he came across a copy of Darwin’s On the Origin of Species by Means of Natural Selection. ‘It was the first time I ever had the opportunity of reading it’, he recalled.1 Inspired now more than ever to return to his biological studies, Williamson defied medical advice and returned to Newcastle, where he completed his degree while breathing on one lung, his other lung kept out of action through a surgically induced deflation, known as an artificial pneumothorax. Supported by a disability allowance from the Royal Navy, he went on to complete his PhD. The subject of his research was inevitably marine: a tiny crustacean known as a sand hopper, which, as its name suggests, hops about beaches in between tides.

Sand hoppers can easily be recognised from their small size and their shrimp-shaped bodies bent into a C-shape, with their long antennae continuing the curve. In Australia these include the bush fleas and leaf hoppers, which are common in gardens and undeveloped bush – “small brown critters” that leap up when disturbed. In Britain, the land-based varieties are confined to beaches, with the exception of a single species that has invaded household greenhouses.

One species of sand hopper, known as Talitrus saltator, particularly intrigued Williamson and would become the subject of his doctoral research. He observed how it spent the daylight hours above the high-water mark, avoiding desiccation by hiding under the sand or decaying debris and only coming out at night to feed on washed up wrack. He set out to explore the sensory cues behind their interesting behaviour. At this time biologists believed sand hoppers found their way using a kind of position sense that enabled them to detect the slope of the beach. Choosing a time when the tide was out, Williamson ferried his hoppers from the high-water mark to the low-water mark, then monitored them as they made their way back up the shore. How speedily and accurately they managed this, travelling upslope in what appeared to be straight lines! If they navigated using a sense of gradient but no sense of vision, this was an extraordinary feat. When he covered up their black multi-faceted eyes, he discovered that the sand hoppers completely lost their way. He tested this further by showing them lantern slides of simple shapes and shades and confirmed they were attracted by boundaries where dark met light. It was clear that the prevailing views were wrong. Sand hoppers navigated the beach not through sensing the gravitational pull of its slope but through visual cues.

Two years later, his PhD dissertation complete, Williamson needed to find a job. He was offered a post in Jamaica, but it would oblige him to become an entomologist. The University of Sheffield offered an alternative, but the city was land-locked and he would have to sacrifice any possibilities of working with the sea. He opted for the Isle of Man, where a post was open in marine zoology, and specifically that of planktologist with lectureship duties to Liverpool University. ‘Of course, I was not a planktologist, having conducted my research on hoppers, which were semi-terrestrial. But nevertheless I applied for the job and I got it. I now had to learn about plankton’.

The word “plankton” is evocative: it derives from the ancient Greek for wanderer. And how wonderfully apt it is. Imagine a planet where ninety-nine per cent of the living space is ocean: of course, we’re living on it. While we rightly assume that only two-thirds of the Earth is covered by water, any true comparison must take into account biospheric volume: the terrestrial habitat is largely two-dimensional, while the oceans are three-dimensional and, in places, miles deep. The surface waters are inhabited by tiny open-water algae, known as phytoplankton; minuscule animals, known as zooplankton; as well as a multitude of different bacterial forms that conduct their lives in a veritable zoo of unknown viruses. Plankton, in this small plant, animal, and bacterial form, are the foundation of the oceanic food web, providing food for larger creatures, such as fish and whales. Plankton also make an important contribution to life in general. Phytoplankton, such as algae, live close to the surface where, like plants on land, they capture the energy of sunlight, taking carbon dioxide out of the atmosphere and releasing oxygen back into it. In this way they play a crucial role in two of the great cycles of life, Earth’s oxygen and carbon cycles, while also reducing the tendency to global warming. Others are involved in the nitrogen cycle, capturing nitrogen from the atmosphere, incorporating it into more complex organic chemical compounds, which are then fed back into the web of living interactions that create the basis of life on Earth by providing essential nutrients for all plants and animals. Zooplankton do not necessarily need light and so can live at any depth in the so-called pelagic, or upper reaches, of the oceans. They include an extraordinary diversity of forms, many of which display a spectacular if eerie beauty, best seen at low magnification and in conditions where they transilluminate light. A major component of zooplankton is the larvae of marine invertebrates, including those same sea urchins and starfish Don Williamson had collected on the Northumberland beaches.

Marine larvae are an integral stage in the metamorphoses that encompass a wide variety of marine invertebrate animals, the oceanic equivalent of the caterpillars of insect metamorphosis. In his role as planktologist, Williamson would conduct many original research studies on these larvae. But one group of marine creatures in particular would come to delight him: the crustaceans. The crustaceans constitute a major division of the animal kingdom known as a phylum, which, together with two other groups, the mandibulates (which have antennae and jaws, and includes the insects) and the chelicerates (which lack antennae and jaws) make up the superphylum of the arthropods – invertebrate animals with jointed legs.

All crustaceans have a hard outer shell and two pairs of antennae adorning their heads. They include crabs, lobsters, and shrimps as well as a bewildering variety of less familiar creatures, varying from barnacles to water fleas. When, in the 1950s, Williamson first began to study crustacean plankton, he learned that many areas remained to be explored. For example, the larvae of many of the hermit crabs found in British waters had never been described. Teaming up with a colleague, Richard Pike at the Millport Marine Biological Station on the Isle of Cumbrae, he set about filling in the gaps. In time, Williamson became a globally acknowledged expert on marine metamorphosis and, in particular, on the larvae of crustaceans. But again and again, in describing such metamorphoses, he was confronted by mysteries.

Take, for example, the life histories of sponge crabs and hermit crabs.

Sponge crabs carry living sponges above their carapaces as a means of protection, akin to the way we protect ourselves with umbrellas against the rain. The sponges provide the crabs with protection of a different sort, as a mixture of camouflage and protective shield in times of danger. If a predator threatens, the crab remains motionless under its living umbrella. If a determined predator still takes a bite, all it gets is an unappetizing mouthful of sponge, filled with prickly spicules. Sponge crabs are true crabs, slotting appropriately into the crab section of the tree of life – in scientific jargon, the evolutionary or “phylogenetic” tree. But the larvae of sponge crabs don’t look like the larvae of other true crabs. Instead they closely resemble the larvae of hermit crabs, which are not true crabs but are more closely related to lobsters. It struck Williamson as peculiar that, in spite of the considerable evolutionary separation between sponge crabs and hermit crabs, their larval stages were virtually the same. He racked his brains to find a conventional explanation, but could not find one. It became something of a challenge. ‘From then on’, as he would subsequently recollect, ‘I wanted to solve the sponge crab paradox’.

Conventional explanations of these unexpected larval similarities rested upon a principle known as convergent evolution. Consider dolphins and whales. In their streamlined shapes and the use of their tails for locomotion, these marine mammals resemble fish. This is an example of convergent evolution. Moreover, it is easily explained. These marine mammals are rapid swimmers living in the same environment as fish, the oceans, and so natural selection, which ultimately dictates the shape and movement of fish, has adapted the shape and movement of marine mammals along similar lines. However, when one contrasts and compares marine mammals and fish, the convergence is seen to be superficial. In their internal anatomies and organs, dolphins and whales bear little resemblance to fish. Like all mammals, they are warm-blooded and use lungs to breathe oxygen from the air rather than using gills to extract it from the water. In many other aspects of their internal anatomy, their separate evolutionary histories are obvious, despite the convergence of superficial body shape.

Another striking example of evolutionary convergence is the similarity between the eyes of molluscs, such as squids and octopuses, and those of vertebrates, such as fish and humans. Both are camera-type eyes in which an image is captured by a lens and focused onto a light-sensitive retinal layer. The eyes are also remarkably similar in many other aspects of their appearance and organisation. The commonalities extend to a developmental gene, known as Pax-6, which plays a key role in constructing the eyes of squids and fish during their embryology. Pax-6 appears to play a similar role in eye development throughout the entire animal kingdom, from the simple eye spots of earthworms to the multi-faceted eyes of butterflies to the eyes that enabled the genius of Rembrandt. This would suggest that all visually endowed animals share a distant, likely very basic, common evolutionary ancestor that first discovered a means of responding to light. But does that mean Rembrandt shares the detailed evolution of his remarkable vision with octopuses and squids? A previous generation of biologists refused to believe so. They saw the present-day similarity in the eyes of molluscs and humans as a classic example of convergent evolution. And time has proven them right, though the proof involves degrees of subtlety that were only revealed with modern tools of molecular biology coupled with the precise study of development, which led to the discovery that specific components of the eyes of vertebrates and squids develop through quite different mechanisms and from different embryonic sources. While we may well share a very distant common ancestor with molluscs, which might explain the common use of the Pax-6 gene, the more overt similarities of our camera-type eyes are actually the result of much later convergent evolution.2

Convergence is thus an important, occasionally compelling, explanation of some parallel forms seen in nature. So Williamson asked, ‘Was convergence a convincing explanation of the striking similarities between the larvae of the sponge crab and the hermit crab?’

Anyone who has studied marine larval forms cannot fail to be impressed by their amazing diversity of shapes and patterns. Fast swimmers, such as fish and whales, may have evolved a streamlined shape as a result of convergence through the need for locomotion in the same ecologies, but there is no discernible convergence of shape among the myriad larvae that inhabit the same streams of the oceans. This suggested to Williamson that similarity of ecological needs and constraints was unlikely to explain the similarities he was observing in larvae from two widely divergent places on the evolutionary tree. Indeed, the harder he probed the relationship between marine larvae and their place on the conventional tree of life, the more anomalies he identified.

In the late nineteenth century, scientists believed the embryonic development of any creature captured its evolutionary history, a concept first proposed by the German naturalist Ernst Haeckel as a biological law. Today developmental biologists no longer hold to this “recapitulationist” theory in an absolute sense – we now believe evolutionary adaptation can occur at any stage, including the embryo and larva – but the theory still can be useful, if treated cautiously. For example, the fertilised human egg develops into an embryo equipped with a tail and fish-like gills. Evolutionary biologists posit that a distant ancestor of mammals, including humans, was a fish-like animal that possessed gills and a tail. The human embryo could be portrayed as recapturing this stage of our evolutionary past. Many evolutionists invoke Haeckel’s law to some degree in attempting to explain the changes of metamorphosis. However, Williamson saw a flaw in such evolutionary thinking when it came to the important marine phylum of prickly-skinned animals, such as sea urchins and starfish, known as echinoderms.

Part of the allure of these exotic creatures lies in their rounded and starry shapes, which, like flowers, imbue them with an aesthetic beauty so unlike most of the animals we see on land. We humans have a left and a right side. We are bilaterally symmetrical. Echinoderms don’t have a left or right side; rather, like the petalled heads of the majority of flowers or like oranges, they are radially symmetrical. How strange, then, that radially symmetrical sea urchins and starfish begin their lives as larvae that are bilaterally symmetrical. This change during development, from bilateral to radial symmetry, involves one of the most spectacular metamorphoses in all of biology and it necessitates an almighty reorganisation of the larval anatomy, including skin, skeletal structures, the vascular circulation, and the structure of the nervous system. We shall look at the metamorphoses of starfish and sea urchins in more detail later, but for the moment it is only necessary to grasp the general principles.

Williamson found it difficult to imagine how a radial starfish could possibly have evolved from a bilaterally symmetrical ancestor. To his mind it seemed to imply that at some stage in its evolution the ancestor of the starfish had wiped out its inherited body plan and evolved a completely different development from scratch.

In the early days of his appointment to the Marine Lab, he had not been required to lecture to students. But from the 1960s onwards, an increasing number of biology students began to take an interest in marine biology. University students who wanted to specialise in marine biology spent a year on the Isle of Man studying at the marine station. As part of a course he developed for these students, Williamson gave a lecture on marine metamorphosis and its larval aspects – essentially the same lecture, year after year. Then, as now, he was a firm believer in Darwinian evolution. He would tell his students that, in general, most marine larvae appeared to match what would be expected from orthodox evolutionary theory, but there were anomalies that demanded explanation. Most taxonomic classifications were based on the adult forms, with the larvae assumed to complement the positions of their respective adults on the tree. The problem, as Williamson had now come to realise, was that many larval forms just did not fit in with the extrapolation of the tree of life based on the adults.

Darwin had puzzled over the mysteries of metamorphosis, and he had himself put right the mis-classification of barnacles through a study of their larvae. Indeed, in Origin of Species he concluded that an animal species should be seen as comprising all phases of development from the egg to the adult, each phase, including the larvae, undergoing its own separate evolutionary modifications under the influence of natural selection. The pressures of natural selection working on each of the different phases of the life cycle adapted the relevant form, whether larva or adult, to survive in its specific ecology. Or to put it another way, each phase of a complex animal life cycle, from embryo to larva and from larva to adult, would be honed by evolutionary pressures, with ultimate survival to the stage of successful reproduction – usually encompassed by the adult stage – the ultimate key to evolutionary success. In this way the free-swimming bilaterally symmetrical larva of a starfish had been honed by natural selection to fit life in the vast surface, or planktic, layers of the oceans – its central role being dispersal to as wide a geographic range as possible; meanwhile, the radial adult had been honed to fit a predatory existence on the much more geographically restricted ocean floor. But while Williamson accepted that natural selection would separately adapt larval and adult developments, he saw many anomalies in this ideal simplicity – anomalies of symmetry, of detailed development of vital organs and whole animal forms – that were too readily dismissed by his colleagues. He drew up a new tree of life for the marine invertebrate animals, based not on the adult body forms but on the various larval body forms, and he then compared his larval tree with the traditional tree based on the adults. If the larvae and adults had followed the same evolutionary trajectories – as Williamson assumed they must, following orthodox theory, which implies a linear evolutionary development, including all stages of the life form – the two trees should overlap exactly. But they did not.

‘On occasions during evolutionary history’, he would endeavour to explain to his students, ‘larval and embryonic forms that have originally evolved in one lineage have somehow appeared in another. It is as if they jumped from one branch of the phylogenetic tree to a distinct and sometimes distant one. Of course’, he felt obliged to add, ‘such a thing could not have happened. The whole theory of Darwinian evolution stands firm against it. And therefore it is nonsense’.

But it was a nonsense that intrigued him year after year.

In the autumn of 1983, when he was revising the same lecture for the twenty-eighth time, he dared to ask himself a shocking question: ‘What if it isn’t nonsense at all? What if larvae really have moved across the evolutionary tree between species, genera and even the massively different taxonomic groups known as phyla?’

Williamson tore up his old lecture notes and drafted new ones. That year his students heard the first crude explanation of one of the most extraordinary evolutionary theories that had ever been proposed. ‘I delivered the lecture in November that year and I have never had such attention to a lecture before’.
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A Puzzle Wrapped in an Enigma

WILLIAMSON WAS SO INTRIGUED he set himself to solve the puzzle. He took a long hard look at the world of marine zoology, searching for evidence that would back up his new idea.

Where better to look for anomalies than the familiar world of the echinoderms? These spiny-skinned creatures constitute a phylum all to themselves, including the starfish and sea urchins. Adults in all of the member species have three things in common: they are radially symmetrical, based on a five-segment, or pentaradial, plan; the various permutations of their internal skeletons, and their stiffening spines, or external skeletons, are all made of calcium carbonate; and they have an internal body cavity, called a coelom, that is divided up in a distinctive manner. Now, as Williamson examined their life and evolutionary histories in detail, he discovered a great many anomalies. For example, he looked in detail at the life history of the starfish, Luidia sarsi.

This animal, which appears to have no common name, is unusually large for a starfish, growing to twenty centimetres in diameter. Ranging from sandy to salmon pink in colour, it has the typical radial body plan of the echinoderms, with five gently tapering arms. Biologists describe its skin as having a velvety texture, and they remark on a conspicuous band of white spines running along the edges of the arms. Luidia inhabits the muddy sediment of seashores from Norway to the Mediterranean, hunting down its prey in the dark of night. But where most starfish feed on scallops and other bivalve molluscs, Luidia preys on other species of starfish, a fact that is pertinent to the more discerning scallop fishermen.

Luidia’s larva is a diaphanous sprite that grows to four centimetres long, the largest marine invertebrate larva Williamson has ever seen. The technical name for its body plan is “bipinnarian”. In appearance it resembles an uprooted vegetable, with a tangle of roots at one end and two broad and fleshy leaves at the other. In fact the roots are arms covered in hair-like locomotory appendages, or cilia, which encircle the separate openings of mouth and anus, and the leaves function as the equivalent of locomotory wings. At night it feeds on algae in the surface waters, but during the day it sinks deeper, swimming through the pelagic layers with flapping undulations of its wings. Unlike the adult starfish, with its radial symmetry, the larva is bilaterally symmetrical. The adult is conceived – I cannot think of a more appropriate term – from a cluster of cells lining the internal cavity of the larva and here it grows and matures, an alien existence, independent of, and seemingly oblivious to, the larval body structures, axis, bilateral symmetry, and form, imbued with what can only be described as a complete disregard to every embodiment of its larval stage of existence. In time the juvenile starfish emerges from the still-swimming larva to settle on the ocean floor, where it begins its own independent existence hunting down other starfish for food. In the case of most other starfish the larva is sacrificed as a brutal conclusion to the metamorphosis. But in the case of Luidia, fate is kinder. After the adult has broken free of its tissues, the larva carries on with its independent lifestyle, swimming the pelagic waters and grazing on its vegetarian diet of algae.

This metamorphosis is so startling we are obliged to take a mental step backwards and reflect on what we have witnessed. Two separate beings, the larval and adult starfish, with radically different body forms and ecological life cycles, have developed out of a single fertilised egg. When first he read about Luidia’s extraordinary metamorphosis, Williamson’s curiosity was aroused. In his words, ‘These facts needed an [evolutionary] explanation, but I thought at the time that it was up to the echinoderm specialists to provide one’.1 No explanation had ever been proferred.

The dual development of Luidia takes place in a precise sequence: first we have fertilisation and the original conception, with the larva developing from the fertilised egg. Then, within the larval abdominal cavity, a new conception appears, with the adult developing from totipotent cells – the equivalent of the stem cells in humans (and other organisms) that are capable of giving rise to any body tissue. For a time, two different life forms co-exist within the one body. What, in philosophical terms, is the role of the larva? It is not quite the same as a parent – the true parents of the adult are the same as those of the larva. Perhaps it would be more accurate to visualise it as a surrogate parent. Moreover, the larval genome, present in every cell of its bilaterally symmetrical body, is identical to the genome in every cell of the radially symmetrical adult starfish. The differences seen in the two different body plans and life cycles do not derive from differences in the genes of the larval and adult cells but from the presence of two quite different developmental blueprints within the same genome. To put it another way, we need to explain how the separate evolutions of larva and adult, with their separate developmental programmes, have entered the life history of a single starfish.

Conventional Darwinian theory assumes a linear process of adaptation, through natural selection, in the evolutionary history of an organism. It’s not surprising that Williamson felt obliged to ask how such conventional theory could possibly explain the utter disregard of the larval development and body plan in the adult developmental blueprint. Would a linear process of adaptation not lead us to expect that the overall body axis and symmetry of the larva should be retained in the adult? Would we not expect the development of vital organs, such as the mouth and gut, however modified, to be inherited from larva to adult? Would we not expect the same process of adaptation and modification to apply to internal organs and tissues?

Williamson doubted that conventional evolutionary theory could explain the metamorphosis of Luidia sarsi. And if it failed to explain the more bizarre and wonderful, how could it possibly offer a comprehensive explanation of the full range of marine metamorphosis?
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For all the variety of terrestrial animals, the splendour of life in the oceans is breathtakingly more diverse. And where metamorphosis, in remarkable form and beauty, is a feature of two terrestrial classes, the insects and amphibians, it features, in a bewildering compass of richness and variety, in at least fifteen separate marine phyla. The mystery of marine invertebrate metamorphosis is inevitably more challenging. At the same time, the solution to this great puzzle might itself hold the key to a very great prize. Life began in the oceans. And marine invertebrates were the first animals to evolve. Since marine metamorphosis is very ancient, perhaps even primal, then understanding marine invertebrate metamorphosis might open a new window of enlightenment onto the evolutionary origins of the animal kingdom as a whole. It is little wonder, therefore, that this mystery has engaged and baffled a great many minds. We might start by asking a fundamental question of our own: why should marine invertebrate metamorphosis have evolved at all?

Five hundred million years ago, before the rise of the fish, ancient cephalopods dominated the oceans. The term “cephalopod” means a combined head and foot, but even this odd appellation belies the marvels of form and life history embraced by this class of animals. There are six hundred species of cephalopods, which belong to the most diverse of all marine phyla, the molluscs. Those ancient cephalopods are thus related to the humble snails we see in our gardens. With their jet-propelled locomotion, driven by three hearts pumping blue blood, their ability to change colour faster than a chameleon, and their highly developed eyes – as large and sensitive as any mammal – this varied class includes the chambered nautilus, the flashback cuttle fish, the oceanic squid, and the fastest and most intelligent invertebrate animal on the planet, the octopus.

Among the cephalopods, the family of octopods takes its name from the fact that its member species possess eight arms, commonly misinterpreted as tentacles. The most familiar of these are the hundred or so members of the Octopus genus, which inhabit the ocean floor. In these animals we find that the typical mollusc shell is either lost or internally reduced. Enteroctopus dofleini is the largest octopus in the world, with individuals growing up to sixty-eight kilograms. This prodigious animal inhabits the continental shelf of the North Pacific Ocean, ranging from southern California to Alaska and extending across the Aleutian Islands into Asia as far south as Japan. The mature female lays her twenty thousand to one hundred thousand eggs on the inner side of a rocky den, tending, cleaning, and aerating her brood until they hatch, between 150 to 210 days after fertilisation. And here we witness a poignant example of maternal sacrifice. This devoted mother does not eat while she cares for her young and she dies of malnutrition when the eggs have hatched. The hatchlings swim towards the surface, where they join the exotic zoo of planktic life forms.

Though often loosely called larvae, octopus hatchlings are not larvae at all. In fact octopuses, like all cephalopods, do not undergo metamorphosis. Instead they hatch as miniature adults. These minuscule octopuses inhabit the planktic layers for four to twelve weeks, drifting with oceanic currents, until they reach a mantle length of about a centimetre and a half, at which time the young settle back to the bottom to begin their adult life history, searching out a new den and growing into fearsome predators of crabs and scallops.

All authorities agree that the cephalopod molluscs inhabit the two ecologies common to most marine invertebrates – an early spell exploring the free-floating, three-dimensional ecology among the plankton of the surface waters followed by the mature life cycle in which the adult octopus must crawl and hunt in the two-dimensional ecology of the ocean floor. So how have they escaped the need for the dramatic changes of metamorphosis?
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One of the most elegant ideas in embryology of the nineteenth century was undoubtedly Ernst Haeckel’s recapitulationist theory. He also argued that the shapes and changes experienced by the embryo were of such critical importance to every animal species that these must predict the development of the form and structures of the same animal throughout its subsequent evolution. This was widely accepted in Darwin’s lifetime, and it was extended to the shapes and changes of larval development. If the life cycles of marine invertebrates followed Haeckelian principles, there was no mystery about their metamorphosis: At some time in the distant past, the ancestor of the species resembled the larva, and this ancestor must somehow have evolved, in the linear manner proposed by Darwin, until it was transformed into the adult animal, with the remarkable life cycle we witness today. In this way, every variety of marine metamophosis would be a palimpsest of its evolutionary origins and journey.

While most modern biologists have rejected recapitulation as a universal law, sometimes the early stages of development really do give us useful information on ancestral form and structure. For instance, whales don’t have legs, but they have tiny remnant bones buried in their bodies, and leg extremities begin to develop in the whale embryo before receding again. Thus if we accept that recapitulationism is far from absolute, and if we can figure out the limited circumstances in which it actually applies, the study of metamorphosis might help biologists reconstruct some important aspects of evolutionary history.

In the 1870s, Francis Maitland Balfour, brother of Prime Minister James Balfour, took on this historical challenge while studying marine larvae at the University of Cambridge. He was one of the first to contest Haeckel’s theory, concluding that even the earliest embryonic stages of an animal’s development were capable of evolutionary change, which would obscure or mislead any recapitulationist interpretations. He also concluded that evolution could suppress earlier developmental stages, so that the larval phase could be lost from a previously metamorphic animal life cycle. This implied that the interpretation of larval-adult relationships was trickier than ever. In an effort to explain the admittedly complex world of larval and adult relationships, Balfour made the bold assumption that metamorphosis was universally present among the earliest animals. To explain why octopuses and many other present-day animals do not undergo metamorphosis, he took the view that these must be descended from ancestors that actually did metamorphose, but had abandoned their larval stages over the eons of their evolutionary history.

Balfour decided he would call the original and most ancient of larval forms the “primary” larvae. If these had evolved in linear Darwinian fashion from the earliest animal embryos, it suggested that the forms of these primary larvae would offer tantalising evidence about the evolution of the earliest animal forms. The relevant metamorphosis would repeat its own ancestral history. But when he searched for primary larvae he encountered a problem: even if he correctly identified a larva as primary, its original form might be greatly changed as a result of evolution affecting the larva itself. He realised he would have to take his searches a major step further, comparing larval forms across a phylum, and even across the whole of the animal kingdom. Only then could he peel away the work of evolution to reveal the true ancestors of phyla, and, he dared to hope, perhaps even the primal ancestor of the entire animal kingdom.

Balfour and Haeckel were contemporaries, members of a global intellectual elite that, much as the artists, writers, and composers of their day, interacted with and listened to one another, leading at times to mutual enlightenment and at other times to furious disagreement. In the early 1870s, Haeckel had proposed, on the basis of his own theory, that the primal ancestor of all animals was a very simple marine creature, resembling the earliest stage of embryonic development – a hollow ball of cells with a primitive mouth opening into a sac-like gut. Haeckel named this the “gastraea”.2 Balfour decided he would examine embryonic and larval forms throughout the animal kingdom, looking for hard evidence of this gastraea. He would also compare present-day larval forms with living and fossil adults in different groups. Where he found common form and structure in both larva and adult, he would assume that the present adult must be closely related to the ancestral stock of the group in which the larva was found. Any such larva could then be regarded as primary.

But when he began the actual searches, the picture became increasingly uncertain. Indeed, in time Balfour arrived at the startling conclusion that most of the present-day marine larval forms, such as the larvae of the starfish and sea urchins, were not primary at all. They had somehow invaded the pre-existing life cycles of species. Extrapolating from his theory, he had to assume that in the distant past there would have been primary forms in these invaded life cycles but those primary forms had been lost and replaced by what he now termed “secondary” larvae. And while primary larvae might offer important clues to the distant ancestors of the present adult life forms, these secondary larvae, as far as he could determine, provided no ancestral link at all to the adult phyla in which they were found.

He turned his attention to the phylum of the cnidarians, which includes the sea anemones, jellyfish, hydras, and corals. These are the simplest of animals in terms of body blueprints and tissue organisation, and so it will come as no surprise to find these are also among the earliest animals to appear in the fossil record. They follow two basic body patterns: finger-like, as in the case of the hydra with its tubular shape, and medusoid, as in the jellyfish with its bell-like body and streaming tentacles. Interestingly, both these body forms are radially symmetrical in the horizontal plane. Their larvae adopt the simplest of all larval forms, a radially symmetrical solid ball of cells, the planula, which has a surface layer covered by locomotory cilia. Balfour saw the planula as a perfect example of his primary larva. If a Medusa-like radially symmetrical organism was one of the earliest animals on the scene, and if this animal had evolved from the still simpler planula, then the planula was as close as he was likely to get to the primal animal ancestor.

What did his contemporaries make of Balfour’s ideas, which he published in a book in the year 1881?3 Charles Darwin, a friend and admirer, wrote a letter to Fritz Müller, dated January 5, 1882, in which he stated:

Your appreciation of Balfour’s book has pleased me excessively, for though I could not properly judge of it, yet it seemed to me one of the most remarkable books which have been published for some considerable time. He is quite a young man, and if he keeps his health, will do splendid work ….4

However, Darwin’s assessment was wrong in one regard. On February 13, 1882, the famous naturalist wrote a new letter, this time to Dr Anton Dohrn:

I have got one very bad piece of news to tell you, that F. Balfour is very ill at Cambridge with typhoid fever … I hope that he is not in a very dangerous state; but the fever is severe. Good heavens, what a loss he would be to Science, and to his many loving friends!5

This presaged a sad, and somewhat ironic, ending to this story. Balfour recovered from his typhoid fever and travelled to Switzerland for a period of convalescence, but, unfortunately, while attempting to climb the unconquered Aiguille Blanche slope on Mont Blanc, he died from a fall. He was just thirty-one. And as Darwin anticipated, the young biologist’s death, barely a year after publication of his pioneering ideas, was a major loss to the world of science, and to the burgeoning science of embryology in particular. How poignant also that on Wednesday April 19, 1882, just two months after writing his letter of concern, Darwin himself died.

For Brian K. Hall, Professor in Biology at Dalhousie University in Nova Scotia, Balfour’s conclusions, however speculative, even today provide a useful guide for embryonic study.6 But by and large, the broader world of science soon forgot Balfour’s bold work. It was a neglect that would prove costly to Williamson, when, unaware for many years of Balfour’s thinking, he struggled to come to terms with similar questions and problems.
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Bipinnaria larva of a starfish
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First Experiments

THE PORT ERIN MARINE LABORATORY on the Isle of Man was founded in the nineteenth century by a committee of amateur naturalists, headed by Professor William Herdman, a zoologist from the University of Liverpool. It began with two small buildings, but Herdman soon convinced the Manx government that it was in their interest to expand the facility to include a fish hatchery, a place to study marine life, and a public aquarium. The government duly put up the money to build a more comprehensive institution, set amidst the rocks of a quarry on the beautiful sweep of the bay. At the time I first visited it, in 2002, the Marine Lab had long since been incorporated as a teaching group into the School of Biology in Liverpool. Students came over to the lab as part of the modular course in biology, and those with a deeper interest in marine biology spent their honours year working with the lecturers and postgraduates conducting various research programmes. I was surprised to discover the international nature of this research, which was often highly practical – for instance, helping colleagues to set up their own laboratory in Egypt, showing them how to manage fisheries in Chile, or assisting the development of a coral reef conservation programme in the Philippines.

Part of the remit is environmental awareness. Because of its location and length of tenure – the Irish Sea has direct continuity with the Atlantic Ocean, and measurements have been taken since 1900 – the laboratory has provided valuable data about increasing oceanic pollution and temperature. Indeed, lab measurements have helped to confirm a slight, but significant, rise in oceanic temperature of 0.5 degrees Celsius over the past century. Given the vast capacity of the Atlantic Ocean, this is important confirmation of global warming.

On a sparklingly fine day in January I found myself outside the main doors to the Marine Laboratory, listening to a little of this history and gazing across the bay of Port Erin in the company of Professor Trevor Norton, the lab’s current director. Seagulls shrieked and nested in the cliffs immediately behind us. The headland on the far side of the bay is known as Bradda Head. I couldn’t believe that it was blooming with colour even in the depths of winter. Around the base of a stone tower spread the golden yellows of European and Spanish gorse, the gingery rust of bracken, the purple mist of heather. ‘We had two new students, one from China and one from the Philippines, and they asked me: “Who planted all these flowers?”’ Norton threw back his head and roared with laughter. ‘As an Irishman you’ll understand – there’s magic in it.’

Magic captured my enchantment exactly.

Norton combines a love of science with the art of writing. He has penned three delightful volumes around his memories of marine biology. These include Reflections on a Summer Sea, which is based on his youthful experiences among a menagerie of dedicated ecologists working through a series of summers around Lough Ine in the southwest of Ireland. In reading the book, I was amused though hardly surprised to discover that the English visitors to Lough Ine were even more eccentric than the native Irish. ‘In fact the scenery here,’ he informed me as we faced the decorous headland, ‘is very like that of Ireland. It is full of these lost beaches and beautiful forgotten valleys.’

When he first formulated his hypothesis of larval transfer, Williamson realised it was not enough merely to discover anomalies that might be explained by his hypothesis: he needed to find a plausible explanation for how a larval form might be transferred from one branch to another on the tree of life. Of course, he was not thinking that a larva had literally crawled or swum across the evolutionary tree. The transfer he had in mind was not that of a whole organism but of the genetic blueprint for that larval shape and life cycle, which would need to be carried, through an evolutionary mechanism, from one life form to another. He considered various options before concluding that it must occur through the biological phenomenon known as hybridisation, which involves the sexual union of parents from different species. Hybridisation, in bringing two different genomes into the genetic inheritance of a single offspring, offered the only plausible evolutionary mechanism for his theory of larval transfer.
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