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    When in the investigation of any nature the understanding is so balanced as to be uncertain to which of two or more natures the cause of the nature in question should be assigned ... instances of the fingerpost show ... one of the natures ... to be sure and indissoluble, the other to be varied and separable; and thus the question is decided, and the former nature is admitted as the cause, while the latter is dismissed and rejected. Such instances afford great light and are of high authority, so that the course of interpretation sometimes terminates, and is completed in them. Sometimes these instances of the fingerpost have already been observed, but for the most part they are new, and are expressly and designedly sought for and applied, and discovered only by earnest and active diligence.

    Francis Bacon (1620), Novum Organum,

    Aphorisms – Book II, Section XXXVI
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  Preface



  WE stepped off the plane after a flight that had taken us almost as long as it takes to fly from London to Moscow. But we hadn’t even left our home state of Western Australia. We had just flown from Perth in the south, to the far north of this huge state—so large that you could fit Texas into it four times. It was 1991, and as curators of palaeontology at the Western Australian Museum in Perth, we were on our way to the Canning Basin to hunt for fossils in what are arguably the most spectacular fossil reefs of their age anywhere in the world. We had been drawn to these 370-million-year-old limestones for two reasons. One was the chance for John to search for some of the most exquisitely preserved fish you could ever hope to find. The other was for Ken to fulfil his passion of looking for trilobites. These extinct, distant relatives of insects and crayfish were thought to be very rare in this part of the world—that is, until amateur fossil sleuths Gutha Rokylle and her partner Esko had made some startling discoveries.

  Wandering around some of these limestone ridges, once under ancient seas, but now surrounded by seas of prickly spinifex grass, Gutha and Esko had been fascinated by the fossils that dotted the rocks. After sending a few specimens to Perth for identification Ken suggested that they look for these strange little fossils called trilobites, so off they went. Within days they had discovered an immensely rich, previously unknown fauna that straddled one of the most significant periods in Earth’s history. Known as the Frasnian-Famennian boundary, it is one of the five big mass extinction events that punctuated the evolution of life on this planet during the last half a billion years. The trilobites had the potential to reveal exactly how the faunas had been affected by this big event. How had the different lineages of trilobites evolved? Could we glean from them any idea of whether there were environmental stresses leading up to the boundary? Or were the trilobites and the rest of the fauna just happily living, evolving and dying, but suddenly wiped out, perhaps by a large meteorite, as some have argued?

  Herein lay two good reasons for us to travel to the desert wilds of the Kimberley region of WA—not only the excitement of collecting these fossils and, in all likelihood, the possibility of finding forms new to science, but also finding the evidence to answer many of these questions. After collecting for nearly one week we found thousands of specimens—enough, surely, to solve at least some of these scientific enigmas. John, however, was champing at the bit. Just 5 kilometres away up the valley were sediments deposited in deeper water off the front of the ancient reef. Entombed within limestone nodules lay perfectly three-dimensionally preserved fishes, still with their original bone. Here the excitement of the discovery was delayed. For it was not until the rocks were immersed in weak acid back in Perth and the rock slowly dissolved away that the identity of the entrapped fishes were revealed. Thus, almost every day at work there was the potential for a new species of fish to be discovered in the laboratory. It made coming to the museum on Monday mornings a real treat to see what the acid baths had revealed over the weekend.

  So, herein lies the essence of what this book is all about—fossil discoveries, made both by professional palaeontologists and dedicated amateurs, and how these new discoveries can shed new light on the patterns and processes of evolution that have been ticking away on this planet for more than three and a half billion years. The fossil record reveals patterns in the evolution of life over this vast tract of time. And in the decade and a half since we found the trilobites and fishes our studies are beginning to unravel some of the evolutionary patterns of these groups 370 million years ago. The application of modern theories of evolution also enables the fossil record to make its own, unique contribution to understanding some of the mechanisms of evolution.

  Throughout this book we hope to share with you some of the excitement and fascination that comes not only from making fossil discoveries, but also of finding out how they contribute to our understanding of biological evolution. Palaeontology, the study of fossils, has certainly come of age in recent times, and has taken its place within those scientific disciplines involved in the formulation of ideas on how evolution works. The dramatic unravelling of the fossil record by continual new discoveries has played a major role in stimulating new ideas on the rates of evolution, the impact that mass extinctions have had on the pattern of evolution, and on our understanding of the underlying processes and mechanisms of evolution. Evolution is, without doubt, a very complicated process. We scientists argue amongst ourselves about how it actually occurs. And so we should. It’s the only way in which science can progress. Yet, despite an overwhelmingly vast scientific literature documenting the patterns and processes of evolution, the extent to which much of this finds its way into the public domain is rather limited. This is probably why so many people still do not accept the concept of evolution. We live in a world where we accept without thinking that we can communicate with someone on the other side of the world instantaneously; we can talk to them and see them. We can even watch people as they float in space ships high above this blue planet. Yet few question the amazing science behind how these things came to be. However, when it comes to scientific concepts involved in evolution many people still think in the same way as many inhabitants of fifteenth-century Europe would have done, dismissing it out of hand. These days, rather than calling themselves ‘creationists’ or (and showing they must have a sense of humour if nothing else) ‘creation scientists’, they masquerade as followers of ‘Intelligent Design’. Life on Earth, they argue, was put here by some indefinable higher intelligence that floats somewhere in the ether. These are ideas that differ little from those intrenched in many minds in Mediaeval times.

  We are reminded of a wonderful illustration (figured here on page xii) that appeared in a book called La Vana Speculazione disingannata dal Senso (‘Vain Speculation’ undeceived by ‘Sense’) by the seventeenth-century artist and naturalist Agostino Scilla. Published in Naples in 1670 the frontispiece of the book shows ‘Sense’ (rational thought) holding a living sea urchin under the nose of the unbelieving, wraith-like ‘Vain Speculation’ (irrational thought), while pointing to fossils lying on the ground, including a fossil sea urchin, and pleading for ‘Vain Speculation’ to forget about superstitious ideas and accept the obvious, organic nature of fossils. Fortunately most people these days accept not only the organic origin of fossils, but realise they are testaments to the wonders of evolution. But to those who haven’t grasped this, here’s a suggestion. Why not curl up in a comfy chair, grab a glass of your favourite tipple, open your mind, keep on reading and come on a journey with us through the amazing unfolding of life on this planet over the last three and a half billion years.
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Frontispiece from Agostino Scilla’s book La Vana Speculazione disingannata dal Senso published in 1670. The scene shows ‘Sense’, representing rational thought, trying to convince ‘Vain Speculation’ of the organic nature of fossil sea urchins.

  It amazes us that many people simply ignore the overwhelming amount of data shown by fossil record of life on Earth. If indeed, one fossil was out of place in its stratigraphic framework, then evolution could be challenged. But to date not one example has been shown to be out of its expected place in the geological time column. At the time Charles Darwin published the Origin of Species in 1859, there was only a minutely small fraction of the total number of fossils now housed in museums, university and private collections around the world. Indeed, we estimate from the size of collections in major museums that we have visited, there are literally hundreds of millions of fossils now accessible to public study through centuries of international collecting. That’s millions of fossils that have all come from stratigraphic sequences of rocks as predicted, not one of them refuting the evolutionary sequence. Contrary to claims made by creationists and their new spawn, the intelligent design advocates these fossils have rilled in many of the missing gaps in the major steps of vertebrate (back-boned animal) evolution and revealed many extraordinary stages in the origins of life and the radiation of the major invertebrate and plant groups.

  If you marvel at the incredible diversity of life, and wonder just where it came from, then look no further than the rocks that contain the fossilised remains of those animals, plants, bacteria, fungi and protests that came before us. And dwell on the thought that the processes that gave rise to the evolution of the species of trilobites that lived half a billion years ago are the self-same processes that produced you. Like it or not, there’s no escaping the fact that we, like these little extinct pill bugs, dinosaurs, ammonites and mammoths, are creations of the most amazing thing that ever happened to this planet—evolution. The fingerpost points in but one direction.

  Some of the most significant breakthroughs in our studies of evolution are not all to do with new fossil discoveries, but also with the way in which scientists are analysing fossils. With the recent use of Computerised Tornography (CT) and ultrafine CT scanners, refined electron microscopes, powerful synchrotrons and electron microprobes, old fossils are being reinterpreted like never before. Even Archaeopteryx, the first bird, has been subjected to thorough re-investigation using the new technologies to reveal amazing insights about the nature of its brain and its flight capabilities. Coupled with advances in the sciences of evolutionary developmental biology, embryology and genetics, we now have powerful tools to determine the evolutionary position of just about any organism, living or fossil. Furthermore, radiometric-dating techniques combined with well-defined biostratigraphic dating schemes can precisely determine when each lineage of organism first appeared in the dim, distant past. Indeed, what we are witnessing is an evolution revolution of the grandest order—the beginning of a new renaissance in our understanding of how every species on planet Earth intermeshes with each other, and with time.

  The Evolution Revolution is a thoroughly evolved version of our 1998 book. It is composed of 18 essays, each dealing with some aspect of the fossil record and how it has contributed to our understanding of evolution. It brings in many new discoveries of the past decade as well as examples of how new technologies have been applied to solving problems and revealing new insights about evolution. We hope readers will enjoy this new edition, and see clearly that the overwhelming evidence for evolution as an accepted fact underpinning the veracity of all biological and medical sciences, is now indisputable.

Because we have written this book from a very personal perspective, often sharing our own experiences, we have written parts in the first-person singular. To satisfy your curiosity, you might like to know who has written each chapter, although both of us have had some input into all the chapters. The opening chapter, and chapters on early life, the earliest animals, the Cambrian Explosion (Chs. 1–4), colonisation of land (Ch. 6), evolution of insects (Ch. 8), evolution in plants (Ch. 10), early bird evolution, big dinosaurs (Chs. 14, 15), and impact of predation on evolution, and human evolution (Chs. 17, 18) were written by Ken McNamara. Chapters dealing with the earliest vertebrates (Ch. 5), early fish evolution (Ch. 7), the first tetrapods (Ch. 9), marine and flying reptiles, and polar dinosaurs (Chs. 11–13) and mammals (Ch. 16) were written by John Long. Chapter 15, dealing with how dinosaurs grew to be so big, is based on research that we have jointly carried out. Even as we put the finishing touches to these chapters we know that many of our colleagues around the world are currently scouring dry, dusty deserts, towering mountain ranges and precipitous sea cliffs and making exciting new fossil finds that will add a few more pieces to the great jigsaw of life. In our view we are now experiencing a revolution in the way in which the fossil record is contributing to our understanding of the patterns and processes that have crafted the living world as we see it today.

 We like to imagine Darwin’s spirit smiling down on palaeontologists for revitalising his favourite subject. Despite this book being only a small contribution towards dispelling the misunderstanding that still surrounds the topic of evolution, we hope that it will excite and stimulate readers of all ages and backgrounds to promote and discuss these evolutionary ideas within their communities, schools and universities. Viva la Revolution!

  

  Ken McNamara and John Long,

  Perth and Melbourne, respectively, January 2007
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   1  Inside evolution

  A new look at evolution

  IT’S another cloudy, windswept day. The wet streets are glistening. You quicken your pace as the rain starts coming down harder. Just a few hundred metres to go and then you’ll be there. A car speeds past and sends a spray of muddy water over you. Will it really be worth it? But then, what better thing to do on such a day but visit the museum. After all, it’s one of the few places of free entertainment left. Entertainment? Not much in this one. The museum in this small country town has seen better days.

  You round the corner and there it is—the red-brick mausoleum, resting place of so many dead bodies, and decaying feelings of the past. But you rush up the steps to get out of the rain. The difference is stunning. The roar and hiss of passing vehicles and the clatter and the noise of the town are suddenly gone. Here all is dry; all is dust. The only sound is the dripping of water off your coat on to the cold floor, and the buzzing of the lamps. The dull yellow lights spread a pale, sickly pallor over the stuffed, moth-eaten bear that greets you. The smell is the smell of museums. There is no other way to describe it. But not one to bottle and cherish. Once smelt it’s never forgotten.

  In to the small room to your left, past the flint tools, lovingly crafted by some distant soul too many thousands of years ago to even contemplate. Past the brown chipped pots and the faded images of cavemen huddled round a fire. And then you find it. Tucked away at the back of the room in a glass case is the epitome of evolution—plaster casts of bare bones from creatures said to be horses. But these were strange horses, sporting more than one toe and big enough only for a vervet monkey to ride on. Many museums around the world have, at one time or another, had just such a display case. Thankfully many are now gone, but some still remain, purporting to show the classic example of evolution of the horse—a simple evolutionary trend from a four-toed, tiny horse to the massive creature that today imperiously snorts at you from its exalted height.

  Usually labelled as Eohippus, this first ancient horse, that scurried through the woodlands of North America 55 million years ago is now called Hyracotherium. The label in the display case tells of how this horse evolved into Mesohippus, then into Mercyhippus, then Pliohippus in more recent times, before being replaced by the mighty Equus, winner of Melbourne Cups and Grand Nationals. All this in a little over 50 million years. And as the horses got bigger, their teeth became more complex, allowing the later, larger horses to move out into the newly evolving green pastures, to graze, rather than to browse, and to gallop down the home straight not on legs with four toes, but on legs sprouting just one mighty hoof. The trouble with this lovely story is that it is a gross oversimplification. Evolution of such a major group of animals is not like an arrow hurtling through time. It is a complex branch with many dead ends and hopeless causes, successes and failures, and being in the right pace at the right time, and avoiding being eaten, or. becoming extinct. If you survive these hurdles you might be one of the winners in the evolutionary handicap.

  We often view evolutionary change purely in terms of what adaptive advantage it bestowed upon its descendants, without trying to unravel the underlying processes that actually cause these changes to occur. Examples like the evolution of horses, when interpreted in terms of modern evolutionary theory, allow the fossil record to be a major contributor to our understanding of both the patterns and the processes, of evolution. However, our perception of how organisms change through time has been blinkered by a concentration on looking purely at adult characters. I’m sure you’ve seen the sort of illustration—humans evolving from some hairy ape into a dapper businessman, and our horses evolving from tiny animals the size of a fox to a massive shire horse—always depicted in terms of changes to the adult. Yet natural selection is not all that selective. It is weaving its spell from the moment of conception, picking and choosing between different organisms, or their parts, as the organism undergoes its embryonic or larval development, through its childhood until it is an adult, for most organisms change in appearance appreciably as they grow up.
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    A horse is a horse, of course of course. Or is it? Hyracotherium, the first primitive horse about the size of a fox terrier, scampers beneath a modern racehorse, that well-known triple Derby winner, ‘Stillrunning’ (genus Equus).

  Evolution is largely about tinkering with what is already there. Massive genetic mutations are not necessary in order to evolve new shapes, new sizes and new behaviours. What is important in evolution are changes to the rate and timing of development—how fast an organism grows during its development, compared with its ancestor, and for how long. This is known as ‘heterochrony’ (literally different times). Essentially, all that is happening in heterochrony is that an animal or plant passes through more or fewer growth and development stages than its ancestor. If fewer stages are passed through it is called ‘paedomorphosis’—meaning ‘child shape’. If it goes through more it is called ‘peramorphosis’, meaning ‘beyond shape’. Paedomorphosis can arise from a slower growth rate, finishing growth earlier (for example, sexual maturity might arrive earlier) or starting growth later. Peramorphosis, on the other hand, can arise from faster growth, or from growing for a longer period, by delaying the offset of growth or turning it on earlier. While some species may show just one type or another, being either paedomorphic or peramorphic, many are a mosaic of both features.

  So, what about horses? There is no escaping the fact that early horses were much smaller than modern horses. But rather than a progressive increase in body size over more than 50 million years, what occurred was an increase in the diversity of body size. As well as the evolution of new large species through the Cenozoic era, new small horses evolved.1 Indeed, up until about 10 million years ago there were species of horses that still weighed only about 75 kg, although others weighed in at 400 kg. Such size increase that did occur would have happened by either an acceleration in the rate of growth or an extension of the period of growth—or both. In other words, a delay in the onset of maturity allows the period of rapid juvenile growth to carry on for longer. Direct evidence exists from the fossil record to indicate that Miocene horses, for example, living about 20 million years ago, reached sexual maturity at an earlier age than later horses. Extending the period of growth in later horses produced not only a larger animal, but also changes in shape of many parts of the body.

  As organisms grow, different parts grow at different rates with respect to each other, and may themselves vary their growth rates during development. This results in distinct changes in shape during development. Dogs are a classic example of this. Compare the newborn puppy of a german shepherd with the adult, and there are some substantial differences. The puppy has a much larger head, relative to the rest of the body. Its limbs, on the other hand, are proportionately smaller. Its face is flatter, and during development the muzzle increases greatly in size and changes substantially in shape. This pattern holds, to varying degrees, for many mammals. As a result, changing the rates or periods of growth can induce substantial morphological changes.

  Natural selection may target particular morphological traits. Often one trait develops seemingly at the expense of others—a developmental trade-off An example of this is the classic evolutionary change in the number of horse toes. Through a range of species there was an overall trend for a reduction in the number of toes in the fore and hindlimbs. This occurred by a reduction in size—probably brought on by a reduction of the growth rate—of each of the toes, apart from one. This toe, on the other hand, underwent an increase in the amount of its growth, either an acceleration or an increase brought about simply by the overall increase in body size, dragging this single toe along with it to become the hoof. A similar event happened in the evolution of the extinct sthenurine kangaroos. They likewise ended up with a solitary toe—racehorses of the kangaroo world. South American litopterns, which evolved some 50 million years ago, were rather horse-like in appearance, and they too independently underwent a reduction in toe number, from three to one in forms living 20 million years ago. In all these cases we have more examples of classic developmental trade-offs—reduction in the number of toes (paedomorphosis), but a great increase (peramorphosis) in the remaining one to produce a hoof—essentially just an enormous toenail.

  Another way that heterochrony operates is by stretching out successive developmental periods. It is quite possible that this process is also responsible for perhaps the most classic example of paedomorphosis seen among living animals—the Mexican axolotl, Ambystoma mexicanum. Long touted as a classic example of ‘neoteny’, which is a reduction in the rate of growth, the appearance of the axolotl—looking for all the world like a juvenile salamander, yet being sexually mature—does not arise from a change to its rate of growth. Whereas many salamanders undergo a metamorphosis from an aquatic juvenile form, which has gills, to a land-based, air-breathing pre-adult form, which then matures on land to become a land-based adult, the axolotl remains aquatic throughout its life. Consequently, as a sexually mature adult it retains the premetamorphic juvenile head, complete with external gill anatomy. To understand how this comes about we have to look not at how fast it grows, but at the timing of transformation, or lack of transformation, from one developmental stage to another.

  The ancestral developmental sequence, such as occurs in a related species Ambystoma tigrinum passes through embryonic, larval, metamorphic and postmetamorphic periods. Following metamorphosis, the salamander leaves the water to live on land. The axolotl follows the same ancestral embryonic and larval developmental pattern to a point when the head undergoes no further shape change. It fails to undergo metamorphosis—which the ancestral form does when about 6 months old—instead remaining, Peter Pan-like, in a state of perpetual youth. There is no difference in the time at which sexual maturity is initiated in either species, both occurring at about 10 months.2 What is happening is that growth and development of the body is quite dissociated from gonadal development, which determines when the species becomes sexually mature. Because the axolotl fails to metamorphose, the ancestral premetamorphic larval features are retained by the descendant adult, so it remains living in an aquatic environment.

  
    [image: ]
      

Evolution through taking ugly pills? No, not really, just that beauty is always in the eye of the beholder, especially if you were a brontothere. Progressive large size with increasing horn development was seen as a natural trend in the evolution of several groups of mammals arising from the stretching out of periods of growth and development.

  This same phenomenon can actually occur within some species of salamanders. Stephen Reilly of Ohio University found that in the living mole salamander Ambystoma talpoideum metamorphosis normally occurs during the first year of life, before it becomes sexually mature.3 However, in some populations there is a delay in the onset of metamorphosis for one or more years, although the timing of the onset of sexual maturity does not vary. As a result, they retain some juvenile features as adults, but eventually they do metamorphose. The identification of paedomorphic fossil salamanders in rocks more than 300 million years old indicates that this process has been going on for a very long time.

  Such changes to the time of transition from one growth stage to another are an important aspect of evolution. For instance, a modern reinterpretation of yet another evolutionary ‘classic’, the extinct North American brontotheres, can be explained in much the same way, but, rather than becoming more juvenile, successive species developed ‘beyond’ their ancestors—this is peramorphosis. Brontotheres are an extinct group of perissodactyl mammals that lived 30 to 50 million years ago. They are characterised by the attainment of huge body sizes for the time, and the presence in later, larger species of bony horns that projected from the front of the skull. They were the subject of a classic monographic study published by Henry Osborn in 1929.4

  The earliest brontotheres that lived during the early Eocene, some 50 million years ago, were small and lacked horns. Later species were larger, and evolved horns that were disproportionately longer, relative to increasing skull size. The largest of the brontotheres, species of Brontotherium that lived during the Oligocene Period, sported huge horns. These evolutionary trends in body and horn size became one of the classic examples of a vertebrate macroevolutionary trend, in particular one that evoked ‘Cope’s Rule’, i.e. trend towards progressive increase in size. The evolution of large body and horn size was seen as being adaptive selection for massive size and structures that would have been used in head-to-head ramming during intraspecific combat.

  The disproportionate changes in shape of the horns have long been cited as the classic example of allometric scaling, which means that a structure becomes larger or smaller relative to some other structure. In this case, the horn became larger, relative to the skull. However, in 1985, Mike McKinney of the University of Tennessee and Robert Schoch of Yale University published a study that they had undertaken of the role of heterochrony in the evolution of the brontothere horns.5 Using the detailed dimensions that Osborn had published, they argued that the situation was far more complicated than just a simple case of allometric scaling. They calculated that for the horns to increase in size to the extent that they did, there must have been not only an extension of the period of growth, but also an acceleration in the growth rate. Moreover, horn growth was initiated progressively earlier, in successive species. This resulted in horns starting to grow earlier, faster and for a longer period in successively younger species. This, argued McKinney and Schoch, was the explanation for the brontotheres’ enormous size.

  Eleven years after McKinney and Schoch’s paper was published, Osborn’s data came into its own again. This time the person interpreting the data was Gerald Bales of Western University of Health Sciences in Pomona, California. Bales argued that an aspect of the way these horns may have developed that had not been considered in the past was the effect of changes to the life history stages, in particular changes to their duration.6 He suggested that by comparison with a wide range of large modern mammals, it was possible to estimate the times of gestation, and thus durations, of the embryonic and juvenile periods of growth of these extinct brontotheres. It is well known that a number of basic generalisations can be made concerning life history stages in living mammals. For instance, the adult size reflects the spacing of developmental events, including birth and onset of sexual maturity. Moreover, developmental phases occupy a constant proportion of the animals’ life span. Thus larger species that live longer have longer gestation periods and take longer to attain sexual maturity than smaller forms. Another well-established constant is that the duration of embryonic development occupies about 2 per cent of a mammals lifespan, while sexual maturity is attained after approximately one-tenth of the animal’s life span has been passed through. Bales therefore argued on the basis of these values that the different-sized brontotheres had life history stages of different durations. He further suggested that horn growth may have accelerated late in development. Consequently, by extending the growth period, this late acceleration could have proceeded for a longer period, producing larger horns.

  One of the first groups of fossils to be used in the 19th century to test the veracity of Darwin’s ideas on evolution were species of the fossil burrowing sea urchin (echinoid) Micraster. The original work was undertaken in 1899 by Arthur Walter Rowe (1858–1926), a very gifted geologist whose careful collecting resulted in the accumulation of large numbers of specimens that he used in his study, and which are now held at the Natural History Museum in London. Rowe’s geological research was carried out after he had worked all day as a doctor. Much of his fieldwork he undertook during his two-week summer holiday. Rowe’s work was later refined by Kermack in 1954 and Nichols in 1959. What they all clearly demonstrated was that subtle changes in the form of the urchin’s shell (known as the test) were adaptations that allowed later species to burrow deeper in the sediment. But what internal mechanisms were operating in the urchin to enable it to evolve new forms capable of occupying different habitats? To appreciate how this happened in the heart-shaped Micraster (hence the name ‘heart urchins’, given to this group), we must turn to a study of other younger heart urchins that I carried out in the late 1970s.7 For this not only unravelled the underlying evolutionary mechanism, but also allowed this ‘classic’ example of evolution in Micraster to be reassessed and reinterpreted.

  As I began categorising the different species of a heart urchin called Schizaster with my colleague Graeme Philip of the University of Sydney, it soon became apparent to us that the earliest species, from 55-million-year-old rocks from northwest Australia, were very different from much younger species. Moreover, the early species were urchins that had burrowed in quite coarse limy sediment, whereas species living from about 20 million years ago to the present day had evolved the ability to live in very fine-grained sediments. To do this, urchins need quite sophisticated anatomical features that allow them to construct a funnel from their deep burrow up to the sediment surface. Down this funnel flows life-giving oxygen and food-bearing water.

  In a coarse sediment accessing water is not too much of a problem, because water can percolate between sediment grains. In a mud, however, it is another matter. A clear funnel must be constructed and maintained. Examining the differences between the earliest and latest species, and looking at how they changed through a series of intermediate species that lived in late Eocene (40 million years ago) to late Oligocene (25 million years ago) times, allowed us to.unravel the adaptations that had evolved, and how they had come about. In the earliest species, the heart shape was not pronounced. The five grooves (known as ambulacra) that radiate out from the centre of the urchins’ test were shallow. The pores in these grooves allow tiny tentacles called ‘tube feet’ to emerge. These structures are used by the urchin for respiration and for secreting mucus to line the funnel. In the early species, these pores and tube feet were relatively few in number. These were all trademarks of species adapted to living in shallow-water, high-energy, coarse-sediment environments.

  When we studied the development of individual specimens, we could see that such changes that did occur from early juvenile to adult were not profound. The ambulacra became a little deeper, but other changes in shapes and proportions were minimal. At the other extreme, however, were living species such as Schizaster myorensis that Graeme and I described from specimens living in mud off the Queensland coast. The adults of the heart urchins had wedge-shaped tests, and ambulacra that were deeply sunken. The heart shape of the test was pronounced, with a deep groove at the front. The whole morphology shouted at being adapted to using a very focused source of life-giving water as efficiently as possible.

  Some tube feet were used to secrete mucus to line the funnel to the surface. In Schizaster myorensis these were crowded into the test. To resolve how these changes occurred we looked at juveniles. Although paper thin, enough had been collected for us to realise that the juveniles of these later, mud-dwelling species were just like the juveniles, and to a lesser extent the adults, of our 55-million-year-old Schizaster carinatus. Evolution in this lineage had therefore been driven, like the brontotheres, by peramorphosis—an acceleration in growth rates and/or an extension in the period of growth. Thus pre-existing shape changes and extent of production of tube feet were accentuated, producing novel morphologies that became established in new, and in this case, muddier niches. Species intermediate in age were intermediate in morphology, and living in sediments of intermediate grain size. So here we could see an evolutionary trend developing by extending the ancestral developmental history and evolving along an environmental gradient of coarse to fine-grained sediments. Such evolutionary trends in species becoming more and more peramorphic, or more and more paedomorphic, I have called ‘peramorphoclines’ and ‘paedomorphoclines’.8 Many other examples of these in a wide range of organisms, from trilobites to fish to starfish to trees, have been described by scientists in recent times.

  Picking up on the patterns of evolution portrayed by Schizaster, Andrew Smith of the Natural History Museum in London applied it to the ‘classic’ evolutionary story of Micraster and found it could be interpreted in another way.9 For rather than the changes being adaptations to burrowing deeper in the sediment, they, like Schizaster, were related to the sediment grain size. The changes seen in Schizaster had been presaged tens of millions of years earlier by species of Micraster. And in all likelihood, the same internal driving forces of increased amount of change during development generated the new morphologies that were able to colonise finer-grained sediments.

  
    [image: ]
  

 Bury my heart and leave me in peace! Heart urchins Paraster and Schizaster show shapes reflecting their adaptations towards living in sediments of different grain size. Like many lineages of heart urchins evolutionary trends were from inhabiting coarse-grained sediments in shallow water to burrowing deep in fine-grained silts and muds in deeper water.

  Similar types of evolutionary processes were also operating not just tens of millions of years ago, but over half a billion years ago. To uncover evidence of evolution in such ancient animals it was necessary for me to travel to sodden hills, lined with tea bushes, in the southern part of China in Guizhou Province. With colleagues from the Nanjing Institute of Geology and Palaeontology I had spent the day driying deeper and deeper into the countryside in search of some of the earliest fossil trilobites—extinct distant cousins of crayfish and insects, which had lived more than 500 million years ago. We were heading for the little village of Balang, 20 kilometres north of the small town of Duyun. The road snaked its way up a steep-sided valley. Through the mist the neat rows of tea bushes that lined the lower part of the hills were murkily visible, disappearing into the omnipresent clouds that were suffocating the upper slopes. The road became narrower, and as we shrugged around the last bend it degenerated into a muddy track, as the valley opened out into a sea of rice paddies. On the far side of the valley we could just make out the thatched huts of Balang. Slowly our vehicle slurped through the mud until the wheels sank up to their axles, just short of the village.

  I didn’t quite know what to expect. Where were the great cliffs of rocks that contained bed after bed of shales packed with the little trilobites I had trekked halfway around the world to see? All I could see were richly vegetated low hills. Working with colleagues Zhou Zhiyi and Yu Feng, I had come to collect a sequence of fossil trilobites (including the memorably, and virtually unpronounceabley named, Arthricocephalus xinjaiheensis) that, from our laboratory studies, seemed to indicate that each successive species took on more and more the appearance of ancestral juveniles. More paedomorphoclines, this time lurking in the Chinese hillsides. But it wasn’t just the adult trilobites that lay sandwiched between the layers of fine sediment. All stages were preserved, from the tiniest larvae, just hatched from their eggs, through to juveniles and adults. Like other arthropods, trilobites periodically moulted as they grew. Each time they did so, another segment was added to their body. This was sandwiched between a headshield at one end and a tailshield at the other that was constructed of fused segments (think slater or woodlouse and you won’t be far off the mark, even though they’re not closely related). Once adulthood was reached, the trilobites stopped adding any more segments to their bodies.

  We made our way out of the village and along the path that led into the next valley. Here, by the side of the track, was a low embankment of gently dipping black shales. And it was here, cut into a camellia-covered hillside, that the trilobites lurked. All we needed to do was gendy crack the shales apart with a hammer, and then very carefully tease the layers of rock apart. It was a bit like opening the pages of a very old and very precious book. As the rain steadily continued to drench us, perfect, complete images of trilobites were revealed, trilobites that had last felt water flowing over their bodies more than half a billion years before.
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 One of the oldest examples of an evolutionary trend. Chinese trilobites more than half a billion years old of the genus Arthricocephalus. Successive species are more juvenile-like in appearance.

  We continued collecting as we made our way along the track, finding more and more trilobites from progressively younger layers. And the species of trilobites changed. Each successive species took on the appearance of juveniles from the lower layers. In one of the most common forms, Arthricocephalus, the oldest species, which we had found in the lowermost layers, attained nine body segments as an adult. The following species managed only eight; the one after that seven; and the youngest just six. But interestingly, in all species the total number of segments behind the head in the body and the tail combined didn’t change, for as the body segments reduced in number in species we collected from younger rocks, the number of tail segments increased.10 Basically what was happening was that the boundary between the body and tail was shifting more towards the head in successive species. Again, another nice example of evolution tinkering with what it had available. Not only that, but within this one example of evolution my colleagues and I could also demonstrate evolutionary trends, generated by heterochrony. There is even the possibility that, by comparison with the patterning of segmentation seen in modern arthropods, we could even attempt to suggest what types of genes were regulating these changes. But what intrigued me was what was driving such a change. Especially given that we could see exactly the same trends going on in another, related lineage of trilobites that we found in the same rocks (Balangia, named after the village, and Duyunaspis, named after the nearby town).11

  By looking closely at the structure of the trilobites’ segmented body between the head and the tail, it became apparent that as the bodies shortened they also became more arched, when viewed in cross-section. The result was that through successive species, the body was lifted higher and higher off the sediment surface, rather like a hovercraft cranking up its engines, and lifting off the sand as its skirts inflated. The only trouble was by doing this in an evolutionary sense, the trilobite would be exposing its rear end more and more to attack. But by increasing the length of its tail, at the expense of its body, it could, with all modesty, keep its rear end covered and protected. But why did it want to get higher off the sediment surface? Well, one advantage to the hovercraft pilot would be that he would have improved visibility, being higher above the water surface. And so it was, I think, with the trilobites. We see this trend in many other types of trilobites—evolution targeting improved vision. If you are a peckish predator this would help you seek out your prey more effectively. If, however, you are the predator’s impending midday meal, it might just increase your chances of surviving a little longer, perhaps until teatime at least, to increase your chance of passing on your genes to the next generation.

  Evolutionary trends, heterochrony, natural selection, adaptation, predation driving evolution—these themes are explored in the following chapters—are all aspects of evolution that we are able to explore from interpreting the fossil record. As more and more new discoveries are made, so we can refine our ideas or develop new ones. And that is what has happened in the 10 years since the first edition of this book was published. What is emerging, though, is that not only does the fossil record demonstrate the irrefutability of evolution, but it also lends support to its basic concepts, such as natural selection and the role of developmental change (known to biologists as ‘evolutionary developmental biology’), both aspects of evolutionary theory being explored with as much vigour by biologists as by palaeontologists. But to understand where all these amazing animals, plants, fungi, bacteria and protists came from we have to go searching in rocks in some of the more inhospitable places in the world. But, fortunately for me, some of the most important are just a day’s drive north of where I live, in Perth in Western Australia. By driving north for a day, not only do I travel about 1000 kilometres in distance—I also travel almost 3500 million years back in time ...


   2  We are the champions!

  The long-playing microbial fossil record

  IT was a billion years since the Earth was born. Volcanoes belched deep into the air. But this was not an air you could breath, for it was devoid of oxygen, consisting mostly of nitrogen, methane and carbon dioxide. The land was a bare eruption of black, rubbly wind-swept rock. Neither plant nor animal clung to its surface. Winds lashed the seas into towering castles of foamy waters. But nestling in one quiet spot, on the edge of a newly formed continent, in a shallow embayment, something was stirring beneath the water—something too small to be seen with the naked eye. While huge volcanoes punched the air like massive fists, spitting out fingers of ash and steam, and spewing hot lava into the shallow marine embayment, the planet’s first construction workers were busy. For here, in the relatively quiet waters, some of Earth’s earliest life forms, tiny microbes, flourished in what we would call a harsh environment. But to these early bags of mobile DNA, it was paradise. Trapping and binding the sediment, these primitive life forms were constructing edifices of gargantuan proportions: domes of cemented sediment, millions of times larger than their individual cell sizes; monuments to life’s first attempts to manipulate the environment. Life was making rocks.

  Even today this site, tucked away deep in the Pilbara region of Western Australia, is still considered by us to be a very harsh environment. Wander too far from your vehicle without water in the height of summer and you can be dead in a couple of days. To the microbes, it no longer matters—they are long dead. Yet, amazingly, evidence of their activity, and possibly even, their fossilised remains, has been found entombed in these sediments, formed so long ago, along with the sedimentary cities that they created. Fossilisation is not just within the purview of bones and shells.

  We are able to piece together this scene of early life on Earth thanks to the work of a number of geologists and palaeontologists. Pioneers in reconstructing this ancient world in the Pilbara were John Dunlop and Roger Buick from the University of Western Australia. They were carrying out mapping in the area in the late 1970s at a locality in the Pilbara region of northwestern Australia called North Pole.1 Australians have a strange sense of humour, for the closest town, Marble Bar, boasts having gone for 162 consecutive days with daytime maxima in excess of 100°F. The rocks that Dunlop and Buick were mapping are among the oldest known on Earth. More recently Buick, in collaboration with other geologists from the University of Western Australia, 2 identified what they consider to be emergent continental crust that formed in this area in Archaean times nearly 3500 million years ago.3 In other words, it is possible to stand on the actual land surface that existed at that time. It is now represented by an unconformity with greenstone volcanic and sedimentary rocks that made up the ancient land surface, covered by younger sands, cherts and basalts. Even a possible fossil soil can be recognised.

  When Dunlop and Buick first looked at one of the domed mounds of stratified rock, rich in chert and baryte, they made the mental quantum leap of equating the structures with similar domed features known as stromatolites that are still forming today just a few hundred kilometres away in lakes and embayments along the Western Australian coast. But the domes they were looking at on a hot, rugged, spinifex-covered hillside had seen almost 3500 million seasons pass since their microbes were last active.

  Just imagine the scene, the wind howling across the surface of the lake, and white spume scudding across the waves and banking up on the shore, covering the crusty stromatolites. Pink flocculations of microbes jostle with patches of yellow and brown slime in the shallow water that nibble at the bases of the stromatolites. This scene could well have been straight out of deep Archaean time 3500 million years ago, except for one thing. Perched on top of the stromatolites that just breached the water’s surface was a flock of cormorants. I had not, after all, been transported back in time to the Archaean, but was struggling against a stiff breeze to photograph stromatolites at Lake Thetis, a small saline lake 250 kilometres north of Perth.

  Of all the stromatolites that still flourish in lakes and embayments in this part of the world today, these most closely resemble their counterparts that
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