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Introduction


IT’S OCTOBER, AND the view from my desk gives onto the seasonally misty farmland of south-west Dorset. I can see a small grassy garden surrounded by shrubs, brambles, roses and apple trees. The lawn has moles living beneath it, and in the summer, I saw a hedgehog, a grass snake, birds (sparrows, chaffinches, tits, buzzards, chiffchaffs …), butterflies, beetles, wasps, snails and earthworms. Beyond the garden are farmers’ fields, where grasses, sunflowers, rape and linseed are growing, and woods with foxes, pheasants, trees, edible fungi, poisonous fungi and countless kinds of arthropods. In the distance, the hillside is filled with Jurassic ammonites, belemnites, ichthyosaurs and crinoids. If I could peer through the hill, I’d see the waterfowl on the Fleet Lagoon and then, beyond Chesil beach, the English Channel where there are seaweeds, dolphins, dogfish, mackerel, cuttlefish, lugworms, roundworms, flatworms, penis worms, fat-innkeeper worms, spoon worms, arrow worms, I could go on … 


A little careful looking or listening or even sniffing in almost any environment on earth will tell you that life is dazzlingly diverse. And the glimpse I have from my window ignores thousands of shyer, rarer and smaller species of animals, plants and fungi and millions of invisible, single-celled creatures hidden in the fields, woods and waters around me, from algae to bacteria. It’s not just the number of species that is breathtaking but also the variation between them; even the impossibly partial picture of the species that live within a mile or two of my desk reveals countless unique characteristics – feathers, bones, shells, seeds, chloroplasts, xylem and phloem, muscles, brains, claws, teeth, horns and a dozen different kinds of eye. In fact, the list of inventions is even more awe-inspiring than the long roll-call of species that possess them. 


If we can follow its many threads, the story telling how all of this diversity arose – both the many species and the all but uncountable characters they possess – will be the history of the most extraordinary series of events in the universe. 


You probably know the outlines of our own story: the ancient and humble origins of life; the evolution of more complex cells; the first animals; fish then amphibians; mammals then apes; neanderthals then Homo sapiens. But have you wondered how we came to know even this brief account of our own history? Can we discover when muscles and teeth and fur evolved? And know what else was happening on the planet when they did? And what about the biographies of the other billion or so species of life? 


Darwin’s and Wallace’s theory of the origin of species by natural selection provides the mechanism for how evolution works – the cogs and wheels of the process that gave giraffes their long necks and stole our tails. While obviously (obviously!) hugely important, this doesn’t tell us the true history behind the appearance of the life outside my window. My focus here (with Darwin’s mechanism whirring away behind the scenes) is on how we might come to tell the rollicking history of life. This is an alternative account of evolution that aims to tell us about the events that actually happened, where they happened, when they happened, the players involved, who said what to whom. We’d like to know about the accidents and coincidences that produced today’s biodiversity – the unforeseen consequences of the evolution of teeth or the effects of volcanoes, meteorites or viruses on the diversity of life today. 


With such an account of the story of life on earth as our ultimate goal, this book will explain just how these events can be known at all. I will show how telling the history of life depends on the epic task of reconstructing the tree of life – a family tree that captures how all species of life from oak trees to orcas are connected. This tree of life is a visual representation of relatedness whose intuitive simplicity belies its vast descriptive power. 


The first part of the puzzle is to discover how the many different species that have appeared over time are related to each other. At some point, soon after the first appearance of life, a single ancient species, the ancestor of everything that came after, divided to make two separate species. As the tree grew and time passed, these two pioneers would go on to divide again and again, producing more and more species (and more and more branches of the tree). Reconstructing this huge family tree is the first of our tasks, but a family tree of anonymous ancestors is rather dull. We want to ask of the tree of life the same questions we ask of a family history: who was a king and who a convict; what did they look like; what was their character; when and where and how did they live? A tree on its own is like a perfectly pieced-together jigsaw puzzle with no pictures on it.


Our next task, then, is to colour in these blanks, to decorate our huge genealogy with the rich and elaborate details of the biology of the many members of the family of life: we want to know about the evolution of their genes, their morphology and behaviour, the lucky breaks, the catastrophes dodged (or not) and the influence of all the other species – predators, prey and parasites. 


As time passed, every branch within the tree evolved new characteristics that, accumulating generation after generation, have produced the present diversity of living beings, a tiny sample of which I glimpse from my study window. Some of these characteristics are striking, like the backbone found in all vertebrates, or the flower unique to angiosperms. Many others are much more subtle: in fruit flies, the pattern of pigment on the wing, minute chemical variations of odour, and the precise frequency of wing beat of the male’s mating dance can all be discerned and act to distinguish one species from another. To include this second part of the story is to add flesh to the bare skeleton of the tree’s form.


When we combine these two elements – the pattern of species’ relationships and the evolution of their characteristics – we come to understand that each species has its own genealogical history of closer and more distant relationships to all other species, and that each, as we trace its path through time and up the tree of life, has accumulated its own unique library of characteristics. I got my backbone on the branch leading to vertebrates, gained nipples on the branch leading to the mammals and later lost my tail on the branch leading to the apes. 


I want to reveal how a worldwide community of scientists is cooperating to build the tree of life to tell the complete history of the evolution of life’s diversity. We will discover that it is the properties of living species themselves that are the clues we use to discover the true shape of the tree of life. We will see how these characteristics, the products of the process of evolution, are both the raw materials for tree building and the very objects whose evolution we wish to explain. 


These concepts will lead us to understand how we are able to use the tree of life to go back in time, extrapolating backwards from living species to reconstruct long dead ancestors. Along the way we will find that evolution is often unpredictable and that the unexpected byways – the exceptions to the rules – are the source of the mistakes we sometimes make when building the tree of life. These anomalies, frustrating though they can be, are also where some of the most interesting and surprising passages of the history of evolution are written. 


I am a zoologist and I spend my working life trying to reconstruct the tree of life (the part that encompasses the animal kingdom at least). In the following pages I will try to explain why solving this puzzle is so important. What we are reaching for with the tree of life is nothing less than a complete, multi-billion-year history of the emergence of all life on earth in all its extraordinary complexity. My ultimate motivation comes from knowing that the tree of life is a portal that can transport us back in time to meet our ancestors. Once we have pieced together the clues to reveal a tree that we trust, we can transport ourselves back in time to land at its root. From here we can clamber up to follow the sequence of improbable events that led through 4 billion years of evolution from the first simple cell to an ape that can wonder about his origins. 











PART I


What Is the Tree of Life?











1


Solving Science’s Greatest Puzzle


IN THE SPRING of 2022, Cambridge University reported the mysterious reappearance of a pair of priceless artefacts – two of Charles Darwin’s notebooks (‘B’ and ‘C’), jotted and sketched in by Darwin in 1837, early in the long gestation of his theory of the origin of species. The notebooks had disappeared twenty-two years previously, when the university had digitised its Darwin archive – their loss not immediately noted due, perhaps, to the chaos of the digitisation project. The notebooks had been stored together in a small paperback-sized box and were at first presumed lost somewhere on the 130 miles of shelving in the vaults of the university library, but repeated searches over almost two decades turned up nothing. The university librarians admitted defeat in 2017 and, slightly red-faced and sweaty-palmed, one imagines, finally reached out to the public for information. ‘We are appealing for anyone with any knowledge of the whereabouts of these priceless artefacts to contact us. They are extremely valuable and important, both to the university, and anyone interested in the history of science,’ said Detective Sergeant Sharon Burrell of Cambridgeshire Police.1 DS Burrell was not exaggerating the importance of these notebooks. In notebook B lies the earliest known diagram of an evolutionary tree drawn by Darwin – what we now call the ‘Tree of Life’ sketch. The notebooks, still in their container and in perfect condition, reappeared on 9 March 2022, left in a gaudy pink bag for the attention of the librarian; the identity of the thief remains unknown.
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FIGURE 1: Darwin’s ‘Tree of Life’ sketch from notebook B (1837).





Darwin’s famous tree of life (annotated with the gnomic comment ‘I think’) is small and simple but manages, nevertheless, to be an accurate prototype of the trees we use today. Its simplicity is precisely what makes it such a perfect diagram, easily understood but capable at the same time of conveying a huge amount of information. At the bottom we can discern a root that tells us about the long-dead ancestor that would spawn all the species on the tree. Upwards from this root grows a trunk whose extent shows us the passing of time. At some point the trunk divides – a single species becoming two and these two evolving to become different. Each of these sister branches goes on to divide again to produce more branches. Finally, at the very tips of each branch, we find species. The branches of the tree show us, most importantly of all, the relationships between these species. Sibling relatives emerge from the most recent splits in the tree, more distant relatives from splits deeper in the tree. To encompass all of life and the entire history of evolution, we need do nothing to this tiny tree beyond scaling it up to add more species related by more branches. The rules of its construction and interpretation and the information it conveys remain perfectly intact as it grows.


Trees of life are much older than Darwin’s first effort. Their earliest uses were as symbols in art, literature and especially religion across many cultures – Norse, Mesopotamian, Chinese, Zoroastrian – and their meanings, often obscure, are as diverse as the peoples who described, painted and carved them.2


The meaning of Darwin’s tree of life is utterly different from these mystical symbols but, even in the absence of mystery or metaphor, what it tells us is extraordinary. The word ‘life’ refers not to a human lifespan (a life), nor simply to the state of being alive (life as opposed to death); rather it is an almighty collective noun encompassing every single living thing, every species alive today and every species that has ever existed. The tree that links this amazing collection of beings is a rich diagram, a perfect representation of the relationships – the evolutionary relationships – between every one of them.


Allowing for nineteenth-century language, Darwin, of course, gives a beautifully clear explanation of the use of a tree to represent evolution: 


The affinities of [relationships between] all the beings of the same class have sometimes been represented by a great tree. I believe this simile largely speaks the truth. The green and budding twigs may represent existing species; and those produced during each former year may represent the long succession of extinct species.


I confess I am quoting selectively, because the full version of Darwin’s tree of life strays much closer to a simile for the process of evolution than the modern tree of life does. Darwin also uses his tree to represent the competition between species – the struggle for existence and the survival of the fittest: 


At each period of growth all the growing twigs have tried to branch out on all sides, and to overtop and kill the surrounding twigs and branches, in the same manner as species and groups of species have tried to overmaster other species in the great battle for life.3fn1


The modern tree of life abandons any attempt at metaphor or simile for the process of evolution and seeks more simply to represent the history of evolution. While we may have lost a bit of colour, we have gained considerably in the clarity of the tree’s message. The simple goal – of representing relationships – is certainly a worthy one, but the knowledge of relationships that the tree contains proves to be much more important than this. The tree can be thought of as the plain steel framework of a skyscraper; it is something into which we can insert the walls and floors and windows of the building – marble and glass and tiles and gargoyles – to produce a much more elaborate edifice. For the tree of life, this elaboration includes the changing characteristics of species, of their ancestors, of births, deaths, invasions, extinctions, dates, geological context, mergers and acquisitions.


Trees showing relationships between species took on a special significance following the publication of On the Origin of Species in 1859, but trees representing relationships were already familiar to the Victorians. Genealogical trees – family trees – are a part of human cultures around the world. They can be found in the ‘stemmata’ (garlands) of ancient Rome; in the eleventh-century ‘Confucius genealogy’ (still being added to after eighty generations); and in the Tree of Jesse of the Old Testament. The ubiquity of genealogical trees across cultures tells us that they are an inevitable product of human imagination and must have existed deep into prehistory. Genealogies have even been explicitly thought of as tree-like for millennia: ‘And there shall come forth a rod out of the stem of Jesse, and a Branch shall grow out of his roots’ (Isaiah 11:1) – this biblical family tree leads from Jesse, through (according to Luke) forty-three generations (all men of course) to Jesus, and Christian illustrations of the Tree of Jesse are drawn as literal trees. The genealogical tree of the Cancellieri family of Pistoia (Albero Genealogico dei Cancellieri di Pistoia) engraved in 1581 by the industrious and well-paid sycophant, Scipione Ammirato, shows a mighty oak riven in two at its trunk, the two boughs representing the violent schism (around 1300) between the white and black Guelph factions of the family. This tree is naturalistic, growing within a Tuscan countryside, two armies bearing black and white standards visible to either side of the tree.


Genealogical trees are familiar and their interpretation simple: the leaves at the tips of a family tree represent individuals of the most recent generation – brothers and sisters and their cousins. The siblings in a family are connected to each other by their shared parent, a part of the bough immediately below them in the tree and just one generation further back in time. A child will connect to its cousins (more distant relatives of course) via an older generation that lies deeper in the tree: the closest ancestor in common between first cousins is not a parent but a grandparent. In this simple way, the degree of relationship between all the leaves of each generation (siblings, cousins, second cousins, parents, uncles and aunts and so on) can be read in the arrangement of the branches that connect them. 


Tree diagrams have survived for millennia because they have proved an ideal way to represent this information about relatedness of family members, but tree-like diagrams have been adopted in many other contexts precisely because they are such a natural way to organise any set of objects – rocks, stamps, jazz musicians – that can be grouped (or classified) according to how similar or how closely related they are. For the natural world – for species – the desire to bring order to their study meant that, long before it occurred to Darwin that species might be related to each other like members of a family, there was a desire to classify and to organise species.


‘The urge to classify is a fundamental human instinct; like the predisposition to sin, it accompanies us into the world at birth and stays with us to the end,’ wrote Tindell Hopwood (hyperbolically) in 1959.4 It is true that we all have an innate skill that allows us to make useful generalisations about the species we encounter; it takes no effort or specialised training for any of us to know that, despite their obvious differences, eagles and pigeons are birds, tigers and sheep are mammals and oak trees and blackberry bushes are plants. Beyond this it is also obvious that mammals and birds can be sensibly lumped together as animals, which is a group to itself that excludes plants. As we intuit all this, our brain is constructing an accurate ‘folk’ classification of these six species into groups of similar organisms. Notice how this classification (birds, mammals, plants) can be translated directly into a tree – picture a bird branch (that forks to the eagle and pigeon) and a mammal branch (tiger and sheep); connect these two lower in the tree to form a larger animal branch; finally the animal branch connects, down on the trunk of this little tree, to a plant branch that leads to oak and blackberry. The classification of life that comes so easily to us (mammals, birds, animals, plants) existed long before any tree of life, but the classification and tree are one and the same – it just took a while before it occurred to anyone to illustrate a classification in the form of a tree.


Prefiguring the first trees of life by more than two millennia, the earliest recorded classification of life, of animals at least, is credited to Aristotle. His great works Inquiries on Animals (usually known via the Latin, Historia Animalium) and Parts of Animals (De Partibus Animalium), written in the fourth century BC, contain his deliberate and characteristically thorough attempt to know and to understand animal life through its many different characteristics. There is a danger of reading Aristotle anachronistically, of attributing to his work a kind of proto-evolutionary viewpoint. He was emphatically not an evolutionist, but these books nevertheless laid the groundwork for modern classification, bringing together both the necessary data and a handful of essential ideas. His data take the form of fantastically detailed and generally accurate observations of the characteristics of a great number of animals (and not just the cuddly, fierce, weird or otherwise charismatic). His interpretations come from a simple philosophical interest in classifying things. The point of Aristotle’s classification was to know what each animal was through the collection of its attributes and the things it can do, ‘to reach the definitions of the ultimate form’.5


Hopefully avoiding the trap of reading Darwin between the lines of Aristotle, there are still useful lessons to be found, perhaps the most important of which is that it might be possible to classify animals into groups which are both useful (allowing us to make generalisations) and which we can all agree on – a truth to be discovered. Aristotle’s biggest and boldest choice in Historia Animalium is to split all animals into two megista genê (‘big groups’): those with red blood (enhaima), corresponding to vertebrates; and those without (anhaima), corresponding to invertebrates. Within each of these big groups he recognises a series of lesser groups: within the red-blooded enhaima he distinguishes viviparous (live-bearing) and oviparous (egg-laying) quadrupeds (respectively mammals and reptiles/amphibians) as well as groups of whales, fishes and birds. In the bloodless anhaima we can discover groups including the malakia (soft body – molluscs), malakostraca (soft shell – crustaceans) and ostrakoderma (a hard shell surrounding the body), which is an unholy mix of sea urchins, sea squirts, shelled molluscs and hard-shelled arthropods like barnacles.


Modern zoologists are naturally delighted to find a series of ‘kinds’ that we would accept as legitimate groups today; the agreement between ancient and modern may seem unsurprising, but it certainly didn’t have to be the case. Rather than using feathers to define a group of birds and milk to group all mammals, Aristotle could have chosen to make a grouping of the terrestrial animals (uniting pigeons, lizards and humans) and another of aquatic animals (ducks, salamanders and fish). As we will find out, the pleasing correspondence between Aristotelian and modern groups of animals was not a fluke but the inevitable consequence of how evolution works. 


Aristotle’s systematic approach to the study of nature was slowly forgotten by Western scholars, until he was rediscovered in the twelfth and thirteenth centuries. In the following half a millennium, most of the revived interest in classifying life focussed on botany for the very practical reason that accurately identifying plants was essential for their use in medicine. The eighteenth-century Swede, Carl (or Carolus or occasionally Charles) Linnaeus (or Linnæus or von Linné or a Linné) was one such botanist, as well as being by far the most important pre-evolutionary classifier of life. Linnaeus is rightly known as the father of modern classification. His first great innovation was a broad, evidence-based classification of plants and animals into smaller and smaller and more and more exclusive groups. Linnaeus’s magnum opus Systema Naturae is much more than a classification; it also contains detailed descriptions of the characteristics of individual species and of the groups to which they belong. The overall result was a key that allows a researcher to classify any species to its own increasingly exclusive kingdom, phylum, class, order, family, genus and species, homing in on its unique place in the classification (and ideally thus avoiding poisoning the herbalist’s patient). Linnaeus’s second great innovation was a formal system for naming species whereby each is given a unique two-part name – a so-called binomen such as Homo sapiens – without which modern biology would be utterly chaotic.


The Linnaean system of classification survives largely intact today. It can be compared to the address of your house. Naming just a few, nested geographic groups – the continent, the country, the county or region, the town, the district, the street and the house number – can succinctly pinpoint any house in the world. The Linnaean equivalents of these levels of organisation begin with the kingdom (the animal kingdom, the plant kingdom, etc.), down through phyla (within animals there are the chordates, arthropods and molluscs, for example), then classes (within the chordates are mammals, reptiles and amphibians) and then orders (within mammals are primates, bats and rodents). Orders contain families (primates contain lemurs, monkeys and apes), which contain genera (apes contain Homo and Gorilla), which each contain one or more species (Homo sapiens, as well as the extinct Homo erectus and Homo neanderthalensis). Your own Linnaean classification is therefore kingdom Animalia (though we now use ‘Metazoa’), phylum Chordata (approximately animals with a backbone), class Mammalia, order Primates, family Hominidae, genus Homo and species sapiens.


While Linnaeus had invented a brilliant system of classification (which we still use today), the evolutionary tree of life was still out of reach – classification and genealogical diagram were yet to meet. This said, the inherent tree-ness of some early classifications becomes, at times, achingly close to an actual tree, the intellectual leap to representing a classification in a tree-like image not quite made. The divisions and their subdivisions are often represented in a table form. In the first column are rows of a few large groups (which would be the big boughs at the base of a tree), each of which is subdivided into smaller groups in the next column (which would be the smaller branches).


Eventually, and long before Darwin’s doodles, these tables of classification finally morph into diagrams with the form of a tree, although not before some musing on the possibility that this might be done. Swiss naturalist Charles Bonnet, in his 1764 book Contemplation de la Nature (I don’t think I need to translate that), asked: ‘Does the scale of nature become branched as it arises? Are the insects and molluscs two parallel and lateral branches of this great trunk?’6 


In 1766, Georges-Louis Leclerc, Comte de Buffon, the great French naturalist, likewise thought of the mammals as appearing ‘to form families in which one ordinarily notices a principal and common trunk from which seem to have issued different stems and the more numerous, as the individuals of each species are smaller and more prolific.’7 Finally, in 1801 we find the first explicitly tree-like diagram to record the classification of species. It was drawn by the French naturalist Augustin Augier, who says of his diagram:


A figure like a genealogical tree appears to be the most proper to grasp the order and gradation of the series or branches which form classes or families. This figure, which I call a botanical tree, shows the agreements which the different series of plants maintain amongst each other … just as a genealogical tree shows the order in which different branches of the same family came from the stem to which they owe their origin.8 


Darwin’s theory of evolution by natural selection upended the way we think about both classification and its representation in tree form because it implied the existence of a single, perfect, historically accurate classification. Yet On the Origin of Species was mainly intended as an explanation of the mechanism by which new and different species appear; it contains just one diagram of a tree, and it is a fairly plain one at that, merely demonstrating how species divide and go extinct. Nevertheless, Darwin understood the tree of life’s taxonomic potential, as he expressed in a letter to T. H. Huxley in 1857: ‘The time will come I believe, though I shall not live to see it, when we shall have very fairly true genealogical trees of each great kingdom of nature.’9 


While Darwin did draw a handful of evolutionary trees, he seems to have preferred the idea of representing the evolutionary history of life as a coral, with the dead, stony interior representing the past (and the fossil record) and only the living tips of the coral representing the species that are alive today. Darwin’s German disciple Ernst Haeckel, on the other hand, was a big fan of a tree of life. Haeckel was born in Potsdam near Berlin in 1834 to professional parents, Carl (a high-ranking local official) and Charlotte (née Sethe, daughter of a privy councillor). Haeckel’s beloved and short-lived first wife, Anna (also née Sethe), was a cousin on his mother’s side of the family. Like Darwin, Haeckel, at the insistence of his father, trained initially as a medical doctor but abandoned medicine soon after meeting his first patients.10 Perhaps the research for his doctorate in medicine, which was awarded for a study of crayfish, left him ill-prepared for the realities of the human body, rather like the story of John Ruskin on his wedding night. 


A pair of famous early photos show Haeckel in 1866, prior to a collecting trip to the Canary Islands, with his assistant, the Russian Nikolai Miklouho-Maclay. Even though the photographs were taken not in the field but in the German university town of Jena, the two explorers have dressed in expedition clothes and are surrounded by the paraphernalia of professional collectors – butterfly nets, a bucket, other bits of equipment whose uses I cannot guess at, a dried starfish and a crab on the floor and a dead brittle star in Haeckel’s hand. The photographs are carefully posed, and the two men really seem to relish the idea of themselves as tough explorers. In the first, Haeckel, his youthful beard rather wispy, is slouched on a chair, while Miklouho-Maclay stands with a raincoat hanging casually from one shoulder, his left hand resting on what looks like a dagger, while he smoulders at the camera. In the second, they have swapped places and Haeckel, now standing, has taken off his shoes and socks and rolled up his trousers while Miklouho-Maclay has messed up his hair. Photographs from later years include one of a now middle-aged Haeckel surrounded by jungle plants and dressed for the tropics, pith helmet and all, but again taken in a studio in Jena. And finally, Haeckel in old age is standing Hamlet-like with a human skull in his hand and an ape skeleton looming behind him. Big beards may well have been commonplace at the time, but the resemblance of Haeckel’s magnificent beard to that of his hero Darwin in this late photograph is very striking.


Haeckel has had an outsized impact on biology and on the study of evolution. He coined terms for huge new concepts such as ecology and phylogeny (the study of evolutionary relationships through time – hence ‘phylogenetic tree’); he wrote a bestselling popular science book explaining his view of evolution; he notoriously tweaked his figures of animal embryos to suit his theories of how the stages of embryonic development (‘ontogeny’ – another Haeckelian coinage) reflect an animal’s evolutionary history (‘ontogeny recapitulates phylogeny’, in his words); he described never-to-be-seen-again species that conveniently supported his theories; and he painted exquisite and rightly famous pictures of creatures great and small, which are said to have influenced the Art Nouveau movement. 


His artistic skills are clear in his most famous evolutionary trees, which, unlike almost all more modern trees you might see, are drawn as real trees with twisted branches and knotted bark. The first such stammbaume (family trees or pedigrees) appear in his 1866 treatise that has the not very snappy title of ‘General morphology of organisms: general outlines of the science of organic forms, mechanically grounded on the theory of descent reformed by Charles Darwin’ (which is usually simply referred to as ‘Generelle Morphologie’).11 While pre-Darwinian evolutionary trees exist (they are evolutionary in the sense that they allow for species to change through time), Haeckel’s trees have the distinction of being the first drawn with the Darwinian mechanism of evolution in mind, and with the fundamental understanding that all of life could have a single origin. 


The first of the series of trees in ‘Generelle Morphologie’ encapsulates the whole of life as then understood, fitted into a tree with three great branches: plants (in which he includes fungi); protists (mostly comprising tiny, single-celled organisms including bacteria, although he also includes large, many-celled sponges); and animals. These three branches are shown joined to one another close to the base of the tree, and the whole undivided trunk emerges from a single, universal root of organisms: Radix communis organismorum. Trees in subsequent figures deal with the relationships of species within each of these three great boughs – a tree for plants, a tree for animals, etc., and these are followed by zoom-ins to the details of still smaller branches, such as a tree of the mammals. All of Haeckel’s tree-like trees in ‘Generelle Morphologie’ seem to have been drawn to resemble a real species – the ‘German oak’, which was supposedly chosen because the oak is the highest-ranked plant on the mediaeval scala naturae, found immediately below the simplest animals.


At this point, I have to resist the temptation to unpick Haeckel’s successes and failures in the accuracy of the relationships he shows (especially on the animal branch) and consider instead what his tree is able to tell us about evolution. To boil it down, there are four features – either implicit or explicit – that we can read on Haeckel’s tree: first, the tree shows the passage of time, at least to the extent that parts of any given branch that are closer to the root of the tree represent species that lived longer ago than those represented by parts of that branch that are closer to the top; second, the trunks, boughs, branches and twigs all represent continuous lineages of species that existed in the past; third, there are points where a branch divides in two, where a single ancestral species split into two descendent species; and finally, only the very tips of the tree – or perhaps the leaves – represent species that are alive today.


Unlike the biblical account of the simultaneous creation of all individual species (which, if it used the same representation, would resemble a field of grass), Haeckel’s tree of life is a single plant with a single root. It says that there was a species that lived long ago that is the ancestor of all the species that followed. As we move up the tree, any slice through any branch would represent a snapshot of all the individuals of a species alive at that point in time. A fraction further up the branch would represent their offspring, the next generation. 


Eventually a branch may divide into two; each branching point records the brief period of time (it was unlikely to be instantaneous) when an entire population that made up a single ancestral species split into two species. Importantly, a species must first divide into two isolated populations (perhaps separated by a river or mountain range) before these can then become separate species. From the point when the two populations become isolated, they are free to evolve independently of each other and in different directions (their genes are no longer being continually mixed up by sex). The result of this ability to change independently is two distinct species, and we call this creation of two species from one ‘speciation’.


The more time that passes, the more different the species are likely to become. What this means for Haeckel’s tree is that species whose branches separated very low down in the tree and thus very long ago have had a very long time to become very different from each other. The earliest (lowest) divisions on Haeckel’s tree separate plants from animals, while those branches that split close to the top of the tree separate much more similar species – for instance chimpanzees and humans.


In a decision that would be frowned on today, Haeckel’s tree quite deliberately treats certain groups as special. At the tops of his three great branches, he placed what he obviously viewed as the most advanced members of each. For the animal bough, the topmost branches of the tree are not the molluscs or the earthworms but the birds and mammals, and the topmost branches on the plant bough are the flowering plants (angiosperms), with algae, lichens and fungi relegated to an inferior place. Haeckel can only achieve this effect by taking liberties with the relationship between the passage of time and the length of branches. Because the root represents the single common ancestor from which all modern species have evolved, and the tips of the branches represent species that are alive today, all living species have equally long histories and so should really be placed equally distant from the root. 


Trees of life quickly became less beautiful but more practical than Haeckel’s; over the following century and a half we have developed conventions for how trees of life should be drawn that mean we can reliably interpret them. To show some of what a tree of life can tell us, figure 2 is a simple example that involves four familiar animals: a cow (a placental mammal), a duck-billed platypus (a charming but rather bizarre egg-laying mammal or monotreme), a goldfish (a bony fish) and a butterfly (an insect). 




[image: A family tree for four animals: cow, platypus, goldfish and butterfly. Each branch leads to four separate boxes with the animal’s name and illustration. The animals are further grouped together in their classes, phylums and kingdom.]

FIGURE 2: What we can read from a simple tree relating four animals.




	Expand / collapse Extended Description

	

		Image contains a box called ‘Kingdom Metazoa’ with two subsets: Phylum Chordata and Phylum Arthropoda. The Anthropoda box contains an illustration of a butterfly, its class name and scientific name. The Chordata box contains illustrations of a cow, platypus and goldfish, and their respective classes, scientific names and order names.


	







Fortunately, trees being an excellent way of showing evolutionary relationships, it is easy enough to understand the most important thing that this tree shows, which is the relationships between these four animals. First, the cow and the platypus are each other’s closest relatives. The next closest species to both cow and platypus is the goldfish, to which both mammals are equally closely related. Finally, the butterfly is the most distant from the other three species, and again, it is equally distantly related to the three others. We can check this by measuring the total horizontal distance to each species from the base of the tree; all these horizontal distances, which show how much time has passed, are identical. (The lengths of the vertical parts of the tree, in contrast, tell us nothing and are drawn arbitrarily to make the figure easy to read.) While my tree, unlike Haeckel’s, obeys the rule that branch lengths indicate the passage of time, I haven’t attempted to make the relative distances along different branches correspond to the amount of time that has actually passed. The ancestor of the two mammals was not half the age of the ancestor of mammals and fish, as the lengths of the branches on my tree imply. 


We can also read the tree from the bottom up (though the bottom of the tree is located on the left in this figure), starting at the root indicated by the square, to follow the events of evolution that resulted in the four species alive today. The square represents the common ancestor of all the four animals shown on the tree – an ancestor that we can only imagine since it has left us with no trace of its existence. It is equally distantly related to all four living species. What this means is that, even though we might think of the insect as being the most simple, it is in truth no closer to the animal ancestor than the complex mammals are.


The single, unknown species that was the animal common ancestor at some point in time divided into two new species which, once independent of each other, began to diverge – to evolve to become increasingly different from each other. One of these ancient species evolved into all of the arthropods, including the butterfly shown here, but also scorpions, bees, crabs and spiders; and the other evolved into all of the vertebrates – goldfish, cow and platypus (dinosaur, salamander, chicken …). Moving up the vertebrate side of our tree, the triangle shows the common ancestor of all the vertebrates. This ancestor is rather intriguing because, while it undoubtedly lived in the sea and looked much more like the goldfish than it did a land-living cow or a platypus, our tree nevertheless tells us that it is precisely as distantly related to the living fish as it is to the living cow or platypus. Finally, we meet the common ancestor of the two mammals shown by the star. This animal was a mammal (hence hairy and with mammary glands); however, like the platypus (and unlike nearly every single other mammal), it laid eggs. 


The timescale on my tree is entirely fictitious, starting with the ancestor of these animals, which (according to this tree) existed 500 million years ago, and ending with the animals alive today – so zero years ago. We can use this timescale to convince ourselves that the mammals are no further from the animal common ancestor than the butterfly is, and that the butterfly is equally closely related to the goldfish, cow and platypus. If the timescale were accurate, it would allow us to measure the evolutionary distance between any pair of living species by measuring the total length of the horizontal branches that separate them. This timescale also allows us to work out when common ancestors lived. According to my tree, the most recent common ancestor of the cow and platypus – the mammalian common ancestor – lived about 200 million years ago.fn2 We can also see that however old the vertebrate common ancestor (the triangle) really is, it has to be older than the mammalian common ancestor (the star), and the common ancestor of all four animals has to be older than any of the species (living or extinct) that descended from it.


One final skill needed to read a tree is understanding that the order of the species from top to bottom, to the extent that it can vary without changing relationships, is arbitrary. In figure 3 I show the same tree relating cow, platypus, goldfish and butterfly but drawn differently. All these trees convey exactly the same information. The only information in the trees is in the branching pattern and in the horizontal branch lengths. 




[image: Three family trees using different branching patterns for four animals: cow, platypus, goldfish and butterfly.]

FIGURE 3: Three trees drawn differently but all telling the same story.





We have seen that older classifications of life, such as that of Linnaeus, while inevitably inherently evolutionary (they are classifying the product of evolution), come from a time when the concept of a single origin of life was impossible to imagine. Linnaeus’s classification was intended to be useful, but Linnaeus had no conception that it encapsulated the history of life. Haeckel was a brilliant man and seems to have been extremely sure of his own abilities. As a writer he was not one to pull his punches when considering the work of others. In a passage worth quoting at length, we discover his lack of sympathy for earlier classifiers of life such as Linnaeus, considering their efforts almost beneath contempt – the work of stamp collectors. 


Most naturalists who have hitherto occupied themselves with arranging the different systems of animals and plants, have collected, named, and arranged the different species of these natural bodies with much the same interest as antiquarians and ethnographers collect the weapons and utensils of different nations. Many have not risen above the degree of intelligence with which people usually collect, label and arrange crests, stamps and similar curiosities … This childlike treatment of systematic Zoology and Botany is completely annihilated [gründlich vernichtet] by … [Darwin’s] Theory of Descent. In the place of the superficial … we now have the much higher interest of the intelligent understanding which detects in the related forms of organisms their true blood relationships.12 


With all due respect to the extraordinary contributions of Linnaeus and his disciples, Haeckel has a point. In On the Origin of Species, Darwin wrote that all ‘true classification is genealogical; that community of descent is the hidden bond which naturalists have been unconsciously seeking, and not some unknown plan of creation, or … the mere putting together and separating objects more or less alike’.13 The theory of evolution transforms the merely useful system of classification of Linnaeus into an extraordinary tool for understanding billions of years of evolution. Evolution provides a single, simple but brilliant explanation for the order found in Linnaeus’s system. On top of this, because the order derives from a single, real evolutionary history, there is (unlike library books or stamps) a single perfect ideal to be sought when constructing that classification – a truth to be discovered. And, as we will see in the next chapter, the mechanics of evolution naturally churn out the very clues we need to make discovering this truth achievable.
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The Venus Flytrap and Other Unlikely Relatives


A DOOMED BEETLE CLIMBS up the stalk of a small plant that sits damply among the mosses of a bog. There is plentiful sunlight and unlimited water here, but the lack of key nutrients makes this a tough place to grow, and there’s little other plant life around to interest the insect. The plant’s form is unremarkable – small, ground-hugging and typically rather unkempt, with a splayed tangle of young, mature and dying leaves; even its white, five-petalled flower is merely pretty. Despite its unpromising form (undistinguished by size, shape or colour), it is a celebrity amongst plants because of some truly unusual traits. Its most surprising qualities only reveal themselves when the poor beetle crawls onto one of its oddly shaped, red-tinged and sweet-smelling leaves. At first, nothing outwardly happens, but tiny hairs on the surface of the leaf have been bent by the weight of the insect, and this has put the whole leaf on high alert. The next time the beetle moves, the next time the hairs are bent, the true character of the funny-looking leaf becomes clear. The leaf is a trap whose two halves now snap suddenly shut, locking the beetle in a tiny prison. The final step is much less hurried – the beetle is going nowhere. Over a period of several days, a chemical soup oozes from the walls of the prison cell to dissolve the body of the beetle. It is the nutrients extracted from the beetle’s body – the nitrogen needed to make proteins and the phosphorus needed to make DNA – that are the secret behind the plant’s ability to survive in the bog. 


Our unremarkable-looking plant is, of course, the famous Venus flytrap, and it is by supplementing a diet of pure sunlight with the flesh of flies, ants, spiders, beetles and the occasional small frog that it has established itself as the unopposed floral king of the marshes. For the purposes of seeing evolution in action, the Venus flytrap is as good an example as any species on the tree of life. We are going to watch as the little part of the tree of life that describes the evolution of the Venus flytrap and three of its closest relatives grows from their common ancestor. We will witness three important aspects of the growth of the tree of life: how new species are created; the evolution in these new species of new characteristics; and the passing down of these novel characteristics to future generations.


The flesh-eating behaviour is something the Venus flytrap shares with just a small handful of other plants – sundews, pitcher plants, bromeliads – and, serving at least to emphasise the innate fascination of this odd way of life, with the fictional Triffids and Audrey II from Little Shop of Horrors. Fascinated eighteenth-century botanists described this strange mix of animal and plant as amphibious – living a double life. 


The Venus flytrap and the sundew are, of all these carnivorous plants, the most animal-like; not only do they both eat flesh, but they detect their prey and are able to move to capture it. It was these oddest of all aspects of their lives that captivated Charles Darwin who, alongside work on earthworms, barnacles and arrow worms (and helped by his son Francis), studied and experimented on them on and off for fifteen years. In 1860 (immediately after the publication of On the Origin of Species), Darwin wrote to the geologist Charles Lyell that ‘at this present I care more about Drosera [the sundew] than the origin of all the species in the world’.1 Darwin finally published his findings in 1875 in a book called Insectivorous Plants.2


The early history of the discovery of the Venus flytrap by European botanists was an undignified business. Europeans first discovered what the indigenous Americans (‘either Cherokee or Catabaw but which I cannot now recollect’3) called a ‘tipitiwitchet’ in the 1760s. The word, if the story of its origin is not a complete fabrication, may have been closer to titipiwitshik, meaning ‘they [i.e. the leaves of the trap] which wind around’.4 The first specimens that made it to Europe were collected by a ‘diligent and indefatigable’ botanist, John Bartram, a Quaker from Philadelphia, who found them in ‘swamps beyond the blue mountains’ (probably in North Carolina).5 These early botanists were fascinated by the amphibious life of the plants but seem to have been more especially taken with the resemblance they perceived between the plant’s trap and female genitalia – a pair of fleshy lobes, reddish in the centre, surrounded by hairs, sensitive to the touch and capable of grasping its prey. The close correspondence between the original word titipiwitshik with the existing saucy slang ‘tippet-de-witchet’ (‘wicket’ refers to a gate or opening) was too much for them. There is some innuendo in their letters that supports this idea (‘my little tipitiwitchet sensitive stimulates laughter in all ye beholders’6), but the proof of their puerility is found when one of their number complains that they cannot get flytrap specimens from the recently married Governor of North Carolina: ‘It is now in vain to write to him for seeds or plants of Tipitiwitchet now He has gott one of his Own to play with’.7 The goddess of love is clearly the origin of the name ‘Venus’, but the first publication to describe and officially name the plant rewrites the lewd narrative. The paper, ‘A new sensitive plant discovered’, was published by John Ellis in 1768 in the London Magazine, or, Gentleman’s Monthly Intelligencer (a magazine that should definitely be revived – Ellis’s piece was sandwiched between an article ‘Remarks on Tooth Powders’ and one relating ‘The Particulars of the barbarous Murder of the celebrated Abbe Winkelman’). Ellis’s fiction has it that ‘from the beautiful appearance of its milk-white flowers, and the elegance of its leaves, [Dr Solander] thought it well deserved one of the names of the goddess of Beauty and therefore called it Dionaea [that is daughter of Dione, i.e. Venus]’.8 The full genus and species is Dionaea muscipula, the species name being a bit of a fudge between mousetrap (Latin muscipula) and flytrap, the Latin for fly being musca. 


Like all species, the Venus flytrap is unique in some of its characteristics but is nevertheless anchored in its particular place on the tree of life by other features it shares with its nearest and dearest. The evolutionary history of this rather extraordinary plant can be our guide to exploring the question that lies just below the surface of the last chapter: why were the pre-evolutionary classifications of Aristotle, Linnaeus and others so competent? Why do their ‘natural’ classifications correspond so well to those made later with the knowledge of Darwinian evolution? And why do humans find it easy to recognise that a giraffe and a goldfish belong on one branch of the tree and a seaweed and a gooseberry on another? Let’s get stuck into a concrete example by meeting four related carnivorous plants.


The most notable characteristic of the Venus flytrap is, of course, its trap. Evolution has modelled this by enlarging and elaborating a leaf to resemble a bivalved mussel shell fringed with spines; the leaf forms a type of trap called a snap trap. The closest relative of the Venus flytrap is an aquatic plant called the waterwheel (genus Aldrovanda, after the Italian naturalist Ulisse Aldrovandi), which has smaller snap traps clustered around the stem, each whorl of traps resembling the buckets on the wheel of a water mill. The closest species to these two snap trap species is the sundew (genus Drosera from the Greek word drosos meaning ‘dewdrops’), named for the glistening, sticky tentacles which cover its leaves. These tentacles – each exuding a sticky droplet – resemble pins in a pin cushion and form a different type of trap called a flypaper trap. The flypaper trap of the sundew nevertheless shares important characteristics with the snap trap; both traps are formed from modified leaves and both are able to sense the touch of an insect and to move in response, capturing the food. 


The final carnivorous plant species we will think about – the most distantly related to the Venus flytrap – is the dewy pine (genus Drosophyllum – ‘dewy leaves’), which for a long time was classified as being most closely related to the sundew. It has the same insect-trapping, dew-tipped tentacles; these cover the whole plant, even the sepals that enclose its little yellow flowers. The dewy pine is larger than the sundew, standing up to 20 centimetres tall, and the living plant is surrounded at ground level by an ugly mess of old, dead leaves. The character that separates dewy pine from the sundew, flytrap and waterwheel is its inability to detect the presence of insects and to move its leaves in response.


Carnivorous plants have a surprisingly long evolutionary history. If we wanted to meet the Venus flytrap’s most ancient carnivorous ancestor, we would have to travel some 90 million years into the past, to the Late Cretaceous. This was not so long after flowering plants – the angiosperms – had first emerged, diversified and spread, replacing the gymnosperms (conifers and relatives) as the dominant flora on land. The angiosperms and their flowers evolved, obviously I suppose, hand in hand with insects, their marriage sealed by the giving of nectar and the pollination services received in return. The innovation shared by all four of our carnivorous species – a specially modified leaf that catches and kills insects – turned this gentle relationship between plant and insect on its head. The very first plants of the lineage took the tiny hairs that cover the leaves of almost all flowering plants and enlarged them enormously to make a lawn of ‘tentacles’. Each tentacle has a gland at its end which exudes a sticky fluid droplet, and these insect-trapping leaves were the carnivorous plants’ key to the bog kingdom.


One of the great ironies of the life of these insect-eating plants is that they still rely on insects to pollinate their flowers – a circle they have squared by holding their flowers at the end of a long stalk, keeping pollinator species as far as possible from the dangers of the traps. An active community of pollinators is essential to facilitate sex between plants. Sex ensures that the genes that exist throughout the species are constantly mixed up, keeping it integrated and relatively homogeneous. It is only by dividing this population that the parts thus separated can start to become different – if one species is to become two, the two parts have to be prevented from having sex. And this process of speciation was essential in turning a single ancestral species into the four that are alive today.




[image: Family tree of four species of plants: the venus flytrap, water wheel, sundew and dewy pine. The tree joins at the root and branches out to labelled illustrations of each plant appearing at the end of the branches.]

FIGURE 4: Tree relating four species of insectivorous plants showing how populations divide to make new branches.





For simplicity we are going to assume that a mountain range has suddenly risen up in the middle of our population, dividing it in two. Our original single species is now found in two reproductively isolated populations, which are free to evolve to become two distinct species (figure 4). After a few million more years (and a correspondingly long section of the relevant branch), one of those two species divides again, and after a few more tens of millions of years one of these two branches splits to make two more. First one species has divided to make two, later on two have become three, and when one of these three finally splits again we end up with four.


This simple account of the evolution of four species has just two components – speciation and time – but even this simple model shows several intimately related things. The tree we have pictured shows us both of these aspects of history: the moments when speciation happened (the places where branches separate) and the time between these separations (the growth of the tree’s branches). By tracing the path of the branches that link any two of the living species, we can read the closeness of their relationship and see how long ago their common ancestor lived. We can also see that there is a logical order of speciation events: those separating larger and more inclusive groups must have occurred before those separating smaller, more exclusive groups. The split that separated the sundew from the two snap trap species must have occurred before the split that separated the Venus flytrap from the waterwheel.


Our model of speciation plus time is usefully simple but really only gives the barest outline of the rich story of evolution. Our four species are not blank slates whose most exciting attribute is the ability to speciate and to endure. Every species is a complex machine, and each has its own set of observable characteristics – what is called a phenotype (from the Greek phaínō – ‘to appear’ or ‘to show’). Not only does each species look like something, but species’ phenotypes change over time as a result of evolution by natural selection. There have been countless changes along the branches of our little tree, many of them incredibly subtle but also some that are obvious, such as the changes that led to the hallmark snap traps of the Venus flytrap and waterwheel. Let’s add colour to the bare branches of our simple tree by adding some of the characteristics we can find in our four protagonists (figure 5). We begin at the root of the tree, where we find that lots of evolutionary work has already been done: all four species (in addition to having all the many attributes of the angiosperm branch of the tree of life – leaves, flowers, chloroplasts, seeds etc.) have inherited from their most recent common ancestor the ability to attract, capture and digest insects.




[image: Family tree of four branches, with labelled illustrations of four species of plants at the end. Arrows pointing at the diagram identify various traits of each branch.]

FIGURE 5: Tree relating four species of insectivorous plants showing how new characters are accumulated through time.




	Expand / collapse Extended Description

	

		Labels indicate plants in the first branch have colour and scent to attract insects, teeth around the edge, and a large trap. Labels for the second branch indicate plants have bladders to float, wheel of traps, and loss of roots. Plants from both the first and second branches have a bivalve snap trap. Plants in the fourth branch have sensitivity to touch, and movable tentacles and leaves.


	







Of the two branches separating closest to the bottom of the tree, we are going to ignore the dewy pine (it has served its purpose of showing the characteristics present in the ancestor) and watch what happens to the other branch – the one that leads to sundews, Venus flytraps and waterwheels. Perhaps 70 million years ago (it is very difficult to be sure of dates), the ancestor of these three took the sticky trap that it had inherited and improved it. It evolved the ability to detect the presence of an insect touching the tentacles on its leaves, as well as the ability to move its tentacles and even curl its leaves up and around to trap the poor insect more securely – innovations which are now shared by the sundew, waterwheel and Venus flytrap.fn1 Millions of years later, at some point along the branch that leads just to the waterwheel and Venus flytrap, there was an advantage to be found in catching larger insects.9 The leaf became broader and then began to change shape, becoming bivalved, each side capable of springing shut, and with interlocking spines round its edges to hold the victim in place. The most recent common ancestor of the two snap trap species would pass on to both of its descendants this two-sided trap that was sensitive to the lightest touch of a fly, was able to close rapidly and was ready to digest the tissues of the prey it evolved to accommodate.


Another 10 or 20 million years later, the branches on our tree that would lead, ultimately, to the Venus flytrap and waterwheel would separate from each other, and each would see more changes to produce the different plants we know today. The Venus flytrap has become squatter, and its traps larger, targeting not flying insects so much as the bigger and juicier crawling beetles, ants and spiders. Its trap has developed multiple long, fringing spines and an alluring smell and a deep red colour the better to attract passing insects in search of nectar. The waterwheel has changed even more obviously as it moved from damp land to open water. Its traps have become smaller with fewer spines, better suited to catching water fleas and insect larvae perhaps. No longer anchored in soil, it has dispensed with its superfluous roots entirely and evolved air pockets in its stem that ensure it floats, maximising its exposure to sunlight.
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