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WE HUMAN BEINGS are the inheritors of a vast and almost unimaginably diverse world that has had a long and tumultuous history. We can infer many of the events of that history by looking around us at nature as we see it today, and at how the luxuriant diversity of living things is structured. But for the details of how things came to be the way they are—and for the drama, for drama there was, aplenty—we have to turn to the always fascinating but often tantalizingly incomplete fossil record.

The physical story of the planet is told principally in the rocks that form the Earth’s thin skin, while the history of life on this finite globe is recounted by the fossils that some of those rocks fortunately enclose. The contemplation of the fossil record can be a humbling experience, reminding us that Homo sapiens is but one species among many millions that have existed, and how tiny a speck we are in the immensity of time. On the other hand, it is possible also to take comfort in the knowledge that Homo sapiens is not alone, that we are part of a much larger whole that will continue on its own majestic course long after our species is gone. This short book espouses the latter perspective: it is about the glorious diversity of the world, about our own place in it, and about how both it and we got to be where we are today. The book is also about how we understand this story: about how we acquire and process information about our past and that of the ecosystems from which, like it or not, we are inseparable.

The study of past life is the realm of paleontology. Paleontology is a branch of science, and science is a sector of human knowledge that differs most especially from all others in being founded on questioning and doubt. Contrary to popular belief, science does not seek to prove anything: “scientific proof” is one of the great myths of our age. Rather, science tries to home in on an ever-more- accurate picture of nature by proposing new ideas about it and eliminating false ones. Science is most emphatically not about ultimate causation, which is properly the province of philosophers and theologians. Instead, scientists strive to understand the proximate causes for natural phenomena: those processes that we can observe at work in the world, and about which we are able to form testable hypotheses.

The process of hypothesis testing renders science a system of provisional, rather than absolute, knowledge; it is no denigration of any scientific hypothesis to label it “only a theory.” Indeed, we dignify as theories those hypotheses that have proven so resistant to attack that we can sufficiently depend on their accuracy to base further explanations upon them. So an important part of what makes science truly different from other ways of seeking knowledge is simply the limitations it imposes on the kinds of questions it asks about how nature works. If you can’t test your hypothesis somehow, or if it cannot be based on testable propositions that have resisted falsification, then your question lies outside the scope of scientific inquiry.

Scientific hypotheses are usually tested by experimentation; but paleontology is a rather unusual branch of science in that it is historical. Since paleontologists are unable to rerun the tape of history, they are obliged to look at the results of experiments already made by Nature, and to reconstruct as best they can the processes that produced them. How did the riotous diversity of the living world come to be? Well, we know of only one natural process that predicts the kind of diversity-within-similarity that we see in the biota around us. That process is evolution. The repeated divergence of new species from common ancestral forms that lies at the core of evolution inevitably results in the pattern of sets-within-sets that we actually observe. What’s more, people have for a very long time been making this observation, and drawing conclusions from it—independent of their religious, philosophical, or scientific beliefs. The physicist and science historian Jim al-Khalili has, for example, recently quoted the following from The Book of Animals by a ninth-century Arab intellectual, abu Uthman al-Jahith (781–869):


Animals engage in a struggle for existence; for resources, to avoid being eaten and to breed. Environmental factors influence organisms to develop new characteristics to ensure survival, thus transforming into new species. Animals that survive to breed can pass on their successful characteristics to their offspring.



As al-Khalili points out, these words have an eerie resemblance to those Charles Darwin would use a thousand years later in summarizing his theory of evolution by natural selection.

Closer to home, a century before Darwin published his theory, Carl Linnaeus (1707–1778), the originator of the system of naming living things that scientists use today, classified human beings in the species Homo sapiens, within the genus Homo, of the order Primates. To the conventionally religious Linnaeus it was evident, purely on the basis of our anatomical structure, that we group first with the apes (which he also placed in Homo), all of us together forming a single larger group with the monkeys and the lemurs, in contrast to all other warm-blooded, hairy mammals. This “nested” structure is repeated throughout nature (hooded crows are a kind of crow, which is a kind of perching bird, which is a kind of bird, which is a kind of backboned animal, and so forth) and it was taken for granted in folk taxonomies long before scientists came along to make a profession out of the job. Consequently, as an explanation for why we see what we see in the living world around us, the notion of evolution is as strongly supported as any hypothesis in science. Like all science, though, evolutionary biology is a work in progress, and evolutionary biologists are constantly seeking to refine their understanding of how things got to be the way they are. Science is a process rather than a product; and as it slowly inches in toward an ever-more-accurate description of nature, it is complementary to, rather than in conflict with, the many other ways of human knowing.

Look on this book, then, as a sort of progress report rather than as a repository of fixed knowledge. Paleontology is a particularly fast-moving branch of science since it advances not simply through new analyses and new ways of extracting data from what is already known, but through new fossil finds that are constantly enlarging our base of knowledge. The fossil record is vast and constantly growing, so there is no way a short volume can do more than scratch the surface by sketching the larger picture and fleshing it out with a few carefully chosen examples. On one level my aim is to help the reader come away with an appreciation of what the record can and cannot tell us, and with a general understanding of the biological background from which modern biota and our own peculiar species emerged. More viscerally, though, I hope that the reader will gain some sense of the fun and excitement of paleontology, and of the process of discovering where we human beings fit into the natural world.


[image: ] CHAPTER 1
      Rocks, Time, and Fossils

WHETHER OR NOT living forms exist elsewhere in the cosmos, for all practical purposes life as we know it was born here on Earth, several billion years ago. An awful lot has happened since then, and it is in the rocks composing the surface of our planet that we find the fossils that document the long history of living things. So it seems appropriate to start this book on paleontology, the science that studies those fossils, with a few words about the planet that we take so much for granted.

The geologist Preston Cloud once neatly described our Earth as an “Oasis in Space,” which is, I think, about as apt a short description as it’s possible to achieve. Our planet today really is an extraordinary place, with an oxygen-rich atmosphere, abundant water, a hospitable range of surface temperatures, and all the other necessities for the maintenance of life as it is familiar to us today. This amazing and comfortable environment exists, moreover, in the midst of a vast, hostile emptiness. Yet life itself came into being under very different—and very much more extreme—conditions.

The matter of origins goes back in an infinite recession, to a point that lies beyond the bounds of today’s science. But scientists know the general outlines of how the Earth first began to form, some 4.5 billion years ago, out of a roiling cloud of hot dust and gases that eventually condensed to form our solar system. In early days the Earth’s surface was an inferno, assailed from below by raging radioactive heat and from above by a constant bombardment of asteroids, as the remains of the debris cloud were “mopped up.” Volcanoes on the hardening surface vigorously exhaled gases such as carbon dioxide, ammonia, and methane into an atmosphere initially consisting largely of hydrogen and helium. In brief, the early atmosphere was a toxic mixture of gases that would have been hostile to almost all forms of life that we know today. Equally inhospitable were the noxious oceans, which started to form as soon as the Earth’s surface had cooled sufficiently to support liquid water, initially gassed out as vapor.

Still, the formation of the planet’s solid outer crust proceeded rapidly as the fireball lost its initial heat. The earliest rocks known may be as much as 4.3 billion years old and are believed to be witnesses to the early operation of the processes that have governed the form of the Earth’s surface ever since. Once the crust had hardened sufficiently, its surface began to be cracked by the motion of the hot, molten rock below. Imagine a pot of thick soup simmering on a stove. Warm soup rises from the bottom of the bowl at the middle, where it is hottest. On reaching the surface it flows outward to the sides of the pot, where it cools and sinks once more, ultimately to be reheated and rise again. Driven by the radioactive furnace in the planet’s interior, an identical process was established under our feet well over 4 billion years ago. The upshot is that the surface of the planet was, and continues to be, divided into a varying number of more or less rigid tectonic plates that are forever in motion. New, hot magma is added on one side of each plate as it is erupted along the linear structures known as mid-ocean ridges, while old, cold rock is returned to the depths along subduction zones at the other side.

The basaltic rocks of the oceanic crust are relatively heavy. As a result the lighter rocks that compose the continents “float” above them and stand high above the ocean basins like giant icebergs. The floating continents are passively carried along on the “conveyor belts” below, like logs in a current. When one of them reaches the side of the plate on which it is sitting, it may bump into and crumple the continental mass on the adjacent plate. Forceful collisions of this kind have produced the great linear mountain chains of the world such as the Himalayas, the Rockies, and the Alps. In this way, continental topography has constantly been renewed, in the face of the erosion that constantly threatens to flatten it.

For the paleontologist, the main implication of plate tectonics is that the geography of the world is constantly changing. Today we recognize seven continents and a host of large islands scattered across the Earth’s surface. But 180 million years ago, virtually all of the earth’s dry land was assembled into one single supercontinent that geologists call Pangaea (“all lands”). Heat building up below it eventually split Pangaea into two giant continents: Laurasia in the north, and Gondwana in the south. Each of these then fragmented, ultimately to produce the various landmasses that we know today.

During these great movements, climates changed and biological forms shifted. Living populations were isolated or thrown into new states of competition. Species emerged and became extinct, and regions of the world developed their own distinctive assemblages of animals and plants.

ROCKS AND FOSSILS

The rocks that make up the continents of the world come in three different kinds. First there are the igneous rocks, derived from the cooling of molten magma. These include basalts and andesites and tephra ejected by volcanoes on the Earth’s surface, and granites that cooled at high depths and pressures, sometimes eventually to be exposed at the surface by weathering. Over the vastness of time, weathering has operated on a grand scale: if you ever find yourself looking at an outcropping of granite, just try imagining that it probably once lay beneath several miles’ thickness of rock.

Then there are sedimentary rocks, composed of particles weathered from preexisting rocks before being transported by wind and water, collected, and compacted. Finally, there are metamorphic rocks, which have been reheated enough to flow and recrystallize, as when rough limestone turns to shiny marble.

Fossils are technically any and all traces of past life, not just bones and teeth and shells. Since they are almost exclusively found in sedimentary rocks, these are the only ones we need to dwell on here, except for a passing glance at the volcanic rocks that have proven vital in dating many fossils. When rapidly accumulating sediments cover the remains of dead animals or plants, there is a chance that they will be fossilized. Typically, only the hard tissues such as teeth, bones, or shells undergo fossilization, as their original constituents are replaced by minerals. But occasionally, even soft parts may leave impressions—sometimes amazingly detailed ones—in fine-grained sediments around them.

In the ocean, where sedimentation is relatively continuous, the remains of organisms are routinely trapped in clays, muds, sands, and so forth. On land the process is a bit chancier, and fossils are most often incorporated into the sedimentary record on riverbanks and floodplains, and at the shallow edges of lakes. Such spots also have the advantage—for the paleontologist—of being favorite places for predators to attack prey that have come to drink.

When a terrestrial mammal dies, its remains are likely to be devoured and dismembered by scavengers, and its bones broken and scattered around the landscape. Factors ranging from sun, wind, and water to beetles and bacteria will usually do the rest. If a bone by chance escapes all of these vicissitudes and finds its way to a place of deposition, it will often be further battered en route. This is why most mammal fossils in museum collections are incomplete or damaged in some way, and the most commonly found vertebrate fossils are simply isolated teeth—the hardest tissues of the body.

Occasionally a carcass will be covered by sediments where it lies, and its skeleton preserved intact—naturally enough, the paleontologist’s dream. But even this best-case scenario is no guarantee of preservation. As it lies in the rock pile, the fossil must be reasonably undisturbed by earth movements. To be of any use to the paleontologist it has to be uncovered at the surface again by further erosion—where it will be rapidly obliterated by erosion unless it is quickly found and preserved. All in all, a rather chancy proposition, which explains why fossils of many species—especially those species that are thin on the ground in the first place—are rare indeed.
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FIGURE 1.1. The life history of a fossil. After death, most carcasses will be devoured by predators or scavengers (top left). What is left will either weather away or become buried in accumulating sediments (top right). Under the right conditions, mineralization will occur (bottom left). If erosion then wears away the overlying sediments, the fossil will be reexposed at the surface (bottom right), where it must be collected before it is obliterated by the elements.



THE GEOLOGICAL TIME SCALE

For the paleontologist, the most important thing about rocks is the historical record they contain. Ever since the Earth began taking on its familiar form, its continental crust has faithfully registered events happening on local and global scales. Some of this history can still be read, even though much evidence has subsequently been removed by erosion, covered by deposition, or altered by earth movements and metamorphism, sometimes on a gigantic scale.

Once it was established that the Earth was truly ancient, and had not simply been created more or less as we know it today, the first task of the early geologists was to reconstruct the historical sequence encoded in the rocks. This was not easy: for all that the working geologist could see were the rocks that happened to be exposed in any one place. And every local sedimentary basin, let alone each continent, has had its own geological history. Two basic questions thus emerged. One, at the front of every field geologist’s mind, was “what was the sequence of events here?” And the other, usually asked when the geologist had returned home, or had at least struggled as far as the nearest pub, was, “How do I match it up with the sequences we see in other places?”

To approach the first question, early stratigraphers followed two rules. Sedimentary rocks accumulate in piles, one layer atop another, so the first rule was that the sediments at the bottom of any particular pile are older than the strata above. The second axiom was that these layers were originally laid down flat, no matter how earth movements might have tilted or buckled them since. Because most piles of sedimentary rock have undergone at least some deforming and tilting, together with displacement along faults that misalign the layers, stratigraphers first needed to establish the original relationships of the strata. That done, it was time to match up the sequence seen in one place with sequences seen elsewhere.

To some extent, this could be done through lithology—the characteristics of the rock layers themselves. It turned out, though, that this worked only within local sedimentary basins, because each basin has its own geological history. Basins can be large, which is why sheep in southern England graze on the same limestone soils that support the grapevines of Champagne. But every basin has its limits, so stratigraphers found another way to correlate rock formations over broader areas. They recognized certain widely dispersing organisms as “index fossils,” characteristic of particular periods. The resulting correlations made possible the development of a standard timescale.
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FIGURE 1.2. Simplified International Stratigraphic Chart, showing the major divisions of Earth history with their current datings. On right, Cenozoic chart showing greater detail.



While the succession of major geological periods was basically established by the end of the nineteenth century, means of calibrating that sequence in years are quite recent. As Figure 1.2 shows, Earth history over the last 3.8 billion years is nowadays organized into three major eons that follow the initial period that is informally known as the Hadean, in acknowledgment of the fiery nature of the planet’s surface in its earliest days. The first two post-Hadean eons compose the long stretch prior to the earliest fossils known to the early geologists and are grouped together in a larger unit called the Precambrian. The third eon, the Phanerozoic, covers the last 542 million years. Each eon is divided into eras. These are subdivided into periods, which are in turn composed of smaller time units known as epochs.

Chronometric Dating

Most current methods of applying real time (in years) to the geological record rely in one way or another on radioactivity. Chemical elements may exist in several alternative forms (isotopes), of which some (the radioactive ones) are unstable: their atomic nuclei spontaneously “decay” to stable states. Conversion takes place at a rate that is constant, measurable, specific to the isotope concerned, and unaffected by environmental factors. Some isotopes decay fast; others more slowly. Chemists express the rate of decay in terms of an isotope’s half-life—the time it takes for half of the atoms present to decay. Geochronologists have used this property of radioactive isotopes to date rocks containing them.

There are two long-established approaches to such radiometric dating, both first developed in the mid-twentieth century. One embraces accumulation techniques, based on the buildup of stable daughter atoms. The classic accumulation technique is potassium/argon (K/Ar) dating, recently supplanted by the argon/argon (39Ar/40Ar) technique. Because the half-life involved is very long, these methods and others like them can be used to date very old rocks indeed—volcanic ones are preferred, because when laid down they are heated high enough to purge them of any daughter product and are often found interstratified with fossil-bearing sediments.

The opposite approach is represented by decay techniques, such as radiocarbon (14C), first introduced around 1950. The unstable carbon isotope 14C (radiocarbon) is produced in the upper atmosphere in a reaction governed by cosmic ray influx, and is incorporated into all living things. When an organism dies, it becomes isolated from the carbon cycle, and the 14C it contains begins to decay, diminishing steadily as a proportion of the total carbon present. At 5,730 years, the half-life of radiocarbon is rather short, which means that the method can only be used on samples up to about 40,000 years old. But whereas K/Ar is used to date rocks, 14C has the decided advantage of being able to date fossil specimens directly, provided enough bone protein (collagen) is preserved.

In recent years, the number of approaches to chronometric dating has multiplied, mostly for the fairly recent time frames that are of particular interest to paleoanthropologists. Most of these are “trapped-charge” methods that depend one way or another on the fact that electrons released by radioactivity may become trapped, at a measurable rate, in the lattice structure of various crystals. Good examples are thermoluminescence (TL) and electron spin resonance (ESR) dating.

WHAT FOSSILS CAN TELL US

Once your dated fossil is sitting on your workbench, you need to extract as much information from it as possible. There are many different ways of going about this, involving specialists of many different kinds. The first step is to determine to what species your fossil belongs—and if necessary to create a new species to accommodate it. Then, of course, you need to situate that species in the great Tree of Life. These initial steps are absolutely fundamental to everything else that you do, and they may well prove to be the most difficult steps of all. But only when they are completed should you proceed to what most people regard as the really interesting stuff: reconstructing how your fossil lived back when it was alive, and what role it played in the ongoing soap opera of life.

Apart from its age and the location at which it was found, the most obvious information any fossil has to offer is its morphology—what it looks like. How you are built not only shows to whom you are related, but also determines how you can live. Every species is limited by its structure, both in what it can do right now and in its evolutionary potential for the future.

Of course, when you are confronted with nothing but bones or teeth, it is much easier to reconstruct what their owners might have done in life if you can find a living form whose lifestyle is reflected in features comparable to those of your fossil. The ichthyosaurs, for example, are extinct reptiles whose body form so clearly echoes those of fish that there has never been any doubt that they were swimmers—as is independently confirmed by the marine rocks in which their fossils are found.

On land, the teeth of extinct grazing mammals (and even dinosaurs) are a clear giveaway to their dietary habits, differing as they do from those of their carnivorous contemporaries just as those of carnivores and herbivores differ today. Similarly, the robust forelimbs of digging mammals, or the elongated hind limbs of leaping organisms, were as conspicuous back in the early Cenozoic as they are in the modern world.

The bottom line here is that, even when different animals or plants are not closely related by descent, if they do (or did) similar things, they are likely to show similar features as a result of what is called “convergence.” A good solution is a good solution, whoever you are. Not every extinct animal has a modern equivalent, so not all past animal behaviors can be inferred from morphologies we see today. Nonetheless, within limits you can reverse engineer to analyze how extinct creatures moved and lived. High-tech methods are also constantly being introduced to help understand the behaviors and diets of extinct creatures. Among such methods is the analysis of certain stable (rather than radioactive) isotopes that are preserved in fossil teeth or bones. By measuring the proportions of different isotopes of carbon, for example, one can tell whether a tropical herbivore was browsing on leaves or grazing on grasses.

Predators preserve an echo of the isotopic ratios of their prey, so they can be included in the calculation, too. Carbon-isotope studies have shown, for example, that some very early human relatives were quite likely eating more meat than had been suspected. Similarly, the further up the food chain you are, the greater the ratio in your bones and teeth will be between the stable nitrogen isotopes 15N and 14N. On this basis, it has been suggested that our close relatives the Neanderthals were highly carnivorous: that, indeed, they may have specialized, at least regionally, in hunting extremely large-bodied prey, such as woolly mammoths and woolly rhinos.

This is merely a sampling of the ingenious approaches that paleontologists have used to flesh out the lives of their long-extinct subjects. But we should also remember that nothing lives in isolation. Every organism belongs to a much larger ecological community, itself a living thing, in which parts cannot be altered without threatening the integrity of the whole. So no matter how much you have been able to infer from an individual fossil that is sitting on the table in front of you, you will never comprehend it completely without understanding the role it played in its wider ecological community.

Helpful here is that fossils rarely occur alone. Instead, whole faunas emerge from fossiliferous rocks. Sometimes they will reflect fairly accurately the larger communities from which they were derived. At other times they are death assemblages, collections of animals that never cohabited in life but were thrown together by the forces of postmortem dismemberment, transportation, and agglomeration. Fortunately, it is usually possible to correct for these postmortem influences to provide a reasonably accurate picture of ancient faunas and habitats. As you go back further in time, and encounter organisms that are increasingly unfamiliar, things become more difficult. But geological and botanical evidence can usually be brought in to help.

To summarize, once you have identified the actors you can begin to reconstruct the plot of the play—remembering that it was not carefully thought out in advance but was rather a spontaneous drama that unfolded under many different influences. Many of these will have been external, operating entirely without regard to the excellence of the actors’ adaptation to their circumstances. Indeed, adaptation turns out to be a two-edged sword. In an erratically changing world it is often unwise for a population to be too closely adapted to a single environment.


[image: ] CHAPTER 2
      Evolutionary Processes

THE PUBLICATION in 1859 of Charles Darwin’s book On the Origin of Species by Means of Natural Selection caused an immediate social furor. But it did not burst in upon an intellectual milieu totally unprepared for evolutionary ideas. French scientists studying the newly recognized phenomenon of fossils around the turn of the nineteenth century had already entertained ideas of change, or at least of replacement, in ancient “antediluvian” faunas. In 1844 the Scottish encyclopedist Robert Chambers had (anonymously) published his theory that life had changed over time according to a principle of “progressive development.” And in Germany, too, many proponents of Naturphilosophie were willing to accept some inner impetus toward development among organisms.

Protoevolutionary currents were thus already stirring widely by the middle of the nineteenth century, and Darwin had mulled privately over his evolutionary ideas for almost a quarter of a century before he went public with them. Indeed, he procrastinated for so long that he was almost preempted, entirely independently, by his younger colleague Alfred Russel Wallace, whom we now honor as the codiscoverer of evolution by natural selection. Given the huge initial public fuss over Darwin’s book, it is perhaps remarkable how quickly the idea was absorbed that life had evolved—that all living organisms were related by common ancestry. This acceptance came partly because Darwin’s argument for “descent with modification” was made in exquisite detail. But it was also because the mechanism he proposed for evolution—natural selection—was such a compelling one. Indeed, in retrospect many found this mechanism to be entirely self-evident, which is why Darwin’s colleague and supporter Thomas Henry Huxley famously berated himself with the exclamation, “How very stupid not to have thought of that!”

EVOLUTION BY NATURAL SELECTION

Darwin’s idea was elegantly simple. It was based, among other things, on his practical experiences as a pigeon fancier. As breeders of animals and plants had known from time immemorial, in every generation individuals vary among themselves in heritable features. Equally undeniably, more are born than survive to reproduce. Darwin’s point was that the reproductively victorious are those whose inherited characteristics make them better adapted to the environmental circumstances in which they live, while the less fit reproduce less successfully. Just as cattle breeders can change the appearance of their cows remarkably quickly by selecting those individuals that are allowed to reproduce, Nature exerts a constant pressure on the population as a whole to become better adapted. Thus, Darwin proposed, over the generations the cumulative effect of such natural selection is to physically transform each lineage of animals—eventually into new species and beyond.

Species are, of course, the basic kinds of organisms that we recognize in the living world, although their exact nature continues to be hotly debated. It is generally agreed that they are the largest populations of organisms within which individuals successfully interbreed with each other, but beyond this all bets are off. This is largely because speciation, the means by which new species come into existence, is not a unitary mechanism. Instead, reproductive discontinuity may come about for wildly varying reasons, from anatomical incongruity, through failures in fertilization or development of the embryo, all the way to behavioral differences. Speciation is simply a result that we observe in retrospect. Once it has taken place, though, it is typical for any successful new species to diversify over its geographical range, as each local population accommodates to its own particular circumstances. Such diversification in turn sets the stage for future species to emerge, should some natural barrier isolate one or more sections of the population. Still, we should not think of populations as necessarily fine-tuned to their circumstances in any one place. Many random factors are at play. And being too specialized has risks: specialized forms have higher extinction rates than generalists.

As we try to understand how species may arise, it is important to separate the twin processes of species diversification and anatomical innovation, which do not necessarily proceed in lockstep. This poses a challenge for the paleontologist, who has little more than the shapes of bones (the anatomy) to deal with. How do you recognize a new species in the fossil record? This vexing problem is well illustrated in paleoanthropology, the study of the evolution of the recently evolved human family, which is very close-knit.

On the short biblical timescale generally accepted in Darwin’s youth (most theologians at the time reckoned that only about six thousand years had passed since the time of the Creation), transformation via gradual generation-to-generation change was unthinkable—there just wasn’t enough time. But early nineteenth-century scientists were already well aware that an immense amount of time had passed since the formation of the Earth. By 1859 the long periods required for evolution by natural selection were no longer a serious scientific issue, even if Victorian society as a whole was not yet prepared for the new perspective. So it is hardly surprising that, once the initial uproar over the idea that all living forms are related by descent had died down, the main scientific objections to Darwin’s ideas came not from those who objected to the principle of evolution, but from those who opposed natural selection as its engine.

One thing that had been lacking in Darwin’s original formulation had been an accurate theory of how biological inheritance worked, and the argument over evolutionary mechanisms was greatly energized with the birth of the science of genetics in 1900. Almost all of the early geneticists were committed evolutionists, but few favored Darwinian natural selection as the key agent of evolution until the late 1920s, when a remarkable convergence began to occur. This convergence later became known as the “Evolutionary Synthesis.”

The Synthesis

While quite nuanced in its early manifestations, by the mid-twentieth century the Synthesis had become highly reductionist. It saw evolution as a gradual process involving little more than the long-term accretion of heritable changes within lineages of organisms, always under the guiding hand of natural selection. As environments changed, so did populations. This same process could be extrapolated over evolutionary time to include higher-level phenomena such as the origin of new species and increasing biotic diversity. Microevolution (the promotion of new morphologies or new genes and gene combinations within species) and macroevolution (the origin of new species and larger groups) thus became part of the same unitary process.

Still, while slow transformation certainly accounted for evolutionary change, to many it was hardly a complete explanation for natural variety. As a result, the origin of biodiversity had to be ascribed to external factors. The argument for the splitting of lineages necessary to produce such diversity went like this: Each species had its ecological niche. When the niche became fragmented by environmental change, separating the segments of what had previously been a continuous population, each fragment would go its own evolutionary way. Eventually, each would incorporate enough unique change to be incompatible with its siblings. Voilà—new species! And via repetition of this same process, new families and orders would eventually emerge.

The Synthesis rapidly permeated all branches of evolutionary biology, at least in the English-speaking world. And it performed a very salutary function in sweeping away a lot of accumulated intellectual baggage. But the compromises made to achieve consensus were not equal on all sides, and the ones who did least well out of the deal were the paleontologists. The systematists who studied the variety of the living world got a mechanism to explain natural diversity. The geneticists, and particularly the mathematical population geneticists, got to hold the key to that mechanism. But paleontologists were robbed of their basic unit of study. Every fossil they found had necessarily belonged to a species, which had always been the main entity of interest. Now, however, the paleontological species was an ephemeral thing. How could it be viewed as a discrete unit if every successful species transformed itself insensibly into its successor?

Delineating species through time thus became an entirely arbitrary affair, creating an acutely uncomfortable situation for students of the fossil record. On occasion it even led to the bizarre spectacle of paleontologists congratulating themselves on the deficiencies of their database, since gaps in the record provided convenient points at which to separate related species. Worse, the Synthesis relegated the paleontologists to an essentially clerical role in clearing up the details of the history of life: even in principle, there was little that fossils could contribute to theory, or to the understanding of evolutionary mechanisms.

For years, paleontologists explained discrepancies between the predictions of the Synthesis and what they were actually finding as artifacts of an incomplete fossil record. But in 1971, a concerted attack was mounted on the entire structure of the Synthesis.

Punctuated Equilibria

This attack came from Niles Eldredge, a paleontologist at the American Museum of Natural History who had been studying trilobites (ancient marine invertebrates) that were abundant in the sedimentary rocks of his native New York State and the Midwest. What Eldredge saw in his trilobites was a marked lack of change (stasis) over spans of millions of years. Rather than rationalize this as an artifact of an incomplete record, he preferred a literal reading of what he observed, concluding that the lack of change among those trilobites was actually saying something about their evolutionary history. There was no signal whatever of gradual honing by natural selection (which was evidently working to keep the population as a whole unchanged, by trimming off the extremes). Instead, the one change Eldredge saw was associated with a rapid event of speciation in a local trilobite population, followed by the later wholesale replacement of the ancestral form by its descendant.

Something similar had been found by Eldredge’s colleague Stephen Jay Gould in his studies of Ice Age Bermudan land snails. In 1972 the two joined forces to generalize their findings in a paper entitled “Punctuated Equilibria: An Alternative to Phyletic Gradualism.” Their central point was that fossil species seemed generally to come on the scene rather suddenly and to stay around in the rock record as distinctive entities for some time before abruptly disappearing. Since the local records that paleontologists investigate bear witness to the succession of faunas in particular places, this was hardly surprising. Worldwide, environments are known to have changed frequently and rapidly over time. Eldredge and Gould pointed out that when your environment changes it is much more likely that you will emigrate to more congenial surroundings, or go extinct, than that you will hang on in the same place for many generations and slowly adapt to your new circumstances.


[image: ]

FIGURE 2.1. Two views of the evolutionary process. The arrows at left represent phyletic gradualism, whereby one species gradually transforms itself into another over time under the pressure of natural selection. On the right, the notion of punctuated equilibria views change as episodic: species are basically stable entities that give rise to new species in relatively short-term speciation events. Morphological changes may take place independently of speciation.



Perhaps because of its provocative title, and certainly because of the energy with which Eldredge and Gould contrasted the theoretically based phyletic gradualism of the Synthesis with the punctuated equilibria suggested by their own observations, their publication caused an immediate stir. Paleontologists who had long labored to shoehorn their data into the framework dictated by the Synthesis were discomfited by the notion that they should usually expect to find occasional and abrupt change rather than slow, continuous transformation. Nor were they happy with the associated idea that at least some of the breaks in the fossil record should be taken as data, rather than as deficiencies. But following the predictable chorus of criticism—Eldredge and Gould were widely demonized as saltationists (advocates of evolutionary “jumps”) who denied the principle of adaptation—it transpired that, for the most part, the punctuated-equilibria model fit quite well with what paleontologists were actually finding. Indeed, many well-known evolutionary trends in the fossil record that were traditionally attributed to gradual generation-by-generation adaptation turned out to be better explained by successive species replacements.

This made it evident that, like speciation, what we used to call the “evolutionary process” is far from unitary. Instead, the factors governing evolutionary change are extremely complex. Often acting above the level of the individual, they may be entirely random with respect to adaptation. Climates and environments typically shift rapidly and erratically, far faster than natural selection could ever track. Species constantly find themselves in competition with new contenders for ecological space. There is little advantage in being the most splendidly adapted exemplar of your species if a new arrival is outcompeting your entire species into extinction. What’s more, in addition to the steady background tickover of origination and extinction of individual species, faunal change may often occur in episodes of quite comprehensive replacement.

South African paleontologist Elisabeth Vrba has eloquently argued that external environmental change is the driving mechanism behind faunal “turnover pulses,” which the fossil record shows have periodically occurred in her home continent. Speciation, Vrba believes, is unlikely to occur in the absence of stimulus from the physical environment, a stimulus that also spurs episodes of migration. Among other examples, she points to the major cooling event around 2.5 million years ago, during which there was a wave of first appearances in the African fossil record of open-country forms, especially grazing antelope species. This particular episode may in fact have seen the appearance of our own genus Homo. Vrba sees such turnovers, large and small, as routine in the history of life. She is almost certainly correct in suggesting that these have occurred across diverse groups of organisms and during relatively short bouts of environmental change.

MASS EXTINCTIONS

The most dramatic examples of abrupt turnover in the fossil record are mass extinctions, in which significant proportions of all species on Earth suddenly disappeared, to be replaced in short order by completely different biotas. The fossil record holds evidence of five main mass extinctions (and many would claim that a sixth one is occurring now, at the hands of Homo sapiens). The best-known mass extinction is the “K/T event” that carried away the dinosaurs some 65.5 million years ago at the end of the Cretaceous. Some 38 percent of all marine animal genera also disappeared at this time, and an even higher proportion of land animals. Flowering plants were widely supplanted by a flora dominated by ferns—as in the “fern spikes” that we often see today after forest fires.

A calamity such as this must have had an appropriately cataclysmic cause. This by itself rules out almost all of the factors to which local extinctions are usually attributed, such as pandemic disease and competition from locally evolved species and immigrants. Essentially, what is left is some kind of exotic change in the physical environment, and three culprits come to mind: (1) exceptional volcanic activity, (2) a cosmic radiation event, and (3) the impact of an asteroid or comet (a “bolide”), which could have created a nuclear winter effect. A fourth option has been to deny that there is any single cause for the K/T extinction.

The idea that a huge (ten-kilometer-wide) bolide hit the Earth was suggested in 1980 by Luis Alvarez and colleagues. Initial reaction was hostile, since many believed that the period of Earth’s bombardment by asteroids was long passed. Nevertheless, the famous Meteor Crater in Arizona was evidence of a fairly large hit just fifty thousand years ago, and even without a known impact crater associated with the K/T event, the Alvarez group had compelling evidence. They showed that rocks of this time in Denmark, Italy, and New Zealand contained a thin layer rich in iridium, an element rare on Earth but a significant component of some meteorites, and suggested that this had been spread globally in a debris cloud. The iridium anomaly has now been found in many other parts of the world. In some places, the presence of “shocked” quartz grains also suggests high pressures produced by major impact.

What’s more, a candidate for the impact crater itself has now been identified. It centers on a place called Chicxulub at the northern tip of Mexico’s Yucatan Peninsula. After 65 million years, erosion has obscured the crater’s outline on land, and its seaward portion has been covered by sediments. But gravity anomalies and other features show this feature to have been at least 180 kilometers in diameter—just about the size predicted by the Alvarez group. The energy released by such an impact would have been around 2 million times greater than that released by the largest nuclear device ever exploded—more than ample to create the dense, lingering dust cloud necessary for prolonged inhibition of plant photosynthesis, although high southern latitudes were probably relatively little affected.

Most paleontologists today tentatively accept an association between the K/T extinction and a bolide impact, maybe several. But this mechanism may not explain other mass extinctions. For example, massive lava floods are believed to have caused the mass extinction that occurred 200 million years ago, when over 50 percent of marine genera as well as many terrestrial forms were carried away.

As you go back in time, evidence for large traumatic events inevitably becomes harder to find. Nonetheless, some favor asteroid collision to explain the largest mass extinction of all. This one took place at the end of the Permian, about 250 million years ago, and saw the demise of as many as 95 percent of marine and 70 percent of terrestrial species. No corresponding impact structure has as yet been identified—and at that remote period it will be tough to do so—but it has been suggested that a shock on the necessary scale might also have been associated with the large-scale flood volcanism for which there is evidence at this time in Siberia. Yet further back, however, at about 380 million years ago, a major extinction seems to have taken place in a series of pulses that occurred over as long as 20 million years.

Besides the “Big Five,” numerous other smaller mass extinctions are recorded in the geological column. Whatever the cause(s) in any particular instance, the most important message of the mass extinctions is that disappearances of living forms cannot always be attributed to gradual evolutionary processes. The same, of course, applies to the equally well-documented mass appearances that followed the extinctions. The net effect of these dramatic events has been biotic turnover on a gigantic scale, as the departure of older biotas liberated vast amounts of ecological space to be repopulated by the survivors, in a process known as adaptive radiation. The classic case of such radiation is the phenomenally rapid diversification of the mammals following the K/T event, as our own group took over an empty field from the dinosaurs.

Darwin lived at a time when influential geologists held the intuitively attractive “uniformitarian” view that all modifications of the Earth’s surface were due to the prolonged action of mechanisms—erosion, deposition, earthquakes, volcanoes—that we can still observe today. And Darwin’s pathbreaking notion, that the diversity of the living world had gradually evolved through natural selection, fit perfectly into this picture of gradual change.

Still, as demonstrated by such things as gigantic basalt floods and huge bolide impacts that I, for one, hope never to observe, the uniformitarian geological picture is at the very least not the whole story. Similarly, the grand patterns we see in the fossil record do not sum out simply to a smoothly unfolding process of adaptation, as lineages of organisms are gradually perfected by natural selection. Instead, your triumph can come about simply as the result of someone else’s misfortune—and vice versa. The success or failure of species, as of individuals, is not always a matter of how well they are adapted. Sometimes it’s no more than the luck of the draw.

THE MOLECULAR BASIS OF CHANGE

Evolution thus has its discontinuities, but of course it has its continuities as well. Most fundamentally, all living things are connected by unbroken lineages to our 3.5-billion-year-old common ancestor. Underlying this succession is our mechanism of heredity. In 1866, when he formulated his notion that inheritance was controlled by the discrete units we call genes, the Austrian monk Gregor Mendel knew nothing about their physical nature: he simply inferred their existence from what he observed. Nowadays we know a great deal more, and what we have learned is amazing.

Experiments on fruit flies early in the twentieth century confirmed that individual genes, passed along in the sex cells, were associated with individual traits. They also showed that those traits—and hence the genes—tended to vary together, and thus had to be linked in some way. Soon it was realized that linkage exists because the genes are distributed along microscopic paired structures, known as chromosomes, that become visible in the nucleus of each cell of the body when it is about to divide.

The story from that point onward is fairly well known. The long polymeric molecule called deoxyribonucleic acid (DNA) contains a chemical code that spells out the genes. In concert with its single-stranded cousin RNA, DNA directs the development of new cells—and new tissues, and new organisms—by specifying the structure of the proteins, the “building blocks” of the tissues, that are manufactured in the cells.

The way that DNA replicates itself as cells divide provides a mechanism for mutation, the process governing the alterations in the genes that underpin the appearance of evolutionary novelty. DNA is a fragile molecule that is sensitive to radiant energy, and mutations turn out to be spontaneous changes in the DNA code. They are surprisingly common, and these random copying errors (which do not always change the functions of the gene involved) underpin many of the hereditary changes ultimately expressed in the evolutionary histories of organisms. Mapping the changes that have taken place in the DNA of organisms over time has provided a powerful tool for tracing their evolutionary histories.

Genomics

For many years the central dogma of genomics, as the study of DNA has become known, was that information flows just one way, from the genes to the proteins. It turned out, though, that things are a lot more complicated than that. For a start, genomes (the totality of an individual’s DNA) are not made up entirely of DNA that codes for proteins. Indeed, most of the human genome appears to be made up of mobile elements known by such names as SINES and LINES (Short/Long Interspersed Repetitive Elements), that don’t serve a coding function. What’s more, even within coding genes there are stretches of DNA, known as introns, that are edited out by the cellular apparatus instead of being translated into proteins.

Scientists have called the noncoding stuff “junk DNA,” but they now find that some of it may help regulate gene expression—in which case, it may have a very important role indeed, because the relationship between the structure of a gene (its sequence of DNA bases) and the magnitude of the developmental cascade it initiates is not a simple one. Effects may be due less to the structure of the genes than to how they are regulated: the order in which they are switched on and off, and how they are expressed. To complicate things further, multiple overlapping genes may cohabit on the same stretch of DNA and produce RNAs that do not code for proteins but instead play significant roles in gene regulation.

For anyone seeking to understand how the diversity of Nature has evolved, this is very exciting. LINES and SINES have proven very useful in reconstructing relationships among organisms, and we are beginning to see how relatively small mutations at the structural genetic level can produce disproportionate developmental consequences. This has significant implications for the evolutionary process because, if a minor mutation can involve a major developmental reorganization of a body system or systems, you don’t have to explain how a host of accumulating genetic substitutions, each fairly insignificant in itself, should eventually result in a coordinated innovation. One small change involving a regulatory gene can produce a major change in structure, usually problematic but occasionally helpful.

At the same time, the complexity of transcription helps us understand how the past constrains future evolution. Evolution can rarely result in optimization, not only because selective pressures are unlikely to remain uniform over extended periods, but because potential change is both random and channeled by what is there already. What’s more, most selection is clearly devoted to the maintenance of ongoing integration and function—that is, assuring nonchange. Indeed, looking across the entire range of living things, it is altogether remarkable how many basic genes are still shared by the most disparate-looking organisms. It’s been estimated that we share 40 percent of our genome with a banana.

Remarkably, although they have huge amounts of DNA, organisms have rather few genes. In humans, only twenty-five thousand genes control the vast array of functions necessary to produce and maintain a fully functioning adult individual. This is only possible because DNA sequences fulfill multiple functions: one gene may affect many characters, and most characters are controlled by multiple genes, which interact in complex ways. The most important evolutionary implication is that the blunt weapon of natural selection cannot impact on one character complex without simultaneously influencing many others—and not necessarily in favorable ways. The whole individual succeeds or fails in the reproductive stakes, meaning that, to make a significant difference, any potential agent of natural selection has to have a very powerful influence on survival or fecundity—in the face of many powerful competing factors.
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