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Evolution is the most profound and powerful idea to have been conceived in the last two centuries. It was first developed in detail with the 1859 publication of the book On the Origin of Species, by Charles Darwin, who enjoyed a long and incredibly productive life. While Darwin’s professional career began with a round-the-world biological collecting trip on which he embarked at the age of 22 aboard the HMS Beagle, he had already been devoted to outdoor natural history as a boy.


A great deal new has been learned about the workings of evolution since Darwin’s day. Wouldn’t it be wonderful if Darwin himself, a clear and forceful writer as well as the greatest biologist of his generation, could write for us a new book on the status of evolutionary thought today! Of course that’s impossible, because Darwin died in 1882. This book is the next best: it has been written by a man who is one of the greatest biologists of our own day, who has also enjoyed a long and incredibly productive life, and who is also a clear and forceful writer.


To place Ernst Mayr in perspective, I’ll relate an experience of my own. In 1990 I carried out the second bird survey of the Cyclops Mountains, a steep, high, isolated range rising from the north coast of the tropical island of New Guinea. The survey proved to be difficult and dangerous, because of the daily risks of falling off the steep slippery trails, of getting lost in the dense jungle, of exposure in cold wet conditions, and of potential conflicts with local people on whom I depended but who had their own agendas. Fortunately, New Guinea had by then been “pacified” for many years. Local tribes were no longer at war with each other, and European visitors were a familiar sight and were no longer at risk of being murdered. None of those advantages existed in 1928, when the first bird survey of the Cyclops Mountains was carried out. I found it hard to imagine how anyone could have survived the difficulties of that first survey of 1928, considering the already-severe difficulties of my second survey in 1990.


That 1928 survey was carried out by the then 23-year-old Ernst Mayr, who had just pulled off the remarkable achievement of completing his Ph.D. thesis in zoology while simultaneously completing his pre-clinical studies at medical school. Like Darwin, Ernst had been passionately devoted to outdoor natural history as a boy, and he had thereby come to the attention of Erwin Stresemann, a famous ornithologist at Berlin’s Zoological Museum. In 1928 Stresemann, together with ornithologists at the American Museum of Natural History in New York and at Lord Rothschild’s Museum near London, came up with a bold scheme to “clean up” the outstanding remaining ornithological mysteries of New Guinea, by tracking down all of the perplexing birds of paradise known only from specimens collected by natives and not yet traced to their home grounds by European collectors. Ernst, who had never been outside Europe, was the person selected for this daunting research program.


Ernst’s “clean-up” consisted of thorough bird surveys of New Guinea’s five most important north coastal mountains, a task whose difficulties are impossible to conceive today in these days when bird explorers and their field assistants are at least not at acute risk of being ambushed by the natives. Ernst managed to befriend the local tribes, was officially but incorrectly reported to have been killed by them, survived severe attacks of malaria and dengue and dysentery and other tropical diseases plus a forced descent down a waterfall and a near-drowning in an overturned canoe, succeeded in reaching the summits of all five mountains, and amassed large collections of birds with many new species and subspecies. Despite the thoroughness of his collections, they proved to contain not a single one of the mysterious “missing” birds of paradise. That astonishing negative discovery provided Stresemann with the decisive clue to the mystery’s solution: all of those missing birds were hybrids between known species of birds of paradise, hence their rarity.


From New Guinea, Ernst went on to the Solomon Islands in the Southwest Pacific, where as a member of the Whitney South Sea Expedition he participated in bird surveys of several islands, including the notorious Malaita (even more dangerous in those days than was New Guinea). A telegram then invited him to come in 1930 to the American Museum of Natural History in New York to identify the tens of thousands of bird specimens collected by the Whitney Expedition on dozens of Pacific Islands. Just as Darwin’s “explorations,” sitting at home, of collections of barnacles were as important to Darwin in forming his insights as was his visit to the Galapagos Islands, so too Ernst Mayr’s “explorations” of bird specimens in museums were as important as his fieldwork in New Guinea and the Solomons in forming his own insights into geographic variation and evolution. In 1953 Ernst moved from New York to Harvard University’s Museum of Comparative Zoology, where even today he continues to work at the age of 97, still writing a new book every year or two. For scholars studying evolution and the history and philosophy of biology, Ernst’s hundreds of technical articles and dozens of technical books have been for a long time the standard reference works.


But in addition to gaining insights from his own fieldwork in the Pacific and from his own studies of museum bird specimens, Ernst has collaborated with many other scientists to extract insights from other species, ranging from flies and flowering plants to snails and people. One of those collaborations transformed my own life, just as the meeting with Erwin Stresemann transformed Ernst’s life. While I was a teenaged schoolboy, my father, a physician studying human blood groups, collaborated with Ernst in the first study proving that human blood groups evolve subject to natural selection. I thereby met Ernst at dinner at my parents’ house, was later instructed by him in the identification of Pacific island birds, began in 1964 the first of 19 ornithological expeditions of my own to New Guinea and the Solomons, and in 1971 began to collaborate with Ernst on a massive book about Solomon and Bismarck birds that we completed only this year, after 30 years of work. My career, like that of so many other scientists today, thus exemplifies how Ernst Mayr has shaped the lives of 20th-century scientists: through his ideas, his writings, his collaborations, his example, his lifelong warm friendships, and his encouragement.


Yet evolution needs to be understood not only by scientists, but also by the general public. Without understanding at least something of evolution, one has no chance of understanding the living world around us, human uniqueness, genetic diseases and their possible cures, and genetically engineered crops and their possible dangers. No other aspect of the living world is as fascinating and full of riddles as is evolution. How can one explain the remarkable adaptation of every species to its chosen niche? Or the beauty of birds of paradise, butterflies, and flowers? How can one explain the gradual advance from the simplest bacteria three-and-a-half billion years ago to dinosaurs, whales, orchids, and giant sequoias? Natural theologians had raised such questions for hundreds of years, but were unable to find any other answer than the hand of a wise and almighty creator. Eventually, Darwin argued that the fascinating world of life had gradually evolved by natural processes from the simplest kinds of bacteria-like organisms, and he backed up his claim by presenting a well-thought-out theory of evolution. Most importandy, he also proposed a theory of causation, the theory of natural selection.


Although the basic idea that evolution was responsible for biological diversity became widely accepted almost immediately after 1859, more specific aspects of evolution remained controversial for the next 80 years. Throughout this period there were constant disagreements about the causes of evolutionary change, about how species originated, and about whether evolution was a gradual or discontinuous process. The so-called Evolutionary Synthesis of 1937–1947 brought widespread consensus, and the molecular biology revolution in the ensuing years continued to strengthen the Darwinian paradigm and its support among biologists. Although numerous attempts were made in these years to propose opposing theories, not one of them has been successful: all have been thoroughly refuted.


Increasingly, it was realized that the Darwinian paradigm was important not only for explaining biological evolution, but more broadly for understanding our entire world and the human phenomenon. This led to a remarkable outburst of publications dealing with all aspects of evolution. By now, about a dozen convincing refutations of the claims of the creationists concentrate on presenting the massive evidence for the fact of evolution. Specialists can now consult three superb texts of evolutionary biology, those by Futuyma, Ridley, and Strickberger, which in more than 600 pages deal with all aspects of evolution in the utmost detail. These books provide an excellent education in the facts and theories of evolutionary biology.


Yet the available literature, excellent as it is, leaves a gap: our lack of a mid-level account of evolution, written not just for scientists but for the educated public, with special emphasis on explanations of evolutionary phenomena and processes. This is the area where Ernst Mayr’s What Evolution Is excels. We are lucky that, after a lifetime of writing for scientists, Ernst has now distilled his unparalleled experience for the public. Every major evolutionary phenomenon is treated as a problem that requires an explanation. Ernst often makes use of the history of failed earlier explanations to bring out the nature of the ultimate correct solution.


Also very helpful is Ernst’s organization of the subject matter into three parts: (A) the evidence for evolution, (B) the explanation for evolutionary change and adaptation, and (C) the origin and meaning of biodiversity. A separate chapter, on the history of mankind, presents very successfully the evolution of humans and their precursors (hominids), which arose as “just another” group of apes. That chapter includes novel ideas, such as a suggested cause for the sudden drastic increase of brain size in the evolution from Australopithecus to Homo, and a suggested source of altruistic behavior.


For what audience is Ernst’s What Evolution Is particularly suitable? One can answer: for the audience of everyone interested in evolution—particularly for anyone who really wants to understand the underlying causes of evolutionary change. Technical details, such as those dealing with the latest discoveries of molecular biology, are omitted because they can be found in detailed texts of evolution as well as in any modern biology text. What Evolution Is will be an ideal text in a course on evolution for non-biologists. Palaeontologists and anthropologists will welcome this book because of its emphasis on concepts and explanations. Ernst’s lucid writing makes the subject of evolution accessible to any educated layperson.


Darwinism has become so fascinating in recent years that now every year at least one new book is published with the word “Darwin” in the title. It will greatly help the readers of such volumes to evaluate the claims made there by consulting What Evolution Is. Darwinian thinking, particularly the principle of “variation and selection (elimination),” is now widely employed in the humanities and social sciences. Those who employ it will find What Evolution Is a useful guide.


I can summarize my views on Mayr’s What Evolution Is by saying that anybody with even the slightest interest in evolution should own and read this book. You will be richly rewarded. There is no better book on evolution. There will never be another book like it.


Jared M. Diamond





PREFACE
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Evolution is the most important concept in biology. There is not a single Why? question in biology that can be answered adequately without a consideration of evolution. But the importance of this concept goes far beyond biology. The thinking of modern humans, whether we realize it or not, is profoundly affected—one is almost tempted to say determined—by evolutionary thinking. To offer a volume dealing with this important subject thus requires no apology.


However, someone might say, “Is not the market already saturated with books about evolution?” As far as the sheer quantity of published volumes is concerned, the answer might well be “Yes.” Particularly there are several excellent technical texts for biologists who specialize in evolutionary studies. There are also splendid defenses of evolutionism against attacks by creationists, as well as excellent volumes on special aspects of evolution, such as behavioral evolution, evolutionary ecology, coevolution, sexual selection, and adaptation. But none of them quite fills the niche I have in mind.


This volume is meant for three kinds of readers. First and foremost, it is written for anyone, biologist or not, who simply wants to know more about evolution. Such a reader is quite aware how important this process is but does not understand exactly how it works and how one can answer some of the attacks against the Darwinian interpretation. The second group of readers consists of those who accept evolution, but are in doubt whether the Darwinian explanation is the correct one. I hope to answer all the questions this kind of reader is apt to ask. And finally, my account is directed to those creationists who want to know more about the current paradigm of evolutionary science, if for no other reason than to be able to better argue against it. I do not expect to convert this kind of reader, but I want to show him or her how powerful the evidence is that induces the evolutionary biologist to disagree with the account presented in Genesis.


The existing volumes intended to fill these needs have some of the following shortcomings. All of them are rather poorly organized and fail to present a concise, reader-friendly account. Most of them are not as didactic as they should be, because a difficult subject such as evolution should be presented as answers to a series of questions. Nearly all of them devote too much space to specialized aspects of evolution, such as the genetic basis of variation and the role of sex ratios. Virtually all of them are too technical and use too much jargon. About one-quarter of the content of all recent major evolutionary texts is devoted to genetics. I agree that the principles of genetics must be thoroughly explained, but there is no need for so much Mendelian arithmetic. Nor should space be wasted on arguing for or against obsolete claims, such as that the gene is the object of selection, or to a refutation of extreme recapitulationism (the idea that ontogeny recapitulates or repeats phylogeny). On the other hand, several of these texts do not give adequate space to an analysis of the different kinds of natural selection, particularly selection for reproductive success.


Most existing volumes on evolution have two other weaknesses. First, they fail to point out that almost all evolutionary phenomena can be assigned to one or the other of two major evolutionary processes: the acquisition and maintenance of adaptedness, and the origin and role of organic diversity. Although both take place simultaneously, they must be analyzed separately for a full understanding of their respective roles in evolution.


Second, most treatments of evolution are written in a reductionist manner in which all evolutionary phenomena are reduced to the level of the gene. An attempt is then made to explain the higherlevel evolutionary process by “upward” reasoning. This approach invariably fails. Evolution deals with phenotypes of individuals, with populations, with species; it is not “a change in gene frequencies.” The two most important units in evolution are the individual, the principal object of selection, and the population, the stage of diversifying evolution. These will be the major objects of my analysis.


It is remarkable how often a person who is trying to solve a particular evolutionary problem goes through the same sequence of unsuccessful attempts to find the solution, as has the whole field of evolutionary biology in its long history. Let us remember that our current understanding of evolution is the result of 250 years of intensive scientific study. Anyone trying to understand the solution of a given evolutionary problem may be greatly helped by considering the steps (many of them unsuccessful) by which the valid answer was finally found. It is for this didactic reason that I frequently present in considerable detail the history of the advance toward the solution of a challenging problem. Finally, I pay particular attention to human evolution and discuss to what extent our improved understanding of evolution has affected the viewpoints and values of modern humans.


What I have aimed for is an elementary volume that stresses principles and does not get lost in detail. I try to remove misunderstandings, but do not devote excessive space to ephemeral controversies, such as the role of punctuated equilibria or neutral evolution. Also, there is no longer any need to present an exhaustive list of the proofs for evolution. That evolution has taken place is so well established that such a detailed presentation of the evidence is no longer needed. In any case, it would not convince those who do not want to be persuaded.


Ernst Mayr
Harvard University
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I
WHAT IS EVOLUTION?





CHAPTER 1
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IN WHAT KIND OF A WORLD DO WE LIVE?


Mankind apparently has always had an urge to explain and understand that which is unknown or puzzling. The folklore of even the most primitive human tribes indicates that they had given some thought to questions about the origin and history of the world. They had thought about such questions as: Who or what gave rise to the world? What will the future bring? How did we humans originate? Numerous answers to these questions were given in tribal myths. Most often the existence of the world was simply taken for granted, as was the belief that it had always been as it is now, but there were innumerable stories about the origin or creation of man.


Later on the founders of religions, as well as the philosophers, also tried to find answers to these questions. When one studies these answers, one can sort them into three classes: (1) a world of infinite duration, (2) a constant world of short duration, and (3) an evolving world.


(1) A world of infinite duration


The Greek philosopher Aristotle believed that the world had always been in existence. Some philosophers thought that this eternal world had never changed, that it was constant; others thought that it was going through different stages (“cycling”) but would ultimately always return to an earlier stage. However, such a belief in an infinite age of the world was never very popular. There seems to have been an urge to account for a beginning.


(2) A constant world of short duration


This was, of course, the Christian view, as presented in the Bible. It was the prevailing view of the Western world in the Middle Ages and up to the middle of the nineteenth century. It was based on a belief in a supreme being, an all-powerful God, who had created the entire world as well as the human species, as described in the two stories of creation in the Bible (Genesis).


The belief that the world was created by an Almighty God is called creationism. Most of those who hold this belief also believe that God designed his creation so wisely that all animals and plants are perfectly adapted to each other and to their environment. Everything in the world today is still as it was when it was created. This was an entirely logical conclusion based on the known facts at the time the Bible was written. Some theologians, on the basis of the biblical genealogy, calculated that the world was quite recent, having been created in 4004 B.C., that is, about 6,000 years ago.


The beliefs of creationism are in conflict with the findings of science, and this has resulted in a controversy between creationists and evolutionists. This book is not the place to settle their arguments and we refer to the extensive literature on this subject listed in Box 1.1 and the bibliography. For the source of the creation stories in Genesis, see Moore (2001).


More or less similar creation stories are found in the folklore of peoples all over the world. They filled a gap in mankind’s desire to answer the profound questions about this world that we humans have asked ever since there has been human culture. We still treasure these stories as part of our cultural heritage, but we turn to science when we want to learn the real truth about the history of the world.


THE RISE OF EVOLUTIONISM


Beginning with the Scientific Revolution in the seventeenth century, more and more scientific observations were in conflict with the biblical story. Its credibility was gradually being weakened by a series of discoveries. The Copernican Revolution was the first development to demonstrate that not every statement in the Bible could be interpreted literally. The newly developing science was at first primarily concerned with astronomy, that is, with the sun, the stars, the planets, and other physical phenomena. It was inevitable that in due time the early practitioners of science would feel compelled to find explanations for many other phenomena in the world.




Box 1.1 Anticreationist Books


Berra, Tim M. 1990. Evolution and the Myth of Creationism. Stanford: Stanford University Press.


Eldredge, Niles. 2000. The Triumph of Evolution and the Failure of Creationism. New York: W. H. Freeman.


Futuyma, Douglas J. 1983. Science on Trial: The Case for Evolution. New York: Pantheon Books.


Kitcher, Philip. 1982. Abusing Science: The Case Against Creationism. Cambridge, Mass.: MIT Press.


Montagu, Ashley (ed.). 1983. Science and Creationism. New York: Oxford University Press.


Newell, Norman D. 1982. Creation and Evolution: Myth or Reality? New York: Columbia University Press.


Peacocke, A. R. 1979. Creation and the World of Science. Oxford: Clarendon Press.


Ruse, Michael. 1982. Darwinism Defended. Reading, Mass.: Addison-Wesley.


Young, Willard. 1985. Fallacies of Creationism. Calgary, Alberta, Canada: Detrelig Enterprises.





Discoveries in other sciences also raised new puzzling questions. The research of geologists in the seventeenth and eighteenth centuries revealed the immense age of the Earth, while the discovery of extinct fossil faunas undermined the belief in the constancy and permanence of the Creation. Even though more and more evidence contradicted the assumption of the constancy of the world and its short duration, even though more and more voices were heard among scientists and philosophers questioning the validity of the biblical story, and even though the naturalist Jean-Baptiste de Lamarck had proposed in 1809 a full-fledged evolutionary theory, a more or less biblical worldview prevailed up to 1859, not only among laypeople but also among natural scientists and philosophers. It provided a simple answer to all questions about the world: God had created it and he had designed his created world so wisely that every organism was perfectly adapted to its place in nature.


During this transitional period of conflicting evidence, all sorts of compromises were attempted to cope with these contradictions. One such attempt was the so-called scala naturae, the Great Chain of Being (Fig. 1.1), in which all entities in this world were arranged in an ascending ladder, beginning with such inanimate objects as rocks and minerals, rising through lichens, mosses, and plants, and through corals and other lower animals to higher animals, and from them through mammals up to primates and man. This scala naturae was held to be never changing (constant) and simply to reflect the mind of the creator who had ordered everything in a sequence that led toward perfection (Lovejoy 1936).


Eventually, the evidence for the conclusion that the world is not constant but is forever changing became so overwhelming that it could no longer be denied. The result was the proposal and eventual adoption of a third worldview.


(3) An evolving world


According to this third view, the world is of long duration and is forever changing; it is evolving. Even though this may seem strange to us moderns, the concept of evolution was at first alien to Western thought. The power of the Christian fundamentalist dogma was so strong that it required a long series of developments in the seventeenth and eighteenth centuries before the idea of evolution became fully acceptable. As far as science is concerned, the acceptance of evolution meant that the world could no longer be considered merely as the seat of activity of physical laws but had to incorporate history and, more importantly, the observed changes in the living world in the course of time. Gradually the term “evolution” came to represent these changes.
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FIGURE 1.1


Great Chain of Being. Every variable found on Earth, from aspects of matter to animals and up to humans, was seen as a single continuous, linear “Great Chain” or scala naturae. Illustrated here is Bonnet’s (1745) concept of this chain.



What Kinds of Change?



Everything on this Earth seems to be in a continuous flux. There are highly regular changes. The change from day to night and back again, caused by the rotation of the Earth, is such a regular cyclical change. So are the changes of the sea level in the tides, caused by the lunar cycle. Even more pervasive are the seasonal changes due to the annual circling of the Earth around the sun. Other changes are irregular, such as the movements of the tectonic plates, the severity of the winter from year to year, or aperiodic climatic changes (El Niño, ice ages), as well as periods of prosperity in a given nation’s economy. Irregular changes are largely unpredictable, being subject to various stochastic processes.


There is, however, one particular kind of change that seems to keep going continuously and to have a directional component. This change is referred to as evolution. The first widespread feeling that the world was not static as implied by the story of Creation, but rather was evolving, can be traced to the eighteenth century. Eventually it was realized that the static scala naturae could be converted into a kind of biological escalator, leading from the lowest organisms to ever higher ones and finally to man. Just as gradual change in the development of an individual organism leads from the fertilized egg to the fully adult individual, so it was thought that the organic world as a whole moved from the simplest organisms to ever more complex ones, culminating in man. The first author to articulate this idea in detail was the French naturalist Lamarck. Lamarck even took the word evolution, which originally had been applied by Charles Bonnet to the development of the egg, and transferred it to the development of the world of life. Evolution, Lamarck said, consists of a change from the simple to the complex and from the lower to the higher. Evolution, indeed, was change, but it seemed to be a directional change, a change toward ever greater perfection, as it was said at that time, not a cyclical change like the seasons of the year or an irregular change like the ice ages or the weather.


But what is it that is actually involved in this continuing change of the organic world? This question was at first quite controversial, even though Darwin already knew the answer. Finally, during the evolutionary synthesis (see below), a consensus emerged: “Evolution is change in the properties of populations of organisms over time.” In other words, the population is the so-called unit of evolution. Genes, individuals, and species also play a role, but it is the change in populations that characterizes organic evolution.


It is sometimes claimed that evolution, by producing order, is in conflict with the “law of entropy” of physics, according to which evolutionary change should produce an increase of disorder. Actually there is no conflict, because the law of entropy is valid only for closed systems, whereas the evolution of a species of organisms takes place in an open system in which organisms can reduce entropy at the expense of the environment and the sun supplies a continuing input of energy.


Evolutionary thinking spread throughout the second half of the eighteenth and the first half of the nineteenth century, not only in biology but in linguistics, philosophy, sociology, economics, and other branches of thought. Yet, on the whole, in science it remained for a long time a minority view. The actual shift from the belief in a static worldview to evolutionism was caused by the dramatic event of the publication of Charles Darwin’s On the Origin of Species on the 24th of November in 1859.


DARWIN AND DARWINISM


This event represents perhaps the greatest intellectual revolution experienced by mankind. It challenged not only the belief in the constancy (and recency) of the world, but also the cause of the remarkable adaptation of organisms and, most shockingly, the uniqueness of man in the living world. But Darwin did far more than postulate evolution (and present overwhelming evidence for its occurrence); he also proposed an explanation for evolution that did not rely on any supernatural powers or forces. He explained evolution naturally, that is, by using phenomena and processes that everybody could daily observe in nature. In fact, in addition to the theory of evolution as such, Darwin proposed four theories about the how and why of evolution. No wonder the Origin caused such turmoil. It almost single-handedly effected the secularization of science.


Charles Darwin was born on February 12, 1809, the second son of a physician in a small English country town (Fig. 1.2). From his boyhood on, he was an ardent naturalist, particularly passionate about beetles. At his father’s wish, he studied medicine in Edinburgh for a while, but was so appalled, particularly by the operations, that he soon gave it up. The family then decided he should study for the ministry, and this seemed a perfectly natural education for a young naturalist, for nearly all leading naturalists of his time were ordained ministers. Although Darwin conscientiously did all the required reading in the classics and in theology, it was really natural history that he pursued with single-minded devotion. After obtaining his degree at Cambridge University (Christ College), he received through one of his teachers at Cambridge the invitation to join one of the Navy’s survey ships, HMS Beagle, for a survey of the coasts of South America, particularly the harbors. The Beagle left England at the end of December 1831. On the five-year cruise of the Beagle, Darwin shared a cabin with the commander, Captain Robert Fitzroy. While the ship surveyed the coast of Patagonia in the east, the Strait of Magellan, and parts of the western coast and adjacent islands, Darwin had abundant opportunity to explore the mainland and the biota of the islands. Throughout the trip, he not only made significant collections of natural history specimens, but more importantly he asked endless questions about the history of the land and its fauna and flora. This was the foundation on which his evolutionary ideas grew.


After his return to England in October 1836, he devoted his time to the scientific study of his collections and to the publication of scientific reports, at first on some of his geological observations. After a few years, he married his cousin Emma, the daughter of the famous potter Wedgwood, bought a house near London (Down House), and lived there until his death on April 19,1882, at the age of 73. It was at Down House that he wrote all of his major papers and books.
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FIGURE 1.2


Young Darwin at ca. 29 years, at the height of his intellectual creativity. Source: Negative no. 326694, courtesy the Library, American Museum of Natural History


What made Darwin such a great scientist and intellectual innovator? He was a superb observer, endowed with an insatiable curiosity. He never took anything for granted but always asked why and how. Why is the fauna of islands so different from that of the nearest mainland? How do species originate? Why are the fossils of Patagonia basically so similar to Patagonia’s living biota? Why does each island in an archipelago have its own endemic species and yet they are all much more similar to each other than to related species in more distant areas? It was this ability to observe interesting facts and to ask the appropriate questions about them that permitted him to make so many scientific discoveries and to develop so many highly original concepts.


Darwin also saw clearly that there are two aspects of evolution. One is the “upward” movement of a phyletic lineage, its gradual change from an ancestral to a derived condition. This is referred to as anagenesis. The other consists of the splitting of evolutionary lineages or, more broadly, of the origin of new branches (clades) of the phylogenetic tree. This process of the origin of biodiversity is called cladogenesis. It always begins with an event of speciation, but the new clade may become, in time, an important branch of the phylogenetic tree by diverging increasingly from the ancestral type. The study of cladogenesis is one of the major concerns of macroevolutionary research. Anagenesis and cladogenesis are largely independent processes (Mayr 1991).


Already in the 1860s knowledgeable biologists and geologists accepted that evolution was a fact, but Darwin’s explanations of the how and why of evolution faced protracted opposition, as we shall show in later chapters. But let us first review some of the evidence for the actual occurrence of evolution that has been gathered since 1859.





CHAPTER 2
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WHAT IS THE EVIDENCE FOR EVOLUTION ON EARTH?


The pre-Darwinian theories of evolution had little impact. Even though some evolutionary thinking was widespread among geologists, biologists, and even among literary people and philosophers, the Biblical story of Creation, as told in the book of Genesis, Chapters 1 and 2, was virtually unanimously accepted not only by laypeople but also by scientists and philosophers. This changed overnight, so to speak, in 1859 with the publication of Charles Darwin’s On the Origin of Species. Even though some of Darwin’s explanatory theories of evolution continued to encounter much resistance for another 80 years, his conclusion that the world had evolved was widely accepted within a few years after 1859.


However, throughout the nineteenth century whenever people talked about evolution, they referred to it as a theory. To be sure, at first, the thought that life on Earth could have evolved was merely a speculation. Yet, beginning with Darwin in 1859, more and more facts were discovered that were compatible only with the concept of evolution. Eventually it was widely appreciated that the occurrence of evolution was supported by such an overwhelming amount of evidence that it could no longer be called a theory. Indeed, since it was as well supported by facts as was heliocentricity, evolution also had to be considered a fact, like heliocentricity. This chapter will be devoted to a presentation of the evidence that led to the adoption of the “evolution is a fact” conviction among scientists. It will also challenge those who are still not yet convinced of the occurrence of evolution.


Evolution is a historical process that cannot be proven by the same arguments and methods by which purely physical or functional phenomena can be documented. Evolution as a whole, and the explanation of particular evolutionary events, must be inferred from observations. Such inferences subsequently must be tested again and again against new observations, and the original inference is either falsified or considerably strengthened when confirmed by all of these tests. However, most inferences made by evolutionists have by now been tested successfully so often that they are accepted as certainties.


WHAT EVIDENCE DOES THE EVOLUTIONIST HAVE?


The evidence for evolution is now quite overwhelming. It is presented in great detail by Futuyma (1983, 1998), Ridley (1996), and Strickberger (1996), and also in the anticreationist volumes listed in Chapter 1. My own treatment focuses on the classes of evidence now available to document evolution. It shows how remarkably congruent are the conclusions drawn from the most diversified branches of biology, which all support evolution. Indeed, these findings would make no sense in any other explanation.


The Fossil Record


The most convincing evidence for the occurrence of evolution is the discovery of extinct organisms in older geological strata. Some of the remnants of the biota that lived at a given geological period in the past are embedded as fossils in the strata laid down at that period. Each earlier stratum contains the ancestors of biota fossilized in the succeeding stratum. The fossils found in the most recent strata are often very similar to still living species or, in some cases, even indistinguishable. The older the strata are in which a fossil is found—that is, the further back in time—the more different the fossil will be from living representatives. Darwin reasoned that this is to be expected if the fauna and flora of the earlier strata had gradually evolved into their descendants in the later, more recent strata.
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FIGURE 2.1


Evolution of the synapsid Reptilia, with the cynodonts forming a transition to the earliest mammals. Source: Ridley, M. (1993). Evolution. Blackwell Scientific: Boston, p. 535. Reprinted by permission of Blackwell Science, Inc.


Given the fact of evolution, one would expect the fossils to document a gradual steady change from ancestral forms to the descendants. But this is not what the paleontologist finds. Instead, he or she finds gaps in just about every phyletic series. New types often appear quite suddenly, and their immediate ancestors are absent in the earlier geological strata. The discovery of unbroken series of species changing gradually into descending species is very rare. Indeed the fossil record is one of discontinuities, seemingly documenting jumps (saltations) from one type of organism to a different type. This raises a puzzling question: Why does the fossil record fail to reflect the gradual change one would expect from evolution?


All of his life Darwin insisted that this is simply due to the unimaginable incompleteness of the fossil record. Only an incredibly small fraction of organisms that had once lived are preserved as fossils. Often the fossil-bearing strata were on plates that were subsequently subducted and destroyed in the process of plate tectonics. Others were strongly folded, compressed, and metamorphosed, obliterating the fossils. Only a fraction of the fossil-bearing strata is presently exposed at the Earth’s surface. But it is even highly improbable that any organism ever becomes fossilized at all, since most dead animals and plants are either eaten by scavengers or decay. They become fossilized only when, immediately after death, they are buried by sediment or volcanic ash. Fortunately, occasionally a rare fossil is found that fills the gap between ancestors and modern descendants. Archaeopteryx, for instance, a primitive fossil bird of the upper Jurassic (145 million years ago), still had teeth, a long tail, and other characteristics of his reptilian ancestors. However, in other respects, for instance in its brain, large eyes, feathers, and wings, it is rather similar to living birds. Fossils that fill a large gap are referred to as missing links. The discovery of Archaeopteryx in 1861 was particularly gratifying because anatomists had already concluded that birds must have descended from reptilian ancestors. Archaeopteryx confirmed their prediction.


A few fossil lineages are remarkably complete. This is true, for instance, for the lineage that leads from the therapsid reptiles to the mammals (Fig. 2.1). Some of these fossils appear to be so intermediate between reptiles and mammals that it is almost arbitrary whether to call them reptiles or mammals. A remarkably complete set of transitions was also found between the land-living ancestors of the whales and their aquatic descendants. These fossils document that whales are derived from ungulates (mesonychid condylarthra) that increasingly became adapted to life in water (Fig. 2.2*). The australopithecine ancestors of man also form a rather impressive transition from a chimpanzeelike anthropoid stage to that of modern man. The most complete transition between an early primitive type and its modern descendant that has been described is that between Eohippus, the ancestral horse, and Equus, the modern horse (Fig. 2.3).


The study of phylogeny is really a study of homologous characters. Since all members of a taxon must consist of the descendants of the nearest common ancestor, this common descent can be inferred only by the study of their homologous character. But how do we determine whether or not the characters of two species or higher taxa are homologous? We say that they are if they conform to the definition of homologous: A feature in two or more taxa is homologous when it is derived from the same (or a corresponding) feature of their nearest common ancestor.


This definition applies equally to structural, physiological, molecular, and behavioral characteristics of organisms. But how are we to determine whether homology is substantiated in a particular case? Fortunately, there are numerous criteria (see Mayr and Ashlock 1991). For structures this includes the position in relation to neighboring structures or organs; by connecting two dissimilar features by intermediate stages in ancestors; by similarity in ontogeny; and by intermediate fossils. The best evidence for homology has been provided in recent years by molecular biology. Such research has provided reliable evidence on the relationship of nearly all higher taxa of animals, and rapid progress is now also being made in reconstructing the relationship of the higher taxa of plants. A taxon, delimited by the methods of Darwinian classification, and therefore consisting exclusively of descendants of the nearest common ancestor, is called monophyletic.
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FIGURE 2.2


The descent of the whales from Eocene mesonychid ungulates is now well documented by transitional fossils. This provisional reconstruction requires confirmation by additional fossil material. Source: Reprinted with the permission of The Free Press, a Division of Simon & Schuster, Inc., from At The Water’s Edge: Macroevolution and the Transformation of Life, by Carl Zimmer. Copyright © 1998 by Carl Zimmer.


*Author’s note: the terrestrial ancestor of the whales has now been shown to have been an artiodoctyl rather than a mesonychid ungulate.]
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FIGURE 2.3


Evolution of the horse family, from the Eocene Hyracotherium (Eohippus) to the modern horse (Equus). There was an extraordinary origin, flourishing, and extinction of types of horses in the Miocene. Source: Strickberger, Monroe, W., Evolution, 1990, Jones and Bartlett, Publishers, Sudbury, MA. www.jbpun.com. Reprinted with permission.


What is particularly convincing about fossil animal series is that each fossil type is found at the time level at which one ought to expect it. For instance, modern mammals began to evolve after the Alvarez extinction event at the beginning of the Paleocene (60 million years ago). No modern mammal, therefore, should be found in strata that are 100 or 200 million years old, and indeed none has ever been found. Or, to take another example, giraffes originated in mid-Tertiary times about 30 million years ago. It would upset all our beliefs and calculations if suddenly a fossil giraffe was found from the Paleocene 60 million years ago. But, of course, no such fossil has ever been found.


Formerly, the ages of these fossils were mere guesses. All one knew was that the lower strata were older than the higher strata. However, the clock provided by the constancy of radioactive decay now permits extremely precise age determinations of certain strata, particularly lavas and other volcanic deposits that appear between fossil deposits (see Box 2.1). Carbon dating can be used for the most recent past. The age of any fossil can now be determined with remarkable precision if one knows in what geological stratum it was found (Fig. 2.4). At the turn of the twenty-first century, the sequence of accurately dated fossils has documented evolution in the most convincing manner (see here).


BRANCHING EVOLUTION AND COMMON DESCENT


The scala naturae was a linear progression from lower to higher, and in Lamarck’s presentation of evolution, each lineage originated with a (single-cell) infusorian believed to have originated by spontaneous generation. In the course of evolution its descendants became ever more complex and more perfect. Indeed, all pre-Darwinian evolutionary schemes postulated essentially straight phyletic lineages (see Chapter 4). One of Darwin’s major contributions was to have proposed the first consistent theory of branching evolution.


It was an observation he made on the birds of the Galapagos Islands that led him to the branching theory. The Galapagos Islands are actually peaks of submarine volcanoes that have never had a land connection with South America or any other continent. All of the Galapagos fauna and flora got there by over-water (distance) colonization. Darwin knew that there was only one species of mockingbird in South America, but he found a species of mockingbird on each of three islands in the Galapagos (Fig. 2.5), with each species different from the others. He concluded quite rightly that a single colonization of the South American mockingbird had given rise, by branching descent, to three different species on three different islands in the Galapagos. Then, he further reasoned that probably all mockingbirds in the world had descended from a common ancestor, because they are basically so similar to each other. Mockingbirds and their relatives, like thrashers and catbirds, then presumably also had a common ancestor.


This chain of inferences led Darwin to the ultimate conclusion that all organisms on Earth had common ancestors and that probably all life on Earth had started with a single origin of life. As Darwin wrote, “There is grandeur in this view of life, with its several powers, having been originally breathed into a few forms or into one; and that from so simple a beginning endless forms most beautiful and most wonderful have been, and are being, evolved” (1859: 490). As we shall presently show, numerous studies making use of different kinds of evidence have convincingly confirmed Darwin’s conjecture. It is now referred to as the theory of common descent.




Box 2.1 Radioactive Clock


Certain rocks, mostly of volcanic origin (e.g., lava flows), contain radioactive minerals such as potassium, uranium, and thorium. Each of these minerals decays at a specific rate and physicists have determined their half-lives. Uranium 238, for instance, has a half-life of 4.5 billion years, producing lead 206 in the process. The age of a given rock can then be calculated from the ratio of uranium and lead. Sedimentary rocks, which do not contain radioactive minerals, are dated by their location relative to datable strata.
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FIGURE 2.4


The geological timescale. The Precambrian ranges from the origin of life (ca. 3,800 million years ago) to the beginning of the Cambrian (ca. 543 million years ago). New fossil finds frequently require a correction of the date of the earliest occurrence of a higher taxon. Source: Evolutionary Analysis 2nd ed. by Freeman/Herron, copyright © 1997. Reprinted by permission of Pearson Education, Inc., Upper Saddle River, NJ.
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FIGURE 2.5


Colonization of the Galapagos Islands by an ancestral South American mockingbird species and its subsequent evolution into three local species.


Paleontologists, geneticists, and philosophers had long been puzzled over how and where the branching took place that leads to the phenomenon of common descent. This problem was solved by taxonomists, who showed that it is speciation, particularly often geographic speciation, that leads to branching (see Chapter 9).


The theory of common descent solved a long-standing puzzle of natural history. There seemed to be a basic conflict between the overwhelming diversity of life and the observation that certain groups of organisms often shared the same characteristics. Thus there were frogs, snakes, birds, and mammals, yet the basic anatomy of all of these so different appearing classes of vertebrates was very much the same, yet totally different from that of an insect. The theory of common descent provided the answer to this puzzling observation. When certain organisms share a series of joint characteristics, in spite of numerous other differences, it is due to the fact that they had descended from the same common ancestor. Their similarities were due to the heritage they had received from this ancestor, and the differences had been acquired since the ancestral lines had split.


How Well Is Common Descent Documented?


The fossil record provides abundant evidence for common descent. For instance, in mid-Tertiary strata we may find fossils that are the common ancestors of dogs and bears. In somewhat earlier strata we find common ancestors of dogs and cats. Indeed, paleontologists have succeeded in showing that all carnivores descended from the same common ancestral type. The same descent from the common ancestor is true for all rodents, all ungulates, and for all other orders of mammals. Indeed, this principle of common descent also holds true for birds, reptiles, fishes, insects, and all other groups of organisms.


Even before 1859, zoologists had been able to construct a rather detailed taxonomic hierarchy of animal taxa. What was still not yet understood was why there was such a hierarchy. It was Darwin who showed that it could be explained by the principle of common descent. All the species of a genus have a nearest common ancestor and so do all the species of a family or of any other higher category in the hierarchy. This joint ancestry is the reason why the members of a taxon are so similar to each other.


Morphological Similarity. Very suggestive evidence for common descent is also provided by the study of comparative anatomy. It was customary already in the eighteenth century to call certain organisms “related” when they were similar. At that time the French naturalist Comte Buffon described this for horses, donkeys, and zebras. The less similar that two kinds of organisms were, the less closely they were considered to be “related.” The systematists, the students of classification, used the degree of similarity to establish a hierarchy of taxonomic categories. The most similar organisms were placed in the same species. Similar species were placed in the same genus, similar genera in the same family, and thus all the way up to the taxa of the highest category.


This arrangement of organisms by the degree of their similarity and relationship is called the Linnaean hierarchy (Fig. 2.6), after the Swedish botanist Carolus Linnaeus, who developed the system of binomial classification. Such a classification groups organisms into larger and larger taxa, finally comprising all the animals and all the plants. Beginning with a particular species, let us say the cat, one was able to construct this hierarchy. It was known that there were other species of cats rather similar to the house cat, which Linnaeus also placed in the genus Felis. This group of cats could be combined with the lion, the cheetah, and other genera of cats into the family Felidae. This family of catlike mammals could then be combined with other predatory mammals such as the Canidae (doglike), Ursidae (bears), Mustelidae (weasels), Viverridae (civets), and related groups into the order of Carnivora.
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FIGURE 2.6


The Linnaean hierarchy. Each category is nested within the next higher category, such as the species in the genus.


In a similar manner, other mammals could be combined into the orders of Artiodactyla (deer and relatives), Perissodactyla (horses, etc.), Rodentia (rodents, etc.), and those of whales, bats, primates, marsupials, and so on to form the class Mammalia (mammals). A similar hierarchy exists for all other kinds of animals, such as birds and insects, and for plants. The nature and causation of this grouping, unless ascribed to creation, was a complete riddle until Darwin showed that it was evidently due to “common descent.” Each taxon (group of organisms), Darwin demonstrated, could be explained as consisting of the descendants from the nearest common ancestor, and such descent required evolution. The observed facts fit Darwin’s theory of evolution so perfectly that his theory of “common descent by modification” was accepted almost immediately after 1859. Classification, a most active occupation of so many nineteenth-century zoologists and botanists, now had an explanation. The most frequently used evidence, on the basis of which relationship and common descent was inferred, was morphological and embryological similarity, and the search for such similarity led in the second half of the nineteenth century to a great flowering of comparative morphology and embryology (Bowler 1996).


Phylogeny, a special branch of biology, deals with the pattern and history of the descent of organisms. The pattern of descent is often presented as a phylogenetic tree (dendrogram) or in a certain school of taxonomists as a cladogram. Inspired by Ernst Haeckel, a German zoologist and contemporary of Darwin, zoologists and botanists have devoted much time and effort to clarify the actual phylogeny of organisms (see Chapter 3).


The Explanation of Morphological Types A second, related branch of biology likewise found its explanation through common descent. The comparative anatomists, led by Georges Cuvier, had recognized a limited number of types of organisms that agreed with each other in their basic structure (archetype). Cuvier (1812) distinguished four major phyla (embranchements), all members of which, he thought, had the same Bauplan (body plan). The existence of these very distinct types, not connected by any intermediates or transitions, decisively refuted the validity of the scala naturae. Cuvier called these types Vertebrates, Mollusks, Articulates, and Radiates. This was a first step, but it was soon shown that three of his types were composite, while the vertebrates were ultimately classed as a subdivision of the Chordates. At the present time, about 30 phyla of animals are recognized, and in most of them several minor types are distinguished, for example, in the vertebrates there are fishes, amphibians, reptiles, birds, and mammals. Again, the existence of these morphological types made sense as soon as one recognized that each consisted of the descendants of a common ancestor who shared its basic body plan.


The preevolutionary morphologists, like Cuvier, were typologists (essentialists) in their thinking. They were followers of Plato. Each type (phylum) was considered to be completely separated from the others, it was defined by its essence, and it was constant. Even though the philosophical basis of this so-called idealistic morphology was quite wrong, its emphasis on the study of morphology led to numerous discoveries of great value for the reconstruction of phylogeny and, more broadly, for the understanding of evolution.


Homology It is quite remarkable how successful comparative morphology can be in the reconstruction of missing steps in an evolutionary sequence. T. H. Huxley, for instance, when reconstructing the nonflying ancestor of birds, concluded that it was an archosaurian reptile. Archaeopteryx, a remarkable bridge between birds and the archosaurians, was discovered only a few years later, in 1861. Evolutionary entomologists postulated that ants had evolved from wasplike ancestors and inferred what characters the earliest ants must have had. When a fossil ant was then discovered in mid-Cretaceous amber, it largely confirmed the inferred reconstruction. These are not isolated cases, for whenever a missing ancestor was reconstructed, it agreed remarkably well with the real ancestor subsequently discovered as fossil.


During evolution any characteristic of an organism may be modified. Yet, even in preevolutionary days, some comparative anatomists realized which modified structures were equivalent, such as the wings of birds and the anterior extremities of mammals. Richard Owen, a typological morphologist, said such structures were “homologous” and defined them as “the same organ in different animals tinder every variety of form and function.” This, of course, left it wide open how to decide when two organs were “the same organ.” This problem was solved by Darwin, who said that certain characteristics of two species were homologous if they were derived by evolution from an equivalent characteristic in the nearest common ancestor of the two species. The anterior extremity of a walking mammal, let us say a dog, was appropriately modified by evolution for such different functions as digging (mole), climbing (monkey), swimming (whale), and flying (bat) (Fig. 2.7). Furthermore, this mammalian structure is homologous with the pectoral fin of certain fishes.
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FIGURE 2.7


Adaptive modifications of mammalian forelimbs. The homologous bone elements of human, cat, whale, and bat have been modified by selection to serve their species-specific functions. Source: Strickberger, Monroe, W., Evolution, 1990, Jones and Bartlett, Publishers, Sudbury, MA. www.jbpub.com. Reprinted with permission.


The claim that certain characteristics in rather distantly related taxa are homologous is at first merely a conjecture. The validity of such an inference must be tested by a series of criteria (Mayr and Ashlock 1991), such as position in relation to neighboring organs, the presence of intermediate stages in related taxa, similarity of ontogeny, existence of intermediate conditions in fossil ancestors, and agreement with evidence provided by other homologies. Homology cannot be proven; it is always inferred.


Homology is due to the partial inheritance of the same genotype from the common ancestor. This is the reason why homology exists not only for structural characters, but for any inheritable feature, such as behavior. Characters that have independently arisen by parallelophyly are nevertheless homologous, because they were produced by the genotype of the common ancestor. Homologous structures may differ considerably in their development. For a review of the different ways in which the term homology has been used, see Butler and Saidel (2000).


Embryology. Perceptive anatomists observed in the eighteenth century that the embryos of related kinds of animals are often far more similar to each other than are the adult forms. An early human embryo, for instance, is very similar not only to embryos of other mammals (dog, cow, mouse), but in its early stages even to those of reptiles, amphibians, and fishes (Fig. 2.8). The older the embryo, the more it shows the special characters of the higher taxon to which it belongs. When the adults are highly specialized (for instance, the sessile barnacles among the crustaceans) their free-swimming larvae are still very similar to those of other crustaceans (Fig. 2.9). Some of Darwin’s opponents asserted that such larval similarities would prove nothing. All development by necessity moves from simple to complex, they said, and the early developmental stages, being simpler, are thus more similar than the later, more complex ones. This is in part true, but embryos and larvae always have some characteristics peculiar to the phyletic lineage to which they belong, and thus reveal their relationship. Furthermore, study of the embryonic stages very often shows how a common ancestral stage gradually diverges in different branches of the ancestral tree. This leads to a far better understanding of the evolutionary pathways.
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FIGURE 2.8


This illustration was used by Haeckel (1874) to document the extraordinary similarity of the stages of development of human and other vertebrate embryos. Haeckel had somewhat retouched the figures of the human embryo and was therefore accused of fraud. Actually even the untouched human figures are extraordinarily similar to those of other mammals.
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FIGURE 2.9


The free-swimming larval stages of barnacles (cirripedia) are like those of other crustaceans, but the sessile adult stages are so different that the early zoologists considered them to be molluscs. Source: Kelly, Mahlon G. and McGrath, John C. (1975). Biology: Evolution and Adaptation to the Environment. Houghton Mifflin.


Recapitulation The term “recapitulation” refers to the appearance and subsequent loss of structures in ontogeny, which in related taxa are retained in the adults. Thus it refers to the loss of an ancestral character in later embryonic stages in one phyletic lineage, but the retention of this character in living species of other lineages derived from the same common ancestor. For instance, embryos of the baleen whales still develop teeth at certain embryonic stages, but these are later reabsorbed and disappear. This appearance and subsequent loss of ancestral characters in succeeding embryonic stages is so striking a phenomenon that it led to a special theory, that of recapitulation. Two drastically different interpretations of these observations were offered by the embryologists.


According to Karl Ernst von Baer’s theory, embryos of different organisms in their earliest embryonic stages are so similar to each other that they can not be correctly identified unless one knows their origin. But during development they gradually become more and more similar to their adult stage and, thus, diverge increasingly from the developmental lineage of other organisms. Von Baer summarized this view in his well-known statement: “There is gradually taking place a transition from something homogeneous and general to something heterogeneous and special.” His explanation was widely accepted. However, this claim was clearly in conflict with certain facts of ontogeny. For instance, why should the embryos of birds and mammals develop gill slits, like fish embryos? Gill slits are not a more general condition of the neck region of a terrestrial vertebrate (see Fig. 2.8). These embryonic gill slits had been discovered in the 1790s, that is, 70 years before the publication of the Origin. At that time, the only available explanation was the Great Chain of Being, the scala naturae, in which all organisms were arranged in a series of ever greater “perfection” from the lowest organism to fish, reptiles, and eventually man. This led to the suggestion that the embryo of a higher organism “recapitulated” the ontogeny of organisms lower on the scala naturae. When evolution was accepted, a new definition offered by Haeckel (1866), “Ontogeny is the recapitulation of phylogeny,” obviously went too far, because at no stage of its development does a mammalian embryo look like an adult fish. Yet, in certain features, as in the gill pouches, the mammalian embryo does indeed recapitulate the ancestral condition. And such cases of recapitulation are by no means rare. The larvae of barnacles are very similar to those of other crustaceans (Fig. 2.9), and embryonic structures are found in thousands of cases to be indicative of their ancestry, but these same structures are absent in the adult life-forms.
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