
WHAT IS EVOLUTION?
The central-unifying concept of biology

The evolution of organisms is at the core of biological disciplines such as genetics, molecular biology, biochemistry, neurobiology, physiology and ecology, and makes sense of the emergence of new diseases, the development of antibiotic resistance in bacteria and other matters of public health. Evolution explains the agricultural relationships among wild and domestic plants and animals. It is used in informatics and computer science, in the design of chemical compounds and in various other industries.

The term ‘evolution’ means change over time. It usually refers to the evolution of living things, but it is also used in other scientific contexts, particularly in astronomy to refer to the processes by which the whole physical universe – galaxies, stars and planets – forms and changes.

Contrary to popular opinion, neither the term nor the idea of biological evolution began with Charles Darwin and his foremost work, On the Origin of Species by Means of Natural Selection (1859). The Oxford English Dictionary (1933) tells us that the word ‘evolution’, to unfold or open out, derives from the Latin evolvere, which applied to the ‘unrolling of a book’. It first appeared in the English language in 1647 in a non-biological connection, and became widely used in English for all sorts of progressions from simpler beginnings. Evolution was first used as a biological term in 1670, to describe the changes observed in the maturation of insects. However, it was not until the 1873 edition of Origin of Species that Darwin first employed the term to refer to what we now call biological evolution. He had earlier used the expression ‘descent with modification’, which is still a good brief definition of the process.

The universe

It is widely believed that the universe started about 15 billion years ago in the Big Bang, a monumental explosion that sent matter and energy expanding in all directions. As the universe expanded, matter collected into clouds that gradually condensed into galaxies such as our own Milky Way. In these galaxies gravitational attraction compressed the material, which in many cases condensed into stars, where nuclear reactions took place. In the case of our Sun, gas and dust collided and aggregated, forming very small planets, which in successive stages coalesced into the eight (or nine, if Pluto is included) planets of our Solar System and their numerous satellites.

The age of the Earth is estimated at 4.54 billion years. The oldest known rocks, dated at 3.96 billion years, are found in north-western Canada, although rocks found in other places, such as Western Australia, encase zircon crystals dated at 4.3 billion years, older than the rocks themselves. The origins of life on Earth may have been as early as 4 billion years ago. There is evidence that organisms similar to today’s bacteria lived 3.5 billion years ago. All species living today, estimated to number at least 10 million, derive by evolution from those early simple organisms.

Biological evolution

Evolution is the process of ‘descent with modification’, as Charles Darwin named it, through which all species now living, and the even more numerous ones that became extinct in the past, came about.

The virtually infinite variations on life are the fruit of evolution. All living creatures are related by descent from common ancestors. Humans and other mammals descend from shrew-like creatures that lived more than 150 million years ago; mammals, birds, reptiles, amphibians and fishes share as ancestors aquatic worms that lived 600 million years ago; and all plants and animals derive from bacteria-like microorganisms that originated more than 3 billion years ago. Lineages of organisms change through generations; diversity arises because the lineages that descend from common ancestors diverge through time as they adapt to different environments.

Evolutionary research consists mainly of three different, though related, issues: (1) the fact of evolution; that is, that organisms are related by common descent with modification; (2) evolutionary history; that is, the details of when lineages split from one another and of the changes that occurred in each lineage; and (3) the mechanisms or processes by which evolutionary change occurs.

The fact of evolution is the most fundamental issue and the one established with utmost certainty. Darwin gathered much evidence in its support, but the evidence has accumulated continuously ever since, derived from all biological disciplines. The evolutionary origin of organisms is today a scientific conclusion established with the kind of certainty attributable to such concepts as the roundness of the Earth, the motions of the planets and the molecular composition of matter. This degree of certainty beyond reasonable doubt is what is implied when biologists say that evolution is a ‘fact’; the evolutionary origin of organisms is accepted by virtually every biologist.

The second and third issues go far beyond the general affirmation that organisms evolve. The theory of evolution seeks to ascertain the relationships between particular organisms and the events of evolutionary history, as well as to explain how and why evolution takes place. These are matters of active scientific investigation. Many conclusions are well established; for example, that chimpanzees and gorillas are more closely related to humans than are any of those three species to baboons or other monkeys; or that natural selection explains the adaptive configuration of such features as the human eye and the wings of birds. Some other matters are less certain, others are conjectural and still others – such as precisely when life originated on Earth and the characteristics of the first living things – remain largely unresolved.

However, uncertainty about these issues does not cast doubt on the fact of evolution. Similarly, we do not know all the details about the configuration of the universe and the origin of the galaxies, but this is not a reason to doubt that the galaxies exist or to throw out all we have learned about their characteristics. Biological evolution is one of the most active fields of scientific research at present, and significant discoveries continually accumulate, supported in great part by advances in other disciplines.

The study of biological evolution has transformed our understanding of life on this planet. Evolution provides a scientific explanation for why there are so many different kinds of organisms on Earth and how they are all part of an evolutionary lineage. It demonstrates why some organisms that look quite different are in fact closely related, while others that may look similar are distantly related. It accounts for the appearance of humans on Earth and reveals our species’ biological connections with other living things. It details how different groups of humans are related to each other and how we acquired many of our features. It enables the development of effective new ways to protect ourselves against constantly evolving bacteria and viruses.

Brief history

Explanations for the origin of the world, man and other creatures are found in all human cultures. Traditional Judaism, Christianity and Islam explain living beings and their adaptations to their environments – wings, gills, hands, flowers – as the handiwork of an omniscient God. The philosophers of ancient Greece had their own creation myths. Anaximander proposed that animals could be transformed from one kind into another, and Empedocles speculated that they could be made up of various combinations of pre-existing parts. Closer to modern evolutionary ideas were the proposals of early Christian church authors like Gregory of Nazianzus and Augustine, who maintained that not all species of plants and animals were created as such by God; rather some had developed in historical times from other of God’s creations. Their motivation was not biological but religious. Some species must have come into existence only after the Flood, because it would have been impossible to hold representatives of all species in a single vessel such as Noah’s Ark.

Christian theologians of the Middle Ages did not directly explore the notion that organisms might change by natural processes, but the matter was, usually incidentally, considered as a possibility by many, including Albertus Magnus and his student Thomas Aquinas.

In the eighteenth century, Pierre-Louis Moreau de Maupertuis proposed the spontaneous generation and extinction of organisms as part of his theory of origins, but he advanced no theory about the possible transformation of one species into another through knowable natural causes. One of the greatest naturalists of the time, Georges-Louis Leclerc, Comte de Buffon, explicitly considered – and rejected – the possible descent of several distinct kinds of organisms from a common ancestor. However, he made the claim that organisms arise from organic molecules by spontaneous generation, so that there could be as many kinds of animals and plants as there are viable combinations of molecules.

The Swedish botanist Carolus Linnaeus devised the hierarchical system of plant and animal classification that is still in use in a modernized form. Although he insisted on the fixity of species, his classification system eventually contributed much to the acceptance of the concept of common descent. Erasmus Darwin, grandfather of Charles, offered some evolutionary speculations in his Zoonomia; or, The Laws of Organic Life, but they were not systematically developed and had no real influence on subsequent theories.

The great French naturalist Jean-Baptiste Lamarck held the view that living organisms represent a progression, with humans as the highest form. In his Philosophical Zoology, published in 1809, the year in which Charles Darwin was born, he proposed the first broad theory of biological evolution. Organisms evolve through aeons of time from lower to higher forms, a process still going on and always culminating in humans. As they become adapted to their environments through their habits, modifications occur. Use of an organ or structure reinforces it; disuse leads to obliteration. We see, for example, that an athlete develops robust muscles, while unused organs, such as the vermiform appendix, gradually die out. The characteristics acquired by use and disuse, according to Lamarck’s evolutionary theory, would be inherited. This assumption, later called the inheritance of acquired characteristics, was thoroughly disproved in the twentieth century. Other Lamarckian theories, such as the notion that the same organisms repeatedly evolve in a fixed sequence of transitions, so that, for example, today’s primates will in the future have humans as their descendants, have also been disproved.

Charles Darwin

The founder of the modern theory of evolution is Charles Darwin. On 27 December 1831, a few months after his graduation from the University of Cambridge, he sailed as a naturalist aboard the HMS Beagle on a round-the-world trip that would last until October 1836. He was often able to disembark for extended trips ashore to explore the local fauna and flora and to collect natural specimens.

In Argentina he studied fossil bones from large extinct mammals. In the Galápagos Islands he observed numerous species of finches, as well as the giant tortoises after which the islands were named. These are among the events credited with stimulating his interest in how different species arise in different places and different times, and why some species become extinct. In 1859 he published On the Origin of Species, a treatise providing extensive evidence for the evolution of organisms and proposing natural selection as the key process determining its course. He published many other books as well, notably The Descent of Man, and Selection in Relation to Sex (1871), which provides an evolutionary account of human origins.

Two revolutions: Copernicus and Darwin

The so-called Copernican Revolution was launched with the publication in 1543, the year of Nicolaus Copernicus’ death, of his De revolutionibus orbium celestium (On the Revolutions of the Celestial Spheres), and bloomed with the publication in 1687 of Isaac Newton’s Philosophiae naturalis principia mathematica (The Mathematical Principles of Natural Philosophy). The discoveries by Copernicus, Kepler, Galileo, Newton and others in the sixteenth and seventeenth centuries had gradually ushered in a conception of the universe as matter in motion governed by natural laws. It was shown that the Earth is not the centre of the universe but a small planet rotating around an average star; that the universe is immense in space and time; and that the motions of the planets around the Sun can be explained by the same simple laws that account for the motion of physical objects on our planet.

These and other discoveries greatly expanded human knowledge. The conceptual revolution they brought about was more fundamental yet: a commitment to the postulate that the universe obeys immanent laws that account for natural phenomena. The workings of the universe were brought into the realm of science: explanation through natural laws. All physical phenomena could be accounted for as long as the causes were adequately known.

The advances of physical science brought about by the Copernican Revolution had driven mankind’s conception of the universe to a split-personality state of affairs, which persisted well into the mid nineteenth century. Scientific explanations, derived from natural laws, dominated the world of non-living matter, on Earth as well as in the heavens. Supernatural explanations that depended on the unfathomable deeds of the Creator accounted for the origin and configuration of living creatures – the most diversified, complex and interesting realities of the world.

It was Darwin’s genius to resolve this conceptual schizophrenia. He completed the Copernican Revolution by drawing out for biology the notion of nature as a lawful system of matter in motion that human reason can explain without recourse to supernatural agencies. The conundrum faced by Darwin can hardly be overestimated. The strength of the argument from design to demonstrate the role of the Creator had been forcefully set forth by theological and other religious writers. Wherever there is design, we look for its author. It was Darwin’s greatest accomplishment to show that the complex organization and functionality of living beings can be explained as the result of a natural process – natural selection – without any need to resort to a Creator or other external agent. The origin and adaptation of organisms in their profusion and wondrous variations was thus brought into the realm of science.

Darwin accepted that organisms are ‘designed’ for certain purposes; that is, they are functionally organized. Organisms are adapted to certain ways of life and their parts are designed to perform certain functions. Birds have wings for flying, fish have gills to breathe in water and trees have leaves to capture the sunlight. But he went on to provide a natural explanation of the design. The design features of living beings could now be explained, like the phenomena of the inanimate world, by the methods of science, as outcomes of natural laws manifested in natural processes that could be subject to test by observation and experiment.

Alfred Russel Wallace is famously given credit for discovering, independently of Darwin, natural selection as the process accounting for the evolution of species. Although his independent discovery of natural selection is remarkable, he was not interested in explaining design, but rather in accounting for the evolution of species, as indicated in the title of his 1858 paper: ‘On the Tendency of Varieties to Depart Indefinitely from the Original Type’. Wallace thought that evolution proceeds indefinitely and is progressive. Darwin, on the other hand, did not accept that evolution would necessarily represent progress or advancement, nor did he believe that it would always result in morphological change over time; rather, he knew of the existence of ‘living fossils’, organisms that had remained unchanged for millions of years. For example, ‘some of the most ancient Silurian animals, such as the Nautilus, Lingula, etc., do not differ much from living species’.

In 1858, Darwin was at work on a multi-volume treatise, intended to be titled On Natural Selection. Wallace’s paper stimulated him to write On the Origin of Species, which would be published the following year. Darwin’s focus, in Origin as elsewhere, was the explanation of design, with evolution playing the subsidiary role of supporting evidence.


WAS DARWIN RIGHT?
Evolution is a fact

‘Scientists use the term ‘fact’ to refer to a scientific explanation that has been tested and confirmed so many times that there is no longer a compelling reason to keep testing it or looking for additional examples . . . Because the evidence supporting [evolution] is so strong, scientists no longer question whether biological evolution has occurred and is continuing to occur. Indeed, they investigate the mechanisms of evolution, how rapidly evolution can take place, and related questions.’1

Many scientific explanations have been so thoroughly tested that they are very unlikely to change in substantial ways as new observations are made or new experiments are analysed. These explanations are accepted by scientists as being true and factual descriptions of the natural world. The atomic structure of matter, the genetic basis of heredity, the circulation of blood, gravitation and planetary motion and the process of biological evolution by natural selection are just a few examples of a very large number of scientific explanations that have been overwhelmingly substantiated.

Darwin’s evolution

‘Was Darwin right?’ may refer to the fact of evolution; that is, Darwin’s evidence in support of evolution and whether evolution has been definitely confirmed by science. The question may also refer to natural selection, the process discovered by Darwin that explains how evolution occurs and why organisms and their organs and limbs are ‘designed’ to accomplish certain ways of life. In On the Origin of Species, Darwin dedicated Chapters 9–13 to the first aspect, the evidence for evolution, and Chapters 1–8 and 14 to the second, natural selection as the process that accounts for design and adaptation. Science has confirmed that he was right with respect to both questions.

What is Natural Selection? is the subject of the third chapter in this book, and the topic is further explored in What is Survival of the Fittest?, and elsewhere. The evidence for evolution considered by Darwin includes palaeontology (the study of fossils), biogeography (the geographic distribution of plants and animals) and comparative anatomy (form) and embryology (how form comes about). We’ll review the palaeontology evidence in What Does the Fossil Record Tell Us?, and What is the Missing Link?. In the current chapter we’ll consider biogeography and comparative anatomy and embryology. Later on, What is Molecular Evolution?, will bring in the evidence from molecular biology, a scientific discipline and type of evidence that did not actually exist in Darwin’s time; it emerged only in the 1950s, following the discovery of the structure of DNA (deoxyribonucleic acid) as the molecule encompassing biological heredity. Molecular biology provides the most convincing evidence for evolution and makes it possible to reconstruct the evolutionary history of all living organisms.

Because of the immense advances in the study of evolution, it is now possible to assert that gaps of knowledge in the evolutionary history of living organisms no longer exist. Using molecular biology, scientists have reconstructed the ‘universal tree of life’ (see What is the Tree of Life?), the continuity of succession from the original forms of life, ancestral to all organisms, to every species now living on earth. The virtually unlimited evolutionary information encoded in the DNA sequence of living organisms allows evolutionists to replicate in detail all evolutionary relationships leading to present-day organisms. Invest the necessary resources (time and laboratory expenses) and you can have the answer to any query, with as much precision as you want.

Similarity of form

Humans, horses, mice, whales, bats, birds and turtles have skeletons that are strikingly similar, in spite of the different ways of life of these animals and the diversity of their environments. The correspondence, bone by bone, can easily be seen in the limbs as well as in other parts of the body. From a purely practical point of view, it seems incomprehensible that with forelimb structures built of the same bones a turtle and a whale should swim, a horse run, a person write and a bird or bat fly. An engineer could design better limbs for each purpose. But if we accept that these animals inherited their skeletal structures from a common ancestor and became modified only as they adapted to different ways of life, then the similarity of their structures makes sense.

Scientists call such structures homologous or inherited similarities, and have concluded that they are best explained by common descent; that is, the homologous structure evolved in an ancestor common to all the species exhibiting the homology and was consequently modified by natural selection to fit different lifestyles. Comparative anatomists investigate such homologies, not only in bone structure but also in other parts of the body, working out relationships from degrees of similarity. The correspondence of structures is typically very close among some organisms – the different varieties of songbirds, for instance – but becomes less so as the organisms being compared are less closely related in their evolutionary history. The similarities are fewer between mammals and birds than they are among mammalian species, and they are fewer still between mammals and fishes. Similarities in structure, therefore, not only manifest evolution but also help to reconstruct the phylogeny, or evolutionary history, of organisms.
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FORELIMBS OF FOUR VERTEBRATES SHOWING SIMILAR STRUCTURES ARRANGED IN SIMILAR WAYS, ALTHOUGH THEY ARE USED FOR DIFFERENT FUNCTIONS: FOR WRITING (HUMAN), RUNNING (DOG), SWIMMING (WHALE), FLYING (BIRD).



Comparative anatomy also reveals why most organismic structures are not perfect. Like the forelimbs of turtles, horses, humans, birds and bats, an organism’s body parts are less than perfectly adapted because they are modified from an inherited structure rather than designed from completely raw materials for a specific purpose. The anatomy of animals shows that it has been designed to fit their lifestyles, but it is ‘imperfect’ design, accomplished by natural selection, rather than ‘intelligent’ design, as it would be if designed by an engineer. The imperfection of structures is evidence for evolution, contrary to the creationists’ arguments asserting that the design of organisms demonstrates that they were fashioned by the Creator, just as the design of a watch demonstrates that it has been fashioned by a watchmaker.

Separate lineages sometimes independently evolve similar features, known as analogous structures. Although these look like homologies, they result not from common ancestry but rather from ‘convergence’, because the organisms live in common environments. For example, dolphins are aquatic mammals that have evolved from terrestrial mammals over the past 50 million years. In evolutionary terms, they are as distant from fish as are mice or humans. But they have evolved streamlined bodies that closely resemble the bodies of fish, sharks and even extinct dinosaurs known as ichthyosaurs. Evidence from many different fields of biology (morphology, physiology, ecology, etc.) allows evolutionary biologists to discern whether physical and behavioural similarities are the product of common descent or are independent responses to similar environmental challenges. Typically, analogous features are similar in overall configuration, but not in the details, unlike homologous structures. Thus, for example, the skeletons of forelimbs of humans, dogs, whales and birds consist of the same components arranged in similar ways: humerus, radius and ulna. The number and arrangement of carpals, metacarpals and phalanges are also the same in humans, dogs and whales, although they are somewhat modified in birds. This precise correspondence in several organisms between the component parts of a limb or an organ is evidence of common descent from an ancestor that had a similar structure with the same components arranged in the same way; that is, the structures are homologous. The anatomies of a dolphin and a tuna are clearly designed for swimming and living in the oceans, but the details of the design are quite different (for example, tunas, unlike dolphins, have gills for breathing), showing that they are analogous. Similarly, the wings of both a bird and a bat are designed for flying, but they are quite different in their anatomical detail; from this we can tell that they evolved independently rather than being inherited from the same winged ancestor.

Similarity of embryos

Evolutionists, following Darwin, find evidence for evolution in the similarities in the development of embryos; that is, in the development of organisms from fertilised egg to moment of birth or hatching. Vertebrates, from fishes through lizards to humans, develop in ways that are remarkably similar during the early stages, but they become more and more differentiated as the embryo approaches maturity. The similarities persist longer between organisms that are more closely related (e.g. humans and monkeys) than between those less closely related (such as humans and lizards).

Common developmental patterns reflect evolutionary kinship. Lizards and humans share a developmental pattern inherited from their remote common ancestor; the inherited pattern of each was modified only as the separate descendant lineages evolved in different directions. The common embryonic stages of the two creatures reflect the constraints imposed by this shared inheritance, which prevents changes that have not been necessitated by their diverging environments and ways of life.

The embryos of humans and other non-aquatic vertebrates exhibit gill slits even though they never breathe through gills. These slits are found in the embryos of all vertebrates because they share as common ancestors the fish in which these structures first evolved. Human embryos also exhibit, by the fourth week of development, a well-defined tail, which reaches its maximum length at six weeks. Similar embryonic tails are found in other mammals, such as dogs, horses and monkeys; in humans, however, the tail eventually shortens, persisting only as a rudiment in the adult coccyx. Embryonic rudiments are inconsistent with claims of intelligent design: why would a structure be designed to form during early development if it will disappear before birth? Evolution makes sense of embryonic rudiments.

A close evolutionary relationship between organisms that appear drastically different as adults can sometimes be recognized through their embryonic homologies. Barnacles, for example, are sedentary crustaceans with little apparent likeness to free-swimming crustaceans such as lobsters, shrimps or copepods. Yet they pass through a free-swimming larval stage, the nauplius, which is unmistakably similar to that of other crustacean larvae.

Embryonic rudiments that never fully develop, such as the gill slits in humans, are common in all sorts of animals. Some, however, persist as adult vestiges, reflecting evolutionary ancestry. A familiar rudimentary organ in humans is the vermiform appendix. This wormlike structure attaches to a short section of intestine called the caecum, which is located at the point where the large and small intestines join. The human vermiform appendix is a functionless vestige of a fully developed organ present in mammals such as the rabbit and other herbivores, where a large caecum and appendix store vegetable cellulose to enable its digestion with the help of bacteria. Vestiges are instances of imperfections – like those seen in anatomical structures – that argue against creation by design but are fully understandable as a result of evolution by natural selection.

Biogeography

The varying geographic distribution of plants and animals throughout the world and the distinctive floras and faunas of island archipelagos were, for Darwin, evidence of evolution, eventually reinforced by later knowledge. The diversity of life is stupendous. Approximately 250,000 species of living plants, 100,000 species of fungi, and more than one million species of animals have been described and named, each occupying its own peculiar ecological setting or niche, and the census is far from complete. Some species, such as human beings and our companion the dog, can live under a wide range of environmental conditions. Others are amazingly specialized. One species of the fungus Laboulbenia grows exclusively on the rear portion of the covering wings of a single species of beetle (Aphaenops cronei) found only in some caves of southern France. The larvae of the fly Drosophila carcinophila can develop only in specialized grooves beneath the flaps of the third pair of oral appendages of a land crab (Gecarcinus ruricola) found on certain Caribbean islands.

How can we make intelligible the colossal diversity of living beings and the existence of such extraordinary, seemingly whimsical creatures as the fungus beetle and the fly described above? And why are island groups like the Galápagos so often inhabited by forms similar to those on the nearest mainland but belonging to different species? Evolution explains that biological diversity results from the descendants of local or migrant predecessors becoming adapted to their diverse environments. This explanation can be tested by examining present species and local fossils to see whether they have similar structures, which would indicate how one is derived from the other. There should also be evidence that forms without an established local ancestry have migrated into the locality.

Wherever such tests have been carried out, these conditions have been confirmed. A good example is provided by the mammalian populations of North and South America, where strikingly different endemic forms evolved in isolation until the emergence of the isthmus of Panama approximately three million years ago. Thereafter, the armadillo, porcupine and opossum – mammals of South American origin – migrated north, along with many other species of plants and animals, while the mountain lion and other North American species made their way across the isthmus to the south.

Each of the world’s continents has its own distinctive collection of animals and plants. In Africa there are rhinoceroses, hippopotamuses, lions, hyenas, giraffes, zebras, lemurs, monkeys with narrow noses and non-prehensile tails, chimpanzees and gorillas. South America, which extends over much the same latitudes as Africa, has none of these animals; instead, it has pumas, jaguars, tapirs, llamas, raccoons, opossums, armadillos and monkeys with broad noses and large prehensile tails. Australia boasts a great diversity of marsupial mammals, which lack placentas, so that much of the early development takes place in a mother’s external pouch rather than inside the womb. Marsupials include kangaroos but also Australian moles and anteaters and Tasmanian wolves.

The vagaries of biogeography are not due solely to the suitability of the different environments. There is no reason to believe that South American animals are not well suited to living in Africa or those of Africa to living in South America. When rabbits were intentionally introduced in Australia, so that they could be hunted for sport, they prospered beyond the expectations of the introducers and became an agricultural pest. Hawaii lacks native land mammals, but when feral pigs and goats were brought to the islands in the nineteenth century for hunting, they multiplied to large numbers and are now endangering the native vegetation.

An interesting story is the case of Santa Catalina Island, some 25 miles south-west of Los Angeles. Bison were introduced to the island in the 1940s by some filmmakers. After their filming was completed, they did not bother removing the animals. Santa Catalina Island does not have any native mammal larger than a fox. Yet the bison prospered and successfully reproduced throughout the uninhabited parts of the island, threatening the vegetation. The bison are now regularly culled so that only two herds with a few dozen animals are kept, and have become a distinctive tourist attraction.

The remarkable diversification of life in different parts of the world is evidence of evolution promoted by natural selection. Even though climate and other features of the environment may be comparable at similar latitudes, the flora and fauna are diverse on different continents and on different islands. This diversity occurs because natural selection depends on the opportunism of genetic mutations, which are random events. Moreover, evolution relies on previous changes, so that diversification from one continent or island to another, or between continents and islands, is cumulative over time. Evolutionary change occurs in response to the environment, but it is conditioned by history: mammals do not evolve into fishes, nor insects into molluscs.

Darwin’s observations of the flora and fauna of South America, so different from those of the Old World, convinced him of the reality of evolution. The evidence from biogeography is also apparent on a scale much smaller than continental: Darwin observed that different Galápagos islands had different kinds of tortoises and different species of finches, which in turn were different from those found in continental South America. He was startled by the Galápagos’ tortoises, giant lizards, mockingbirds and finches, different as they were from mainland species and diverse among the islands as well.

Hawaii’s cauldron

The Galápagos islands are on the equator, about 600 miles west of the South American country of Ecuador. More remote yet than the Galápagos are the Hawaiian islands, more than 2,500 miles away from the North American mainland. Many sorts of plants and animals are lacking in Hawaii, whereas others are endemic (i.e. native nowhere else on Earth) and are extraordinarily diverse. The following table lists groups of organisms with numerous and very diverse species native to Hawaii.
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Kohala, the oldest volcano on the large island of Hawaii, is somewhat less than a million years old; of the other volcanoes, Mauna Kea and Mauna Loa are much younger, and Kilauea is still active. The island of Kauai was formed less than 10 million years ago; other islands are of intermediate age, increasingly older from south-east to north-west. The gradual formation over millions of years of these volcanic islands has resulted in successive colonizations by plants and animals, and therefore species diversification. Drosophila fruit flies are favoured by experimental geneticists because they can easily and inexpensively be cultured in the laboratory. The ecology, behaviour and genetics of Hawaiian fruit flies have been studied intensively. There are about 1,500 known species of Drosophila flies in the world; nearly one third of them live in Hawaii and nowhere else, although the total area of the archipelago is less than one twentieth the area of California. Moreover, the morphological and behavioural diversity of Hawaiian Drosophila exceeds that of Drosophila in the rest of the world. There are more than 1,000 species of land snails in Hawaii, all of which have evolved in the archipelago; and about 80 bird species, all but one of which exist nowhere else.

Why has such ‘explosive’ evolution occurred in Hawaii? The overabundance of fruit flies there contrasts with the absence of many other native insects, such as mosquitoes and cockroaches. Because of their remote isolation, the Hawaiian islands have rarely been reached by colonizing plants and animals. Some that did reach the islands found suitable habitats without competitors or predators. The ancestors of Hawaiian fruit flies were passively transported to the archipelago by air currents or flotsam before other groups of insects reached it, and there they found a multitude of opportunities for living. They rapidly evolved and diversified by exploiting the available resources. It is known from genetic studies that several hundred species have derived from a single colonizing species; they adapted to the variety of opportunities available in diverse niches by evolving suitable adaptations, which range broadly from one species to another. In Hawaii, some Drosophila species feed on decaying leaves on the forest floor; others feed on flowers; still others on fungi, and so on.

The geographic remoteness of the Hawaiian islands is a more reasonable explanation for the explosive diversity of a few kinds of organisms – such as fruit flies, snails and birds – than an inordinate preference on the part of the Creator for providing the archipelago with numerous flies, or a peculiar distaste for creating mosquitoes, cockroaches and other insects there. There are no native land mammals in Hawaii; no mammals existed there until pigs and goats were introduced by humans. Hawaii was never colonized by mammals because none happened to reach the archipelago from the distant continents where mammals lived.

The Hawaiian islands are no less hospitable than other parts of the world. The absence of many kinds of organisms, and the great multiplication of a
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