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As a child, I lived in paradise—acres of untouched nature surrounding our home. The clear, cold water of a natural artesian well gushed through a bed of sand to feed streams that cascaded down a hillside into a pond nestled among the trees. During the long summer days when most of my friends were playing Little League soccer, I spent hours hiding behind clumps of tall grass near the pond, watching wild animals emerge from their hiding places to carry on with their lives.

Having been raised in a family of artists, I often toted a sketch pad and pastels with me and drew detailed pictures of the plants and animals I observed. I made leaf presses; collected insects; and cared for our vegetable garden, grapevines, and fruit trees. I raised dogs, pigeons, parakeets, canaries, rabbits, turtles, fish, snakes, lizards, gophers, and monarch butterflies. I caught the butterflies as caterpillars on milkweed plants near our house and watched day after day as each one developed into a gold-spotted, pale-green chrysalis, then into an orange, black, and white adult. My heart filled with magnificent childhood wonder when I released the adult butterflies and watched them disappear into the wind. By the time I was in grade school, my fate was sealed—I was destined to be a biologist.

I sensed a kindred spirit when I learned of the Russian biologist Theodosius Dobzhansky. He collected butterflies, moths, and beetles during his childhood and read Darwin's Origin of Species at the age of fifteen. In the turbulent aftermath of the Russian Revolution, he left the Soviet Union with his wife and daughter to study evolutionary genetics in the United States and remained there for the rest of his life. He rose to become one of the most renowned scientists in history, a prolific author of articles and books, several of which are now  science classics. In 1973, two years before his death, he penned a short article whose title itself has become a classic—“Nothing in Biology Makes Sense Except in the Light of Evolution.”1 Nearly all biologists concur—evolution is the central theme that unifies biology and explains the whole of life.

What is evolution? Like many broad terms, the word evolution can be defined at several levels. At its simplest level, it means genetic change over generations. However, most people perceive evolution—correctly—as the logical extension of this simple definition: Genetic change over many generations ultimately results in the emergence of new and different species from a single ancestral species. Not all species become ancestors of others, however. The ultimate fate of most species is extinction.

The evidence of evolution we can observe within a few generations—such as mutations in DNA, shuffling of genes, the interaction of organisms with one another and their environments, and the unequal survival and reproduction of individuals—are all parts of evolution that scientists can readily test and observe. If these processes result in the eventual emergence of new species, we ought to find evidence of common ancestry in the fossil record, in the anatomical characteristics of similar species, and in the genetic information carried in DNA of modern species. By amassing, analyzing, and connecting these various lines of evidence, scientists can reconstruct much of the evolutionary history of life.

For nonscientific reasons, some people belittle evolution as “just a theory.” Yet to scientists the word theory has a very powerful meaning: A theory is a well-supported conceptual framework that encompasses a large body of scientific facts, inferences, observations, and experiments and explains them in a coherent way. Scientifically, evolution is both a fact and a theory. It is a fact in the sense that many of its various components have been repeatedly observed and are so well documented that they can no longer be reasonably disputed. It is a theory in that the various facts, laws, and tested hypotheses bearing on evolution can be broadly explained as manifestations of the same overall process. The same can be said for other broad scientific theories. Substitute the words gravity or the atomic nature of matter for evolution in the preceding sentences of this paragraph, and the sentences become valid scientific expressions regarding these theories.

How did the theory of evolution rise to such prominence that it is now  the central theme of biology? The name most often associated with evolution is Charles Darwin. As mentioned in the prologue, he published in 1859 On the Origin of Species by Means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life, which we now refer to simply as The Origin of Species. Although this book was the most powerful exposition of evolution in its day, the idea of evolution did not originate with it. There are some hints of evolution in the writings of Greek philosophers, but emergence of modern evolutionary ideas dates to the eighteenth century. Prior to this time, the prevailing view of life was known as special creation, aptly described by the seventeenth-century English philosopher John Ray as “the Works created by God at the first, and conserv'd to this day in the Same State and Condition in which they were first made.”2 Most people believed that the earth was no more than a few thousand years old, and all organisms, including humans, are essentially the same now as they were when the earth originated.

Those who studied nature during the nineteenth century were called naturalists; the term biologist was not yet in widespread use. Noticing the obvious hierarchical nature of life, several naturalists attempted to categorize living species into increasingly larger groups that made sense based on physical similarities. For example, different species of butterflies are more similar to one another than they are to moths, an observation justifying the classification of all butterflies into one group and all moths into another. Butterflies and moths are more similar to each other than either is to houseflies. And houseflies are more similar to fruit flies (both have only two wings) than either is to wasps and bees (which, like most winged insects, have four wings). At a higher level, all are insects and have the common anatomical characteristics that define insects. Arachnids (such as spiders, mites, and ticks) and crustaceans (such as shrimp, lobsters, and crabs) are not insects, but they have many characteristics in common with insects, such as compound eyes and a segmented exoskeleton made predominantly of a substance called chitin.

Naturalists united the insects, arachnids, and crustaceans into a larger group called the arthropods. They identified other hierarchical groups among plants and animals. Humans, for example, are included within the primates (humans, apes, monkeys, galagos, and lemurs), and the primates within the mammals, and the mammals within the vertebrates. Recognizing that  offspring resemble parents, and that close relatives are more similar than distant relatives, naturalists began to raise a question. Might the obvious hierarchy among species throughout all of life be evidence of ancient hereditary relationships? Could different species with similar characteristics have shared common ancestry? If so, might all living things be related to one another in a great tree of life?

A key to understanding evolution is the biological species concept, which defines a species as a group of individuals that can mate and produce fertile offspring. This is the definition that guided naturalists in the eighteenth and nineteenth centuries and that to some extent is still valid. However, it is a definition crafted by scientists to explain natural phenomena, and nature does not always follow the rules we use in our attempts to explain it. The lines between species are often blurred. Some closely related species may mate and produce infertile offspring. Perhaps the best known are horse-donkey matings, which produce mostly infertile mules.

Mules are but one of many such instances in nature. In other cases, matings between two related species produce offspring with partial or reduced fertility but not a complete loss of fertility. For example, a mating between a female tiger and a male lion produces a hybrid liger. Female ligers retain some fertility and can sometimes mate with male lions or male tigers and produce offspring. By contrast, male ligers are infertile, so ligers cannot mate with each other and produce offspring. Even today, scientists find it difficult to identify at which point many closely related groups of animals or plants have separated sufficiently to define them as separate species.

Naturalists in the eighteenth and nineteenth centuries were well aware that animal breeders had developed self-propagating breeds of animals. Among dogs, for instance, if purebred female and male golden retrievers mate, their offspring are all purebred golden retrievers. The same is true for pure breeds of cats, cattle, sheep, horses, and other domesticated animals, as it is for domesticated plants. Hybridization between different breeds of the same species can likewise produce fully fertile hybrid offspring. When I was a child, I had a dog who was a cross between a German shepherd and a dachshund. A man (who knew little about genetics) had intentionally allowed a female German shepherd to mate with a male dachshund, hoping to see miniature  German shepherds in the offspring. Instead, my dog was a medium-sized, floppy-eared, short-legged animal with thick tan hair—a true intermediate between his two parents. We named him Tiegel (German for skillet), and I loved him as only a child could. Had he mated with a female German shepherd/dachshund hybrid like himself, their offspring would not have bred true. Instead, a wide array of types would have resulted in the next generation.

Observing the ability of pure breeds to breed true, and the inability of hybrids to do so, some naturalists began to wonder. Could similar species simply be well-advanced breeds (or varieties, the term Darwin correctly used to refer to both animals and plants), separated from one another for so long that they have lost the ability to produce fertile offspring when hybridized? Clues that this might be the case were the blurred lines between some species, such as horses and donkeys or lions and tigers. And if new species could diverge from a common ancestral species, how far could the divergence extend? Could all of life ultimately have a common, ancient origin?

Also during the eighteenth and nineteenth centuries, geologists were actively exploring the earth for fossils. Most fossils resembled modern organisms but clearly were not the same. Dinosaurs, for example, were obviously vertebrates and had many characteristics of reptiles and birds, but no living dinosaurs had been found. The same was true for nearly all other fossils—although the species was no longer present, the fossils resembled living species in many ways. Moreover, fossils were found almost exclusively in sedimentary rocks: layered rocks that formed by deposition of sediments. In the early 1800s, several geologists, among them George Cuvier and Alexandre Brongniart in France, and William Smith in England, documented the progression of different fossils in sedimentary layers and concluded that these layers were deposited over long periods of time. They further concluded that most fossilized species had gone extinct and were replaced by a succession of new species.

In 1830, Charles Lyell published the first volume of a massive three-volume work on geology offering evidence that the earth must be at least millions of years old. With a very old earth, might there have been sufficient time for different types of animals and plants to emerge from a single species and eventually diverge into new species? If so, this process would explain both  the hierarchical nature of life today and the similarities of modern life to the fossilized remains of ancient life.

Among the early evolutionists were Jean-Baptiste Lamarck and Erasmus Darwin (Charles Darwin's grandfather). Unfortunately, Lamarck is often ridiculed today, perhaps unjustly. He was a brilliant naturalist who developed one of the first coherent hypotheses to explain evolution. With little understanding of the mechanisms of inheritance (which were not well documented in his day), he proposed that animals evolve through the inheritance of characteristics acquired through the use and disuse of organs. For example, he hypothesized that because sightless moles have useless remnants of eyes, the disuse of eyes in their ancestors caused them to lose their eyesight, and their offspring then inherited that trait. According to modern evolutionary theory, Lamarck was correct in his assertion that the distant ancestors of moles had functional eyes, and the sightless eyes in modern moles evolved as remnants of that time. However, the difference between modern evolutionary theory and Lamarck's idea is the cause for the loss of eyesight. According to Lamarck's thinking, the light-free environment directly caused moles to lose their eyesight, and this environmentally induced change was thenceforth inherited. According to modern evolutionary theory, undirected mutations in DNA, rather than environmentally instigated changes in the inherited material, caused the loss of eyesight. Because there was no advantage for functional eyes in a light-free environment, these inherited mutations persisted, but the environment did not directly cause them.

Charles Darwin was born on the same day as Abraham Lincoln, February 12, 1809, to a prestigious and wealthy family in England. His father was a well-known physician who hoped that his son would pursue the same profession. After a year of medical studies, however, Charles became disillusioned and abandoned them. For a time, he studied to be an Anglican priest but soon left that pursuit as well. His interest in naturalism had already begun during this time as he took courses on natural history and collected beetles. Charles never knew his famous grandfather, Erasmus Darwin, who died seven years before Charles was born, but his grandfather's writings had a strong influence on him. In 1831, as a youth in his twenties, Charles accepted the invitation to serve as naturalist on a round-the-world voyage aboard the HMS Beagle, a ship  whose crew was assigned to explore the coastline of South America. Darwin received a copy of the first volume of Lyell's work on geology, which had just been published, and studied it extensively on the voyage.

While on the nearly five-year journey, Darwin kept copious notes on the plants, animals, and fossils he saw and made large collections of specimens, which he regularly sent home to England at the ship's various ports of call. At the time, he had not fully formulated his ideas about evolution, but his observations on the trip tremendously impacted his thinking. Especially influential were the Galápagos Islands, a group of volcanic islands in the Pacific Ocean, west of the coast of Ecuador. By the time Darwin reached the Galápagos, he had explored most of the South American coastline and was very familiar with the animals and plants native to the continent. On the Galápagos, he noticed a pattern among the animals. Those on the islands strongly resembled those on the mainland, but the island types were much more diverse even though the land area of the islands was much smaller. For example, Darwin collected what were later determined to be thirteen different species of finches on the Galápagos, compared to a relatively few species on the mainland, and he noted that “a nearly perfect gradation of structure in this one group can be traced in the form of the beak, from one exceeding in dimensions that of the largest gros-beak, to another differing but little from that of a warbler.”3

At the time, Darwin did not venture to explain the similarity of the island types to those on the mainland or why there was so much variation on the islands. But after his return to England, he shared his notes and specimens with other naturalists and eventually derived an explanation. When the islands arose as volcanoes emerging from the ocean, no animals or plants were on them. As the islands cooled and soils formed on the surface, a few animals migrated there from the mainland, and plant seeds made their way there as well—carried by animals or wind, or drifting on the water to the islands. With little or no competition from already established animals and plants, these organisms colonized the islands, and their descendants gradually spread to other parts. Variations among them allowed different types to adapt to different conditions. What once was a single species radiated into multiple species more rapidly on the islands than on the mainland because competition from already established animals and plants on the islands was minimal. In  The Origin of Species, Darwin explained this concept as “colonisation from the nearest and readiest source, together with the subsequent modification and better adaptation of the colonists to their new homes.”4

On his return to England in 1836, after nearly five years on the Beagle, Darwin consulted with other naturalists to help him decipher the enormous amount of information he had accumulated on the voyage. He read vast amounts of information and conducted a wide variety of experiments. By then, he had rejected the notion that species were fixed and had instead adopted the view, already held by many, that new species had evolved from ancestral types.

Darwin's great discovery was not the idea of evolution—that was already well established—but instead one of its principal mechanisms. He postulated that new species arose through natural selection, which he succinctly described in The Origin of Species as this: “Any variation, however slight and from whatever cause proceeding, if it be in any degree profitable to an individual of any species…will tend to the preservation of that individual, and will generally be inherited by its offspring. The offspring, also, will thus have a better chance of surviving, for, of the many individuals of any species which are periodically born, but a small number can survive. I have called this principle, by which each slight variation, if useful, is preserved, by the term of Natural Selection.”5

Darwin's theory of natural selection can be summarized as a series of logical points that build on previous points:


	In nature, each species produces more individuals than can survive in its environment.

	Because the environment cannot support all individuals, they compete with one another, and with other species, to survive and reproduce.

	They vary in their physical characteristics and those variations are, for the most part, inherited.

	Those whose physical characteristics offer them the best adaptation to their environment are the most likely to survive and reproduce.

	Those who survive and reproduce transmit these adaptive characteristics to their offspring through biological inheritance.

	The process continues generation after generation with gradual inherited change in a species resulting in increased adaptation to environments.

	Over many generations, the changes resulting from natural selection are sufficient to produce new species.




Darwin published The Origin of Species, a four-hundred-page book (which he called a “brief abstract”). The book was an enormous success, the first edition selling out on the day of its release. He immediately made some revisions and published a second edition. Over a period of years, he revised it through six editions, and it now stands as one of the most influential and bestselling books of all time.

It also was controversial from the day it was published, and remains so today, because it rejected the prevailing view that species are fixed—incapable of changing beyond certain boundaries. Many scientists accepted Darwin's claims while others remained skeptical. Today, however, the overall concepts of natural selection and the evolution of new species have been well documented through exhaustive observation and experimentation. Although some of the details Darwin proposed are now outdated, his overall theory stands on solid scientific ground.

The major piece missing from Darwin's theory when he presented it in The Origin of Species, and in his subsequent books, was an accurate understanding of inheritance. Unbeknownst to Darwin, at the time he published his book, a Moravian friar named Gregor Mendel was in the midst of experiments with peas that would reveal the process of heredity, which would be the key to explaining Darwin's theory. Darwin knew nothing about Mendel, but Mendel clearly was aware of Darwin. By the time Mendel presented his experiments in 1865, he had read The Origin of Species and was quite familiar with Darwin's theory.

Mendel made it clear that he viewed his own work as an important key for understanding evolution. He wrote on the first page of his paper, “It requires indeed some courage to undertake a labor of such far-reaching extent; this appears, however, to be the only right way by which we can finally reach the solution of a question the importance of which cannot be overestimated in connection with the history of the evolution of organic forms.”6


Even though they were contemporaries, Darwin and Mendel never corresponded. Some have speculated that a “meeting of the minds” between the two might have furthered the world's understanding of evolution immensely. Others counter that Darwin's views were so different from Mendel's that the two might not have reconciled them.7

The publication of The Origin of Species catapulted Darwin to instant fame. Mendel's fate was the opposite. Throughout his life, no one recognized the importance of his work (not even Mendel himself), and his experiments, known only to a few people at the time, were mostly forgotten. Mendel died in 1884, highly respected as a priest but unknown as a scientist. Then, sixteen years later, three botanists independently conducted experiments on inheritance in plants and arrived at the same conclusions as had Mendel, only to find out that Mendel had discovered the keys to inheritance thirty-five years earlier. Mendel posthumously earned his fame in 1900 with the dawn of a new century.

Ironically, although Mendel perceived his work as a key to evolution, his newfound fame initially eclipsed Darwin's theory. For some, Mendelism seemed to contradict Darwinism—there was no way to reconcile the two. It was not until the 1930s that Darwin's theory of natural selection and Mendel's theory of inheritance were fully integrated during a period science historians have dubbed “the modern synthesis.” Not surprisingly, Dobzhansky (the Russian biologist mentioned at the beginning of this chapter) was one of those who explained the connection. Darwinian principles of natural selection informed by Mendelian principles of inheritance are now known as neo-Darwinism, which is the foundation of the modern theory of evolution.

One key component was still missing from neo-Darwinism—the substance of heredity remained unknown. Most scientists were convinced it had to be protein. There were some indications that protein was involved in heredity—the word itself means “of first importance.” But in 1944, experiments conducted by Oswald Avery and his collaborators, and later experiments published in 1952 by Alfred Hershey and Martha Chase, excluded protein and conclusively demonstrated that the substance of inheritance was DNA.8 As methods for analyzing DNA developed over the ensuing decades, researchers could independently test the patterns of evolution derived from fossils and  anatomy by examining the DNA of living organisms and, recently, the DNA from a few extinct species.

These studies repeatedly confirmed evolutionary histories developed through traditional means and opened a floodgate of new evidence revealing in stunning detail how organisms evolved. DNA studies of human evolution soon rose to the forefront. In the words of the scientists who sequenced and assembled the chimpanzee genome, “More than a century ago, Darwin and Huxley posited that humans share recent common ancestors with the African great apes. Modern molecular studies have spectacularly confirmed this prediction….”9

The twenty-first century ushered in a quantum leap in our understanding of human evolution. Genomes are the complete DNA sequences of organisms, like enormous volumes of genetic instructions that determine how organisms develop and function. And each species has its own particular genome. The first draft of the human genome's DNA sequence and assembly was published in 2001,10 with an updated, refined version in 2004.11 The following year, the first draft of the chimpanzee genome was published,12 then the rhesus macaque genome in 2007.13 These three genome sequences offered the opportunity for scientists to compare the genetic information of three related species on an unprecedented scale. In essence, they could study the details of evolution across literally billions of bits of information in DNA and determine in the finest detail how our genome evolved. These extraordinary advances coincided with major fossil discoveries that significantly augmented the fossil record of human evolution. It can now be justifiably said that we have more evidence of human evolution than for evolution of any other species.

This book unites from different sources some of the most powerful information about how humans evolved and how we continue to evolve—from fossils, anatomy, archaeology, geography, and DNA. Nonetheless, for some people, the overwhelming evidence of human evolution is difficult to accept. Not on the basis of science, however, for the evidence consists of solid, irrefutable, and abundant observations. Instead, religious beliefs that seem to contradict evolution make the mere mention of human evolution uncomfortable, even offensive, for some.

In spite of massive amounts of evidence confirming our evolutionary  history, many people refuse to accept the obvious conclusion that we evolved. A Gallup poll conducted most recently in December 2010 asked a group of respondents in the United States the following question: “Which of the following statements comes closest to your views on the origin and development of human beings? (1) Human beings have developed over millions of years from less advanced forms of life, but God guided this process. (2) Human beings have developed over millions of years from less advanced forms of life, but God had no part in this process. (3) God created human beings pretty much in their present form at one time within the last 10,000 years or so.”14 Forty percent of respondents selected option 3, an outright rejection of human evolution. This percentage, although disturbingly large given the scientific evidence of human evolution, represents a decline from the nine previous polls conducted from 1982 to 2008, which averaged 45 percent. In spite of this recent decline, a significant minority of Americans (four of every ten, on average) consistently rejects the very idea that we evolved.

Seizing on this rejection, those who embrace the creationism and intelligent design movements have promoted what they claim is scientific evidence disproving evolution. The publicity they have generated is immense. A host of books, television and radio shows, and Internet sites attack evolution while offering no scientifically valid alternative. The two most prominent creationist organizations are the Institute for Creation Research (http://www.icr.org) and the Discovery Institute (http://www.discovery.org), both of which offer detailed information about their causes on their websites.

Scientists have not been silent. Dozens of books, hundreds of articles, and well-organized online information, combined with high-profile court decisions, have thoroughly demonstrated that creationism and intelligent design are not science. One of the best scientific websites responding to creationist claims is the TalkOrigins Archive (http://www.talkorigins.org). The National Center for Science Education (http://ncseweb.org) serves as a source of information on attempts to require inclusion of creationism in public science education, and it has vigorously opposed such attempts. And the Public Broadcasting Service (PBS) offers an excellent resource on evolution at http://www.pbs.org/wgbh/evolution.

Driving the creationism and intelligent design movements is a perceived  dichotomy between evolution and religion—to accept one is to deny the other. There is no question that the so-called young-earth creationist view—that the earth is less than ten thousand years old and everything on it was created pretty much as it is now—is absolutely incompatible with science.

A large number of scholars and scientists, however, have argued that when religious texts are viewed metaphorically rather than literally, science and religion can be viewed as complementary rather than hopelessly incompatible. I will not spend time here debunking creationism and intelligent design or discussing the compatibility or incompatibility of science and religion. Other books, including one
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