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  INTRODUCTION


  “All truth passes through three stages: first, it is ridiculed; second, it is violently opposed; third, it is accepted as self-evident.”


  —Anonymous1


  Sixty-five million years ago, an asteroid more than six miles wide, traveling at a speed of 67,000 miles per hour, slammed into the earth off the coast of southern Mexico with a force 500 million times greater than the atomic bomb that was dropped on Hiroshima. That event triggered major disruptions in the earth’s climate, ultimately producing an environmental catastrophe that resulted in the extinction of the dinosaurs and 75 percent of all species of life on Earth.


  We are now in the process of another mass extinction of plants and animals caused by human activity that may ultimately become as deadly as the previous five mass extinctions that have taken place in the earth’s geologic history. A majority of biologists believe that more than half of all living things will become extinct within the next century or two, with unknown consequences for the future and for the dwindling number of species that will remain alive.


  We humans are no longer a species of simple hunters and gatherers living within the constraints of a stable natural world. Instead, freed from many of our natural limitations by the relentless progress of technology, we have become the unbound masters of the biosphere.


  Over the course of the last five million years, eight key technologies have profoundly altered the relationship of our species with the natural environment, liberating us from the natural forces that restrain the populations of all other living things. One by one, each of these technologies has initiated a major transformation, or metamorphosis, in human life and society. These metamorphoses have revolutionized the structure of our bodies, expanded the capabilities of our minds, and given birth to human societies of unparalleled size and power.


  In the modern era, humanity has gained control over nearly all of the earth’s natural environments and has essentially converted the entire planet into a vast production unit for its own exclusive benefit. In the process, the newly unbound human species has taken over much of the natural environment, polluted the earth’s soils, oceans, and atmosphere, and brought our world to the brink of catastrophe.


  Our species is unique among all earthly creatures in its ability to comprehend and plan for the long term. Yet we are still motivated by ancient animal instincts, including the drive to expand and multiply to the limits of the possible. Other living things are limited in their ability to reproduce by the relatively fixed nature of their relationship to the environment. But by allowing us to escape the bonds of our biological destiny, technology has made it possible for us to continue multiplying, even as we have moved the world ever closer to an uncertain and potentially disastrous future.


  Five million years ago, the adoption of fabricated spears and digging sticks by our ape-like ancestors encouraged us to stand, walk, and run upright. This innovation eventually produced a radical restructuring of mammalian anatomy that freed the forelimbs from the duties of locomotion. With the free use of their powerful forelimbs and dexterous hands, our ancestors were able to control fire, fashion clothing, and build dwellings. These technologies liberated us from the need to live in the tropical environments where we originated and allowed us to populate the vast temperate regions of Europe and Asia.


  One hundred thousand years ago or more, when we began to use verbal and visual symbols to communicate, we freed ourselves from the limitations of direct personal experience. We gained the ability to share information over space and time, enabling us to pool our knowledge with others and develop cultures that were passed down through the generations in the oral traditions of song, story, and mythology.


  Ten thousand years ago, the technology of agriculture liberated us from the constant search for food that preoccupies every other animal species. In the process, we were no longer bound to the endless wandering that had always been our fate as hunters and gatherers. We began to grow our own food, live in villages, and accumulate both the material wealth and the knowledge and wisdom that we passed down to our descendants.


  Five thousand years ago, we developed powerful new technologies of transportation and communication. These included large seagoing ships, wagons pulled by beasts of burden, and forms of writing that enabled us to record information for posterity and to communicate with others over vast distances. These technologies of interaction enabled us to build cities, create civilizations, and evolve increasingly sophisticated forms of art, science, commerce, warfare, and religion that soon lifted humanity into a new position of supremacy over all other forms of life.


  Five hundred years ago, the precision instruments of clocks, sextants, compasses, microscopes, and telescopes freed us from the limitations of our unaided sensory organs. And scarcely more than two hundred years ago, the technology of reciprocating engines liberated us from our ancient dependence on the physical power of the human body and our beasts of burden. As a result, we have conquered the world with the powers of science and the machinery of industry, and we have created immense nations in which millions of people live and work together as members of a single human society.


  An eighth metamorphosis is now under way, triggered by the key technology of digital information, which has made it possible for all human beings to visit and communicate with each other, anywhere on Earth. This has enabled us to create a global culture and society that transcends national boundaries. The challenge for humanity will be to embrace this global civilization without sacrificing either the individual liberties or the ethnic identities that we all need to realize our goals in life and belong to something larger than ourselves.


  But before we begin the remarkable story of how technology has freed humanity from the bonds of its natural origins, I would like to define and clarify four essential concepts that I have used in this book in ways that are a bit out of the ordinary. These concepts are 1) the nature of technology in the broadest sense of the word; 2) my decision to use the term “hominids” instead of the currently more fashionable “hominins”; 3) the three distinct phases of human evolution as they unfolded over the past five million years; and 4) the essential difference between a revolution and a metamorphosis.


  The Nature of Technology


  In modern speech, we generally use the word “technology” when referring to the most complex machines, structures, tools, techniques, and processes of modern life—things like spacecraft, automation systems, chemical processes, computer networks, and electronic devices. But in this book I have used the word “technology” as it has been defined by anthropologists and primatologists, who encountered preindustrial technologies in the ancient societies of hunters and gatherers and in the primeval societies of wild chimpanzees. Thus, anthropologists have defined technology—in its widest and most inclusive sense—as the deliberate modification of any natural object or substance with forethought to achieve a specific end or serve a specific purpose. Anthropologists have always regarded the tools, weapons, garments, and dwellings of hunting and gathering societies as true technologies. This book faithfully follows this traditional view.


  Unlike the very simple technologies of chimpanzees and other animals, most human technologies involve complex processes and multiple materials that are used together to achieve a specific end. The prehistoric bow and arrow, for example, was typically made of a stone arrowhead and bird feathers fastened to opposite ends of a wooden shaft with vegetable gum and bound together with animal sinews. Each of these materials was not only derived from a different source but also required its own process of extraction and preparation—yet we typically regard the bow and arrow as a single technology. Each of the eight key technologies described in this book is actually a complex collection of things and processes. What ties each of them together as a single entity is the common purpose for which each was created and used.


  Hominids, Hominins, or Homininas?


  For the past 250 years, all of the fully upright bipedal primates in the human family tree were called hominids—a word derived from the Latin term Hominidae, originally defined by the eighteenth-century Swedish naturalist Carolus Linnaeus, who founded the modern scientific method for classification of species. For many decades, scientists and writers have used the term “hominid” to refer to all of the species, both prehistoric and modern, who walked and ran fully upright and whose arms and hands were free, uniquely among the higher animals, to make and carry things.


  But the traditional meaning of the term “hominids” changed in the 1990s, when major revisions were made to the classification of the monkeys and apes that belong to the mammalian order called primates. Advances in DNA analysis in the 1990s made it possible to quantify the precise genetic distance between one species and another, and since the genetic distance between humans and the great apes—such as the chimpanzee and gorilla—turned out to be relatively small, the official classification was substantially revised.


  Under the new classification, the Pongidae—the biological family that formerly included the chimpanzees, gorillas, and orangutans—was abolished, and all of these species were placed together with humans into the family Hominidae. Therefore, technically speaking, the term “hominids” no longer means “the family of modern and prehistoric humans” but now literally means “the family of modern and prehistoric humans, chimpanzees, gorillas, and orangutans.”


  Once the Hominidae or hominids were no longer restricted to two-legged animals, anthropologists and paleontologists began to use the term “hominins” to refer to modern and prehistoric humans. Unfortunately, however, “hominins” has exactly the same problem as “hominids,” because the subfamily Homininae includes not only humans but also gorillas and chimpanzees—and the tribe Hominini includes not only humans but also chimpanzees.


  Technically, therefore, neither “hominids” nor “hominins” refers exclusively to prehistoric and modern humans. In fact, the only remaining scientific term that refers exclusively to the upright, bipedal humans, both modern and prehistoric, is the subtribe Hominina. But still struggling with the change from “hominids” to “hominins,” writers and scientists can be forgiven for their reluctance to transition yet again to the unused and little-known “homininas”—especially considering that the subtribe Hominina may be doomed to the same fate that has already befallen its predecessors. Some scientists have proposed that the chimpanzees be reclassified as a species of our own genus, Homo. If this should come to pass, even the Hominina will include the chimpanzee, a quadrupedal animal neither built for, nor capable of, true bipedal locomotion—and not by any stretch of the imagination a legitimate member of the human family.2


  For all of these reasons, I have used the traditional term “hominid” throughout this book as the preferred term for all prehistoric and modern bipedal species in the human family tree. Unlike “hominins”—which has recently become the favored term in academic anthropology and paleontology—the term “hominids” has been part of the scientific lexicon for centuries. It long ago became firmly accepted in common usage, and it continues to be recognized and understood by all educated readers. Most importantly, it is no less appropriate than “hominins,” given the current scientific definitions of the Hominidae, Homininae, and Hominini.


  The Three Distinct Phases of Human Evolution


  If we go back to its earliest beginnings, we can see that human evolution has unfolded in three distinct phases. The hominids of each phase possessed a characteristic anatomy, a characteristic range of brain sizes, a characteristic collection of tools and weapons, and a distinct geographical distribution. The species that typify these three phases can be easily identified as falling into three groups, which I will refer to in this book as “early hominids,” “emerging humans,” and “modern humans.”


  The first phase—that of the early hominids—began several million years ago, when a population of prehistoric apes gradually evolved the ability to stand, walk, and run fully upright. The famous fossil remains of Lucy, one of the most ancient of these early hominids, was an Australopithecus afarensis, and at least five other species are currently recognized by paleontologists.


  The early hominids made crude Oldowan stone tools but left no evidence that they used fire or lived in caves. Although they stood, walked, and ran fully upright, they retained the long arms, curved finger bones, long toes, and narrow shoulders typical of their tree-dwelling ancestors. The persistence of these ape-like characteristics in the fully upright early hominids is compelling evidence that they continued to climb high into the trees to sleep at night to avoid the large predators, especially the big cats, that were their most dangerous natural enemies.


  Although they were inventive and resourceful, it is unlikely that the early hominids were significantly more intelligent than the great apes. Compared to the modern human brain’s average size of roughly 1,400 cubic centimeters (cc), the brains of the early hominids were only slightly larger than the 375 cc brain of a typical chimpanzee—and their brains never expanded in any meaningful way during the millions of years that they inhabited tropical Africa.


  The long history of the early hominids should be viewed as the successful adaptation of upright posture and bipedal locomotion by primates with the brain power of very intelligent apes. These creatures made spears and digging sticks, successfully hunted and killed other animals, defended themselves against their natural enemies, and flourished for about four million years—a period of time roughly eight hundred times longer than the entire history of urban civilization that began in ancient Mesopotamia five thousand years ago.


  Beginning sometime after two million years ago, a population of more highly evolved hominids, with significantly larger brains, began to appear on the African continent. Over the course of the next million or so years, these emerging humans, with their superior Acheulean stone tools and technologies, gradually outcompeted and replaced the more primitive early hominids. By approximately one million years ago, all evidence of the early hominids had disappeared from the fossil record. They had apparently become extinct.


  The emerging humans were larger and taller, with the broad shoulders and narrow waist that characterizes modern human populations. Moreover, the bones of their fingers were straight, not curved, their arms were shorter, and their toes were short and stubby. This indicates that the emerging humans were no longer adapted to climbing into the trees to sleep at night. The emerging humans became cave dwellers, and they developed a different strategy—the use of fire—to protect themselves from the large and dangerous predators in their environment.


  Homo erectus, the most important and most successful of the emerging humans, migrated out of Africa to inhabit the tropical environments of South and East Asia and eventually settled across all the colder northern latitudes of Eurasia, from the British Isles to China. The brains of Homo erectus, which in the earliest finds averaged about 650 cc, grew in size until they reached 1,250 cc—almost within the normal range of modern human beings. It was Homo erectus, the “upright man,” who decisively crossed the gulf between humanity and the rest of the animal kingdom.


  Finally, beginning approximately 250,000 years ago, the first modern humans began to appear in Africa, sporting giant brains of 1,300 and 1,400 cc—roughly triple the size of the early hominid brains. Homo sapiens, the “thinking man,” spread throughout the African continent, while other populations of modern humans migrated into Europe and Asia. Their descendants included the Neanderthals who hunted the wooly mammoth and the wooly rhinoceros during the last ice ages and the anatomically modern humans who made the famous cave paintings of prehistoric France and Spain.


  Between twenty-five thousand and fifteen thousand years ago, some of the tribes of anatomically modern humans who were living in Siberia crossed into Alaska, rapidly spread throughout all of North and South America, and completed the human conquest of all the earth’s continents.


  Early hominids, emerging humans, and modern humans were thus the three dominant populations during each of the major phases in the evolution of humanity. The early hominids survived for well over four million years, the emerging humans for nearly two million years. We modern humans, with our “superior” brains, have inhabited this earth for at most a quarter of a million years—one-eighth as long as the emerging humans and one-sixteenth as long as the early hominids. Modern humans have a long way to go before equaling the longevity of our most ancient ancestors.


  Eight Metamorphoses, Many Revolutions


  Although numerous revolutions have come and gone in the course of human history, humanity has experienced only seven fundamental transformations, or metamorphoses. Some of these metamorphoses have been called revolutions (the metamorphosis of agriculture is often called the Neolithic revolution, and the metamorphosis of science and industry is commonly known as the industrial revolution).


  But the word “revolution” is also used to describe any sudden and sweeping change in a particular political power structure or in a particular realm of culture, including science, technology, and art. A metamorphosis, however, describes a sweeping change in every aspect of culture and society: diet, habitat, social relationships, economic behavior, group size, technology, evolutionary pressures, and even human anatomy itself. There have been thousands of revolutions in the course of humanity’s evolution and history, but there have been only a few genuine metamorphoses.


  The first three metamorphoses occurred literally millions of years ago, among populations of prehistoric apes, early hominids, and emerging humans. These metamorphoses led to the fabrication of lethal weapons, the development of full upright posture and bipedal locomotion, the expansion and intensification of sexual behavior, the control of fire, the fabrication of clothing and dwellings, and the creation of that uniquely human innovation, the nuclear family.


  The next three metamorphoses occurred thousands of years ago, among populations of biologically modern humans. These transformations led to the invention of language and symbolic communication, the emergence of tribal and ethnic identities, the domestication of plants and animals, the birth of civilizations, and a massive increase in the earth’s human population.


  The seventh metamorphosis, which produced the industrial revolution, occurred only a few centuries ago and is well-documented by a wealth of historical sources. This technological transformation so radically increased the ability of humans to feed and protect their offspring that human overpopulation has now become the primary threat to the earth’s environment.


  At the present time, an eighth metamorphosis is under way, set in motion by the key technology of digital communications. For the first time in human history, it has become possible for anyone on Earth to interact with almost anyone else on Earth, quickly and affordably. Human society will be transformed as much by this latest metamorphosis as it was by the seven key technologies of the past and the seven metamorphoses they unleashed.


  May the Fittest Hypotheses Survive


  My goal in writing this book has been to identify the fundamental biological and cultural transformations—and the technologies which triggered them—by which, step by step, the human species has arrived at our present exalted yet precarious state of being. In the process, I have attempted to make sense out of several distinctive anatomical characteristics of hominids that exist nowhere else in the animal kingdom and for which a clear evolutionary advantage has not always been apparent.


  Why did our ancestors adopt upright posture in the first place? Why did we lose the formidable dental weaponry we inherited from our primate ancestors and become unable to defend ourselves without fabricated weapons? Why are human females the only mammals whose breasts swell and become permanently enlarged at sexual maturity, regardless of whether they are pregnant or nursing? Why is our sexual behavior more or less continuous, rather than coordinated with periods of fertility, as it is with every other species? How did we become the only animal on Earth that is attracted to fire rather than repelled by it? Why did we lose the natural protective coat of fur possessed by all other primates and become naked? Why did humans, the descendants of a group of mammals that evolved to live in the treetops, become adapted to living not just on the ground but in some cases actually beneath the ground, in caves both natural and artificial? And how do all of these uniquely human characteristics fit together as a coherent whole?


  When Galileo proposed that the earth revolved around the sun, he was denounced by the papacy and the astronomers of his day, convicted of heresy, and condemned to house arrest for the rest of his life. When Darwin proposed that the human species had evolved from an ape-like ancestor, he was greeted with skepticism, scorn, and ridicule by the learned scholars of his time.


  In modern times, scholars and scientists have been no less prone to dismissing an unorthodox explanation, if it happens to challenge the assumptions of conventional scientific wisdom. Full upright posture and bipedal locomotion turned out to be millions of years older than was originally believed. The use of fire is hundreds of thousands of years older than was originally believed. Chimpanzees make and use a variety of tools, a capability once considered the exclusive province of humans. And the astonishing realism of prehistoric art turned out to be tens of thousands of years older than the early paleontologists were prepared to believe.


  Readers familiar with the study of human evolution will find that some of the explanations I have offered concerning human origins run counter to orthodox scientific thinking. In itself, this should trouble no one, since orthodox scientific thinking about human origins and human evolution has changed many times, and in some cases what was heresy in one generation has become orthodoxy in the next.


  Most of the facts and theories about human evolution presented in this book are consistent with current scientific thinking. When they are not, I have attempted to show why I believe an alternative explanation is called for. Some of the hypotheses I have proposed in this book may be unorthodox, but in my view they best fit all the facts as we know them. It will be up to others to evaluate their validity and to determine their fitness for survival within the scientific understanding of human origins.
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  CHAPTER 1


  THE PRIMATE BASELINE


  Tools, Traditions, Motherhood, Warfare, and the Homeland


  “We must . . . acknowledge . . . that man, with all his noble qualities . . . still bears in his frame the indelible stamp of his lowly origin.”


  —CHARLES DARWIN, The Descent of Man


  When Charles Darwin first advanced the idea that the human species had evolved from an ape-like ancestor, he was greeted with howls of indignation from the clergy, the public, and many of the learned scholars of his time. In spite of all the obvious similarities between the human body and the bodies of monkeys and apes, Darwin was portrayed as a heretic whose theories contradicted not only the biblical story of creation but also the widely held belief that the human species was far too unique to have sprung from such a “lowly origin” (see Figure 1.1). By the time of his death, however, Darwin’s views on evolution had become widely accepted, and since his time, the evolutionary connection between humans and prehistoric apes has been demonstrated by paleontologists and geneticists with a thoroughness and precision that Darwin himself could never have imagined.


  Human beings may be related to apes and monkeys in the sense that we share a common ancestry, but humans are unique in ways that unequivocally separate us, not only from primates, but also from all other forms of life. Most of this book explores the technology-driven changes that gradually transformed us into much more than just another animal species. But in order to make sense out of the strange complexities of human society and culture, we have to begin by understanding the primate baseline—the anatomy and behavior of monkeys and apes. These were the genetic starting points, the natural raw materials, out of which the unique anatomy and behavior of human beings evolved. By understanding the nature of these evolutionary building blocks, we can more fully appreciate how far we have come—and how far we have yet to go.


  The stamp of our primate ancestry is obvious in every aspect of human anatomy. The human hand evolved from the need to grasp the branches of trees with a powerful, secure grip. The human shoulder, which allows the arm to rotate into a fully vertical position, evolved from the need to hang by the arms from overhead branches. The human foot, beautifully adapted to walking and running on two legs over the open ground, was originally a grasping “hand” designed for climbing trees.


  Apart from its comparatively small mouth and high forehead, the human face is a typical primate face. It is hairless around the eyes, ears, nose, and mouth, with prominent eyebrows.1 The nose is short, because the sense of smell is not important for survival in the trees. And both eyes face forward for binocular vision, because this type of vision enables primates to judge distances in three-dimensional space and is thus vital for moving quickly and easily through the trees.


  Even the human voice evolved from the ancient primate need to communicate with friends, relatives, or rivals who may be hidden in the dense tropical foliage. In fact, all primates are vocal, and most species make a variety of sounds, each with its own special meaning. The gibbons of Southeast Asia even invent their own songs, which they sing in the forest every day before dawn. And while our bodies are no longer capable of climbing trees to dizzying heights with the ease of apes and monkeys, we still find a singular pleasure in being perched in high places with commanding views.


  In addition to providing us with the basic features of our distinctive human physical characteristics, the influence of our primate ancestry can be clearly seen in many basic elements of human behavior. Like most primates, we are a social, group-living species. We mature slowly and remain dependent on our mothers for the first several years of our lives, and we form intense bonds with our mothers, siblings, and mates that often last for our entire lives. We organize ourselves into social hierarchies, and within these hierarchies we compete with our siblings, classmates, and coworkers who are similar in rank to ourselves. At the same time, we defer to our parents, teachers, and bosses who outrank us, and we expect deference from our children, students, and employees whom we outrank.


  Even the much-vaunted human ability to create and pass on distinctive cultures exists in a rudimentary form among many other higher animals, including whales, elephants, and even prairie dogs. Modern field studies by primatologists have established beyond question that monkey and ape societies are also capable of creating and maintaining the basic building blocks of culture, in which customs and traditions are invented by individuals, passed to other members of the group through imitation and practice, and handed down to succeeding generations from parents to offspring. Lastly, the use of tools and weapons, once considered the defining difference between humans and all other animals, has been identified unequivocally as part of the normal behavior of our closest genetic relative, the common chimpanzee.


  Group Solidarity and the Homeland


  Primates are highly social animals, and for the most part they spend their days in the companionship of other members of their group, sharing a common territory or home range from which other groups are excluded. While a group of primates willingly shares its homeland with its own members, it will aggressively drive away other members of its own species who belong to groups from other territories, and it will defend its own territory against neighboring groups—just as we do now and the hunter-gatherers did before us (see Figure 1.2).


  For every primate group there is a “we” and a “they”—the insiders who belong to one’s own group and live in one’s own territory versus the outsiders who belong to other groups and live in alien territories. And every primate group defends its homeland against rival groups with noisy, hostile, and sometimes violent confrontations that often take place at the borders where adjacent territories meet. The members of two different groups of monkeys or apes scream at each other, make threatening gestures, break branches, throw things, and generally attempt to intimidate the other side.


  Primates also distinguish between two fundamentally different types of ownership: communal property and personal property. The territory and natural resources of a group’s homeland—including sleeping trees, fruit trees, honeycombs, birds’ nests, drinking places, and so on—are generally considered to be the communal property of the group as a whole, and any member of the group has a right to use them. But when a particular piece of fruit is picked, a tasty insect is captured, or a nest of branches is constructed in a sleeping tree, that nest or morsel of food becomes the property of the individual who gathered or built it—and it is rarely shared with others.


  Human societies all recognize these two types of property in the personal possessions that belong only to individuals versus the public territory shared by all members of the community (which in our society includes streets, roads, parks, and other public spaces). To these, humans have added a third type of property, the family possessions (especially food and dwellings) that are shared by the members of the family but not by the society as a whole.


  Primate groups vary in size from a handful to 150 or more individuals. This size range is exactly the same as that found among the nomadic bands of human hunters and gatherers studied by anthropologists. The smallest primate groups consist of little more than a mother and her offspring, but most primate species live in larger groups that include adults, juveniles, and infants of both sexes. Some groups are little more than harems, in which several females live with a single dominant alpha male. This pattern is typical of gorillas, langurs, howler monkeys, and baboons.2 Still other species, such as rhesus monkeys and chimpanzees, live in groups with multiple males and females. These species typically have strong and lasting bonds with their mothers, but their sexual relationships are, from our human point of view, promiscuous—very casual and neither permanent nor exclusive.


  Almost all primate groups consist of a complex web of relationships that binds the members of the group together with four distinct types of social bonds that are also fundamental building blocks in all human societies. These are: 1) the maternal relationship between mother and offspring; 2) the social hierarchies that bind individuals together in relationships of dominance and submission; 3) the friendships and alliances that can form between any two individuals; and 4) the sexual relationships that are formed and maintained between adult males and females.


  Primate Motherhood


  The maternal bond tends to be stronger and more intense among mammals than other animals simply due to the physical and emotional attachments formed during the weeks, months, or years that every female mammal spends nursing her young. And because primates are specially adapted to living in the trees, the maternal bond is more powerful and lasting among them than it is among any other group of mammals. Almost alone among the many species of placental mammals, primate mothers must physically carry their offspring with them, wherever they go, throughout the first months or years of life.


  The reasons for this extraordinary maternal burden are easily identified. Since primates are adapted for a life in the trees—and since they must be constantly on the move to search for seasonal tree-borne foods—primates cannot construct permanent nests or burrows. This means that—unlike burrowing animals such as mice, rabbits, or foxes—they cannot hide their young from danger until they are old enough to be on their own. Moreover, a single stumble or fall from the treetops could easily be fatal to the immature primate.


  It requires literally years of development before a young ape or monkey can safely travel through the treetops on its own, and until then it is dependent on its mother to provide safe transport from place to place. This is very different from terrestrial animals, whose young can harmlessly stumble and fall over and over as they learn to walk and run. For these reasons, the intensity, duration, and life-or-death significance of intimate physical contact between the primate mother and her offspring dwarfs that of any other higher animal.


  In infancy, a monkey or ape will cling to the fur on its mother’s body with all four limbs, riding upside down under her belly almost continuously during the first few weeks or months of life. As it grows larger and stronger, the baby primate will begin to move about cautiously on its own, but it rushes back to its mother at the first sign of danger. As it passes out of infancy, the juvenile ape or monkey gradually makes the transition from riding upside-down on its mother’s belly to riding right-side-up on her back or shoulders—and this will continue for months or even years before it is old enough to give up this constant need for maternal contact.


  The bond that develops between the primate offspring and its mother during these initial months and years of intimate physical contact typically lasts for life (see Figure 1.3). It is not surprising, therefore, that the maternal bond is central in the social life of all species of primates, while the paternal bond varies, depending on the species, from great importance to complete irrelevance.


  The already powerful maternal bond typical of all primates became even more intense as four-legged, tree-dwelling primates evolved into two-legged, ground-dwelling humans. Human offspring mature more slowly than those of any other primate, and the period of maternal dependence is correspondingly longer. In the societies of monkeys and apes, adult females gain status and prestige in the group when their offspring are born. Likewise, the unique burdens and responsibilities of motherhood are recognized, valued, and celebrated in every human society by a wealth of cultural traditions that honor the special, life-long relationship between the human mother and her children. Humans are, however, unique in the strong bonds that typically develop between fathers and their offspring, a revolutionary development among group-living primates.


  Primate Sexual Relationships


  Stable sexual bonds and exclusive sexual relationships, including cooperation between males and females in the rearing of their offspring, appeared long ago in the history of life on Earth. Such relationships can be found among animals as primitive as fish, and they are nearly universal among birds, some of whom, such as geese, mate for life. Among mammals, however, sexual relationships are often neither stable nor exclusive, and they tend to vary greatly in character and importance from one species to another.


  Sexual relationships among goats and sheep, for example, are usually limited to a few brief acts of copulation. The alpha males in these species, who have exclusive sexual rights over their herd of females, are far too busy mating and defending their rights to help any of their dozens of mates with the task of rearing their offspring. This is a typical pattern among animals that live in herds, such as the grazing herbivores.


  At the other end of this continuum, the titi monkeys of South America form monogamous, often exclusive sexual relationships, and pairs of titi monkeys are rarely out of each other’s sight. When at rest, mated titis often sit next to each other with their tails intertwined, and they often seem to be more disturbed by expressions of distress from their mates than by expressions of distress from their offspring. It is notable that among titis, both sexes participate actively in caring for the young. In fact, after the first three months of infancy, the male titi may carry the offspring as much as 90 percent of the time. On the surface, this seems to parallel a pattern common to many human societies, but unlike the titi, different human societies vary tremendously in their attitudes toward the care of the young by males.


  The various species of apes and monkeys exhibit many different patterns of sexual relationships, and not surprisingly the sexual relationships typical of humans are very different from those of any monkey or ape. Yet for all their differences, human sexual relationships contain many of the elements found in the typical relationships of the non-human primates, including the tendency of both humans and other primate males to compete for access to sexually active females. But among the most important differences between humans and all other primates is that women are the only female primates capable of being sexually active more or less continuously from puberty to old age.


  When female monkeys and apes ovulate, they go into heat—technically the state of estrus—for approximately five to seven days about once each month, and females are sexually active only during these relatively brief estrus periods when they are ovulating and fertile. Estrus in most primates is characterized by a sudden and intense appetite for sex, accompanied by a conspicuous swelling of the female genitalia. But when estrus subsides, sexual relations cease until ovulation occurs again.


  Among all non-human primates, females who are immature, pregnant, nursing, or have become infertile with age do not ovulate, do not experience estrus periods, and with rare exceptions do not engage in sexual intercourse at these times. Although different primate species vary greatly in the age of sexual maturation, in the frequency and duration of estrus, and in the intensity of sexual interactions, all non-human primate species—and indeed all higher animals—exhibit some version of this ancient sexual pattern.


  The only exception to this rule occurs among the bonobo, or pygmy chimpanzee, in which many kinds of sexual play and genital stimulation take place daily between individuals of the same and opposite sexes and even among individuals of very different ages. But most of this sexual behavior does not include actual intercourse and seems to have little or no connection to either procreation or to forming bonds between males and females. Instead, sexual behavior among bonobos seems to function as a means of resolving conflict and reducing tension between individuals.


  It is notable that of all the primates, the bonobo, by far the most sexually active of all primates (followed closely by the common chimpanzee), is generally considered to be most closely related to humans genetically. Bonobos have extremely long estrus periods (thirty days, versus approximately five to seven days for most primates), and estrus among bonobos occurs about once every forty-five days, leading to considerably more opportunities for sexual intercourse than is typical for other non-human primates. Even the hypersexual bonobos, however, do not continue having sexual intercourse during pregnancy, during nursing, or after menopause, as most humans do.


  It is also noteworthy that neither bonobos nor common chimpanzees are sexually possessive or sexually exclusive. This is a striking contrast with humans, who are intensely competitive over sexual partnerships and who tend to be extremely possessive toward their mates. The significance of this radical departure from typical primate behavior will be explored in detail in the next chapter.


  While intermittent sexual relations governed by the hormonal cycles of ovulation and estrus are universal among apes and monkeys, the patterns of mating and sexual bonding among the various primate species vary greatly between one species and another.


  Monogamy, the most common form of sexual bonding among humans, is nonexistent among 97 percent of all mammalian species and is rare among apes and monkeys. Among the orangutans of Southeast Asia, a single adult male will establish a sexual relationship with two or more adult females who live apart from each other. Each female orangutan and her immature offspring typically live by themselves in the rainforest, where they are visited periodically by the adult male that fathered these offspring. At other times, this same adult male may also visit his other mates and their offspring living in nearby areas.


  The gibbons and the closely related siamangs of Southeast Asia also live in isolated nuclear families, where male gibbons play an active role in caring for the offspring. The Southeast Asian rainforest is characterized by widely dispersed food sources, and this is thought to be the reason for the lack of large groups in this habitat. Groups this small, essentially consisting of a single nuclear family, however, tend to be rare in the primate world.


  Two other types of sexual bonding among primates are much more common than the nuclear family group. The first is the harem system, in which a single dominant or alpha male has exclusive sexual rights over a specific group of females. The second is the multi-male, multi-female system, in which sexual relationships are transitory and sexual behavior is generally considered promiscuous.


  The harem system is typical of gorillas, patas monkeys, langurs, and most baboons. It is no coincidence that these species are all largely terrestrial and spend most of the daylight hours on the ground foraging for food. In these species, the females form a stable community, together with a dominant adult male who protects them and who has exclusive sexual rights to any of them that come into estrus. At the same time that a single adult male monopolizes several females, most of the immature and older adult males are condemned to a form of “bachelorhood” in which they live alone, or with shifting groups of other bachelors, each waiting for the opportunity (which for most of them never arrives) to acquire a harem of his own. The alpha male must therefore always be on his guard, ready to defend his position against the many would-be challengers lurking nearby in other parts of the homeland.


  As time passes and the dominant male ages, he is increasingly challenged and ultimately replaced by a younger and stronger male who had previously been living as a bachelor. A series of increasingly vicious confrontations will usually end with the defeat and departure of the original alpha male, who, if he is lucky enough to survive the final battles, will live out the rest of his life in the twilight of aging bachelorhood. Meanwhile, the females remain together as a group and accept the dominance of the new alpha male.


  Upon assuming ownership of the harem, the new alpha male often kills the offspring that are still in infancy. Since these infants were fathered by the previous male, this behavior probably evolved to ensure that the new male will be able to invest his time and energy protecting and defending the survival of those offspring that are carrying his own genes rather than the genes of his predecessor. And once ovulation is no longer suppressed by the hormones released during nursing, the now childless females begin ovulating again, come into estrus, become sexually active again, and eventually conceive new offspring fathered by the new alpha male.


  Given the pattern of violent competition among adult males of these species to possess their own harems, natural selection among such species tends to favor males that are larger, more aggressive, more possessive, and more dangerous. This constant selection in favor of superior fighting abilities and possessiveness toward females promotes the qualities that make it more likely that the males of such species will defend their harems and offspring from terrestrial predators. If a primate group wanders far out into open country and cannot easily flee to the safety of the trees, it is the males who must confront and defend the group from the lions, wild dogs, hyenas, and other predators that hunt in the open countryside.


  The multi-male, multi-female system is probably the most common type of primate group. It is characterized by males and females of all ages living together within a single group structure. Chimpanzees and bonobos, as well as savannah baboons, macaques, and many other Old World monkeys, all live in multi-male, multi-female groups. Sexual bonds in such groups are not exclusive, and sexual possessiveness is either greatly diminished or nonexistent. Both males and females have sexual relations with a variety of partners. Among the promiscuous species, females in estrus typically have sexual relations with several different males, often one right after another, while an adult male will readily have sex with any estrus female who will accept his advances.


  Yet even among the multi-male, multi-female species, a sexually active female and a particular male often form a more permanent bond known as a consort pair. The consort pair tends to separate themselves from the group, engage in frequent sex and mutual grooming, and even share food—a behavior that is otherwise exceedingly rare among primates. In fact, primate mothers have been known to snatch food away from their own offspring and eat it themselves.


  The consort pair relationship tends to be transitory, however, typically lasting only for the few days during each monthly cycle that the female ape or monkey remains sexually active. Yet the consort relationship seems to have provided the biological starting point for the evolution of the human nuclear family—and a strong, stable nuclear family is an indispensable feature of all successful human cultures.


  Like all other primates, humans have an intense and abiding interest in sex. But the continuous sexual relationship typical of humans goes far beyond the norm for any other primate—or for that matter, any other animal. The origins and implications of this greatly expanded sexuality will be discussed in detail in the next chapter. But what is most striking about the patterns of human sexual bonding is that is does not conform to any of the various types that have just been described. Instead, it includes elements of all of them—monogamy, polygamy, and promiscuity—to one degree or another.


  Monogamy is by far the most common sexual bond among humans, but in the majority of cases it coexists in the same societies with forms of polygamy similar to the harems of monkeys and apes. Primate groups that form harems are often compared to human societies that practice polygyny—the type of polygamy in which a single man is allowed to marry and father children by more than one woman. It has often been noted that there are (or at least used to be) many more cultures and societies that allowed polygyny than there were cultures and societies in which it was prohibited. But there are also important differences between the harems of non-human primates and the human practice of polygyny.


  The first difference is that, since female apes and monkeys have sex only during ovulation and estrus, it is rare for more than one female in a group to be sexually active at any given time—except in the case of a takeover of a group by a new alpha male and the wholesale slaughter of infants. Female humans, however, tend to be sexually active most of the time (except immediately before and after childbirth—and, in many societies, during menstruation).


  The effect of this continuous sexual availability is a constant undercurrent of competition and jealousy among human co-wives for the sexual attention and favors of their shared husband. Anthropologists who study such societies typically report that friction between co-wives is the bane of their polygynous marriages. In fact, the most productive hunters and most prosperous farmers who practice polygyny in these societies do so more for the economic advantages of having more women to work for them and more children to support them in their old age than for any expectation of sexual nirvana.


  The second important difference is that even in societies that permit polygyny, the vast majority of marriages are monogamous, because most men simply cannot afford to provide for more than one wife. By contrast, in the single-male, multi-female societies of non-human primates, essentially all of the adult females belong to one of the harems of females who mate with their currently reigning alpha male on the relatively rare occasions when they are ovulating.


  Finally, the human tendency toward promiscuity often overwhelms even the strictest cultural prohibitions, and in some of the sexually permissive cultures studied by anthropologists, certain kinds of sexual possessiveness were frowned upon. In fact, in some cases, the sharing of sexual partners was not only tolerated but was actually considered good form. The Inuit Eskimos of the Arctic were famous for sharing their wives and unmarried daughters with other males who came to stay as visitors or guests. To the Inuit, sexual possessiveness was an undesirable trait, and an Inuit man would no sooner deny his guest the pleasure of his wife than he would deny him the hospitality of food or shelter.


  Primate Friendships


  Animal friendships exist in many different forms. In primates, these can range from casual acquaintances with familiar members of the group to special “political” alliances among adults who may be sticking together for mutual defense or who may be competing with other individuals and alliances for status and power. Bonds of friendship are found to some extent in most higher animals, and primates are notable in the important role played by bonds of friendship in the course of their daily lives.


  Lastly, there is a special bond that can develop between any two individuals who are usually (but not always) members of the same group or species. Most birds are monogamous during the nesting season, when both males and females engage in the arduous tasks of raising the next generation, including building the nest, hatching the eggs, and feeding and protecting the young. In fact, many species of birds, such as geese, mate for life.


  Elephants, dolphins, wolves, lions, and many other mammals may develop intense and lifelong bonds with members of their own species. Many domesticated animals, including dogs, cats, horses, pigs, parrots, and geese, are capable of forming strong attachments with other species—including human beings—sometimes for reasons that defy logic. It is tempting to think that only human beings fall in love, but the intense affection and attraction for another individual—an attraction that often rises to the level of an obsession with the other individual—occurs among many animal species and is entirely consistent with our definition of “love.”


  Primate Social Hierarchies


  Higher animals that live in groups typically form social hierarchies in which every individual occupies a specific place in a pecking order, with the most dominant individuals at the top and the most submissive individuals at the bottom. The highest-ranking chickens can peck any of the chickens below them in the hierarchy, while lower-ranking chickens are pecked by those above them and in turn can peck those below them. Unable to defend themselves or attack others, the lowest-ranking chickens are often pecked to death. While we humans may regard this behavior as cruel, the ability to form social hierarchies based on differences of dominance and submission among individuals is actually essential to the preservation of peace and solidarity within the group.


  Social hierarchies promote social stability in a very simple way: they ensure that the members of a group will not engage in repeated battles as they compete for food, mates, sleeping places, and other desirable things. Hostile confrontations between individuals of similar rank may occur, but they will typically continue only until one individual wins and the other loses. The winner becomes dominant over the loser, who becomes and remains subordinate in the relationship. From that time forward, the subordinate individual will normally yield to the dominant individual whenever they both desire the same thing, whether it is an attractive member of the opposite sex or a favorite item of food tossed on the ground between them. The original hostilities between them have been resolved by a stable arrangement. There will be no further confrontations, battles, or life-threatening injuries.


  All primates—humans included—tend to act in submissive ways toward their elders and in dominant ways toward their juniors. At the same time, they tend to fight and compete for dominance with those of similar status, especially members of their own age group. These struggles for dominance are particularly intense in adolescence and young adulthood, when the social hierarchies of the newly mature generation are being established. The most dangerous of these struggles for dominance occurs when the position of an aging alpha male is challenged by a younger and stronger individual, temporarily upsetting and destabilizing the known and familiar social hierarchy that has been in effect for months or years up to that time.


  While on the surface it may seem odd to describe hierarchical behaviors such as dominance and submission as a type of bonding, the fact is that these hierarchical relationships tend to be exceedingly stable and long-lasting. Social hierarchies are common among group-living animal species because they minimize hostilities among the members of the group as well as provide a mechanism that allows the entire group to take concerted action when necessary.


  Just as monkeys and apes compete for dominance and social rank within their particular hierarchies, we humans also compete for dominance and social rank within our own hierarchies of art, science, technology, business, government, fashion, entertainment, and sports. But while the players change, the play remains the same: a stable social hierarchy in which each individual has a particular rank, in which life-or-death battles are infrequent, and in which winners and losers know their status, and stay in their places, but nevertheless remain watchful for opportunities to move up in the hierarchies to which they belong.


  The Fission-Fusion Society


  One particularly distinctive type of social structure that is typical of certain primate species—a type that is particularly common in human societies and that has been greatly elaborated by humans—is called the fission-fusion society. In these species, the active group tends to vary in size and composition from hour to hour, day to day, and season to season. The fission-fusion society breaks apart (the fission phase) into individuals and smaller groups that disperse throughout the home territory at certain times of day, or in certain seasons of the year, and then gathers together (the fusion phase) in a single location at other times to form one very large group. This type of society is typically found among three types of primates: 1) monkeys that have adapted to a terrestrial way of life; 2) the apes mostly closely related to hominids, especially the common chimpanzee and the bonobo; and 3) human beings.


  In a fission-fusion society, the individual members of the group often spend their daylight hours scattered throughout the territory of their homeland, each individual or small group setting off in pursuit of some particular kind of plant or animal food in the morning. Later, all return to the home base as the day comes to an end, gathering for safety in the sleeping trees, cliffs, or (in the case of humans) campsites and dwellings. In spite of their many differences in social organization, all human societies exhibit the same type of fission-fusion behavior. The persistence of this pattern is quite evident in our own society, in which family members typically disperse to their separate destinations during the day and then gather at the end of the day to eat and sleep together in their single shared dwelling.


  Perhaps because the composition of the various groups fluctuates constantly—each consisting of a different mix of individuals appropriate to the time of day or season of the year—species that practice this fission-fusion pattern are also more likely to interact with and even mingle with other groups from other home ranges. Chimpanzees are well known for the periodic occasions when two separate and independent groups undergo a kind of temporary fusion and mingle as a single group for hours at a time. The members of the two groups interact with great excitement, the males of each group putting on displays of dominance: hooting, screaming, and charging about, sometimes breaking off branches and brandishing them ferociously during their performance. After a while, the excitement dies down, the members of the different groups separate, the original groups reassemble, and the two groups go their separate ways.


  These dominance displays function not only as a warning to other males but also as a means of attracting sexually active females from the other group, in the hopes of having sexual liaisons with one of them. When they do occur, these liaisons may persist even after the original groups re-form and depart to different destinations, resulting in the younger, lower-ranking females leaving the group into which they were born to join their new mates in a new group. This is a fundamental primate mating practice called “exogamy” that will be discussed later in this chapter.


  The Inuit or Eskimos, who lived north of the Arctic Circle, typically spent the brief Arctic summer foraging for birds’ eggs, berries, and small game in small family groups scattered widely throughout the mushy tundra. But in the winter, the hunt for large game such as caribou, seal, and walrus often required the cooperation of several families. During this time of year, the Inuit would build their igloos close together in a sheltered location, forming winter camps that included dozens or scores of people who often got together to gossip, share experiences, recount the traditional folktales, and practice the traditional ceremonies of their ancestors.


  The !Kung Bushmen, hunters and gatherers of equatorial Africa’s Kalahari Desert, typically scattered into widely dispersed family groups during the rainy season, when water was plentiful and easy to find. But during the dry season they would gather into camps consisting of dozens of families, settling close to each other in the vicinity of the few permanent water holes, where they would pass the time interacting with members of other families, while they waited for the rains to come again.


  In our modern society, extended families often live scattered over large geographical areas, yet they will often go to great lengths to gather together periodically for the ceremonial occasions that are enshrined in our own cultural traditions, such as holidays, birthdays, weddings, anniversaries, and funerals. Modern civilization has created a complex variety of overlapping and interlocking groups related to many different spheres of human life, all made possible by the great human elaboration of the fission-fusion society.


  We are members of our own nuclear families of parents and children and also of the larger extended families that include our grandparents, aunts, uncles, cousins, nieces, nephews, and grandchildren. We belong to several other groups defined by the communities in which we live, the schools we attend, the trades and professions we pursue, and the organizations we work for. We are born into a family with a specific ethnic identity (or mix of ethnic identities), and each of these ethnicities is associated with a specific geographic region, language, history, religion, diet, value system, and mode of dress.3


  Finally, we express our individuality and satisfy our unique personal interests by purposefully joining one or more of the thousands of voluntary associations that have proliferated in modern times. These include religious groups, political parties, charitable organizations, social clubs, and the many professional associations that have sprung up in science, medicine, technology, commerce, sports, entertainment, the arts, and every other area of human endeavor.


  Each of these many human groups has certain requirements for membership and certain obligations demanded of its members. Human society as we know it would not exist were it not for the innate primate passion for group identity and solidarity combined with the flexibility of the fission-fusion society. Our instinct for group identity allows us to form groups with enough coherence to stick together with a feeling of solidarity and to work together to achieve common goals. Our instinct for both fissioning and fusing allows many groups to proliferate within a single society, each defined in a different way, and each meeting a different set of social needs.


  As we trace the evolution of modern humans and the development of increasingly complex human societies, we will see how the fusion phase of the fission-fusion cycle has allowed our species to forge new forms of solidarity within increasingly larger human groups. Modern nations and political movements include thousands or millions of members, most of whom have never met and never will meet, yet they collectively identify themselves as belonging to the same group and living within a single circle of trust.


  The history of our species has, in fact, been marked by ever-larger patterns of fusion. These began to occur when hunter-gatherers developed tribal identities; it expanded again when members of different tribes began living together in villages, towns, and city-states, and it finally expanded to its present size when many thousands of city-states were forged into approximately two hundred nation-states, in which the members of our group typically number in the millions and tens of millions.


  Primate Exogamy and the Incest Taboo


  In spite of the group solidarity typical of primates—and the antagonistic relationships primate groups have with each other—most primates interbreed on a regular basis with members of rival groups. Upon reaching puberty, the adolescent primate typically leaves its mother’s group and actively seeks out friendships and sexual relationships with members of another group—and ultimately to gain acceptance as a permanent member. This is called exogamy—meaning “marriage outside of the group”—and among most primate species it is the males who leave to join another group, a phenomenon known as male exogamy.


  Thus, the most common type of primate group is composed of a core of females who are related to each other as mothers, sisters, and daughters. These females have spent their whole lives together, are familiar with each other’s idiosyncrasies, have foraged for food together, shared some of their babies with each other, and have long since formed a strong and stable social hierarchy that promotes cooperation and peaceful relations within the group.


  Some species of primates, however—most notably the chimpanzees—practice just the reverse: female exogamy. Chimpanzee males remain in the group to which they were born and have lifelong bonds not only with their mothers but also with their fathers, brothers, and sons. Female chimpanzees, however, gradually wander away from their home group upon reaching maturity, seeking to establish sexual relationships and other friendships with the members of a completely different group. If they are persistent, they will ultimately win acceptance by the adult males and females of the new group. Eventually, they will become pregnant and bear offspring themselves, and while their daughters will grow up and move away, their sons will remain with them for the rest of their lives.


  The universal primate practice of exogamy is reflected in the social structure of all human societies, although it takes many different forms, including both male and female exogamy. The traditional peasant societies of China and India practiced a form of strict village exogamy based on residence. In these agricultural villages, all the land and dwellings were owned by males and inherited strictly in the male line. Thus, the men never moved from the village of their birth, while the women—whose property was limited to portable possessions such as clothing, jewelry, and furniture—left their home village forever upon marrying and spent the rest of their lives in their husband’s village. But in the traditional island villages of Polynesia, the land and dwellings were owned by women and inherited strictly in the female line—and thus it was the males who moved away from their home villages when they married to spend the rest of their lives as inhabitants of their wife’s village.


  In addition to these forms of exogamy based on residence, all human cultures require a form of exogamy that applies to kinship relations, namely the universal human prohibition against incest. Incest taboos require men and women to choose partners from outside of their own kinship group. In our society, the kinship group is defined very narrowly as the nuclear family of parents and children—and to a somewhat lesser extent, the extended family of uncles, aunts, and cousins. But in tribal cultures where kinship relationships are more important and more complex than they are in our society, incest prohibitions are often based on clan affiliations that can define hundreds or even thousands of potential relationships as incestuous and therefore completely off limits.


  Exogamy benefits primate societies in two ways. First, it ensures that there is constant genetic mixing among groups who live in adjacent territories, even if the groups are hostile to each other. This tends to minimize inbreeding, with its deleterious effects. Second, it ensures that within each group there are many adults that were born in other groups and already have relationships with their friends and family members who are members of those other groups.


  These links between different and often competing groups help to minimize hostilities and violence between one group and another. In many tribal and peasant societies, certain clans and villages traditionally exchanged partners with certain other clans and villages. This custom, often observed for generations, tended to produce a web of social bonds between the groups that would bind them together, minimizing hostilities between them and providing them with valuable allies in case of attack from enemy groups.


  Primate Hunting and Warfare


  Monkeys and apes were once regarded as peaceful gatherers pursuing a vegetarian way of life supplemented by the occasional insect, bird’s egg, or small reptile. But in recent years, field studies of primates in their natural habitats revealed that a number of them—including vervets, macaques, mandrills, baboons, orangutans, and chimpanzees—actively hunt and kill other warm-blooded animals, including other primates.


  Chimpanzees are probably the most effective hunters among all the non-human primates. Chimpanzees have been observed hunting and killing at least nineteen different species of mammals, including wild pigs, antelopes, and several types of monkeys (their favorite prey). One chimpanzee group was found to have routinely killed more than 10 percent of the red colobus monkeys living in its territory every year—a kill rate equivalent to that of hyenas and lions. The hunt is usually carried out by a group of adult males, who cooperate in pursuing and corralling their prey until they can get close enough to kill it. This is basically the same method used by human hunters the world over, with one important difference: the chimpanzee must kill its prey by biting it with its long, razor-sharp canine teeth and mutilating it with its bare hands, while the human kills its prey with fabricated weapons that can inflict lethal injuries from a distance, avoiding the dangers of close combat.


  Until recently, it was believed that, of all the primates, only humans engaged in lethal violence against members of their own species. Behaviors such as murder, warfare, and cannibalism were once believed to be unknown among the largely vegetarian (and presumably more peaceable) societies of apes and monkeys. But field studies of primates in their natural habitat have completely disproved this earlier view. Over a period of ten years, a particularly aggressive group of chimpanzees in Uganda were observed killing eighteen members of rival groups, a kill rate several times higher than the average for human hunter-gatherers. Numerous other studies have documented many instances of murder, infanticide, and cannibalism among a wide variety of primate species.


  But of all the violent behaviors that were once believed unique to humans, perhaps none was more unexpected than the discovery that certain groups of chimpanzees are capable of sustained campaigns of violence against neighboring groups with the ultimate goal of occupying portions of their territory and claiming it as their own. This form of “warfare” is strikingly similar to the raiding parties carried out by hunter-gatherers and agricultural villagers all over the world.


  One particularly large and aggressive group of chimpanzees lives at Ngogo in the Kibale National Park in Uganda. This group was studied by a team of American primatologists from 1999 to 2008, who discovered that the adult males of the Ngogo group were engaging in systematic raids in the territories of neighboring groups, periodically ambushing and killing other chimpanzees that belonged to these groups.


  Chimpanzees typically move about in their own home range in noisy and rambunctious gangs, in which individuals may be scattered about in the forest within earshot of each other. But the behavior of the Ngogo chimpanzees changed dramatically when they embarked upon a raid into another group’s home territory.


  About once every ten to fourteen days, up to twenty adult males from Ngogo would set out to conduct a raid on one of their neighbors, falling silent and forming a single file as they crossed the border between their neighbors’ territory and their own. As they penetrated deeper into “enemy territory,” they would carefully scan the treetops for signs of the enemy and react nervously to the slightest sound.


  If they encountered a group of defenders that outnumbered them, the Ngogo males would break ranks and flee back to their own territory. But if they chanced upon an unlucky male alone in the forest, they would pursue him, hold him down, and beat him to death. If a female was ambushed, she was usually released, but her offspring were usually killed and eaten. The majority of the Ngogo killings were directed at one particular group that lived to the northeast, and after several years of attacks, the Ngogo group moved into and appropriated a large portion of their neighbors’ territory, expanding the area of their own home range by 22 percent.


  The practice of infanticide is also common among many species of primates, occurring most often when a new alpha male wrests control of a harem of females from the alpha male that previously owned it. The new male will systematically kill all of the infants sired by his predecessor, which causes the now childless females to become fertile again and triggers the resumption of estrus and sexual activity. By mating with his new harem, the new alpha male can sire his own offspring, increasing the number of his own descendants and thereby maximizing the spread of his own genes.


  Primate Tools and Weapons


  In October of 1960, the primatologist Jane Goodall was in the first year of her historic research into the behavior of wild chimpanzees, living in an observation camp in a protected reserve on the shores of Lake Tanganyika in East Africa. One rainy October morning, wet and exhausted from hours of searching fruitlessly through the rain-soaked valleys for a chimpanzee to observe, she suddenly saw a movement in the long grass and focused her binoculars on the spot. Recognizing one of the adult males from the group she was studying, she cautiously approached.


  The adult male was sitting next to a termite nest, repeatedly inserting a long grass stem into the entrance holes to the nest. After each insertion, he would withdraw the stem, now covered by clinging termites, lick the termites off the stem, and eat them. If the end of the stem became bent, he would bite it off to make a new end, or he would discard the stem and pick another. He feasted on the termites for an hour and then wandered away.


  Goodall set up an observation post near the termite nest and soon was able to observe other members of the group fishing for termites, using not only the grass stems close at hand but also vines and twigs brought from several yards away, which they deliberately modified by stripping off the leaves (see Figure 1.4).


  Before Goodall’s research, the conventional wisdom generally accepted by behavioral scientists was that humans were the only species capable of deliberately fashioning tools from natural materials and using them for specific purposes. This was, in fact, one of the principal criteria used to distinguish humans from all other animals. But by 1973, Jane Goodall had recorded thirteen different types of tools made and used by the chimpanzees she was studying, and since that time more than twenty-five distinct types of tools, each deliberately fashioned from natural materials and each used for a specific purpose, have been identified by primatologists studying chimpanzees in the wild.


  In addition to the probes they make for termite fishing, chimpanzees select and clean twigs and small sticks for a variety of uses, including gathering honey, extracting the edible portions of nuts from their shells, and teasing out the marrow from the bones of their prey. A primitive hammer and anvil made from stones or wood is used by one group for cracking kola nuts, and a pounding pestle made from the trunk of a palm tree is used for deepening holes in trees. Large, flat leaves are picked for use as mats for sitting on wet ground and as disposable “hats” when it rains, and smaller leaves are chewed into a soggy mass that the chimpanzees use as a sponge for collecting water and cleaning wounds.


  Chimpanzee technology also includes weapons made from the natural materials in their environment. When engaging in their periodic threat displays, male chimps will break off branches and wildly brandish them about as they dash screaming through the forest. When they are attacking others, chimps will gather fruit, sticks, and even stones and throw them at their adversaries, and the members of at least one group of chimpanzees in West Africa have been observed making wooden “spears.” Selecting a suitable branch about three or four feet long, they strip off the leaves and twigs, sharpen one end with their teeth, and use the spear to stab and kill bush babies, a small, primitive species of primate that typically sleeps in the cavities of hollow trees.


  Technology gave humans a new kind of power over nature, but this power did not begin with the industrial revolution, the rise of civilizations, the development of agriculture, or even the invention of stone tools. The richness and variety of chimpanzee technologies indicates that the human use of technology began with prehistoric apes that were ancestral to both humans and chimpanzees.


  Technology as a force in human evolution appeared millions of years ago, with the invention of the first primitive weapons—not by humans, but by prehistoric apes—who, by adopting wooden spears and digging sticks, set themselves upon the evolutionary path that eventually produced human beings. The evidence and rationale for this proposition will be presented in detail in the next chapter.


  Primate Customs and Traditions, the Building Blocks of Culture


  In the early 1950s, a group of primatologists from Kyoto University began a long-term study of a colony of about one hundred wild Japanese macaques that had been living on Koshima, a tiny islet off the coast of southern Japan. To better observe the monkeys’ social behavior, the scientists would throw piles of sweet potatoes on the beach every time they visited the little island. The macaques would emerge from the forest to gather up the sweet potatoes, but before they would begin eating them, they would laboriously brush the sand off the potatoes with their hands, as is typical of this species.


  But one day a young female named Imo, only eighteen months old, discovered that washing her sweet potatoes in a nearby stream was a much faster and easier way to clean them. Soon, Imo’s mother began washing her potatoes instead of brushing them, and over the next few years, potato-washing spread among Imo’s playmates and their mothers, until by 1958 the entire colony was washing their sweet potatoes either in the stream or the ocean. This newly discovered behavior persisted as a tradition in the Koshima colony and has been handed down through the generations ever since.


  Later, the scientists began leaving wheat on the sandy beach, and the wheat and the sand became mixed together. Imo discovered that she could separate them by casting a handful of sandy wheat into the sea, whereupon the sand would sink, leaving the wheat floating on the surface to be scooped up. Other members of the colony began to adopt this method, and wheat-washing joined potato-washing as a local custom found only in this one colony. Since then, primatologists have observed other such feeding customs in individual colonies of macaques all over Japan, including washing apples, digging hidden peanuts out of the sand, unwrapping caramels, and even eating dead fish.


  The Japanese macaque inhabits a wide variety of environments, from the subtropical jungles of Koshima to the snowy alpine forests of Honshu. It makes perfect sense that such a species would have the ability to adapt to different environments by discovering new foods, inventing new ways to eat them, and passing these customs along to other members of the group—and, via their own offspring, to future generations. In this way, the discoveries and inventions of innovative individuals such as Imo can not only benefit other members of the group, but will also be preserved over time, providing future generations, which will live in the same habitat, with ready-made solutions for the food-getting challenges posed by that particular environment.


  In fact, similar customs and traditions—the building blocks of culture—have been observed among many other primate species. A group of chimpanzees in Guinea, West Africa, has learned to crack open very hard-shelled kola and panda nuts using the “hammer and anvil” technique, and this novel technique has been transmitted from one generation of chimpanzees to the next. Many other examples of distinct customs and traditions have been observed in wild chimpanzee groups, including various kinds of tool use, grooming techniques, and greeting behaviors such as hand-clasping, in which the members of some groups raise their arms and clasp each other’s hands and wrists when they meet. Significantly, none of these behaviors are universal among chimpanzees but instead are found only in specific groups. This tells us that the behavior is transmitted by learning and not by genetic factors.


  We take it for granted that every human culture has its own distinctive customs and traditions, handed down from one generation to the next. What we rarely appreciate is that the ability to invent new behaviors—and, through imitation, to pass them on as the customs and traditions of a specific group—is not at all limited to humans. Similar elements of animal culture have also been observed in the wild among whales, elephants, birds, and even rodents. There can be little doubt that customs and traditions among group-living animals, the foundations of human culture, first appeared millions of years before humans walked the earth.


  This is not to say that we humans are not unique. Our mental and physical uniqueness is profound and undeniable. But the elements from which this uniqueness evolved unquestionably appeared long ago in the behavior of monkeys and apes. The physical similarities between humans and other primates are obvious, while the behavioral similarities are not always as apparent. Group solidarity and the concept of a homeland; the social bonds forged by motherhood, sex, friendship, and social hierarchies; the flexibility of the fission-fusion society; the advantages of exogamy; and the rudiments of hunting, warfare, tools, weapons, customs, and traditions all exist among non-human primates. These are the genetic building blocks of human behavior. Without them, human society would have never evolved, and the world we live in would have never come into being.
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  CHAPTER 2


  THE TECHNOLOGY OF SPEARS AND DIGGING STICKS


  Upright Posture and Bipedal Locomotion


  “[O]ne day, about noon . . . I was exceedingly surprised with the print of a man’s naked foot on the shore, which was very plain to be seen in the sand.”


  —DANIEL DEFOE, Robinson Crusoe


  One evening in 1976, two scientists went out for a stroll after a day’s work in a paleontological site 3.6 million years old near the African village of Laetoli in present-day Tanzania. The scientists were amusing themselves by throwing chunks of elephant dung at each other, when one of them slipped and fell face down on a layer of rock that had begun as volcanic mud millions of years ago but that had long since hardened into a kind of natural cement. There, inches from his face, was the unmistakable impression of fossilized raindrops.


  Further investigation revealed that the volcanic mud also bore the imprint of numerous fossilized animal tracks. Careful excavation of this volcanic layer over many months revealed the tracks of numerous prehistoric animals ranging in size from elephants to mice. Finally, after two years of painstaking excavations and the discovery of hundreds of animal tracks, the archeologists at Laetoli discovered one of the most important finds in the history of human paleontology: an eighty-foot trail of footprints, made by two individuals, an adult and a child, walking together across the volcanic mud more than three million years ago (see Figure 2.1).1


  The Laetoli footprints provided direct, indisputable evidence that full bipedal locomotion—the ability to stand, walk, and run for long periods of time and cover long distances using only the hind legs—had emerged millions of years earlier than had once been assumed. Furthermore, the footprints confirmed that paleontologists had indeed drawn valid conclusions about the behavior of prehistoric hominids2 (the traditional scientific term for all prehistoric and modern humans), although their conclusions had until then been based only on the indirect evidence of human anatomy.


  Absence of Evidence Is Not Evidence of Absence


  The fossil remains of early hominids showed that the pelvis and leg bones of these ancient species were all very similar to their equivalents in the anatomy of modern humans. This suggested that all of these early hominids had been capable of at least some form of bipedal locomotion. But until the discovery of the footprints at Laetoli, there had been a great deal of scientific controversy about whether the earliest hominids had actually walked fully upright in the manner of modern humans. This controversy was fueled by the nearly complete absence of fossil foot bones from early hominid finds and by the fact that the oldest fossil hominid footprints found prior to 1978 were all less than one hundred thousand years old, by which time the human body had already evolved into its fully modern form.


  While many thousands of fossilized footprints had been identified from time periods millions of years ago, all of these footprints had been made by other animals, not by hominids. In fact, dozens of species of dinosaurs—ranging in size from creatures larger than elephants to some as small as mice—had left thousands of footprints in the fossil record from time periods dating from 75 to 250 million years ago. Many of these dinosaurs had left behind more fossil footprints than the remains of their actual skeletons.


  Was the anatomical evidence from the skull, spine, and pelvis alone sufficient to conclude that the early hominids had really walked upright, in spite of the puzzling absence of any clearly bipedal footprints in the fossil record? These doubts were erased once and for all by the discovery of the Laetoli footprints. These footprints confirmed the old maxim that “absence of evidence is not evidence of absence”—in other words, that the absence of physical evidence of some past event is not, in itself, proof that the event did not actually occur. This is especially likely when the evidence in question has been destroyed by the passage of time.


  The study of human evolution has been plagued by numerous occasions in which scientists have seriously underestimated the true antiquity of some important evolutionary milestones. For example, in 1948 a leading anthropology textbook stated that while occasionally “someone has claimed . . . [an age older than one million years] for this or that human fossil . . . there is as yet no single find of anything in man’s direct line of ancestry that . . . dates back as far as that.”3 Yet paleontologists now agree that human evolution began at least five million years ago.


  Similarly, the practice of tool-making and the development of cultures and traditions were once believed to be the exclusive province of humanity. Yet the work of Goodall and others has now demonstrated beyond doubt that other primate species exhibit clear evidence of both tool-making and culture—and it is therefore safe to assume that both of these capabilities existed among prehistoric species that lived well before the appearance of the earliest hominids.


  Finally, until the end of the twentieth century, virtually all of the most ancient remains of wooden artifacts came from desert environments and were less than fifteen thousand years old. (The sole exception was a single spear point found in 1911 in Clacton, England, in a deposit roughly four hundred thousand years old—but this was a controversial find that was not universally accepted.) Yet in 1997, a set of finely crafted wooden throwing-spears, or javelins, positively dated at four hundred thousand years old, were found at a prehistoric site in Schöningen, Germany, proving that prehistoric woodworking was vastly more ancient than had generally been believed.


  “Lucy” and the Earliest Hominids


  In 1974, a relatively complete fossilized skeleton of an upright female Australopithecus was unearthed in Ethiopia. This find, which was more than three million years old, achieved instant fame as Lucy, the oldest reasonably complete skeleton found to that date that belonged unmistakably to the human lineage. Lucy was a member of the species Australopithecus afarensis, one of the early hominids that inhabited prehistoric Africa. Her discovery caused a sensation, because her pelvis, leg bones, and knee joints were strikingly similar to our own, indicating that her species was fully upright and capable of full bipedal locomotion.


  The early hominids such as Lucy were burly little creatures who stood, walked, and ran upright easily over the ground as we do. At a distance, you might have mistaken them for very small people, but on approaching them more closely you would notice that their heads were ape-like—with low foreheads, prominent brow ridges, and protruding jaws—their bodies were covered with fur, their arms seemed rather long for their bodies, and their toes seemed rather long for their feet. The females stood about three and one-half feet tall and weighed about seventy-five pounds, while the males stood slightly over four feet tall and weighed about ninety-five pounds. They made tools and weapons, hunted and butchered wild game, and lived in family groups that were probably similar to our own.


  Although the australopithecines like Lucy had the straight, downward-facing big toe of the true hominid, their narrow shoulders and their long, curved fingers and toes provide clear evidence that they spent at least part of their lives in the trees. Yet the chemical analysis of their bones—as well as the structure of their molar teeth—indicates that their diet consisted mainly of foods found not in the trees but on the ground. If they no longer subsisted mainly on the leaves, fruits, and nuts found in the trees, why did they retain many critical features of their tree-climbing anatomy? The most likely answer is that the trees provided the safest place to sleep at night, when the early hominids were particularly vulnerable to attack by the large predators in their environment.


  Lucy was about three feet six inches tall, weighed about seventy pounds, and had a brain only slightly larger than the brain of a chimpanzee. Above the waist, she looked like an ape. Below the waist, however, she looked like a human, except that her entire body was probably covered with hair. Lucy’s pelvis was already well on its way to evolving into the rigid, doughnut-shaped structure typical of modern humans, a shape that is distinctly different from the more loosely structured and more tubular-shaped pelvis of apes and monkeys.


  Lucy’s leg bones were long and straight, like ours, with locking knee joints that enabled her to stand for long periods without straining her leg muscles, and the fossil feet that had been recovered from other Australopithecus finds were also like ours, with a well-defined arch to provide propulsion when walking. All of Lucy’s toes faced in the same direction, indicating that—unlike an ape’s foot with its opposable big toe—the feet of the early hominids were no longer adapted for grasping tree branches, but instead, like the feet of modern humans, had become adapted for traction and forward motion while walking on the ground. In addition to all these important anatomical changes, Lucy and her kind had completely lost the formidable dental weaponry—the long, sharp canine teeth—that are possessed by the males (and to a lesser extent, the females) of all other primate species.


  The loss of the primates’ only biological weapons—in a species that spent most of its time living on the ground among dangerous predators such as lions, leopards, hyenas, and wild dogs—suggests that Lucy and her contemporaries, unable to defend themselves without biological weapons, would have long since become extinct unless they had access to some other type of lethal weapons. Yet no remains of such weaponry had ever been found from this very early time period until the discovery of stone artifacts 3.3 million years old from the site of Lomekwi 3 in Kenya in 2011.4 Until then, the earliest stone tools ever found were all dated at more than a million years after Lucy’s time. How can we account for this discrepancy?


  Considering the well-documented tool-making habits of wild chimpanzees, the first tools and weapons were probably not made of stone at all, but instead fashioned from branches, twigs, leaves, and other highly perishable materials, none of which could have survived for more than a few dozen years—let alone millions of years—in the warm, moist, tropical climate of prehistoric Africa. In this case, the absence of evidence is entirely to be expected.


  Furthermore, the anatomical changes required in order for upright posture and bipedal locomotion to have evolved in the first place were tremendous, radical, and truly revolutionary. Changes of such magnitude do not happen unless there are clear survival advantages for the organism that adopts them, and they must produce increased rates of survival as these changes take effect. And yet, when the early hominids evolved upright posture and bipedal locomotion, they had to contend with some very definite disadvantages brought about by these changes. We will review the most important of these disadvantages later in this chapter.


  The Radical Redesign of the Mammalian Body Plan


  The full upright posture and true bipedal locomotion achieved by Lucy and her kind required a wholesale transformation of the anatomy characteristic not only of all the primates but also of all mammals. This redesign included major changes to the skull, spine, pelvis, legs, feet, and other musculoskeletal structures. For the first time, the weight of the entire upper body had to be supported by the hind legs alone, an arrangement that had never before existed among any of the placental mammals.5 What survival advantage was powerful enough to completely reorganize the way the primate body stood, walked, and ran?


  Let’s begin with the head. The place where the skull is attached to the spinal column, called the foramen magnum, had to move from the back of the skull, where it is located in all other animals, to the bottom of the skull, where it is located in humans. Otherwise, the face would tend to be pointed upward rather than forward. The spine is supported in all other mammals at both ends, with the forelegs and shoulders supporting the weight of the head and forequarters while the hind legs and pelvis support the weight of the tail and hindquarters. But in a two-legged mammal, the spine and pelvis must support the weight of the entire upper body, including the head and neck, forearms and shoulders, chest, and abdomen—in short, everything except the hind legs themselves. To accomplish this feat, the spine had to be greatly strengthened and bent into an S curve, to bring the center of gravity of the entire body directly over the pelvis.


  In order to support the weight of the entire upper body, the pelvis also had to undergo a major restructuring. Since the longer and more flexible pelvic bones typical of all other primates were not designed to support the weight of the upper body for extended periods of time, the pelvic bones had to become shorter, thicker, and fused together into a single rigid, doughnut-shaped structure. At the same time, the bones of the hind legs became long and straight, with the ability to lock at the knee joints. When other primates stand on their hind legs, their knees are bent. The evolution of locking knee joints enabled the bipedal hominids to stand fully upright for long periods of time without putting constant strain on their leg muscles.


  Finally, the grasping feet and opposable big toes typical of all other primates had to be completely transformed. Very early in human evolution, the “thumb” of the foot actually began to migrate from the side of the foot to the front. If you look at the thumb on the rear foot of a chimp or gorilla, you will see that it is located on the side of the foot and is opposable to the other toes, similar to the opposable thumb in the human hand. This is necessary for grasping with the hind legs while climbing about in tree branches, but it is poorly suited to walking on the flat surface of the ground. So this grasping thumb migrated from its original position opposite the other four toes to a new position in which it is lined up with the other toes, allowing all five toes to face in the same direction. At this point, the ape’s thumb had become the human’s big toe.


  At the same time, the palm of the foot lengthened, eventually developing a distinct arch, and the “fingers” on the hind feet became shorter, eventually turning into the four stubby little toes of our own species that are no longer capable of grasping much of anything but are perfectly capable of supporting their new function of walking and running for long distances over the open ground.


  When an animal evolves a radical head-to-toe redesign of the basic body plan that served its ancestors well for tens of millions of years, especially in a short space of geological time, we can assume that powerful evolutionary forces are at work. But scientists have struggled to reach consensus about what these evolutionary forces were. In fact, a number of different theories have been proposed to explain precisely why our ancestors embarked upon the evolution of their unique and unprecedented form of upright posture and bipedal locomotion.


  I will argue in this chapter that it was the technology of wooden spears and digging sticks—an innovation that must have begun with prehistoric apes ancestral to the hominids—that provided the survival advantages that were great enough to produce an evolution into full upright posture and true bipedal locomotion. This line of thinking was originally suggested by Charles Darwin and, as we will see, it has been supported since then by several contemporary anthropologists. But first, let us review the various competing theories and briefly note the weaknesses in each of them.


  The early hominids lived during a period in African prehistory when the forests were shrinking and the grasslands were expanding. For a long time, it was believed that bipedal locomotion evolved primarily as an adaptation to the drier savannah environment—characterized by grasslands dotted with scattered trees—that was spreading throughout equatorial Africa. It was assumed that walking and running on two legs had enabled Lucy’s ancestors to leave their original forest habitat, see more clearly over the tops of the grasses, and cover longer and longer distances over the open ground.6 This is known as the “savannah-based hypothesis.” There are, however, some major problems with this theory.


  First, all other grassland species—including both herbivores such as antelopes and zebras as well as carnivores such as lions and hyenas—are strictly quadrupedal. (In fact, all land mammals except hominids are quadrupedal.) Second, of all the other primates who also made the transition to a terrestrial way of life (these include baboons, mandrills, vervet monkeys, and patas monkeys), none of them adopted upright posture. Instead, they all adapted quite successfully a grassland existence while remaining firmly planted on all fours.


  Third, the earliest anatomical evidence of bipedal locomotion comes from the fossil remains of an ape-like creature called Ardipithecus, who appeared at least 4.5 million years ago—more than a million years before Lucy was born. In a major setback for the savannah-based hypothesis, it has been firmly established that Ardipithecus lived and died in a forest environment and never inhabited the grasslands at all.


  The fossil remains of Ardipithecus were first discovered in the Awash Valley of Ethiopia in 1992.7 Its feet are clearly those of an arboreal animal, with long, flexible digits and an opposable big toe that was adapted for grasping tree branches. Yet while Ardipithecus had not yet lost the ability to climb trees like an ape, the characteristics of its pelvis and leg bones showed that, long before Lucy and the other early hominids roamed the African savannah, the evolution of upright posture was already well under way.


  Due to the problems of the savannah-based theory, a variety of alternative and often competing theories have been proposed in recent years to explain the evolution of upright posture and bipedal locomotion. Each of these theories has its scientific supporters and detractors, and many of them describe certain evolutionary mechanisms that doubtless played a role in the evolution of bipedalism. But none of these mechanisms seems to involve the kind of life-or-death survival advantages that would have been necessary for the radical restructuring of primate anatomy that bipedalism required.


  The “provisioning hypothesis” proposes that hunting males needed free hands in order to carry their prey back to the home base for the females and offspring.8 However, this does not account for the fact that other predatory mammals bring meat back for their offspring by simply carrying it in their mouths. While this behavior might have required an evolutionary adjustment (since primates rarely use their mouths for carrying things), it would hardly have required a complete restructuring of primate anatomy.


  The “thermal loading hypothesis” proposes that by standing upright, the early hominids exposed a smaller area of their bodies to the fierce tropical sun and were thus able to remain cooler while exerting themselves out in the open.9 But in addition to the fact that this does not explain why no other tropical animals have ever adopted a similar strategy, we should recall that bipedalism first began with Ardipithecus, who lived largely in the shade of the tropical forests.


  The “warning display hypothesis” proposes that individuals (especially males) that could threaten others by frequently standing erect were more dominant and thus sexually outcompeted individuals who stood erect less frequently.10 However, this hypothesis fails to account for the fact that gorillas, bears, and other species that also threaten their rivals by standing erect have never adopted bipedalism.


  The “postural feeding hypothesis” proposes that bipedalism enabled prehistoric apes to stand upright while gathering low-hanging fruit with both hands, rather than hanging on to a branch with one hand and gathering fruit with the other.11 However, it seems unlikely that this would confer a sufficiently powerful survival advantage to produce the massive anatomical changes that bipedalism entailed. Furthermore, the essence of bipedalism is not merely standing upright but walking and running on two legs. Apes, monkeys, bears, beavers, prairie dogs, meerkats, and many other mammals can easily stand upright, but hominids are specially adapted for bipedal locomotion.


  The primary weakness of these theories is that none of them explains why the large canine teeth of our primate ancestors disappeared at the same time as bipedal locomotion evolved. Instead, the loss of large canines among the hominids is typically explained by the “diminished male rivalry hypothesis,” which proposes that large canines disappeared in order to prevent adult male hominids from engaging in deadly combat, because this might have interfered with their ability to cooperate and become more effective hunters.12


  However, lions, wolves, hyenas, chimpanzees, and many other species that engage in cooperative hunting do not have diminished biological weapons. Besides, male humans are entirely capable of both close cooperation and deadly conflict with each other, and the absence of large canines has not prevented male humans from engaging in deadly conflict throughout all of human history. Instead of using their teeth to kill each other, they just use their lethal weapons.


  So, the question remains. How could any of the early hominids have survived for millions of years in an environment full of large and dangerous predators without any effective way of defending themselves?


  The Disappearing Canine Teeth


  The canine teeth of Ardipithecus ramidus—the earliest species to display skeletal evidence of bipedal locomotion—had already become significantly diminished compared to the canines of its ancestors. By the time of Lucy and the early hominids, the large, deadly, weapons-grade canine teeth possessed by all other primate species had completely disappeared, never to be seen again among the hominids.


  In fact, one of the members of the team that investigated the Ardipithecus ramidus site observed that male canine reduction was well under way by six million years ago.13 The loss of weapons-grade canine teeth began millions of years before Lucy appeared, and by the time of the early hominids these large canine teeth—the only biological weapon the primates ever possessed during their entire fifty-million-year history—had completely disappeared.


  No monkey, ape, or hominid has claws, horns, antlers, hooves, or tusks. But they all have formidable canine teeth that can inflict painful and even lethal damage to an adversary. Yet the Australopithecus fossils have only small, dull, flat-wearing canine teeth that could not possibly have competed with the dangerous biological weapons of their natural enemies (see Figure 2.2).


  Furthermore, apes and monkeys all have superior tree-climbing abilities that enable them to climb high into the treetops, far beyond the reach of their natural enemies like the big cats. Yet the long, straight legs and shrunken toes of the australopithecines and the other hominid species who followed them would have seriously reduced their ability to climb out of danger, making them that much more vulnerable to their natural enemies.


  A species’ natural defenses disappear only when they are no longer needed for survival. Although primates can certainly throw stones, a stone heavy enough to cause real damage to a large predator would be too heavy to throw any distance with any great accuracy. Besides, how many stones can a hominid throw in the time it takes for a lion to charge and attack? Heavy clubs made from large branches can crush the skull of an adversary, but only at close range. If you get close enough to a predator to hit it over the head with a club, it will probably be close enough to maul you with its claws, and—unless you have dispatched it with a single blow—it will already have its fangs at your throat. How did the early hominids compete so successfully against “nature red in tooth and claw” with neither the teeth nor the claws to fight back, when all they had to fight with was their “bare hands”?


  The most likely answer is that the hands of the early hominids were not bare. They must have been carrying weapons. And the weapons they fashioned to attack both predators and prey must have been so superior to the formidable canine teeth of their primate ancestors that having effective dental weaponry was no longer necessary.14 As we saw in chapter 1, the use of technology is not limited to hominids. Certain wild chimpanzees have even been observed making primitive spears that they use for killing their prey. It is therefore most likely that when prehistoric apes began to make spears, they unleashed the evolutionary forces that eventually produced an ape with full upright posture and bipedal locomotion.


  Apes are most likely to walk on their hind legs when they are carrying things in their hands (see Figure 2.3). The enhanced ability to walk and stand on the hind legs would have become a powerful evolutionary advantage for those prehistoric apes that adopted a revolutionary weapon—a long, sharpened stick, the first primitive spear—that could be used to attack another animal from a distance.


  The spear would have completely changed the game of hunting and defense, because long spears can be used with lethal force while hunters remain safely out of reach of the biological weapons of their prey. If a group of hunters can impale an animal with spears that are several feet long, it can be killed without ever coming close enough to use its biological weapons on its attackers.


  In The Descent of Man, Darwin wrote that “The early forefathers of man were . . . probably furnished with great canine teeth; but as they gradually acquired the habit of using stones, clubs, or other weapons, for fighting with their enemies or rivals, they would use their jaws and teeth less and less. In this case, the jaws, together with the teeth, would become reduced in size.”15


  In his classic work, The Stages of Human Evolution, the physical anthropologist C. Loring Brace wrote that “we can guess that the wielding of a pointed stick was the crucial element that led to the change in selective forces that produced a tool-dependent biped . . . we could add . . . that the digging stick redirected is a more effective defensive weapon than even the formidable canine teeth of the average male baboon. After all, to bring canine teeth into effective use, the baboon literally has to come to grips with its adversary, and if that happens to be 200 pounds of hungry leopard, the chances are poor that . . . the . . . baboon can get away unscathed.”16


  The most recent expression of this line of thought was formulated by the anthropologist Robert Bates Graber, who wrote in 2000 that “the earliest stone tools, like those of modern chimps, no doubt were of material softer than stone . . .. Indeed it is quite possible that sharpened sticks—relied on heavily, for survival, by known foraging people as digging sticks and as spears, but unknown among monkeys and apes—may have been the tool that tipped natural selection decisively toward upright posture.”17


  The ability to carry and wield a spear long enough to attack and kill another animal from beyond the range of its biological weaponry would have had powerful survival value. Once the ancestors of the hominids had adopted the technology of the spear, those individuals who could stand firmly on their hind limbs—while jabbing and thrusting a spear with their forelimbs—would have had a clear advantage over their competitors. The longer these individuals could remain standing, the farther they could walk and run on two legs, and the larger and heavier weapons they could carry with them, the more effectively they could defend their mates and offspring against attacks from would-be predators—and the more meat they could bring back to share with the other members of the group. For all of these reasons, the survival value of fabricated spears would have been sufficient to bring about the major anatomical changes required for a four-footed animal to evolve into a two-footed animal.


  Behaviors of the sort that might have led to spear use have been observed among chimpanzees and gorillas, which, as noted in chapter 1, commonly break off tree branches and brandish them about during their episodes of threat displays. The soft wood of a fresh branch can easily be sharpened by rubbing it against an outcropping of rock or against the rough bark of certain tropical trees. And wild chimpanzees in Senegal, West Africa, have been observed to fashion wooden spears by stripping the branches and bark from a straight stick, sharpening one end with their teeth, and using them to kill bush babies by stabbing them in the tree hollows where they sleep.


  But if large numbers of prehistoric species made and used spears and digging sticks for millions of years, why have no remains of these wooden tools and weapons ever been found in archeological sites dating from these time periods? This is a classic case where “the absence of evidence is not evidence of absence.”


  For a long time, the oldest human artifacts made of wood ever found were only a few thousand years old. Archeologists disagreed sharply as to how old such artifacts would turn out to be, but for a long time the prevailing view was that the manufacture of lethal weapons from wood—and the use of such weapons in cooperative hunting of large game—did not begin until the appearance of anatomically modern humans roughly fifty thousand years ago.


  It therefore came as a shock to the scientific world when, in 1997, several finely made and perfectly balanced wooden javelins or throwing-spears approximately four hundred thousand years old were recovered from an ancient peat bog in Schöningen, Germany. Due to the highly acid nature and lack of oxygen in these bogs, the wood had been literally “pickled”—protecting them from bacterial decay. The Schöningen javelins were made by Homo erectus, an emerging human, who apparently used them for hunting wild horses long before modern humans appeared.


  The Schöningen javelins were made from the fire-hardened wood of the yew tree, and their manufacture required not only cutting down a good-sized tree but carving away the softer wood on the outside of the tree trunk to expose the harder heartwood within. It was then necessary to harden the business end of the javelin in a fire. This was a delicate operation, and it had to be performed without charring the wood.


  It was also necessary to make the business end of the javelin thicker and heavier than the throwing end, just as modern javelins are made today. Remarkably, the center of gravity of the Schöningen javelins is located exactly one-third of the way back from the point of the spear—the optimum balance-point for throwing and in fact identical to the balance-point of the modern javelins used to this day. This sophisticated weapon—showing clear evidence of advanced planning and sophisticated technical knowledge in woodworking—was made by the emerging human, Homo erectus, who lived long before the Neandertals and whose brain was considerably smaller than our own. This sophisticated knowledge of woodworking, involving a complex, multistep process, would not have suddenly emerged full-blown from the mind of Homo erectus. Instead, it would have been the result of thousands of generations of slowly accumulating knowledge, stretching back beyond the appearance of these emerging humans to the dawn of the earliest hominids.


  The loss of dental weaponry among all prehistoric bipeds proved to be complete. None of the early hominids ever regained the large and dangerous canines of their prehistoric ancestors. When the technology of making and using spears was adopted by an ancient population of prehistoric apes, it became a strategy for hunting and defense that effectively trumped the biological weaponry of both the predators and prey living in those prehistoric environments.


  Once the hind legs were capable of assuming full responsibility for locomotion, the forelegs were free to serve other purposes. They could be used to make tools and weapons, and they could also be used to carry these tools and weapons from place to place. The bipedal hominids were able to use their free hands and arms to transport relatively heavy burdens—such as the spoils of the hunt or a trove of ripe fruit—from one place to another, making it possible to bring food that was acquired in distant locations back to a communal home base, as the provisioning hypothesis suggested. And the same basic technology—in the form of a digging stick—would have also been used to gather foods that are buried in the earth. In hunting and gathering societies, women routinely used such sticks to dig up roots, bulbs, tubers, termite nests, and the burrows of small animals, as well as to knock down nuts and fruits from the ends of tree branches that were too slender to climb.


  In the final analysis, it appears that the technology of spears and digging sticks not only stimulated the evolution of bipedalism but also was ultimately responsible for the evolution of humanity itself. However outlandish this claim may seem, the human body’s unique, much loved, and much celebrated physical form most likely owes its origin to a group of ancient apes—long since lost in the mists of prehistory—that first mastered the extraordinary offensive, defensive, and food-gathering possibilities of the long, sharp stick.


  But the transformation to upright posture and bipedal locomotion also placed some important limitations on the ability of prehistoric hominid females to hunt large game. It may have been these very limitations that resulted in the appearance of a unique sexual division of labor among humans, a division of labor that is found in no other animal species.


  Hunting and the Maternal Burdens of Female Hominids


  Once the early hominids adopted a technology that included tools and weapons made of wood, they began to use their lethal weapons for hunting and killing other animals for meat. In doing so, they created a uniquely human ecological adaptation—a way of life known as hunting and gathering—that has been practiced by every member of the human lineage until humans began adopting the technology of agriculture roughly eleven thousand years ago. But unlike the females of every other predatory species, the demands of the hunt conflicted with the heavy burdens of motherhood among the hominids.


  In all other predatory species, females participate equally with males in all aspects of the hunt, and in some species—notably including that preeminent carnivore, the African lion—the females outshine the males in the quality and quantity of their kills. Female lions can do this because their offspring are safely hidden in nests and burrows, where they will not interfere with the hunt or be in danger of injury at the scene of a deadly attack. The same is true of all other female predators, such as tigers, leopards, wolves, bears, foxes, weasels, killer whales, porpoises, seals, eagles, hawks, owls, and falcons—the list goes on.


  Female hominids must always keep their offspring under close supervision, and they can hardly be expected to use sharpened sticks as weapons while carrying babies in their arms. Thus, female hominids would have used their long, sharp wooden implements as digging sticks to unearth the edible roots and tubers that are largely unavailable to apes and monkeys. In fact, it is possible that sharpened sticks were originally invented by females to gather underground foods and were only later adapted for hunting by males. Either way, this primordial technology allowed both sexes to significantly expand the range of foods available to them. And as these changes became firmly established, the hominids adopted another highly unusual type of food-getting behavior: both males and females brought their different types of food to their mutual home base at the end of the day, where the females shared the fruits of their labors and the males shared the spoils of the hunt.


  Hominids are the only animal species in which the males are predators, the females are foragers, and both sexes regularly share the different foods they obtain. Moreover, this unique pattern of adult food-sharing between the sexes is intimately bound up with the hominids’ open-ended, nearly continuous sexual availability. In order to understand how this extremely unusual pattern evolved, it is important to appreciate the immense maternal burdens that are involved in hominid reproduction. Not only are these maternal burdens the most severe of all primate species, they are also the heaviest maternal burdens among all female mammals.


  When you touch the palm of a newborn infant with your finger, it will grasp your finger with surprising strength. This grasping reflex, which disappears in the first weeks of life, is the remnant of a powerful instinct we inherited from our primate ancestors. Its original purpose was to ensure that every primate infant would cling to the fur of its mother with unremitting tenacity, since continual physical contact with its mother was its only place of safety and vital to its very survival. A primate infant clings to its mother’s body with all four limbs during the first weeks of life, riding upside down beneath her like a sloth dangling from a tree limb. Even after infancy has passed, the baby primate continues to ride on its mother’s back or shoulders for months—or in some cases even years—before it finally learns to move about safely on its own.


  The maternal bond is greatest in primates because primates are specialized for a life in the trees, in which their offspring are constantly at risk of falling to their deaths. From the moment of birth, primate mothers must be in close physical contact with their offspring wherever they go. This is a sharp contrast to most terrestrial mammals, whose infants are either hidden away in burrows (such as rabbits and foxes) or are able to walk on the day they are born (such as horses and elephants). The grasping reflex of the primate infant allows the female monkey or ape to use all four limbs to move about and gather food. She doesn’t have to hold the infant, because the infant holds on by itself. She can climb, jump, pick fruit, run from her enemies, and swing from the branches, using all four of her powerful limbs, secure in the knowledge that her baby is clinging to her like a barnacle and will never let go.


  The primate offspring thus lives in intimate physical contact with its mother for the first months or years of its life. And the bond that develops between primate mother and child as a result of this continual physical contact is not only powerful but also unique to the primates. Scientists who study the behavior of apes and monkeys in the wild have observed many lifelong relationships between mothers and offspring—especially among our closest relatives, the chimpanzees—and such relationships are rare or nonexistent in other animal species.


  But the offspring of the early hominids were not able to cling to their mothers’ fur in the same way. The opposable big toe had rotated downward for more efficient bipedal locomotion, and the feet of early hominid infants were no longer capable of securely grasping their mothers’ fur. With only two grasping hands instead of four, early hominid infants became increasingly unable to hold on to their mothers by themselves and instead needed constant support from their mothers’ arms.


  Upright posture also added significantly to the burden of pregnancy. Pregnancy in a four-footed animal adds weight, but it does not change the mother’s center of gravity. But in an upright hominid, pregnancy causes the body’s center of gravity to be shifted forward, requiring the mother to compensate by leaning backwards more and more as the pregnancy progresses.


  Predatory hunting is relatively rare among monkeys and apes, but it does occur among chimpanzees and baboons, where it is typically carried out by groups of cooperating males. All of these factors suggest that predatory hunting among the early hominids was pursued mainly by adult males, while adult females pursued the more traditional primate strategy of foraging for fruits, berries, roots, tubers, seeds, eggs, and insects. Yet hominid mothers and their offspring needed the highly nourishing, high-protein diet of the carnivore as much as the male hunters themselves. This means that the female hominids who gained access to the spoils of the hunt were inevitably better nourished—and their offspring more likely to survive—than the females who did not have access to those spoils.


  While monkeys and apes do not normally share food—even with their offspring—they will typically share food with their sexual partners. Thus, in order for both hominid sexes to take maximum advantage of this unusual division of labor, a pattern of sexual behavior evolved that is found nowhere else in the animal kingdom. The most remarkable aspect of this unique sexual adaptation is that the majority of all sexual encounters—including sexual intercourse—occur when the female is not ovulating and there is no possibility of conceiving offspring.


  Given this simple fact, it is apparent that by far the greater part of human sexual behavior fulfills a purpose other than that of reproduction. And while we cannot observe prehistoric hominids engaging in sexual behavior, even the earliest hominids had probably already evolved the nearly continuous sexual behavior characteristic of modern humans as a way of maintaining strong bonds—that included food-sharing—between males and females.


  Almost Endless Estrus: The Hominids Revolutionize Sex


  Most primates tend to be very selfish about food. They typically prefer to eat in solitude, and they often impassively ignore others, even their own offspring, who may beg and plead for a morsel. A notable exception, however, occurs when a female comes into estrus or “heat” and forms a type of sexual relationship called a consort pair with an adult male. The newly joined consort pair will separate themselves from the group and spend most of their time together, having sex, grooming each other, and sharing food. But when estrus disappears, the female loses interest in sex, the male loses interest in the female, and the former consorts go their separate ways. Sexual activity, consort pairing, and food-sharing will not occur again until the new offspring has been born, has survived infancy, and is old enough to be weaned.


  This is not a problem for monkeys and apes, whose largely vegetarian diet is only occasionally augmented by meat, and whose tightly clinging babies allow their mothers nearly complete freedom of movement. But since adult female hominids were not generally free to hunt, this problem was solved when the outward manifestations of estrus were suppressed and an expanded receptivity to sex was substituted in its place. Instead of the hormone-driven but fleeting promiscuity of estrus periods, there evolved something new: a more generalized appetite for sex that spilled far beyond the old boundaries of ovulation and fertility to fill as much of the monthly calendar as possible and that continued even during pregnancy and nursing.


  Although the human fertility cycle still exhibits the monthly time-clock typical of primates, female humans are the only female mammals who do not have clearly defined periods of sexual receptivity. Human females do not experience hormone-induced periods of uncontrollable sexual desire, nor do they exhibit the massive genital swellings timed to coincide with ovulation that occur among non-human primates. Human females are free to become sexually aroused during almost any part of the reproductive cycle, and they will engage in sexual intercourse not only when they are infertile but also during pregnancy, nursing, and after menopause. And with this massive increase in female sexual receptivity, the pattern of sexual behavior among male hominids also underwent significant evolutionary change.


  Male hominids have developed a pattern of sexual behavior that also appears to be unique among group-living primates. The typical adult male hominid is strongly bonded to a single female consort who is sexually available most of the time—the sexual pattern we call monogamy. And to accommodate the tremendous increase in female sexual behavior, the typical male hominid has vastly increased the duration of his sexual activities. Unlike apes or monkeys, who have intercourse for only a few seconds at a time, most male humans have intercourse for several minutes before experiencing orgasm. In fact, the typical act of intercourse among humans lasts approximately fifty times longer than it does among other primates.


  Finally, although the typical pattern among monkeys and apes is that the most dominant males enjoy a virtual monopoly over sexual access to females, dominant male humans enjoy a sexual advantage but hardly a monopoly. Since sexually available females are not the rarity in human groups that they are among monkeys and apes, most male humans, even if they are not the most dominant members of their group, still have regular sex partners and enjoy active sex lives.


  Sexual and Maternal Bonds: The Foundations of the Human Family


  When female hominids abandoned the estrus cycle to form permanent sexual relationships with individual males, a powerful new sexual bond was added to the ancient primate bond between mother and offspring. For the first time, a group-living primate species began to practice monogamy, and nuclear families became clearly defined structures within the larger social structure of the group.18


  As the object of both maternal and sexual bonds, the female hominid became the emotional anchor of a social institution that had never before existed among group-living primates: the permanent nuclear family of mother, father, and offspring. In this unique adaptation, a female lives intimately together with a single male and their offspring for years at a time, binding them together into a basic building block of society even as they remain firmly integrated within the larger society of the nomadic band.


  The hominid pattern of monogamy also created a new role in primate society: the role of the father, bonded to a single female and her offspring. In this way, the human family became an effective way of distributing the resources and channeling the energies of a hunting and gathering species. Since sexual access was no longer a scarce resource, this arrangement also minimized conflict and competition among males, allowing them to form stable, cooperative alliances with other males that would increase their power and effectiveness as hunters and warriors.


  At some point in the history of human evolution, another very curious and completely unique change occurred in the anatomy and neurobiology of sex: the female breasts became linked with sexual feelings and behavior—a linkage that does not appear to exist among any other species of mammal. The nipples of the female human are neurologically wired as erogenous zones, and women the world over have noted that even the suckling of an infant at the breast can easily trigger feelings of sexual arousal.


  Moreover, touching, fondling, and kissing the breasts is an important element in human sexual foreplay. While we may take these facts for granted, it is important to note that the mammary glands, whose principle function is to nourish immature offspring, play no such role in the sexual behavior of lions, tigers, dogs, sheep, goats, or cattle—or, for that matter, in the sexual behavior of any other primate.


  It is notable that in all other mammals, the breasts swell and become enlarged only during the later stages of pregnancy, which reflects their primary function of delivering milk to the newborn. But in humans, the breasts swell and become enlarged at the time of puberty, usually well before a female human is capable of conceiving offspring. It is no accident that the timing of breast enlargement occurs at precisely the point in the female life cycle when she is approaching sexual maturity. Only in our species does the female breast have this dual role both as a source of nourishment for offspring and as a source of sexual attraction for the opposite sex. What is the purpose of this curious dual role, and why did it evolve only in humans? Unfortunately, the two most popular theories that propose to explain this curious phenomenon both have serious weaknesses.


  It has been proposed that in an upright animal, the swollen breasts mimic the buttocks of our quadrupedal ancestors and therefore evolved to replace the buttocks as a sexual signal. But while it is true that the buttocks have a certain sexual appeal, standing upright hardly conceals them or renders them irrelevant as objects of desire.


  Another theory holds that since the female sex organs became essentially hidden with the evolution of upright posture, the breasts took over the role of sexual signaling that the swollen sex organs had played during the estrus periods of the quadrupedal monkeys and apes. But because the female breasts are permanently distended, they cannot serve as visual signals that ovulation is occurring and conception is possible. And human females in virtually every society go to great pains to conceal their sex organs from the sight of men. The fact that a woman’s sex organs are not prominently displayed hardly makes them less of an object of interest on the part of the typical adult male.


  A more straightforward explanation is that the female breasts evolved into organs of sexual significance as a result of two important changes in hominid behavior. The first was the disappearance of estrus periods and its replacement by continuous sexual availability in females. The permanent enlargement of the breasts at the time of sexual maturity thus became the visual signal of a woman’s continual sexual readiness. The second change occurred when, over the course of hominid evolution, the male primate’s relationship with its mother—a nurturing relationship of lasting affection and protectiveness—may have become associated, on a deep neurological level, with the male hominid’s relationship with his mate.


  Male apes and monkeys typically display a level of affection and protectiveness toward their mothers that they rarely display toward their female sex partners. The permanently distended breasts of sexually mature females may therefore have evolved as a strategy for redirecting the adult males’ maternal affections into feelings of caring for their sex partners. At the very least, these feelings would have translated into greater opportunities for food-sharing between mates as well as more diligent protection against threats from predators and other hominids. All this would have enhanced the longevity and reproductive success of those hominid females whose breasts became permanently distended at puberty.


  More than thirty-five thousand years ago, prehistoric people were carving “Venus figurines” out of stone and ivory, rendered with enormous breasts, buttocks, abdomens, and vulvas. These figurines are among the oldest surviving representations of the human figure, and we will examine them in detail in chapter 5. The sexual significance of the female breast is clearly an ancient phenomenon in human history, yet the evolution of the permanently distended female breast in our species remains a mystery that neuroscience and evolutionary psychology may eventually succeed in unraveling. But whatever its origin, its function as a linkage between maternal and sexual feelings can hardly be ignored. And this linkage is one of the many elements in the unique network of relationships that bind all humans together into the universal, permanent groups we call families.


  The special web of feelings and relationships that naturally develop among males and females, parents and children, and siblings who live together for years and become bonded for life is a uniquely hominid innovation. The hominid family is more than a strategy for survival; it is the bedrock of human society.


  The evolution of the human family created a web of enduring personal relationships that bound nuclear families together into larger extended families. As the early hominids evolved into modern humans, these extended family systems gave rise to complex kinship systems, rules of marriage, descent, and inheritance, and the hereditary transfer of wealth and power from one generation to the next. The tribal clans and royal dynasties that gave structure and stability to hunter-gatherer and civilized societies alike throughout most of human history could never have existed were it not for the deep emotional bonds forged in the crucible of the family.
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  When the ancestors of the hominids began to make, carry, and use spears and digging sticks in their daily lives, they set in motion a cascade of events that culminated in the evolution of an animal with a radically new physical form, an adaptation to the environment that required unprecedented cooperation between males and females, a huge expansion of sexual behavior, and the emergence of family ties that would provide the building blocks for the larger and more advanced societies of modern humans.


  The technology of spears and digging sticks transformed humanity because fabricated tools and weapons were superior to their biological counterparts. And the superiority of technology over biology allowed the hominids to begin their long evolutionary journey toward dominance over all other forms of life. As we shall see in the next chapter, the power of the human lineage dramatically increased again during the second major transformation, when a very special population of hominids mastered the technology of fire and unleashed yet another game-changing strategy in the struggle for survival.
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  CHAPTER 3


  THE TECHNOLOGY OF FIRE


  Cooking, Nakedness, and Staying Up Late


  “Prometheus . . . went up to heaven, and lighted his torch at the chariot of the sun, and brought down fire to man. With this gift man was more than a match for all other animals.”


  —THOMAS BULFINCH, Stories of Gods and Heroes


  One Saturday afternoon in November 1924, Professor Raymond Dart was dressing for a wedding reception when two boxes of fossils from a limestone mine were delivered to his house in Johannesburg, South Africa. Opening the first box, he saw nothing of great interest. But when he opened the second box, as he later recalled, “a thrill of excitement shot through me.” Dart, only thirty-two at the time, was a native Australian who had studied anatomy in Australia and England and had been sent to the fledgling University of Witwatersrand in Johannesburg to establish a credible department of anatomy there. Earlier that year, he had heard that fossilized baboon skulls had been found at a limestone mine in the remote village of Taung, and he asked that any new fossils be sent directly to him.


  The contents of the second box included an endocast—a replica of the inside of a skull, created when limestone gradually replaces the soft brain tissues, roughly duplicating the shape of an ancient creature’s original brain. “I knew at a glance,” he continued, “that what lay in my hands was no ordinary anthropoidal brain. Here . . . was the replica of a brain three times as large as that of a baboon and considerably bigger than that of an adult chimpanzee.” But where was the rest of that ancient skull? Where was the face that fit the brain? Dart searched feverishly through the boxes, and he soon found a large chunk of stone with a bowl-shaped depression in it. The endocast fit perfectly into the depression. Without doubt, the face of this creature was somewhere in the stone.


  “I stood in the shade,” said Professor Dart, “holding the brain as greedily as any miser hugs his gold, my mind racing ahead. Here I was certain was one of the most significant finds ever made in the history of anthropology.” But just then, Dart felt a tug at his sleeve. It was the bridegroom, imploring him to finish dressing; the bridal car was expected at any moment. Reluctantly loading the rocks back into their boxes, Dart put the endocast and the large rock with the bowl-shaped depression aside and locked his precious stones in the wardrobe.


  For weeks, Dart carefully chipped away at the large lump of limestone, certain that the face of this large-brained creature was embedded in it. He used his wife’s sharpened knitting needles to pry the soft limestone away from the skull inside. Finally, two days before Christmas, the juvenile face of an ancient hominid could be clearly seen emerging from the rock. “I doubt,” he wrote, “if there was any parent prouder of his offspring than I was of my Taung baby on that Christmas of 1924” (see Figure 3.1).


  Dart christened his discovery Australopithecus africanus or “the southern ape of Africa,” and this name has survived unchanged in the study of human paleontology ever since. The “Taung Child” was not only the first of the early hominids to be identified by science, but it also provided the first solid evidence that humanity did not evolve in Europe or Asia—which was the fashionable theory in the scientific circles of that time—but in Africa, as Charles Darwin had predicted more than fifty years earlier in The Descent of Man.


  Dart published his findings in a now-classic article in the British scientific journal Nature in February of 1925, where he made a key anatomical observation. He pointed out that the foramen magnum—the point of attachment between the skull and the spinal column—was located at the bottom of the Taung skull, as it is in bipedal humans, rather than at the back, as it is in the quadrupedal apes. Dart believed that the position of the foramen magnum proved that the juvenile from Taung had stood and walked upright. But Dart’s belief that Australopithecus was a very ancient type of early hominid was rejected by the scientific authorities in Europe, who concluded that Dart’s fossil was most likely the abnormal remains of an extinct ape.


  It was an article of faith among the paleontologists of those days that the ancestors of prehistoric humans had first developed large brains, and then only later—presumably as a result of their increasing intelligence—had lost their ape-like characteristics. This theory had been greatly reinforced in 1912, when Charles Dawson, an amateur British archeologist, announced that the remains of an individual with an ape-like face and a large brain had been found by a workman in a gravel pit in Piltdown, England. Before long, “Piltdown Man,” with its ape-like face and its human-like brain, was being hailed by many in the scientific community as the “missing link” between humans and the apes, while Dart’s discovery, with its human-like face and ape-like brain, simply did not fit the scientists’ expectations.


  Much to the embarrassment of the scientists who had accepted Dawson’s find as the true missing link, however, Piltdown Man was eventually exposed as a hoax—but not until 1943, nearly forty years after its “discovery.” Piltdown Man turned out to be a deliberate fabrication, composed of a medieval human skull, an old orangutan jawbone, and some chimpanzee teeth—all deliberately stained to give the appearance of great age. Charles Dawson died in 1916, and to this day the perpetrator of the Piltdown hoax has never been positively identified.


  Deeply discouraged by the cool reception that his find received at the hands of European paleontologists, Professor Dart abandoned his investigations into human prehistory for the next twenty years and focused on his original mission of building up the Department of Anatomy at the University of Witwatersrand. But he continued to enjoy the support of paleontologists in his home country, and his students and colleagues continued to unearth a growing collection of ancient fossil remains from a number of prehistoric sites in South Africa.


  Around the time of Dart’s publication of the “Taung Child,” a local schoolteacher had sent him fossil materials that had been unearthed at Makapansgat, the site of another South African limestone quarry. This quarry, located in an area of numerous ancient caves, has yielded a rich harvest of prehistoric human fossils over the years. Finally, at the end of World War II, encouraged by the increasing acceptance of Australopithecus africanus—and by the growing body of corroborating evidence that was being unearthed by his colleagues—Dart returned to the field in 1947 and began a long series of excavations in the Makapansgat caves. The numerous blackened bones that he found there led him to conclude that early hominids living in Makapansgat had built fires and roasted the flesh of their prey more than two million years ago. He named the early hominid fossils found at Makapansgat Australopithecus prometheus (“the southern ape that tamed fire”).


  But Dart was in for another disappointment. Chemical analysis revealed that the bones from Makapansgat had been blackened not by fire but rather by the chemical action of manganese dioxide leaching into the deposits. Moreover, Dart’s Australopithecus prometheus proved not to be a new species at all but rather the fossil remains of Australopithecus africanus individuals, members of the same species as the Taung Child. With this turn of events, the true antiquity of the hominids’ first use of fire was thrown into doubt, and the entire subject of how and when fire was first used by the hominids—one of the longest-running controversies in human paleontology—has remained unresolved for decades.


  Yet, in the end, Dart’s conclusion proved to be much closer to the truth than it might have originally seemed. In 1989, two South African paleontologists, Charles K. Brain and Andrew Sillen, published the results of an exhaustive study of blackened bones from Swartkrans Cave, about 150 miles southeast of Makapansgat, proving conclusively that bones of game animals had been repeatedly burned in campfires in the cave as long as 1.5 million years ago.1 And although it seems likely that these campfires were set by the emerging human Homo erectus, so far the only hominid fossils that have been found in the same geological stratum as these burned bones are those of the early hominid Paranthropus robustus, a not-too-distant relative of Dart’s signature discovery, the early hominid Australopithecus africanus.


  Over the years, paleontologists’ estimates of when our hominid ancestors first began to use and control fire have been all over the map. Some have argued that the control and use of fire as a regular aspect of human life did not begin until about 130,000 years ago, while others have proposed that the earliest hominids began using fire as early as seven million years ago.2 This is a staggering fifty-fold difference in the estimated age of fire use.


  But in recent years, evidence has been accumulating that indicates fire was used by Homo erectus at least as early as 1.5 million years ago, and evidence of fire associated with the remains of Homo erectus has now been found in the sites of Koobi Fora and Chesowanja in East Africa and in Wonderwerk Cave in South Africa. It now seems certain that the technology of fire was first adopted sometime between two million and 1.75 million years ago, when the early hominids, who had already lived in Africa for at least three million years, found themselves competing with a more advanced hominid, the emerging human, Homo erectus.


  Early Hominids and Emerging Humans


  You may recall that Lucy, the Australopithecine—as well as the other early hominids, which first appeared more than four million years ago—were small in comparison to ourselves. They stood between three and one-half and four feet tall and weighed between seventy-five and ninety-five pounds. Although they walked and ran fully erect on two legs, their bodies were, in many respects, much like the prehistoric apes from which they had descended. Their arms were long, the bones of their fingers were curved, their toes were long, and their torsos were pear-shaped, with narrow shoulders, a thick waist, and wide, flaring hips—all of which indicated that they continued to spend a significant part of their lives in the trees.


  The savannah country of prehistoric Africa in which these early hominids flourished was inhabited by a number of large and dangerous predators—including leopards, cheetahs, lions, tigers, and hyenas—that could have easily preyed on defenseless two-legged creatures. However—as I argued in the previous chapter—armed with long spears and other fabricated weapons, the early hominids must have been able to defend themselves and their offspring against such predators during the daytime, which their long history of survival proves beyond doubt.


  But even armed with lethal weapons, these early hominids would have been particularly vulnerable at night, when the big cats, with their superior night vision and heightened sense of smell, would have been able to approach them in the darkness and attack before being detected. In fact, many of the African caves that have been excavated from between four and two million years ago show clear evidence that lions and leopards living in the caves were killing and eating the early hominids on a regular basis.


  Since the early hominids made tools and weapons, killed game, ate meat, and were clearly adapted to walking and running over the open ground, the most likely explanation for the persistence of their many ape-like anatomical characteristics was that they needed to retreat into the safety of the trees at night as their best defense against the large and dangerous predators that inhabited prehistoric Africa.3 But beginning somewhat before two million years ago, a newer, larger, and more advanced hominid—an emerging human—begins to appear in the fossil record, and it was this creature who bridged the gap between the early hominids like Australopithecus and the large-brained modern humans like the Neandertals and ourselves.


  Numerous fossil remains of emerging humans have been unearthed from many different archeological sites throughout both Africa and Eurasia, and the paleontologists who have unearthed these remains have tended to classify their various finds into numerous distinct species of the genus Homo. But some of these species are represented only by very fragmentary remains and many others are so similar to each other that it is doubtful that they are really distinct species at all.4 Although there is a great deal of controversy about which of these finds actually represent distinct species, there is general agreement that—while they were primitive by our standards—the anatomy of the emerging humans was so similar to the anatomy of modern people that they should all be included in the genus Homo, to which all modern humans belong.


  The most ancient of these emerging humans were two species, Homo habilis and Homo ergaster, which appeared in East Africa while the early hominids, such as the australopithecines, were still the dominant bipeds of that region. Homo habilis (the “skillful” or “handy” man) first appears in the fossil record roughly 2.3 million years ago, long before the early hominids became extinct. This species had the smallest brain of any of the emerging humans, averaging 500–600 cc—although it was larger than the brains of the early hominids, which averaged between 400 and 500 cc. Homo habilis also retained both the pear-shaped torso and the very small stature of the early hominids, although it made stone tools that were superior to those of the early hominids. These included a hand-held “hammer”—a round, fist-sized stone that was used to crack open the bones of its prey and that may have also been used to “tenderize” fresh meat by pounding it, rendering it easier to digest.


  Homo ergaster (the “workmanlike man”) appeared somewhat later, around 1.8 million years ago, and was the first hominid to fashion the “Acheulean” hand axes that represented a superior level of workmanship over the crude Oldowan pebble tools of the early hominids. The brain of Homo ergaster represents a huge increase in size over the hominids that preceded it, averaging around 850 cc. Homo ergaster was also much taller than Homo habilis, with the barrel-shaped chest and narrow waist that is typical of modern humans. Paleontologists are still unsure whether Homo ergaster was really a unique species or whether it was simply an early form of that preeminent emerging human, Homo erectus.


  The most important of the emerging humans—whose existence as a separate species is not in doubt—was Homo erectus (the “erect man”), whose remains have been found throughout Africa, Asia, and Europe beginning nearly two million years ago and continuing until at least two hundred thousand years ago.5 Homo erectus was much larger than the early hominids, almost as tall as modern people are today, and its anatomical characteristics all indicate that the emerging humans had completely abandoned the ancient primate habit of sleeping at night in the safety of the trees.


  Homo erectus was one of the most intelligent of the emerging humans, and its brain—already significantly larger than the brains of either the apes or the australopithecines—continued to grow larger throughout its long and successful history. Homo erectus left behind large numbers of beautifully made, sophisticated Acheulean stone tools—notably an iconic, sharply pointed hand ax, shaped like a large teardrop (see Figure 3.2). The Acheulean hand ax marks the crossing of an especially significant threshold in human evolution, because its manufacture required a considerable amount of planning, foresight, and manual dexterity.


  Perhaps the most notable characteristic of the anatomy of Homo erectus, in addition to its greater size, taller stature, and significantly larger brain, was that it no longer retained any of the ape-like physical characteristics associated with life in the trees. The toes of Homo erectus had shrunken to the point where they offered little or no help in climbing tree trunks, and the bones of its fingers had become straight, like our own finger bones, having lost the characteristic curved shape of the tree-dweller. Finally, Homo erectus’s upper torso was barrel-chested, with wide shoulders and a relatively narrow waist—features possessed by none of the tree-dwelling apes.


  These changes indicated that Homo erectus was not only living on the ground during the daytime but was also sleeping on the ground at night. And the only reasonable way these emerging humans could have prevented being attacked by predators while sleeping on the ground would have been to set fires, sleep close to them, and keep them burning until dawn. This line of thought was spelled out in detail by the Harvard anthropologist Richard Wrangham in Catching Fire: How Cooking Made Us Human.6


  The Genesis of the “Cave Man”


  Many of the behaviors that were once considered unique to humans have eventually been found to exist—although often in rudimentary form—among other animal species. These include, in addition to the ability to make and use tools, the ability to communicate complex information and the ability of group-living species to adopt new behaviors and pass them down to succeeding generations as cultural traditions. But of all the species in the animal kingdom, only the hominids have ever exhibited even the most rudimentary ability to make, control, or employ the use of fire as a regular feature of its daily life.


  If it were not for their unique bipedal anatomy, hominids would have never been able to control and use fire. When a quadrupedal animal carries things, it typically carries them in its mouth, and since to carry a burning branch in the mouth would risk burning their mouths and faces or filling their eyes and noses with smoke, quadrupedal animals do not carry burning branches from one place to another. Apes and monkeys do have flexible forelimbs with grasping hands, and they are capable of walking for short distances on their hind legs while carrying things with their forelimbs, but no species of ape or monkey has ever been observed either using or controlling fire in the wild.7 After all, fire is destructive to living tissue, and all animals instinctively fear and avoid it. All animals, that is, except hominids.


  A hominid that can carry a spear in its hands for miles can also carry a burning branch for miles. Long before hominids learned how to make fire, they must have learned how to capture it, transport it, bring it to their home bases, and keep it going for days and weeks at a time. Lightning strikes, and the burning trees and grasses that can result from lightning strikes, were common in prehistoric Africa, and these were most likely the source of the fires that were brought home and tended by the emerging humans almost two million years ago.


  Some of the earliest evidence of the controlled use of fire by Homo erectus a million years ago or older comes from caves in South and East Africa. Many of these large, dry caves were the favorite dwellings of some of the most dangerous of prehistoric African predators, including lions, leopards, bears, and snakes. But none of these animals would remain for long in a cave that was filled with fire and smoke. When Homo erectus learned to build fires inside of caves, it was able to drive out other animals, move into these choice dwelling places, and use them as a home base for weeks and months at a time.


  By contrast, when the remains of early hominids such as Australopithecus are found in caves, it is usually evident that their bodies had been dragged into these caves by their natural enemies, especially the big cats, that preyed on them. Without fire, no hominid would ever have been able to make its home in a cave for very long. Yet in many of the earliest archeological sites that show evidence of the use of fire by emerging humans, there is no sign that either meat or vegetable foods had been cooked there. The archeologists who excavated these sites have concluded that fires were kept burning in these caves primarily as a source of light and as a form of protection from predators. With their new-found ability to control fire, the emerging humans were freed from the necessity of sleeping in the trees at night. For the first time, the hominids became fully terrestrial beings.


  The ability to control fire conferred numerous benefits to the emerging humans. Fire not only drove large and dangerous predators out of the caves—it also drove out the insects, reptiles, and disease-carrying vermin that also inhabited the caves. And by setting fire to an area covered in dense brush, the harmful insects, reptiles, and poisonous snakes that lived in these habitats could be killed or driven out of fairly large areas.


  Setting fire to the thickets of brush in the savannah environment also tended to clear the land, promoting the growth of tender new grasses and attracting the grazing animals, such as antelopes, that were among the hominids’ favorite prey. In fact, many of the hunting and gathering societies that survived into modern times on the plains of Africa, Asia, and the American West had been deliberately setting fires for as long as any of them could remember—both to promote the growth of new grasses and to drive herds of game animals toward their camps, where they could be more easily trapped and killed.


  Fire provided a controllable source of heat that not only rendered the cold, damp interiors of caves more habitable but also allowed the emerging humans to migrate into colder climates. In fact, early in its long and remarkable history, Homo erectus migrated out of Africa and appeared in many locations in Europe and Asia more than 1.5 million years ago—becoming the first of the hominids to inhabit the Eurasian continent. Lastly, fire allowed the emerging humans to develop advanced tool-making techniques. These included the deliberate tempering or hardening of wooden tools and weapons, a technique that was well advanced by four hundred thousand years ago, as evidenced by the wooden throwing-spears from Schöningen described in the previous chapter.


  Staying Up Late


  Most primates are diurnal creatures, active by day, inactive by night. When darkness falls, apes and monkeys typically fall silent, stop moving about, and prepare for sleep. This behavior, common to nearly all non-human primates,8 is regulated by a hormonal response to the level of light that reaches the eye. Melatonin—a hormone secreted by the tiny pineal gland, which is located at the base of the brain—is released when the level of light in the environment begins to drop with the approach of sunset.9 The higher the concentration of melatonin in the bloodstream, the sleepier the individual becomes. Conversely, when the sun rises and the environment becomes flooded with light, the production of melatonin by the pineal gland drops off, and the melatonin remaining in the blood is removed from the body by the kidneys.


  When the emerging humans began to use fire to ward off predators after sunset, they created an artificial source of light that had the effect of suppressing the production of melatonin and delaying the onset of sleep. As a result, the adoption of fire freed the hominids from the ancient limitations of the twelve-hour tropical day and extended their normal waking hours well into the night. This is the point in human evolution when our ancestors began staying up late—extending the time of wakefulness well beyond the average period of daylight that governs the circadian rhythms of all other tropical animals.


  Staying up late gave the emerging humans unique new advantages. It provided additional time for eating, for making things, and for social life and communication. The human predilection to eat after the hours of darkness, to work on weaving, tool-making, and other tasks by the firelight, and to gossip, relate the events of the day, and recite folk tales and myths, represented unique behaviors that no other species could duplicate. All of these behaviors were made possible when the emerging humans first began building fires at night and staying up late, while lesser creatures slept or kept their distance.


  The Raw and the Cooked10


  While the earliest use of fire may have been to protect the hominids at night against attacks by predators, the regular building and maintaining of fires in the hominids’ home bases would eventually find uses far beyond simple protection. And without doubt the most important of these uses—with consequences that reached far beyond the needs of the moment to profoundly shape the future of human evolution itself—was the discovery of cooking.


  In a scientific paper published in the Proceedings of the National Academy of Sciences in 2012, an international team of scientists reported that microscopic analysis of deposits from Wonderwerk Cave in South Africa confirms that hominids were making and tending fires deep inside this cave more than one million years ago.11 And of the hundreds of bones and bone fragments that were recovered from the site, as many as 80 percent of them showed evidence of having been burned in these fires. In other words, they were cooking their meat.


  In Catching Fire, Richard Wrangham argued that the invention of cooking was ultimately responsible for most of the evolutionary achievements that led to the appearance of modern humans, including the process by which the brains of modern humans achieved their present immense size. Wrangham described at least five important advantages that the cooked food eaten exclusively by the emerging humans enjoyed over the raw food eaten by the early hominids and all other animals.


  First, the cooking of animal flesh breaks down the fibrous collagen in muscle cells, rendering them into a protein-rich gelatin that requires far less time and energy to digest.


  Second, cooking has the effect of disinfecting meat and rendering it fit for consumption. Some anthropologists have argued that early hominids derived much of the meat in their diets by scavenging the kills of larger predators such as lions and leopards. But carrion, especially in the tropics, is rapidly infested with harmful bacteria, and the prehistoric apes that were the ancestors of the early hominids, with their large intestines designed for the slow, laborious process of digesting leaves and other rough plant foods, would have been particularly susceptible to the effects of food-borne illnesses. Chimpanzees that will readily eat fresh meat will avoid and reject meat that has begun to decay.


  Bacterial infestations by pathogens such as botulism, anthrax, salmonella, and E. coli, as well as by fungi and viruses, would have caused sickness and death among even the hardiest individuals, since these organisms would have multiplied to dangerous and potentially lethal levels in the long intestines of prehistoric apes. But cooking destroys the parasites and pathogens that multiply rapidly in an animal’s carcass within a few hours of its death. And the disinfecting action of cooking allows cooked meat to be stored over much longer time periods than raw meat. Cooking would have kept the spoils of the hunt in edible condition for much longer time periods, making it possible for a group of hominids to feast for days on the remains of a large game animal.


  Third, cooking of vegetable foods breaks down the cell walls of plants and turns indigestible cellulose into digestible starches and sugars. In fact, many of the vegetable foods that hominids have depended upon—in particular, the roots and tubers that they could unearth with their digging sticks—contain toxins that make them not only unpalatable but in many cases actually indigestible. Cooking breaks down and eliminates these toxins, opening up a whole range of vegetable foods for human consumption that would otherwise have been off limits. In fact, experiments with chimpanzees, gorillas, and orangutans have found that the great apes generally prefer their vegetables cooked instead of raw.12


  Fourth, cooked food requires dramatically less time for chewing than raw food. The raw food diet of chimpanzees requires them to chew their food for hours on end. In fact, it has been estimated that chimpanzees spend roughly 50 percent of their waking hours simply chewing their food. By contrast, humans spend roughly 5 percent of their waking hours chewing—only one-tenth as much time as chimpanzees—and as a result, humans can devote far more of their waking hours to other pursuits, including hunting, making tools and weapons, and sharing information with other members of the group.


  Fifth—and most significantly—the invention of cooking actually made it possible for the human brain to undergo its extraordinary expansion during the age of the emerging humans. While the brain of a chimpanzee averages about 400 cc and the brain of the early hominids averaged about 500 cc, the hominid brain nearly tripled in size in the past two million years and now averages between 1,300 and 1,500 cc. Without these immense brains, it would not have been possible for modern humans to create the unique language, culture, and technological capabilities of which they ultimately became capable. And the greatest part of this tremendous expansion in the size of the hominid brain was achieved by the emerging humans.


  No known human society, however primitive or technologically unsophisticated, has ever been found to subsist entirely on a diet of raw food. In fact, people in modern society who have adopted a raw food diet must spend an extraordinary amount of time chewing their food, they have less energy, lose weight, and are hungry virtually all the time.13 Cooking food, it seems, is an essential part of every human diet. In fact, the invention of cooking seems to have been an essential prerequisite for our species to have successfully evolved the enormous brains that have made us human and that distinguish us so utterly from every other animal species.


  The Expensive Human Brain


  The reasons that a diet of cooked food is necessary to support the energy needs of the modern human brain are summarized by the “expensive-tissue hypothesis” set forth in 1995 by the anthropologists Leslie Aiello and Peter Wheeler,14 who began their now-classic study with the established fact that the brain is an “expensive” tissue in terms of its size and energy requirements.


  Aiello and Wheeler observed that the size of the human brain is more than four times as large, relative to its body weight, as the brain of the average mammal. The human brain weighs about three pounds—about 2 percent of the average adult’s total body weight. Yet when it is active, the human brain can consume as much as 20 percent of the body’s available energy—roughly ten times as much energy, pound for pound, as is consumed by the human body as a whole.


  Furthermore, the brain is not the only “expensive tissue” in the body. Other tissues with similarly high energy demands include the heart, liver, kidneys, and digestive organs. Taken together, the brain and these vital organs make up less than 7 percent of the body’s weight, yet, when the body is in a resting state, they consume an astounding 60 to 70 percent of its available energy. The central question that Aiello and Wheeler attempted to answer is: How can the human body supply such substantial quantities of energy to its massive brain without reducing the energy requirements of other parts of the body?


  Reducing the size of the muscles that constitute much of the more “inexpensive” tissues of the body would be entirely impractical. This is not only because these tissues normally consume only about one-third of the body’s available energy but also because, in order to compensate for the increased energy demands of the expanded human brain, 70 percent of the muscles of the human body would have to be eliminated. This would make it difficult, if not impossible, for humans in their natural habitats to acquire the food they need to supply this energy in the first place.


  Reducing either the size or the activity of the heart to any significant extent would reduce the flow of blood to levels that would be especially dangerous to the brain, which requires a steady and copious supply of blood. When the blood circulation falls significantly, the brain ceases to function effectively, ultimately resulting in the loss of consciousness.


  Reducing the size or activity of the kidneys would seriously compromise one of their most important functions. The kidneys consume most of their energy when they are concentrating the urine by removing its precious water content and returning this water content to the bloodstream. Any reduction in this function could result in a dangerous level of dehydration, especially during the strenuous exercise involved in hunting and gathering in hot weather.


  Reducing the size or activity of the liver would not only compromise the ability of this critical organ to cleanse the blood of toxins and various waste products, but it would also deprive the brain of its primary source of energy. The fuel that powers the activities of the brain is a large sugar molecule known as glycogen, and the body’s supply of available glycogen is manufactured in the liver.


  This leaves the digestive organs as the only candidates available for reduction in size and energy requirements. It is not surprising, then, to find that the human digestive organs—particularly the stomach and intestines—are the smallest, relative to body weight, of all the primates. In fact, the hominid fossil record contains clear evidence that the digestive organs underwent a significant reduction in size when the early hominids evolved into emerging humans that used fire.


  The early hominids had rib cages that were wide and flaring toward the bottom, as well as wider and more flaring pelvic bones. These features indicate that the abdomens of these creatures were relatively large, similar to the abdomens of the great apes—the orangutans, gorillas, and chimpanzees. But with the appearance of Homo ergaster and Homo erectus, the rib cage became significantly narrower at the bottom and the pelvis became smaller in diameter. Both of these features suggest that Homo erectus had evolved the smaller, more compact abdomen that is characteristic of modern humans—and that would have been the result of a significant reduction in the size of the digestive organs.


  Along with this reduction in gut size, the many fossils of emerging humans that have been excavated over the years show a profound and steady increase in the size of the brain, from roughly 600 cc with the appearance of Homo habilis nearly two million years ago to roughly 1,300 cc in the most modern forms of Homo erectus, which lived until about 250,000 years ago. This massive increase in the size of the brain in the space of two million years is unprecedented in the evolution of life on Earth. No other creature has done it, and the expensive-tissue hypothesis suggests that only a diet of cooked food—and the major reduction in the size of the digestive system that cooked food made possible—would have enabled this human ancestor to support as “expensive” an organ as the modern human brain.15


  The cooking hypothesis is further corroborated by another major anatomical change that occurred with the appearance of Homo erectus: the teeth and jaws of the emerging humans became significantly reduced in size. You will recall that the chimpanzee, which lives entirely on raw foods, must spend roughly 50 percent of its waking hours chewing, while the modern human, which lives largely on a diet of cooked foods, can accomplish all of the chewing necessary for its nourishment during 5 percent of its waking hours. As you can imagine, the teeth and jaw of the chimpanzee are by necessity much larger than those of the human.


  Not surprisingly, the fossil record also shows that the teeth and jaws of the australopithecines and other early hominids are also very large, while those of the emerging humans are considerably smaller. Cooked food not only requires less time to chew but also can be chewed sufficiently with much smaller teeth and jaws. All of this is evidence that Homo erectus had mastered the use of fire early in its history and developed a lifestyle in which cooked food had become the mainstay of its diet.


  The many different kinds of evidence from archeological sites in prehistoric Africa all point to the conclusion that Homo erectus, the emerging human, was the first hominid to master the use of fire. Physical and chemical evidence shows that fires were burned for long periods of time deep inside caves inhabited by emerging humans. Physical and chemical evidence also shows that most of the bones found in some of these caves had been burned, indicating that at some point not long after the mastery of fire had been achieved, the emerging humans were cooking their meat.


  The anatomical evidence from Homo erectus fossils shows that these emerging humans were no longer physically capable of climbing high into the trees at night for safety. And the anatomical evidence further shows that the emerging humans had much smaller digestive systems, much smaller jaws and teeth, and much larger brains than any of their predecessors. All things considered, Homo erectus, the emerging human, seems to have learned to use and control fire—and to have made it a fundamental component of its natural way of life—more than 1.5 million years ago.


  The Naked Primate


  When the emerging humans adopted fire, they became—and have remained—the world’s only completely naked primate.


  Sleeping with fire is one of the most universal of all human behaviors. It has been found among every hunting and gathering society that has been studied by anthropologists. And it was an especially common practice among hunters and gatherers to sleep within inches of a campfire that was kept going all night. Needless to say, this behavior would have been quite impossible if our bodies were still covered with a thick layer of fur, because, with the flames of a campfire only inches away, we would have quite literally set ourselves on fire.


  None of the ways that humans interact with fire—carrying burning torches from one place to another, blowing on hot embers to light kindling, roasting meat and vegetable foods, feeding a campfire with fresh firewood, and holding the arms and legs out over a fire to warm them—would be possible if we had retained the long hairy fur that covers the bodies of all other primate species. Try to imagine tending a roaring campfire while wearing a thick, long-sleeved fur coat, and you will understand how difficult it would be to handle fire safely with thick fur all over your arms, legs, and torso. This is doubtless why the chimpanzee may learn to casually smoke a cigarette or cigar—and in some cases even operate a cigarette lighter—but will not, unlike humans, sit close to a roaring fire.


  When the emerging humans began to use fire for light, warmth, and protection, those individuals and groups with the least amount of hair on their bodies would have been the most successful at handling fire, and it was doubtless at this point in human evolution that our ancestors grew naked. But losing all of the millions of hair follicles that primates have had all over their bodies for 55 million years would have required a number of significant genetic changes. Such changes did, in fact, take place when the ancestors of whales and dolphins adopted an aquatic existence and evolved into the physical forms of fishes. But the emerging humans achieved essentially the same result by retaining virtually all of their hair follicles while reducing the output of these follicles. As a result, humans have only a very short and fine coat of nearly invisible vellus hair that, while it can hardly be seen, nevertheless continues to cover almost the entire human body.16


  The loss of a coat of thick fur had other advantages. Perhaps the most important of these was that it enabled the hominids to cool their bodies more efficiently by sweating. In fact, humans sweat more readily and more profusely than any other primate. The hominids’ ability to sweat profusely made it possible for them to travel for long distances, when moving camp or pursuing game, without becoming overheated. While humans have about a thousand hair follicles per square inch—roughly the same number as chimpanzees—the human body has an average of 650 sweat glands per square inch. This is ten times as many sweat glands as is typical of non-human primate species. Finally, the loss of thick fur helped the hominids to control the populations of insect parasites that would have multiplied ferociously in the bedding of a species that spent night after night sleeping in the same place.


  Out of Africa


  In 1887, a young Dutch doctor by the name of Eugène Dubois resigned his coveted position as a lecturer in anatomy at the University of Amsterdam and—to the dismay of his horrified colleagues—joined the Dutch Army and requested that he be posted to the Dutch East Indies, where he hoped to find the fabled missing link between the humans and the apes. Dubois was fascinated by the theories of human evolution that were the talk of the European scientific world in those days, and he was particularly excited when two nearly complete Neandertal skeletons were unearthed in Belgium in the previous year, along with numerous stone tools. So with his young wife and baby in tow, Dubois left Europe behind, arriving on the island of Sumatra in December of 1887.


  With two engineers and several dozen laborers that had been provided to him by the Dutch government, Dubois began to excavate a number of sites in Sumatra, but the remains he found were of comparatively recent origin. Moreover, conditions in Sumatra were difficult, to say the least. Several of his laborers became ill; others ran away. One of his engineers turned out to be useless; the other one died. But Dubois pressed on, and in 1890, after three years in Sumatra with little to show for it, he convinced the authorities to transfer him to the island of Java, where he hoped to have better luck.


  In Java, Dubois’s luck turned. In October of 1891, Dubois and his workers unearthed an intact skullcap from a deposit at least seven hundred thousand years old, which during the previous year had yielded part of a jaw and a molar tooth. And in August of the following year, the thigh bone of a fully erect hominid was found only a few yards away. Dubois was convinced that these were the remains of the “missing link,” and he named his new-found hominid Pithecanthropus erectus, “the erect ape-man” (see Figure 3.3).


  In 1894, Dubois published the results of his investigations, and the following year he returned to Europe to lecture and promote his find. But as with so many others who came before and after him, Dubois’s discoveries generated mostly skepticism and controversy. In the end, only a few scientists accepted Dubois’s contention that his “Java Man” was a prehistoric human ancestral to ourselves. The experience of being rejected by his colleagues so embittered Dubois that by the year 1900 he had locked his specimens away, refusing to discuss them or allow anyone to examine them. They would not been seen again for the next twenty-three years.


  Dubois’s specimens are now universally recognized as the fossil remains of Homo erectus, the first of the emerging humans to be excavated and described—and vastly older than the Neandertal fossils that had been found in Europe, which were less than one hundred thousand years old. At the time of its discovery, Java Man was not only the first fossil hominid to be found in Asia but was also the oldest fossil hominid ever found. Dubois died in 1940, unaware of the true antiquity of his discovery. The most recent analyses of similar Homo erectus fossils from Java have dated them as being more than 1.5 million years old, twice as old as Dubois had imagined.


  The australopithecines and other early hominids lived out their entire history on the African continent. No remains of any of the early hominids have ever been found in either Europe or Asia. And although the many species of early hominids adapted to a variety of different habitats, including grasslands, gallery forests, marshes, river banks, and deserts, all of these habitats lay in the tropical latitudes of Africa. But Homo erectus and other emerging humans migrated out of Africa at least 1.8 million years ago, and evidence of their habitation from these ancient time periods has been found throughout Eurasia—in Britain, Spain, France, southern Russia, Pakistan, China, and Indonesia.


  Lacking fire, the early hominids were dependent on their sleeping trees to provide protection at night, and they were unable to venture far from the mountains and river valleys, where trees grew in abundance. But changes in geology and climate that began roughly eight million years ago resulted in a huge expansion of grasslands throughout Asia and Africa, and by three million years ago, the savannah habitats of the two continents had merged into a vast belt of grasslands that stretched uninterrupted from West Africa to northern China.17 And thus the emerging humans, with fire to protect them, were able to venture farther and farther into these immense grassland habitats, ultimately establishing new ways of life many thousands of miles from their African homeland.


  Is the “Cave Man” Really Extinct?


  In 1758, more than a century before the publication of Darwin’s Origin of Species, the great Swedish naturalist Carolus Linnaeus published the tenth edition of his pioneering work, Systema Naturae, the product of twenty-five years of painstaking labor in which he had classified all known living things based on their perceived relationship to each other. Linnaeus’s system was so useful and elegant that it was quickly adopted by the biological science of its day, and it has remained the basis of scientific classification of species ever since.


  Linnaeus himself invented the term Homo sapiens, which has remained the proper scientific name for our species, and he considered the anatomical similarities between humans, monkeys, and apes to be so self-evident that he grouped them all together into a single order of mammals that he called the “primates.” These were further subdivided into five distinct families, and various types of humans—both real and mythical—were placed in the family Hominidae (see Figure 3.4).


  Anticipating the existence of the rumored “cave man,” the tenth edition of Systema Naturae recognized two living species of humans: Homo sapiens or “thinking man” and Homo troglodytes or “cave-dwelling man.” Linnaeus’s “cave man” was not regarded as an extinct species of prehistoric humans (these were not to be discovered for another hundred years) but instead was believed to be a living population of diminutive people, living in caves hidden deep in the jungles of Southeast Asia. The evidence for the existence of Homo troglodytes was an account provided more than a hundred years earlier by a medical doctor named Bontius of the Dutch East India Company, who had returned from Southeast Asia with a detailed drawing and description of these mysterious creatures.


  In time, it was discovered that Bontius’s description was not of a cave man but rather of an orangutan—an ape that has never lived in caves and that in fact spends most of its life high in the treetops of the rainforest. But in a curious twist of fate, when the common chimpanzee was first identified in 1776 by the German physiologist Johann Friedrich Blumenbach, he named this species Pan troglodytes (the “cave-dwelling satyr”). Although it was eventually determined that chimpanzees were not the oversexed semi-human creatures living in caves imagined by Blumenbach, the name stuck and remains the correct scientific term for the common chimpanzee to this day.


  But the persistent idea that primitive human-like creatures had once lived in caves was unexpectedly confirmed by the discovery in 1865 of the fossilized skeleton of a most unusual type of human, quite different from ourselves, that had lived forty thousand years ago in a cave in the Neander Valley (in German, Neandertal), near the city of Dusseldorf. Neandertal Man, as this species came to be known, flourished during the ice ages in Europe and Asia but disappeared about forty thousand years ago. Originally considered “sub-human,” the Neandertals were eventually recognized as being so close to modern humans in brain size and other characteristics that they are now considered a subspecies of Homo sapiens and have been assigned the scientific name of Homo sapiens neanderthalensis. (The scientific name for our own subspecies is Homo sapiens sapiens.)


  Since the discovery of the Neandertals, paleontologists have unearthed the fossilized remains of numerous ancient hominids from caves in Europe, Asia, and Africa, pushing the origins of full upright posture and bipedal locomotion ever farther into the past. Eugène Dubois first discovered the remains of Homo erectus in the caves of Java in the late nineteenth century, Raymond Dart discovered the remains of Australopithecus in South African caves in the 1920s, and other Homo erectus fossils were found in the 1920s with the discovery of the remains of Peking Man in a series of caves near Beijing, China.


  Evidence of the hominid occupation of caves began with the mastery of the technology of fire by the emerging humans and continues to the present day. The Cro-Magnons famously painted lifelike pictures of animals on the walls of caves in France and Spain more than twenty-five thousand years ago, the inhabitants of ancient Israel left the Dead Sea Scrolls in caves, the Pueblo Indians built their picturesque cliff dwellings a thousand years ago by excavating the vertical sides of naturally occurring cliffs in the American Southwest, and about three thousand Gitano people, the Romani or gypsies of Spain, still live in a complex of caves near the present-day city of Granada. Finally, millions of people continue to live today in the yaodongs or “cave houses” of northern China, where entire towns are carved into hillsides or in pits dug in the soft earth.


  Think about it. As the universal human practice of living in enclosed spaces with solid walls and roofs and small openings for entering and leaving clearly demonstrates, it is in our human natures to be cave dwellers. We humans, the descendants of 55 million years of tree-dwelling ancestors, who lived and died in the open air of the forest, are no longer able to live out in the open. Instead, we crave “a roof over our heads” in the form of a secure canopy that not only protects us from the wind, rain, and snow but also forms a closed, cave-like environment that traps the heat from our fires and protects us from attack by predators.


  It no longer matters that the lions, tigers, leopards, hyenas, bears, and wolves of prehistoric times have long ago been driven from almost all of the places where humans live today. Our hairless bodies demand protection from the elements, and our ancestors long ago gave up the practice of sleeping out in the open. The tents and huts of the hunter-gatherers may have given way to the houses and apartments of the modern world, but all of these dwellings have retained the basic elements of the primeval cave dwelling: a solid roof overhead and around the sides, with openings to let in light and to provide a way of entering and leaving our cave-like homes.


  In fact, if you look objectively at the architecture of a modern town or city, you can easily see that it is composed of two types of structures: 1) free-standing buildings and houses that are basically cave-like structures sitting on the ground next to other cave-like structures and 2) high-rise buildings that are essentially tall, cliff-like structures honeycombed with cave-like apartments. These apartments are equipped with openings in their sides to let in light and air (windows) plus larger openings (doors) that lead, through a network of passageways and stairways, to other doorways that open to the outside world.


  The very fact that most humans feel little or no discomfort when they look out from windows and balconies that may be hundreds of feet above the ground is testimony to humanity’s ancient tree-dwelling ancestry. And the fact that we do not feel trapped but instead feel safe and secure when we are shut inside a closed cave-like structure, with minimal openings for light, air, and egress, is a testament to our species’ evolutionary history of living in caves—at first, in naturally occurring caves and later in caves of our own design and manufacture. The caveman is not extinct but is alive and well and living today in the houses and apartments of the modern world.
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  When the emerging humans adopted the use of fire, they released a vast new set of human potentials, finally liberating themselves from the arboreal lifeways of their ancestors and becoming fully terrestrial, protected by their fires and their weapons from the predators that shared their many and varied habitats. For the first time in their multimillion-year history, hominids were able to make their homes in caves, protected from the elements and warmed by their campfires. They were also liberated from the nearly inflexible rhythm of the twelve-hour tropical day and night. Fire allowed them to stay awake far into the night, making things by the light it produced and communicating with each other about the events of the day. Finally, fire greatly expanded the hominid diet, allowing them to cook the seeds, nuts, roots, and tubers they gathered, freeing them to make edible that which was previously inedible due to its hardness, bitter taste, and dangerous toxins.


  Fire also enabled the hominids to cook the meat that they acquired by hunting—and by stealing from the kills of other predators—making safe and easily digestible that which was previously unsafe and difficult to digest. And by adapting to a diet of cooked food, the emerging humans found a way to vastly reduce the amount of time and energy that was required to chew and digest their daily food intake. In the process, they made it possible to support their increasingly larger and more “expensive” brains. The technology of fire was, in fact, the singular achievement by which the emerging humans crossed—decisively and irrevocably—the immense gulf that has separated humanity from the rest of the animal kingdom ever since.


  In the next chapter, we will examine the true antiquity of clothing and shelter. And we will consider the evidence that prehistoric humans have been keeping warm and dry in their artificial caves and body coverings, not for thousands of years—as is widely assumed—but rather for hundreds of thousands of years. For it was the technologies of clothing and shelter that made it possible for tropical hominids to take up residence in the temperate zones of the northern latitudes, to survive their bitter winters, and ultimately to populate virtually every terrestrial environment on the planet Earth.
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  CHAPTER 4


  THE TECHNOLOGIES OF CLOTHING AND SHELTER


  Hats, Huts, Togas, and Tents


  “Your house is your larger body.”


  —Kahlil Gibran, The Prophet


  Of all the artifacts that archeologists have unearthed from the campsites of prehistoric hominids, virtually no physical remains of dwellings or clothing have been found that are older than the time when anatomically modern humans appeared in Europe less than fifty thousand years ago. This lack of evidence has led many scientists to conclude that clothing and shelter appeared relatively recently in the history of the hominids.


  However, the technology of fire enabled the emerging humans to live in caves as long as 1.75 million years ago, and there is plentiful evidence that other populations of emerging humans from that time period lived in places where no suitable caves are to be found. Are we therefore to conclude that numerous emerging humans lived naked and exposed for the better part of two million years with neither a shred of clothing nor a roof over their heads to protect them from the elements?


  Missing from the “Stone Age”


  To answer this question, we should begin by noting that all the species of hominids that existed before the invention of agriculture and metallurgy were nomadic hunter-gatherers who made most of the objects they used in daily life not from stone but rather from the plants and animals they found in their natural habitats. None of these organic materials can survive for very long once they are buried in the earth—least of all in the warm, moist earth of the tropical environments that most populations of prehistoric hominids inhabited.


  The remains of dead plants and animals are the natural food of countless species of insects, mollusks, worms, fungi, and bacteria. In tropical climates, artifacts made of these materials are typically consumed by such organisms in a matter of days or weeks, and after the passage of a few years they have all completely disappeared. Even in temperate climates, such materials are unlikely to survive for more than a few hundred years at most.1 It should therefore come as no surprise that, after the passage of hundreds of thousands of years, hardly a trace of prehistoric clothing or dwellings can be found in the remains of the most ancient archeological sites.


  The hunting and gathering peoples that survived into modern times and were studied by anthropologists typically moved from place to place with the changing of the seasons and with the constantly shifting availability of plant and animal foods. For the most part, the dwellings that these nomadic people built for themselves were erected in temporary camps and abandoned after a few weeks or months. For this reason, all of the material possessions these people used in their daily lives had to be both small enough and light enough to be carried from place to place. And almost everything they made was fashioned from the perishable organic materials of plants and animals.


  Spears, arrows, clubs, digging sticks, walking sticks, and the frameworks for huts and tents were made from the woody trunks and branches of trees and bushes. The walls and roofs of huts, bedding materials, and windbreaks were made from leafy vegetation, including palm fronds, grasses, and reeds. Cords, ropes, nets, bags, and hammocks were woven from the fibers found in vines, roots, and bark. Containers for food, water, tools, weapons, amulets, medicines, and pigments were made from hollowed-out gourds and seed pods as well as from the hollow stems of reeds, marsh grasses, and bamboo. Hats, robes, leggings, aprons, boots, sandals, sewing thread, cord, and tent coverings were made from the hides and sinews of animals. And drinking cups, jewelry, musical instruments, and small containers of all kinds were made from the horns, bones, feathers, and claws of birds and animals.


  Like the contemporary hunter-gatherers studied by anthropologists, however, prehistoric hominids did use one type of material in their daily lives—stone—that could not decay or disappear from prehistoric archeological sites.2 And for this reason, the survival of countless thousands of stone objects from prehistoric times has created an exaggerated impression of the importance of stone in the technologies used by prehistoric people. The numerous stone tools that were found by early archeologists in the remains of the prehistoric settlements quickly led to the general use of the phrase “the Stone Age” to describe the entire period of human history before the invention of metallurgy.


  But the Stone Age was not a distinct period or age at all, since it includes the entire evolutionary history of the hominids, from their earliest appearance several million years ago to the fully modern humans of today’s world. This immense period of time encompasses many of the technologies described in this book, including the domestication of fire, the invention of clothing and dwellings, the development of symbolism, the adoption of agriculture, and the beginnings of urban civilization. In fact, the Stone Age technically began to end only when the techniques of metallurgy were first developed a few thousand years ago.


  Considering that the earliest stone tools date from approximately three million years ago, the Stone Age would thus comprise about 99.8 percent of all human history—and all the remaining “ages” together would amount to only one-fifth of 1 percent of the hominids’ time on Earth. In fact, the advanced civilizations of the New World—including the Aztecs, Maya, and Inca, with their great urban centers, complex religions, advanced hieroglyphic writing, organized bureaucracies, and remarkable achievements in mathematics and astronomy—would probably qualify as stone-age societies and cultures, simply because these complex and sophisticated peoples neither made nor used metal tools and weapons.3


  The concept of a “Stone Age” also created the false impression that stone tools were the most common artifacts used by prehistoric people in their daily lives. But although stone tools were used to shape, carve, and sharpen other materials, most of the artifacts used in prehistoric times were made from perishable substances that quickly disappeared from the archeological record. However, other kinds of evidence does exist, in the form of prehistoric migration patterns, the wear patterns on stone tools, and even the genetic history of the human body louse. But before considering these other forms of evidence, we should note how common it is for animals with far less brainpower than ourselves to create their own living spaces.


  Living Spaces That Animals Build


  Primatologists who have studied the behavior of wild populations of great apes have observed that all of these species use natural materials to construct sleeping nests for themselves, and in some cases they even cover their heads and bodies with vegetation to protect themselves from the elements. And the great apes were by no means the first or the only animals to construct their own dwellings. In fact, the creation of dwelling places by animals is an extremely ancient practice in the history of animal life on Earth.


  Ants and termites—which first appeared on this planet tens of millions of years ago and have “brains” smaller than the head of a pin—build elaborate nests for their colonies of thousands of individuals by excavating tunnels and chambers in the earth and in decaying wood. Wasps and hornets build their nests from a special “paper” that they create by chewing wood fiber. And honeybees build their amazing geometrical hives from wax produced in tiny glands located under the scales that cover their abdomens.


  Among the higher animals, nearly all of the ten thousand living species of birds build nests from the natural materials found in their environments—including twigs, branches, reeds, grasses, mud, and even their own feathers—which they use for sleeping, hatching their eggs, and rearing their young. And numerous species of rodents and other small animals—including mice, rats, hamsters, squirrels, rabbits, prairie dogs, gophers, and woodchucks—make nests for themselves in hollow trees or in underground burrows. Some of these burrows consist of complex networks of tunnels and chambers in which their inhabitants sleep, store food, eat, bear their offspring, and live out much of their adult lives.


  Last but not least, the beaver, a rodent with a brain only slightly bigger than a walnut, routinely cuts down small trees and—by combining small logs and saplings with mud and stones—creates or enlarges ponds and wetlands to form its own special habitats of waist-deep water. Having created these artificial habitats, the beaver proceeds to construct its own dwellings in the form of elaborate lodges, complete with underwater entrances, cleverly concealed breathing-holes for ventilation, and dry, roomy chambers for eating, sleeping, giving birth, and raising their young (see Figure 4.1).


  While it stands to reason that the ability to construct these animal shelters is genetically preprogrammed, their plentiful existence proves that an animal species does not require two-legged locomotion, the free use of grasping hands, or a large brain in order to build shelters from naturally occurring materials in its environment. In fact, the building of dwelling places by hominids may be largely based on an ancient genetic predisposition common both to the hominids and to the great apes and inherited from a common ancestor.


  The Great Apes’ Nests


  In 1985, the biological anthropologist Colin P. Groves and the primatologist Jordi Sabater-Pi published a fascinating study of the nests that are constructed on a daily basis by all three living species of great apes—chimpanzees, gorillas, and orangutans—all of which are included with humans in the primate family Hominidae. The great apes’ nests are used primarily at night for sleeping, but they are also occasionally used during the day for resting and eating. Groves and Sabater-Pi noted that all three species of great apes are nest-builders, that each of these species builds a new nest every day, that the construction of these ape nests requires considerable skill, and that the nest of each species expresses a predictable design that is repeated with great regularity by all adult individuals.4


  The chimpanzees and gorillas of equatorial Africa and the orangutans of Southeast Asia live several thousand miles apart, and their ancestry diverged as much as fifteen million years ago, yet the nest-building habits of all three species share many common features. All of their nests are constructed by standing in one spot, bending down the branches of the leafy vegetation that surrounds them, and tramping down these leaves and branches with their hind legs, until a large, cup-shaped nest several feet in diameter has been constructed. These species may also break off other branches from nearby trees and bushes and add them to the pile, and in many cases they will finish the nest by lining it with softer vegetation to form a more comfortable bedding.


  All of the great apes’ nests are about the same size and shape: round or oval in form and between two and four feet in diameter. All three species construct new nests each day from plant materials near at hand and typically use them only once. Each adult member of the group constructs his or her own nest, and sleeping nests are shared only by mothers and their immature offspring and almost never by two or more adults.5 And the nests constructed by the members of a single group of apes are typically built fairly close together within a single location, known as the “nest site.” These similarities suggest that the great apes instinctively build nests for sleeping, just as birds instinctively build nests in which they lay their eggs and rear their young. But things are more complicated than that.


  It turns out that only those apes that are born and raised in the wild—where they have watched their own kind building nests every night, and have slept in nests with their mothers for the first several years of their lives—appear able to build nests for themselves in captivity. Chimpanzees born and raised in captivity do not construct nests, even when they are placed in cages with wild-born chimps that construct nests every day. So while there is an instinctual predisposition for apes to build nests, it appears that in order for this predisposition to be expressed in adult behavior, it is necessary for these creatures to be exposed to certain learning experiences early in life. In short, nest-building among the great apes contains essential elements of both learning and inheritance.


  Furthermore, two of the three species of great apes exhibit behaviors that seem to foreshadow the use of clothing by hominids. Chimpanzees use large leaves as “hats” to protect their heads during a tropical downpour, and orangutans often cover their bodies with leaves and branches at night—in some cases holding or balancing loose branches above their heads to form a kind of primitive roof. In fact, orangutans in captivity often cover their heads with empty sacks and may even cover their entire bodies with straw as they prepare for sleep.


  Having made their case for the shared inheritance of nest-building among the great apes, Groves and Sabater-Pi went one step further. They pointed out that the ancestors of hominids and chimpanzees diverged from each other roughly seven million years ago, much more recently than the common hominid-chimpanzee ancestor diverged from the orangutans, which occurred roughly fifteen million years ago. Therefore, they argued, it is likely that the genetic predisposition to build living-spaces that is so evident among all of the great apes is also present in the DNA of the hominids, both modern and prehistoric.


  “We must be perfectly clear,” they wrote, “why we feel justified in searching for a common origin of human and great ape nesting/camping patterns. . . . If four species—orangutan, chimpanzee, gorilla, human—perform a certain activity whose motor components and end result are similar, parsimony suggests that their last common ancestor was itself doing something of the kind, and that its descendants have been so doing ever since. . . . Since the orangutan is less closely related to the gorilla and chimpanzee than are humans, this behaviour would have been present in the proto-human stock as well.”6 The authors then proceed to list the similarities between the living spaces constructed by the apes and those constructed by modern hunter-gatherers.


  Each ape nest is used by a single individual, is round or oval in form, and averages about two or three feet in diameter. Each human dwelling is used by a single nuclear family, is round or oval in form, and averages about six to eight feet in diameter. (Dwellings with square sides were rarely constructed by hunters and gatherers. These types of dwellings did not appear until anatomically modern humans began to build permanent homes for themselves when they adopted the technology of agriculture roughly eleven thousand years ago.) Both the apes’ nest sites and the humans’ campsites typically contain between twenty and eighty individuals. Both are constructed within a round or oval area that averages between thirty and sixty feet in diameter. And within both the apes’ nest sites and the hominids’ campsites, the individual nests or dwellings are typically spaced about twelve feet apart.


  The similarities between the great apes’ nests and hominid’s dwellings—and the fact of their common ancestry—suggests four probable conclusions. First, a genetic component of the hominid DNA may predispose all hominids to build shelters. Second, this genetic predisposition was probably inherited from prehistoric apes that were ancestral to both the hominids and the great apes. Third, if there is an essential element of learning in the apes’ ability to build nests, it should not be surprising that a similar element of learning is also essential in the hominids’ ability to build dwellings. And fourth, the practice of constructing dwelling-places may have always been a regular feature of hominid behavior and may have already been well-developed when the earliest hominids first evolved bipedal locomotion millions of years ago.


  But here we again encounter the caution of paleontology, which tends to assume—lacking evidence to the contrary—that the absence of evidence is best viewed as evidence of absence. For in spite of the great apes’ well-documented skills at nest-building—and the conclusion of primatologists that this behavior is universal among these species—many paleontologists continue to argue that hominids never constructed their own dwellings until anatomically modern humans appeared in Europe less than fifty thousand years ago.


  For Homo erectus, with its relatively large and rapidly expanding brain, it would not have been a particularly difficult feat to build a primitive hut by weaving sticks and poles together and covering this framework with hides or with leaves and branches. Nor would it have been difficult for this resourceful creature to fashion animal skins into hats and cloaks to protect itself from the blistering sun and drenching rain of the tropics. While no material remains of such artifacts have been found in the oldest archeological sites, other types of evidence suggest that prehistoric hominids did in fact make and use dwellings and clothing long before anatomically modern humans appeared on the scene.


  The Dwellings of Hominids


  While few traces of hominid dwellings can be found from very ancient time periods, there are some tantalizing exceptions. One of the most interesting of these exceptions consists of certain formations of stones and other heavy objects that were found arranged into circles or ovals in some of the oldest open-air prehistoric habitation sites. Some paleontologists have interpreted these stone circles as the remains of foundations that prehistoric hominids created to anchor the walls of the dwellings they built from a framework of sticks, which they covered with hides or thatched with palm fronds, reeds, or grasses.


  The oldest—and most controversial—of these stone circles is a group of large blocks of basalt (a volcanic stone) found by Louis Leakey at Olduvai Gorge in East Africa, in a deposit dated at 1.8 million years ago. The area inside this stone circle is almost entirely devoid of artifacts, while the area immediately outside the circle is littered with the remains of tools and the bones of animal prey. This suggests that the early hominids who inhabited this site tossed their trash outside of their dwelling while keeping the interior relatively free of debris—a pattern of behavior that has been frequently observed among contemporary hunters and gatherers.


  More compelling evidence exists in the form of carefully documented stone circles that are associated with prehistoric sites in Europe. One of these sites is at Terra Amata, an open-air site near Nice in southern France, and the other is at Bilzingsleben, an open-air site in Central Germany. The age of both of these sites has been estimated at 380,000 years—a warm period in the global climate, when the more highly evolved populations of Homo erectus had established permanent residence in northern Europe.7 In both Terra Amata and Bilzingsleben, groups of stones were found arranged in a characteristic circular formation, and in both cases the scientists who excavated these sites interpreted these stone circles as the foundations for small huts.


  At Terra Amata, on the Mediterranean coast of France, the French archeologist Henry de Lumley found the remains of ashes in the center of each stone circle, indicating that the inhabitants had built fires inside their huts on a regular basis. De Lumley also identified several low walls of stones and beach pebbles that had been constructed on the northwest side of each fireplace, presumably to shelter the fires from the powerful “mistral” winds that frequently blow from the northwest in that region. De Lumley believed that the roofs of the Terra Amata huts had been supported by a kind of “tent pole” located at the center of the hut, and he theorized that each of the huts had been equipped with a hole in the roof to let out the smoke of the fire that burned inside them.


  At Bilzingsleben, the German archeologists Dietrich and Ursula Mania have spent years excavating a huge open-air habitation site that has yielded the cracked and broken bones of numerous game animals, plentiful evidence of fire, and thousands of tools made of stone, bone, antlers, and ivory. The Manias found the outlines of three oval-shaped rings of stone and other heavy objects at Bilzingsleben that they believe were the foundations of dwellings. The openings of all these foundations are all oriented to the southeast, suggesting that they were built to face away from the prevailing northwest winds. Finally, in front of all three of these ovals, evidence of burned material indicates that the inhabitants of Bilzingsleben were regularly building fires at the entrances of these dwellings.


  Much later, when the Neandertals began to settle in northern Europe and hunt the wooly mammoth, wooly rhinoceros, wild horses, and wild cattle during more recent ice ages, they used mammoth bones to construct walls for their fortress-like dwellings. The oldest of these sites is roughly forty-five thousand years old and located at the site of Moldova I in Ukraine, where the jaws, skulls, and large limb bones of at least fifteen mammoth skeletons were fitted together and arranged in a large circle. The Moldova I site closely resembles the remains of other mammoth bone settlements built by fully modern humans until about fifteen thousand years ago. Nothing has remained of the walls and roofs of this structure, which probably consisted of a framework of sticks and covered with the hides of the megafauna—the mammoths, rhinoceroses, bison, and wild cattle—that were hunted by its extraordinary inhabitants.


  But when the scientists who excavated the sites at Terra Amata, Bilzingsleben, and Moldova concluded that these stone and mammoth bone circles were the remains of dwellings, their interpretations were promptly challenged. In spite of the advanced knowledge of woodworking demonstrated by emerging humans as early as four hundred thousand years ago, the absence of walls and roofs has led many paleontologists to propose alternative explanations for their existence. These include theories that the circles might have been formed by natural movements of the soil, by the clearing away of unwanted debris, or even that they were constructed by prehistoric people as part of some hypothetical religious ritual.


  But when one considers that even the remains of dwellings dating from relatively recent historical times almost never contain evidence of the wooden frames, thatch roofing, or hide coverings that were once part of their original construction, there is no reason to expect the remains of dwellings hundreds of times older to contain such evidence. This may be another case in which absence of evidence is incorrectly interpreted as evidence of absence.8


  There is, however, substantial evidence that the processing of animal hides goes far back into hominid prehistory. This has been confirmed by the microscopic examination of ancient stone tools, especially the large, flat flake tools with a single cutting edge called scrapers. When you look at the cutting edge of such tools under the microscope, a characteristic wear pattern can be seen, and this “microwear” indicates that many of these scrapers were used for removing the meat and fat from the underside of animal hides. In fact, microwear evidence that stone tools were used for scraping hides goes back at least 780,000 years, and this behavior continued without interruption in hunting and gathering cultures until metal tools became available in modern times.


  The removal of the flesh from hides is a necessary first step in the process of turning animal skins into leather. Virtually all of the leather cured by hunters and gatherers was used for one of three purposes: first, for the roofs and coverings of tents and huts; second, for the bedding used inside of the hominid dwellings; and third, for the robes, cloaks, hats, shoes, mittens, and all the other garments that hominids must have been wearing since the time they first settled in the far northern latitudes. Evidence that raw animal skins were processed into leather is, in itself, indirect evidence that prehistoric people were constructing dwellings and fashioning garments hundreds of thousands of years ago.


  No Longer Naked


  There is little precedent for the wearing of clothing by any animal species except hominids. Along with the controlled use of fire, the invention of clothing by hominids ranks as one of the singular achievements that distinguishes us from all other forms of animal life. And the use of leather and other natural materials to clothe the hominid body goes back hundreds of thousands of years to the time of the emerging humans.


  The strongest evidence that emerging humans made and used clothing rests upon the established fact that they long ago began to settle in geographical areas so far to the north that survival in those regions without clothing would have been essentially impossible. For although populations of Homo erectus had already settled in the subtropical regions of Europe and Asia nearly two million years ago, they did not expand into the northern latitudes until half a million years ago, almost 1.5 million years later.


  Why would Homo erectus have migrated eastward across thousands of miles of grasslands to settle in the subtropical environments of Java and southern China but fail to have moved a few hundred miles north into the game-rich environments of northern Europe and Asia? And why would more than a million years have passed between the time Homo erectus left its African homeland and the time of its eventual expansion into the northern lands? The most likely answer is that the winters in the northern latitudes were simply too cold for a tropical animal that had become naked as part of its adaptation of living with fire. In fact, it has been calculated that no hominid would have been able to survive without clothing in climates where winter temperatures regularly fell below 53 degrees Fahrenheit.9


  Although Homo erectus may have used fire to protect its kind from predators, to lengthen the time it could spend awake, and to cook its food, fire would have only been effective in protecting against the cold when the emerging humans were safe in their camps at night. During the day, when they were hunting game and gathering fruits and vegetables, setting fires out in the open would have been not only impractical but also of little use in keeping warm. Therefore, in order to pursue a nomadic hunting and gathering way of life in a cold climate, hominids would have required clothing: hats for their heads, robes for their bodies, and perhaps shoes or boots for their feet and mittens for their hands. Eventually, Homo erectus must have learned to fashion most or all of these things from the hides of animals.


  You will recall that by four hundred thousand years ago, as the Schöningen spears have clearly shown, Homo erectus populations living in Germany were making sophisticated wooden objects that involved considerable skill, planning, and a complex multistage manufacturing process. There is no reason to suppose that the makers of such artifacts would not have been equally capable of fashioning hats, robes, mittens, and shoes for themselves. So the appearance of Homo erectus remains in northern Europe and Asia beginning about five hundred thousand years ago is more than likely the point in human history when the technology of dwellings and clothing began to take its place alongside the other key technologies of spears, digging sticks, and fire. And this was long before modern humans appeared on the scene.


  Anthropologists who have studied the energy requirements of the Neandertals, who appeared after the emerging humans and who lived in northern Europe during the most recent ice ages, have concluded that although the heavy, muscular Neandertals were “cold adapted,” they enjoyed only a modest advantage over fully modern humans in surviving cold weather. In fact, it has been calculated that the Neandertals could not have survived the winters of the regions they inhabited in northern Europe without covering between 50 and 90 percent of their bodies with garments of some kind.


  To determine the probability that the Neandertals of northern Europe made and used clothing, the anthropologist Nathan Wales conducted an exhaustive survey of the published accounts of garments made and worn in 245 hunting and gathering societies studied by anthropologists over the past hundred years or so. Wales found that the amount of the body that was covered with clothing by hunters and gatherers corresponded closely to the winter climates in the environments these societies inhabited.


  Wales noted that the Plains Cree men of Alberta and Saskatchewan—a northern Great Plains area where the winters are long and cold—typically wore leather breechcloths, hide leggings, moccasins with grass insulation, a hat partially covering the head, and a buffalo robe over the torso and one shoulder (see Figure 4.2). Wales calculated that the traditional clothing of the Cree would have covered 77.5 percent of the body, and other cold-weather cultures showed similar results. Tlingit women of the Pacific Northwest wore tailored shirts, petticoats made of cedar-bark, mountain-sheep wool blankets, and waterproof hats made from roots, covering 77 percent of the body—even though in the Northwest Coast, where winter temperatures rarely dip significantly below freezing, Tlingit women typically went without covering their lower legs and feet.


  Based on his calculations of the amount of the human body that was covered by clothing in known hunting and gathering societies, Wales concluded that most of the Neandertal groups living in Europe would have had to wear clothing in order to survive. In fact, many of the archeological sites containing stone tools made and used by Neandertals are located in regions that would have required their inhabitants to cover between 70 and 90 percent of their bodies during the winter. And many of these sites were in regions in which it was likely that the Neandertals would have also covered their hands and feet during the coldest months (see Figure 4.3).


  Wales theorized that Neandertal clothing had been fashioned from the skins of large animals such as wild cattle, horses, and mammoths. At the same time, he concluded that the absence of any evidence of sewing implements such as bone needles in the Neandertal sites suggests that, unlike the modern hunters and gatherers such as the Cree and the Tlingit, the Neandertals wore whole animal skins in the manner of a toga, fastened to their bodies with thongs made of leather or sinew.


  Later, with the appearance in Europe of anatomically modern humans, clothing began to be tailored, as it was among contemporary hunter-gatherers. Tailored clothing must be sewed with needle and thread and fitted to the limbs and torso in ways that provide maximum protection against the cold. The remains of bone needles and other evidence from sites inhabited by Cro-Magnons and other anatomically modern humans suggest that tailored clothing originated with our own kind, Homo sapiens sapiens. But the natural history of a tiny parasite that infests the human body provides further evidence that the earliest, non-tailored clothing originated not during the time of the Cro-Magnons or the Neandertals tens of thousands of years ago but rather during the time of the emerging humans, hundreds of thousands of years ago.


  A Tale of Three Lice


  The chimpanzee and the gorilla are each infested by only a single species of louse, but the human body is home to three different types of lice. The human head louse lives in the hair of the scalp, the human body louse lives in human clothing, and the human pubic louse lives in pubic hair and is responsible for the sexually transmitted condition commonly known as “crabs” (see Figure 4.4). During the 1990s, a number of scientists conducted a series of sophisticated genetic analyses of these different types of lice in an effort to reconstruct their evolutionary history.


  The human head louse, Pediculus humanus capitis, and the human body louse, Pediculus humanus humanus, are closely related subspecies. Both of them share a common ancestry with the chimpanzee louse, Pediculus schaeffi, from which they appear to have split off roughly six million years ago. This makes perfect sense, since it corresponds to the point in time when hominids and chimpanzees are believed to have split off from their mutual common ancestor (a prehistoric ape that has yet to be identified).


  On the other hand, the human pubic louse, Pthirus pubis, shares its ancestry with the gorilla louse, Pthirus gorillae, from which it appears to have split off roughly three million years ago. This date is most curious, since the hominids split off from their mutual common ancestor with the gorilla at least seven million years ago. While it is extremely unlikely that some of our hominid ancestors were having sex with gorillas three million years ago, the ancestral pubic lice in question probably migrated from gorillas to hominids when some of the early hominids took to sleeping in abandoned gorilla nests.


  That three-million-year-old date may, however, have an even more interesting significance. Since the pubic louse lives not on the head or the body but rather only in the hair of the pubic region, this may be evidence that hominids lost their body hair as long as three million years ago. If true, this might push the technology of fire even farther back into the past than the 1.75 million years we have estimated in this book.


  In the quest to identify the date for the adoption of clothing, the most important event in the history of these three lice is the moment in time when the body louse split off from the head louse. The logic behind this assumption is that the body louse punctures the skin to feed on blood but does not actually live on the skin itself. Instead, the body louse lives in the clothing we wear. Therefore, it could not have evolved until hominids were wearing clothing on a regular basis.


  Estimates for when the body louse split off from the head louse vary from one study to another, but all the dates range between roughly 80,000 and 170,000 years ago. You will note that this date is much more recent than the time period 500,000 years ago when populations of Homo erectus began expanding into the northern latitudes, but it corresponds exactly to the time period when the earliest evidence of anatomically modern humans was beginning to appear. Two possible explanations for these divergent dates have been suggested.


  One possibility is that the particular strains of lice that are found today in living human populations were more modern strains that had developed in the early populations of anatomically modern humans, while the older strains of lice that were living in the heads and bodies of Homo erectus and the other emerging humans simply died out when the emerging humans themselves became extinct. The other possible explanation rests on the difference between the non-tailored clothing that was fashioned by emerging humans and Neandertals versus the tailored clothing made more recently by anatomically modern humans.


  When hominids first began to wear clothing—which must have occurred approximately half a million years ago, when they were settling in environments too far north and too cold for survival without clothing—it is likely that their garments originally consisted of loose-fitting robes or cloaks of leather that were draped across the body and loosely fastened with thongs of leather or sinew. Such garments did not conform to the shape of the limbs and torso and would not have clung closely to the skin.


  For this reason, non-tailored clothing might not have afforded a sufficiently sheltering environment to entice the head lice to abandon the scalp and begin living and reproducing on the relatively hairless hominid body. But the anatomically modern humans that appeared in northern Europe roughly fifty thousand years ago made fully tailored clothing that fitted closely to their bodies, like the clothing of the Cree and Tlingit people studied by contemporary anthropologists. We know this from the evidence of weaving and sewing that has been found in the prehistoric archeological sites of anatomically modern humans.10


  It is therefore likely that the human body louse began to exploit its very specialized ecological niche in human clothing only when modern humans began to wear the close-fitting garments that provided a safe haven between their newly tailored clothing and their warm, bare skin. If so, this would explain why the human body louse seems to have appeared on the scene much more recently than the technology of clothing. But how the human pubic louse migrated from gorillas to hominids is a story that still remains to be told.


  Protecting the “Premature” Human Infant and Its Massive Brain


  The technology of dwellings and clothing gave the hominids a degree of freedom and flexibility in dealing with the environment enjoyed by no other animal species. They were no longer limited to inhabiting the caves that occurred naturally in their environments. Instead, hominids became capable of building their own artificial caves, allowing them to settle wherever food was abundant, sheltered from the wind and rain by their crude huts and protected from predators by their nightly campfires.


  As we saw in the previous chapter, the ability to control fire also enabled the hominids to replace the raw food diets of their early hominid ancestors with a variety of more easily digested cooked foods. Cooking allowed the hominids to satisfy their energy requirements with smaller digestive organs and consequently to support increasingly larger brains. But this is only half of the story. As the hominid brain expanded, another problem arose—one that was completely different from the biochemical problem of supplying this increasingly “expensive” tissue with the energy it needed to function. This new problem involved the sheer mechanical necessity of finding a way for the hominid infant’s rapidly expanding head to pass safely through a pelvic opening that was essentially fixed in size.


  During the evolution of the hominids from the earliest forms of Homo erectus to the fully modern forms of Homo sapiens, the brain more than doubled in size, yet throughout this period the size of the human body did not increase at all. And, of course, as the rapidly evolving hominid brain increased in size, the head of the hominid infant also correspondingly increased in size. But the evolution of bipedal locomotion had required the bones of the pelvis to become shorter and thicker than the pelvis of an ape. The ability to stand, walk, and run upright made it necessary to transform the ape’s flexible doughnut shaped pelvis into the hominid’s solid ring of bone, roughly circular in shape, that was strong and rigid enough to support the weight of the hominid’s entire upper body.


  Bipedal locomotion also placed certain limitations on the width of the pelvis. If the pelvic girdle became too wide, the legs would be set too far apart, making two-legged locomotion increasingly clumsy and inefficient. Among the quadrupedal apes and monkeys, the elongated pelvic bones form a birth canal that is oval shaped. During birth, the infant primate turns its head sideways as it passes through the birth canal, allowing for a relatively quick and easy delivery. But the hominids’ short, rigid pelvic bones—and the circular shape of its pelvic girdle—meant that the hominid birth canal was not capable of accommodating a larger infant’s head during childbirth.


  Thus, as the tremendous expansion in the size of the hominid brain took place during the past million years, it created increasing difficulties in childbirth for the emerging humans, and this problem became even more acute as the emerging humans evolved into modern humans with truly massive brains. If the birth canal remained fixed in size while the infant’s head and the brain within it was growing progressively larger, how did the evolving hominids continue giving birth to babies with increasingly larger heads?


  The evolutionary solution to this problem turned out to be that as the size of the brain increased, hominid babies began to be born before their brains were fully developed. In fact, if you apply the normal rules of mammalian fetal development to humans, the “normal” gestation period for humans would be at least twelve months, not nine. But at twelve months the average infant brain would simply be too large to pass through the average human birth canal, making human birth mechanically impossible.


  In other mammals, including all other primates, the brain has progressed to a reasonably advanced stage of development by the time of birth, and after birth the growth of the brain slows down considerably. But the human brain at nine months is poorly developed compared with the brains of other mammals (including other primates), and as a result the brain of the human infant continues to grow rapidly during the first two years of life.


  It is, in fact, not difficult to imagine how this hominid “solution” evolved. As the infant brain increased in size, only those hominid mothers whose babies who were born “prematurely” would have been likely to survive the experience, raise their offspring to maturity, and pass on their genes to the next generation. Even with this evolutionary compromise, it typically requires several hours of difficult labor before the human infant begins to emerge during birth, and only after the agonizingly slow passage of the infant’s head through the birth canal does the remainder of its body emerge.


  Anyone who has ever seen the birth of a cat, dog, pig, cow, or horse knows that other female mammals give birth to their babies in a matter of minutes. But giving birth to a human infant is the longest, most difficult, and most dangerous process of giving birth among any mammalian species. In fact, before the adoption of modern medical techniques at the beginning of the twentieth century, roughly one out of every hundred human births resulted in the death of the mother.11


  What does it mean for the human infant to be born “prematurely”? Consider that the offspring of grazing mammals such as cattle, sheep, horses, giraffes, and elephants are able to stand and walk within hours of birth, while the offspring of apes and monkeys are alert to their surroundings in the first few days of life and are capable of clinging successfully to their mothers’ fur within a few hours of birth. By contrast, human infants are incapable of even crawling on their hands and knees until they are several months old, and they typically cannot walk at all until they are nearly a year old.


  It is no exaggeration to say that the hominid infant is born with a seriously underdeveloped brain. It is unable to grasp its mother’s hair with its stubby little toes, and in any case it is born to a mother who no longer has any body hair to cling to. Hairless, defenseless, unable to move about on its own, and only dimly aware of its surroundings, the “premature” human infant is by far the most helpless and the most vulnerable of all primate offspring.


  This means that as the hominid brain grew larger and the hominid newborn grew progressively more underdeveloped and vulnerable, hominid mothers would have had an increasingly acute need for clothing and shelter. Even in the tropics, where keeping a baby warm is not a pressing problem, for a hominid female to carry each of her infants in her arms throughout the first year or two of its life while spending most of the daylight hours gathering food—and probably caring for older children at the same time—would have been an impossible burden.


  The Bushman mother carries her baby in a large leather cloak called a kaross, and a similar strategy may well have been adopted by Homo erectus as well. And when the emerging humans migrated out of Africa and began to settle in the more temperate regions of Eurasia, their babies would have had an increasingly difficult time surviving if they had remained naked and unprotected from the elements. But wrapped in furs or in a large cloak during the day, and securely ensconced in a warm hut at night, the increasingly premature and increasingly helpless hominid infants would have been able to survive the first vulnerable year or two of their lives. Thus it is likely that, as they evolved and their brains increased in size, the emerging humans had begun to construct dwellings and fashion clothing for themselves even before they moved north into the lands where the winters were long and cold.


  In the final analysis, the technology of dwellings and clothing, as well as the technology of fire, freed the hominid brain from its natural limitations, and allowed it to grow until it was roughly triple the size of the brains possessed by other animals of comparable size. Without the technologies of fire, dwellings, and clothing, the size of the hominid brain would have been unable to expand much beyond the 650 cc size of the brain of Homo ergaster, the likely ancestor of Homo erectus—and humanity would have remained, to this day, little more than a very intelligent, meat-eating, tool-making, weapons-carrying, two-legged ape.


  Hominids of the Frozen North


  For hundreds of thousands of years, as the ice ages came and went, Homo erectus moved north during the warmer geological periods and retreated southward as the polar ice advanced during the colder geological periods. For this reason, the remains of Homo erectus have been found in northern Europe and Asia only during these relatively warm “interglacial” periods. In fact, for more than one million years, no evidence of continuous occupation by Homo erectus can be found north of the fortieth parallel (an east-west line that runs from southern Spain through the southern tip of Italy, across Greece and Turkey, and through Central Asia to the Korean Peninsula).


  Nevertheless, as they learned to fashion crude garments that kept them warm and protected their naked bodies from the elements, populations of Homo erectus and other emerging humans gradually began to settle in the game-rich habitats of the far north. Beginning roughly half a million years ago, the remains of Homo erectus begin to appear in regions above the fortieth parallel, from the British Isles to northern China. Armed with fire, simple huts, and crude garments that kept them warm and protected their naked bodies from the elements, Homo erectus settled in habitats where the megafauna of the ice ages roamed in abundance.


  Eventually, however, the Homo erectus populations of Europe and Asia were replaced by modern humans of our own species, Homo sapiens, who probably originated in Africa and spread northward through the Middle East into Europe. The first of these modern humans—which had brains as large as our own brains and successfully hunted the megafauna—were the Neandertals, that strange and amazing subspecies known to science as Homo sapiens neanderthalensis.


  The Neandertals were thick-bodied, large-boned hominids with large and powerful muscles. The bones of the skull above their eyes had heavy brow ridges that were reminiscent of more ancient and primitive hominids. But within their long, bullet-shaped skulls, the Neandertals had brains fully as large as the brains of modern humans alive today. As hunters of large game, the Neandertals have no equal in the history of the hominids, and a biochemical analysis of Neandertal bones reveals that they lived on a diet composed almost entirely of meat. One study showed that 58 percent of the food intake of the Neandertals consisted of wild cattle—with horse, rhinoceros, reindeer, and mammoth meat making up the rest of their predominately carnivorous diet.12


  After the arrival of the Neandertals in northern Europe, the megafauna began to dwindle in numbers, and after the appearance of the anatomically modern Cro-Magnon people roughly fifty thousand years ago, the ice age megafauna became extinct. The Eurasian climate grew significantly warmer as the most recent ice age came to an end, and the changing climate may have contributed to the extinction of some of these species. But similar extinctions of megafauna also occurred shortly after the arrival of modern humans in Australia, Tasmania, Japan, North America, and South America, where changes in climate were far less significant.


  It therefore seems likely that the megafauna were hunted to extinction by modern humans. In fact, the extinction of the megafauna at the end of the last ice age marks the moment in our evolutionary history during which our species not only gained mastery over the natural environment but also began to extinguish other forms of life. This is, as we will see, a process that has accelerated, millennium by millennium, ever since.


  The technology of clothing and shelter transformed humanity by providing a kind of freedom enjoyed by no other animal species. If there were no caves to provide shelter from the drenching rain of the tropics or the burning sun of the deserts, hominids could build shelters from the vegetation in their environments and the hides of the game they hunted. If the winters were cold in the frozen north, they could cover their bodies with furs and hides and huddle close to the warmth of their campfires. If the summers were hot, they could throw off their clothes and be cooled by the moisture of their plentiful sweat glands.


  Armed with advanced weaponry, skilled in the control of fire, and capable of fashioning a variety of dwellings and clothing that allowed them to live in almost any habitat, anatomically modern humans with their massive brains and unparalleled intelligence soon spread throughout all the world’s continents and populated almost every conceivable earthly habitat. As a result, the earth’s hominid population, which for millions of years had been largely stable at less than one million individuals, began to increase dramatically. It has been estimated that by fifteen thousand years ago, when anatomically modern humans had become the only living hominid species, the earth’s hominid population had already grown to several million individuals.
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  In the next chapter, we will see how the massive brains of the fully modern humans set in motion—through the widespread adoption of symbolic communication—a transformation in the way humans related to each other and the way human society was organized. For it was the proliferation of symbols—in language, art, design, and bodily ornamentation—that liberated our species from the genetic conformity of its animal origins. Symbols could be invented at will, easily adopted by others, and passed on to future generations through learning and tradition. Symbolic communication freed us to invent the complex cultures and powerful ethnic identities with which every human being came to identify and owe allegiance.


  By replacing the slow process of biological evolution with the fast process of cultural evolution, the technology of symbolic communication allowed the anatomically modern humans to respond quickly and easily to the changing climates of the past fifty thousand years. And the unique combination of symbolic communication with the fission-fusion society enabled numerous small bands to fuse together into groups consisting of hundreds or even thousands of individuals, enabling the anatomically modern humans to form the distinct ethnic groups that have persisted to this day. By joining forces in hunting and warfare, these large tribal groups easily outcompeted the small groups of kinfolk that typified the social life of the Neandertals.


  From this point forward, as will become clear in the chapters to follow, succeeding key technologies gave birth to increasingly larger forms of human society. This process began with the formation of the ethnic identities of hunting and gathering tribes and culminated with the immense industrial nation-states that now claim dominion over all humanity.
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  CHAPTER 5


  THE TECHNOLOGY OF SYMBOLIC COMMUNICATION


  Music, Art, Language, and Ethnicity


  “There has never been a hunter-gatherer society . . . created by Homo sapiens that did not . . . consider itself as living in an intensely symbolic realm.”


  —Brian Fagan, Cro-Magnon


  The use of pictures, designs, words, and music to communicate thoughts and ideas is surely one of the most unique of all human behaviors. While many animal species can communicate with an inherited set of vocal sounds and body language, only humans are free to invent countless thousands of visual and vocal symbols for the purpose of communication. And only humans are able to transmit these invented symbols to their offspring—and to other members of the group—entirely through the processes of teaching, learning, and imitation.


  Unlike some of the other extremely ancient technologies that are unique to the hominids and that we have explored in the previous chapters, it is virtually impossible to determine the true antiquity of the use of verbal and visual symbols to communicate thoughts and ideas. This is mainly because, unlike the evolution of bipedalism or the loss of canine teeth, all of the evidence that suggests the use of language—such as symbolic drawings—is of comparatively recent origin. There is simply no evidence that the early hominids communicated with what we would consider a true spoken language, and there is at best only scant evidence that the emerging humans were capable of this uniquely human behavior.


  Although it seems reasonable to assume that modern forms of human language did not suddenly emerge full-blown out of nowhere fifty thousand years ago, the notion that more primitive forms of language were used by early hominids or emerging humans is pure speculation at this point. It was not until the appearance of anatomically modern humans that plentiful evidence of symbolic communication—in the form of drawings in Paleolithic cave sites—began to appear in the paleontological record. But is it accurate to call symbolic communication a technology?


  Tools for Thought


  In modern speech, we generally use the word “technology” to describe complex machinery such as spacecraft and electronic devices as well as complex processes such as computer networks and automation systems. But in this book I have used the word “technology” in its widest and most inclusive sense, meaning the deliberate modification of any natural object or substance with forethought to achieve a specific end or serve a specific purpose. In this larger sense, when a chimpanzee breaks off a twig for the purpose of using it to fish termites out of a nest, it is using technology, just as the early hominids were using technology when they removed a branch from a tree or bush and sharpened it to make a spear. Yet even in these examples, the concept of “technology” refers strictly to the fabrication and use of material things.


  But if we define technology as “the modification of any natural substance with forethought to achieve a specific end,” we must include as examples of technology the use of pigments to draw designs and pictures on the walls of caves and the use of stone tools to carve designs onto the surfaces of bones—especially when such behaviors exist as shared cultural traditions within a social group. While such technologies may not be used for any material purpose—like hunting game, making clothing, or building dwellings—they are definitely used with forethought to achieve a specific purpose: namely, the communication of human thoughts and ideas.


  If we stretch the meaning of “technology” a bit further, the deliberate modification of the human voice can also be viewed as a form of technology, because the human voice is a natural phenomenon that we have deliberately modified to produce the specific sounds that are the symbolic representations of human thoughts. The same can be said for the evolution of music, dancing, and singing, primitive forms of which may have already been present, in a rudimentary form, among the early hominids and emerging humans.


  In short, all forms of learned and culturally transmitted symbolism are actually tools for thought, created with forethought and deliberately used for the purpose of communicating the shared knowledge of a specific human society to any of its living members. This is true whether these tools are used to create visual symbols—such as drawings, designs, icons, or written words—or used to create auditory symbols, such as spoken words, songs, or music. In short, it was the technology of symbolism that liberated humans from the bounds of preprogrammed communication.


  The Flowering of Symbolic Communication


  We should note that animals as primitive as social insects have evolved ingenious methods for communicating information to each other. Ants communicate the presence of food and danger by releasing hormones from their bodies that are immediately detected by other ants. Honey bees communicate the location of flowers blooming in their environment by engaging in special waggle dances on the walls of their hives that describe these sources of nectar and pollen and their precise direction and distance from the hive. And all kinds of animals—from insects to apes—produce a tremendous variety of sounds to communicate information to other members of their species.


  Most warm-blooded animals use their lungs and vocal apparatus to produce certain sounds that communicate specific messages—such as warning, territoriality, courtship, danger, and distress. And the use of vocal sounds to communicate specific messages is especially common among species that live in trees, such as birds and primates. Many species of birds—including parrots, mockingbirds, crows, and ravens—are capable of making a wide variety of different sounds, each of which is designed to communicate a specific kind of message. The same is true of most species of apes and monkeys. But most of these vocal communications are instinctual in nature and involve little or no learning.


  While there is no evidence that the early hominids used any form of symbolic communication, there is some evidence that emerging humans were already beginning to experiment with drawings and designs. In at least two of the Homo erectus sites dating from the last half million years, paleontologists have found some simple designs on bone and shell that can be interpreted as the use of symbols. We will examine this evidence later in this chapter.


  Even the Neandertals, who were modern humans with full-sized human brains, left behind only a small number of artifacts suggesting that they were just beginning to understand and experiment with objects of symbolic significance. The evidence of symbolic behavior among Neandertals consists mainly of shells with holes drilled in them and painted with natural pigments, probably to be worn as necklaces.


  But when anatomically modern humans appeared in Europe between roughly fifty thousand and forty thousand years ago, the lives of prehistoric humans were suddenly rich with symbolism. Human figurines were carved out of stone or ivory and molded out of clay. Objects made for personal adornment were made from shells and animal teeth that were drilled with holes, colored with pigments, and worn as beads on bracelets and necklaces. Utilitarian objects such as spear throwers1 were decorated with elaborate designs and carved into the likeness of animals. And the walls of numerous caves in Europe were richly decorated with a profusion of hand prints, hundreds of amazingly realistic paintings of game animals, and thousands of carved or painted designs in the form of symbols or icons, called petroglyphs.2


  The sudden profusion of symbolism also provides evidence that for the very first time, hominids were beginning to develop distinct cultures and ethnicities. The figurines, decorations, petroglyphs, and cave paintings of this era tend to vary noticeably in style and form from one region to another and from one time period to another. These variations have made it possible to identify specific cultures in time and space. For the first time, it becomes possible to identify distinct tribal and ethnic identities in the remains of prehistoric human groups.


  Finally, this was doubtless the time in prehistory when language and music—the symbolic use of sounds—became fully developed. The remains of prehistoric flutes made of bone and ivory provide concrete evidence that anatomically modern humans were making music—and probably singing and dancing as well—tens of thousands of years ago. But language, being immaterial, leaves behind no physical evidence for the prehistorian to identify, and there is no way to know precisely when hominids began to speak. Some scientists believe that early forms of language were spoken by emerging humans and possibly even by the early hominids, but this issue remains far from settled.


  It is important to note that while the capacity for learning and creating symbols resides in the DNA of anatomically modern humans, the form and meaning of the symbols invented by modern humans is entirely cultural and has no basis in biology. All of the meanings that are contained in symbolic communications, whether visual or auditory, must be learned in childhood, remembered in adulthood, and passed down through the generations as the shared cultural knowledge of the social group. If we could hear prehistoric people laugh, we would know that they were happy. If we could hear them cry, we would know that they were sad. But if we could hear them speak, we would have no idea what they were saying—just as, when we look at the petroglyphs that they carved and painted on the walls of their caves, we literally have no idea what these carefully rendered designs were meant to signify.


  Toward the end of this chapter, we will explore the process by which all of humanity has become divided into many distinctly different ethnic groups, a process that began when anatomically modern humans adopted symbolic communication as an integral part of their daily lives. But the point here is that because they were invented rather than inherited, these culturally determined ways of life could be re-invented, modified, and changed as the climate and environment of prehistoric times alternated—sometimes quite rapidly—as the ice ages came and went, and the earth’s climate changed over and over again.


  During the long period of prehistoric time when the hominids’ adaptation to their environment was based largely on genetically inherited predispositions, the fundamental life-ways of the hominids changed mainly through the very slow process of biological evolution. This seems to have been the case throughout most of hominid evolutionary history, from the earliest days of the australopithecines millions of years ago to shortly before the appearance of anatomically modern humans in Europe less than fifty thousand years ago.


  But the invention of symbolic communication freed humanity to base their environmental adaptations primarily on the learned behaviors of culture and tradition. And when modern humans began to live mainly by the rules of culture, entire ways of life could be changed in one or two generations through the enormously rapid process of cultural evolution, a process that we will examine in greater detail later in this chapter.


  The vastly more flexible cultural forms of adaptation provided the Cro-Magnons and their contemporaries with a decisive advantage not only over the Neandertals but also over some of the emerging humans that succeeded in surviving into comparatively recent times. These include an isolated population of Homo erectus that was still living in Java as recently as thirty thousand years ago3 as well as a Homo floresiensis, a dwarf human with a stature and a brain size strikingly similar to that of the early hominids, that was living on Flores Island in Indonesia as recently as twelve thousand years ago.4 The speed and flexibility of cultural evolution is probably the reason that the anatomically modern humans prospered during the last Ice Age, while the Neandertals and all other surviving hominids, along with most of the Arctic megafauna, rapidly became extinct.5


  Discovering Paleolithic Art


  The hills of Cantabria on the northeast coast of Spain are rich with wildlife and verdant with abundant rainfall. With its freshwater streams, proximity to the ocean, upland meadows, mountain forests, and numerous caves and rock shelters, prehistoric Cantabria was home to a large population of anatomically modern humans, who left behind one of the richest collections of Paleolithic or “old Stone Age” archeological sites ever found.


  The Paleolithic includes three long eras in the evolutionary history of the hominids. The oldest is the Lower Paleolithic, which began roughly three million years ago with the early hominids and continued throughout the time of the emerging humans. The next oldest is the Middle Paleolithic, which began approximately 250,000 years ago and corresponds to the era of the Neandertals. The most recent is the Upper Paleolithic, which began roughly 50,000 years ago and is associated with the Cro-Magnons and other anatomically modern humans. I have used the term “Upper Paleolithic” extensively in this chapter to refer to the period when anatomically modern humans lived in Europe between 50,000 and 11,000 years ago, because it helps to distinguish them from the food-producing societies of the Neolithic that will be described in the next chapter.6


  Between 17,000 and 11,000 years ago, Cantabria was inhabited by the Magdalenian people7 of Europe, who made very finely worked stone blades shaped for hafting as hand tools and projectile points. In addition to many fine examples of tools and weapons of stone, bone, and antler, the Magdalenians of Cantabria also left behind abundant evidence that they were capable of expressing their thoughts and ideas through the symbolism of artistic expression.


  When the paleontologists of the late nineteenth century began to investigate the living sites of the Magdalenians in France and Spain, they discovered a kind of prehistoric remains that were, at that time, completely unknown to modern science: rich collections of drawings, paintings, symbols, and icons that these remarkable people had left on the walls and ceilings of the caves they inhabited.


  One day in 1868, the Spanish hunter Modesto Peres and his dog were pursuing a fox at a place called Altamira in the hills of Cantabria, when the dog suddenly disappeared from view. Eventually, Modesto discovered that the dog had fallen through a small crevice obscured by rocks and vegetation and had landed in the interior of a large cave that no one had known existed. After rescuing the dog, Modesto returned home and reported his discovery to the owner of the land, the Spanish nobleman Marcelino Sanz de Sautuola. But the hills near Altamira were riddled with caves, and at first de Sautuola thought little of this discovery.


  As the years passed, however, Marcelino de Sautuola became interested in the new science of paleontology and in the growing number of prehistoric remains being discovered in European caves, and in 1875 he began to excavate the sediments that had accumulated near the mouth of the cave at Altamira. De Sautuola soon found plentiful evidence of human habitation from the Magdalenian culture that had flourished in Europe between seventeen thousand and eleven thousand years ago, and he began to visit the cave at Altamira more frequently, eventually making it a habit of bringing his five-year-old daughter Maria with him to keep him company (see Figure 5.1). Maria, a curious child, repeatedly asked her father for permission to explore the dark interior of the cave, but de Sautuola always refused, insisting that the inhabitants of the cave would have lived only near its mouth and that nothing of interest would be found in the cave’s interior.


  In 1878, de Sautuola traveled to France to attend the Paris World’s Fair, and while in Paris he was able to examine some of the Cro-Magnon remains that Louis Lartet had unearthed from the cave at Les Eyzies. The following summer, back in Altamira Cave, Maria once again began pleading for permission to explore the cave’s interior. Finally relenting, de Sautuola gave her a candle and warned her to be careful where she walked. Maria disappeared into the darkness. A few minutes later, the sound of Maria screaming “Toros! Toros!” suddenly echoed from deep inside the cave. Rushing into the dark interior, de Sautuola found Maria standing in a large gallery, looking up at the ceiling. There, to his astonishment, he saw the vibrant images of extinct bison, painted with uncanny realism on the ceiling of the cave (see Figure 5.2).


  De Sautuola contacted his friend Juan Vilanova y Piera, master of Geology and Paleontology at the University of Madrid, and before long Vilanova traveled to Altamira to see the paintings for himself. Awestruck by the richness and uniqueness of the art, Vilanova was convinced that they were indeed the products of Paleolithic cave dwellers. The two men prepared a scientific account of this extraordinary discovery and in 1880 published the results in several Spanish journals. Acclaimed by the Spanish public, the masterful Paleolithic art they described quickly became the talk of Europe. Later that year, at the prehistorical congress held in Lisbon, Portugal, Professor Vilanova formally presented his description of the Altamira art to the assembled paleontologists from all over Europe.


  At the conclusion of Vilanova’s presentation, however, an ominous silence descended upon the hall. None of the paleontologists in attendance at the prehistorical congress were prepared to believe that prehistoric cave people, whom they regarded as rude and primitive savages, could have possibly executed works of art of this caliber, and they immediately challenged the authenticity of the Altamira paintings. Led by the French anthropologist Gabriel de Mortillet, the scientific authorities ridiculed the conclusions of Vilanova and de Sautuola and denounced their publications as “works of falsehood and madness.”


  At that time, it was an article of faith among the intellectuals of Victorian Europe that no group of prehistoric “primitives” would have been capable of producing art that had the realism, sophistication, and mastery of technique that characterized the cave paintings of Altamira. Firmly rejecting the idea that the Altamira paintings dated from prehistoric times, the paleontologists of the prehistorical congress concluded that they must have been created by contemporary artists. Some of the conference participants even suggested that de Sautuola’s “discovery” was a deliberate forgery that had been executed by a contemporary Spanish artist on de Sautuola’s orders.


  De Sautuola was crushed. Returning to his estate, the object of pity and ridicule, Marcelino de Sautuola suffered from depression and declining health until his death eight years later. The entrance to Altamira cave was sealed, and for years Maria de Sautuola allowed no one to enter.


  But in the years that followed, examples of prehistoric art from the same Paleolithic time periods were discovered in numerous other prehistoric sites in France and Spain. And much of this prehistoric art included cave paintings done with skill and artistry comparable to those of Altamira.8 Finally, in 1902, the French archeologist Émile Cartailhac, who had been one of de Sautuola’s most vocal skeptics at the Lisbon Congress, decided to travel to Spain with the renowned French paleontologist Abbé Breuil to see for himself the paintings at Altamira.


  Arriving at Altamira, the two scientists persuaded Maria de Sautuola to allow them to enter the cave and inspect the paintings. Stunned by what he saw, Cartailhac promptly reversed his position and published an official apology in the French scholarly journal L’Anthropologie. But neither de Sautuola nor Professor Vilanova, who had died nine years earlier, lived to see their claims vindicated or their professional honor restored. Nevertheless, the cave at Altamira has come to be called the Sistine Chapel of Paleolithic art and is now regarded as one of the largest and most important collections of prehistoric art ever found.


  Troves of comparable art have since been discovered in many other cave sites throughout the world—in eastern Europe, India, Southeast Asia, and Africa, as well as in North and South America. In fact, more than three hundred caves containing works of prehistoric art have now been documented by prehistorians in France and Spain alone, most of them inhabited by Magdalenian people between eighteen thousand and eleven thousand years ago.


  The most famous of these collections of prehistoric art were found in Niaux Cave (investigated by the same Émile Cartailhac in 1907), in Pech Merle Cave (accidentally discovered by teenage boys in 1922), and Lascaux Cave (also accidentally discovered by teenage boys in 1940). The most ancient examples of prehistoric art found to date come from Chauvet Cave, which was discovered in France by cave scientists in 1994. Chauvet Cave contains numerous lifelike paintings of game animals and predators and dates from thirty thousand years ago, at least ten thousand years before the first appearance of Magdalenian culture.


  While the true origins and great antiquity of Paleolithic art has now been established beyond any doubt, two important questions remain.


  First, why did the Paleolithic hunters paint these scenes deep in the interior of these caves—in some cases hundreds of feet from their mouths—in places which were difficult and time-consuming to reach, where daylight could not penetrate, and where the only light available to the prehistoric artist came from the flickering flames of torches?


  Second, why do so many of these paintings represent animal species—such as mammoths, rhinoceroses, and bison—that were not only relatively rare but also difficult and dangerous to hunt? Why did they rarely paint images of the deer, reindeer, and smaller game that constituted the majority of the game animals these people hunted and that constituted the mainstay of their diet?


  The most common answer to the first question is that Paleolithic art was hidden deep in the interior of caves because it was intended as a form of magic, to ensure success in the hunt. The paintings may have been made in the observance of rituals so secret that they could only be performed in the most inaccessible places known to the people of those times, far away from the prying eyes and ears of the uninitiated. In fact, anthropologists who have studied the cultures of hunting and gathering people have consistently found that the most important and most sacred rituals of such people are typically carried out in great secrecy. The Cheyenne Arrow Renewal ceremony, described later in this chapter, is but one of thousands of examples of these nearly universal human customs.


  The second question is more difficult to answer, but an important clue was provided in an observation by the pioneering anthropologist Bronislaw Malinowski, who lived in the South Pacific with the seafaring people of the Trobriand Islands from 1914 to 1918. Malinowski noted that the Trobrianders always performed certain magical rituals as part of the important tasks on which their livelihoods depended, such as planting gardens, constructing dugout canoes, and fishing in the open ocean. He pointed out that all of these activities involved a significant element of uncertainty, since gardens could fail, canoes could be shipwrecked, and fishing expeditions on the high seas were not only dangerous but also often ended with the expedition returning empty-handed.


  But when the Trobrianders fished in the quiet waters of their island lagoons, they used a native poison that never failed to produce an entirely predictable outcome—an abundant catch. Tellingly, no magic was performed before a fishing expedition in the lagoon. It is thus likely that the people of the Upper Paleolithic saw no need to perform magical rituals for game that was abundant and easily caught, while hunting the rare and dangerous types of game was an uncertain enterprise, involving significant risks and rewards, in which the performance of ritual magic seemed indispensable.9


  The “Venus Figurines” of the Cro-Magnons


  Among the best-known examples of prehistoric art that have survived from Paleolithic times, aside from the lifelike paintings and drawings of game animals, are the so-called Venus figurines. These voluptuous and highly symbolic statuettes of prehistoric women, only a few inches tall, are typically devoid of human faces and have legs and arms that are devoid of realism and detail. Yet they were carved with exaggerated representations of the parts of the female body associated with sex and reproduction: huge pendulous breasts, swollen bellies, massive thighs, immense buttocks, and prominent genitalia.


  Typically carved from mammoth ivory or soft stone, the idea that these figurines are Venuses—that they are representations of the goddess of love—is a modern fantasy, although there is little doubt that these sculptures played an important role in prehistoric beliefs about sex and reproduction. And that the Venus figurines had a symbolic significance to the Cro-Magnon societies of the Upper Paleolithic is beyond dispute (see Figure 5.3).


  Perhaps the most remarkable fact about these figurines is their incredibly wide distribution in time and space. They have been found in Paleolithic sites stretching from southwestern France in the west to Siberia in the east—a distance of over four thousand miles—and they date from time periods that begin as early as forty thousand years ago and last until as recently as ten thousand years ago. This incredible span of time and space includes almost the entire prehistoric history of anatomically modern humans in Europe. Nevertheless, each of the Venus figurines from each prehistoric time and place was executed with a particular, identifiable style. And the fact that this style varies considerably from one example to another is evidence that, tens of thousands of years ago, humanity had divided itself into distinct cultures, each associated with a particular time and place.


  In addition to the exaggerated sexual symbolism of the Venus figurines, the Cro-Magnons also sculpted other highly realistic objects from the ivory they recovered from mammoth kills and from the antlers they removed from the reindeer they hunted. These include many highly decorated spear-throwers and some masterful sculptures of people and animals. One of the best known of these is the carved likeness of a woman’s head, known as La Dame à la Capuche or “The Lady of the Hood,” twenty-five thousand years old, which was found in a cave in southwestern France in 1892. Another is a horse’s head of incredible realism carved from reindeer antler, which was excavated from the cave of Mas d’Azil in the French Pyrenees (see Figure 5.4).


  These and other fine examples of Paleolithic art show that the Cro-Magnons employed their rapidly evolving artistic abilities to represent the animals and people that populated their universe. But the people of that era also used graphic designs of a more obscure nature to record and communicate information, thoughts, and ideas. Perhaps nothing that has survived from prehistoric times is more suggestive, and more mysterious, than the symbolic designs called petroglyphs that were painted and carved on the walls of Paleolithic caves. We will explore the subject of petroglyphs in detail later in this chapter. But first, we must grapple with the question of how humans came to use visual designs to represent thoughts and ideas in the first place.


  The Symbolism of Animal Tracks


  For all primates, including hominids, vision is the most important of all the senses. After tens of millions of years adapting to a life in the trees, our primate ancestors came to rely far more on the sense of sight than on the sense of smell. Animals that live on the ground, where smells linger and are plentiful, tend to have a highly developed sense of smell, and this is especially true of mammals. But in the breezy heights of the trees, smells tend to be blown away in the wind, while it is vital that the movement of a predator, or the color of ripe fruit, be seen over great distances. As a result, our tree-dwelling primate ancestors gradually lost much of their sense of smell but gained a greatly enhanced sense of sight, complete with color vision and the ability to see in three- dimensional space.


  When the early hominids added the predator’s strategy of hunting to the ancestral primate strategy of foraging, they possessed only the diminished sense of smell they inherited from their arboreal ancestors. So instead of tracking their prey with a highly developed sense of smell as is typical of most other mammalian predators, the hominids turned instead to their highly developed sense of vision.


  Anthropologists who have studied hunting and gathering societies have consistently found the nomadic hunters to be masterful visual trackers. The most inconspicuous broken twig, the slightly bent blade of grass, or the merest trace of a footprint in the damp earth can be read by the experienced hunter as easily as you and I can read a newspaper headline. And once they have speared or poisoned their prey—even though it may gallop off out of sight—the tiniest drop of blood in a sea of grass or the most subtle change in the color of their droppings will reveal to the eye of the experienced hunter the spoor of the animal they have wounded.


  Over the past million years, as the emerging humans evolved into increasingly skillful hunters, the interpretation of animal tracks developed into a high art. No longer dependent on actually seeing their prey, the emerging humans learned how to sense the presence of their prey and track their movements by recognizing the telltale signs left in the environment by the game animals that lived near them and that passed through their territories.


  As they became increasingly adept at associating the visual signs of animal tracks with the identities and condition of the wild pigs, deer, antelopes, reindeer, horses, bison, and wild cattle they were pursuing, the emerging humans also developed, in addition to their tremendously sensitive and discriminating powers of visual perception, the unique ability to associate specific visual patterns with the activities of animals and people, their states of being, and the actions that those patterns represented.


  The Neandertals, who were supremely gifted hunters, must have possessed a greatly advanced capability for visual tracking. But it was the Cro-Magnons and the other anatomically modern humans who took the next logical evolutionary step and invented their own signs and symbols to represent specific animals, people, states of being, behaviors, and actions. Once having taken this critical step, anatomically modern humans elaborated the technology of symbolic communication to a degree unprecedented in the history of the hominids. In the process, they unleashed yet another fundamental transformation in human life and society.


  The Oldest Evidence of the Use of Symbols


  While the cave paintings and petroglyphs of the Cro-Magnons may be the purest example of symbolic communication left behind by prehistoric people, some tantalizing evidence has survived from long before the appearance of Homo sapiens. This evidence suggests that Homo erectus and other emerging humans had begun to draw designs on bone and shell hundreds of thousands of years ago.


  From Eugène Dubois’ collection of artifacts from the Indonesian Island of Java in 1891, the Dutch archeologist Josephine Joordens and her colleagues recently identified freshwater shells that had been deliberately engraved with geometric designs. And a number of striking artifacts were found in 1969 in a prehistoric site in Bilzingsleben, Germany, inhabited by the emerging human Homo heidelbergensis.10 (This is the same site that contained the stone circles that appear to be the foundations of extremely ancient dwellings.) The site at Bilzingsleben dates from between 380,000 and 400,000 years ago and contains evidence that Homo heidelbergensis may have used a primitive form of symbolism to record numbers or quantities.


  One of the many artifacts from Bilzingsleben that bear deliberate markings is a percussion tool made of elephant bone, one of many such tools used by the emerging humans for putting the final touches on their classical Acheulean hand axes. The elephant bone tool is approximately sixteen inches long, and it bears twenty-one cut marks that seem to have signified some kind of counting process. The marks are divided into two groups, with seven marks in the upper group and fourteen marks in the lower group.


  Dietrich and Ursula Mania, the paleontologists who excavated this site, observed that the lower third of the tool had broken off, and they proposed a reconstruction in which this missing third would have borne a series of seven marks similar to those on the upper third. The Manias further proposed that this reconstructed elephant bone with twenty-eight marks was the symbolic expression of a lunar calendar, in which each mark represented a single day in the twenty-eight-day lunar cycle. If this is correct, the first seven marks would have represented the seven-day period from the new moon to the waxing half-moon, the next fourteen marks the fourteen-day period from the waxing half-moon through the full moon to the waning half-moon, and the final seven marks the period from the waning half-moon to the following new moon.


  The elephant bone percussion tool is only one of many such objects from Bilzingsleben that bear similar markings, and their abundance has inspired the independent scholar John Feliks to claim not only that Homo erectus possessed a spoken language but also that these emerging humans possessed highly advanced musical and mathematical knowledge.11 However, the complete absence of any other evidence that Homo erectus had intellectual powers comparable to those of modern humans suggests that Feliks may have overstated his case.


  While the possible use of symbolism by Homo erectus remains an unsettled question, there is solid evidence that Neandertals were making primitive forms of jewelry such as necklaces, hair ornaments, and possibly earrings well before the arrival of anatomically modern humans. These objects of personal adornment were not intended to keep the body warm or protect it from the elements. They were worn as symbols of status, as magical charms to ward off sickness or injury, or simply as objects of beauty. They were not used for a practical purpose; their purpose was purely symbolic.


  In two Neandertal cave sites in southeastern Spain, numerous seashells were found with holes drilled in them, so they could be strung as necklaces or attached to the hair or clothing. The cave sites also contained red and yellow pigments that were used to paint the shells in bright colors. And in a cave in northern Italy used by Neandertals, remains of the wing bones of vultures, eagles, pigeons, and crows show clear evidence that the large feathers on their wings had been deliberately removed. Since there is no evidence that the Neandertals ever used any of these species for food, they were clearly plucking out those wing feathers to wear as objects of adornment, possibly as earrings or headdresses.


  Finally, the Neandertals are the first prehistoric people known to have buried their dead. The Neandertal graves that have been found in Europe all have a similar pattern: the body of the deceased is placed in a small, shallow grave in a fetal position, with the knees bent upward and the head bent forward. In one Neandertal grave about seventy-five thousand years old, excavated in the 1950s in Shanidar Cave in modern Iraq, paleontologists found the remains of pollen from flowering plants known for their medicinal qualities. It was suggested that bunches of these flowers had been deliberately placed on the body of the deceased, in a practice reminiscent of the modern European custom of placing flowers on gravesites.


  The Shanidar burials have been interpreted by some scientists as evidence that the Neandertals had believed in the afterlife—a belief that is associated throughout all of human history with symbolism and the observance of religious ritual. Other paleontologists who conducted more recent analyses of this grave, however, have concluded that the pollen in the Shanidar grave may have simply blown into the grave with the wind or been carried in by small ground-living rodents.


  Nevertheless, traces of red ochre—a naturally occurring pigment used by many hunting and gathering people in the course of ritual observances—have been found in many Neandertal grave sites, some as old as two hundred thousand years. This indicates that, at the very least, these prehistoric people regarded death as an important milestone in human life, and that the death of a member of the group was observed by rituals in which the use of symbolic substances such as red pigment played a significant role.


  With the arrival of anatomically modern humans in Europe, however, symbolism in its purest form suddenly becomes abundant in the paleontological record. And perhaps the most fantastic collection of prehistoric symbolism in the world are the thousands of petroglyphs that were found in another Spanish cave from Cantabria, the Cueva de la Pasiega.


  The Secrets of La Pasiega


  In the heart of Cantabria, less than fourteen miles southeast of Altamira Cave, the cave of La Pasiega was first investigated in 1911 by the Swiss anthropologist and prehistorian Hugo Obermaier. La Pasiega was inhabited over a period of roughly six thousand years, from approximately twenty thousand to fourteen thousand years ago, first by the Solutrean people and later by the Magdalenian people, and it contains one of the richest troves of petroglyphs ever found.
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  Figure 5.5. The carefully executed designs in these petroglyphs from La Pasiega Cave leaves little doubt that they were created to record and convey specific information in symbolic form.


  Some of the petroglyphs at La Pasiega represent animals or people, others appear to represent numbers or quantities, and still others remain entirely a mystery. La Pasiega contains thousands of petroglyphs, but aside from some images of game animals, none of the petroglyphs have ever been deciphered. Yet while we may never be able to unlock the secrets of these petroglyphs, it is clear that they are symbolic in nature. These are not meaningless lines and dots scrawled at random for no reason.


  The petroglyphs found at La Pasiega are carefully executed shapes and patterns in which certain graphic elements occur repeatedly yet not in a random fashion. In this respect, they resemble the alphabets used in the true writing of civilized cultures (see Figure 5.5). The petroglyphs are also very different from the purely decorative patterns that can be found in the pottery and basketry of preindustrial societies, in which a single design often covers a large area with little or no variation. Moreover, the petroglyphs were drawn deep in inaccessible regions of the caves, which suggests that they were not drawn casually. Finally, we know from contemporary ethnographic studies that cave paintings and petroglyphs are regarded by hunting and gathering people as forms of magic and are often associated with religious rituals.


  For all of these reasons, petroglyphs must be regarded as designs that were deliberately drawn to convey specific meanings and to represent specific things and events in time and space. But what, exactly, were these things and events? Unfortunately, we have no idea.


  There is no Rosetta Stone that reveals the secrets of the petroglyphs in written languages that we can translate and understand. There are no Magdalenians or Solutreans still alive to explain their meanings to us. In fact, not only do we have no idea what language these people spoke but also, even if we could hear them speak, we would still have no idea what they were saying. For the meanings that are encoded in the form of symbolic communications are, by their very natures, dependent on the living memory of those who grew up and lived in the cultures that created them. And when all of those people disappear and their cultures pass into oblivion, we have little or nothing to go on.
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  Figure 5.6. Many of the La Pasiega petroglyphs contain dots or bars that may have signified number or quantity.


  We may not know exactly why the Magdalenians and other Cro-Magnon people executed the masterful cave paintings of Altamira, Lascaux, and Chauvet, but at least we know that these lifelike paintings represented real animal species that can be positively identified. Not so with the petroglyphs. There is little doubt that petroglyphs were carved and painted in order to record information and convey it to others in time and space. But what that information is, and how it was translated into symbolic form, remains a secret that the best minds of modern paleontology have been utterly unable to unlock.


  If the written word—which includes both simple forms like cuneiform or the Roman alphabet and complex forms like Egyptian hieroglyphics and Mayan glyphs—is the symbolic representation of information expressed in human speech, the petroglyphs of the Paleolithic rank as the earliest and most ancient forms of human writing ever found. Furthermore, they are the best evidence imaginable that the people who created these petroglyphs were using language. In fact, some scientists believe that the ability of prehistoric people to draw meaningful images in the first place is proof that their cultures contained shared systems of meanings expressed in the form of actual spoken languages.12 But while the possibility of hearing people speak these prehistoric languages has been lost forever, some fascinating clues about the origins of human speech have survived in the fossil remains of hominid skeletons.


  The Hyoid Bone and the Origins of Language


  In previous chapters, we saw how the fossil evidence of human anatomy can provide important clues to the behavior of prehistoric hominids, even when the behavior in question occurred long ago and cannot be observed directly. This raises the interesting question of whether the fossil remains of extinct hominids might offer some clues about when they first began to use spoken language. Since the tongue, larynx, and upper throat—the primary organs of speech—are composed almost entirely of soft tissues, none of these tissues have survived over the immense time periods that elapsed in the course of human evolution.


  But there actually is one very small bone—located in the upper region of the human throat, just above the larynx and attached to it—that plays an important role in the movements of the muscles of the tongue and throat that shape the sounds of human speech. This bone, which is shaped like a horseshoe and is approximately one and one-half inches wide, is called the “hyoid bone.”


  While the hyoid bone of a modern human is dramatically different in shape from the hyoid bone of a chimpanzee, it is nearly identical to the hyoid bone of the Neandertals and very similar to that of the emerging human Homo heidelbergensis. It therefore seems possible that human speech began hundreds of thousands of years ago in a population of Homo heidelbergensis and that the Neandertals spoke an advanced form of language similar to our own modern speech. There can be little doubt that the anatomically modern humans, who left behind plentiful evidence that they routinely used visual symbolism to record and communicate information, were fully capable of human speech.
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  Figure 5.7. The shape of the chimpanzee hyoid bone (A) is very different from the very similar shapes of Neandertal (B) and modern human (C) hyoid bones, suggesting that Neandertals may have had spoken languages comparable to our own.


  Some scientists have argued that language first developed when hominids began to form groups that were larger in size than the small number of individuals that are typical of the social groups of monkeys, apes, and early hominids. According to this view, language—along with an increasingly large brain—evolved so that emerging humans could bond with the larger number of individuals that were forming in the more recent human groups. While monkeys and apes bond with other members of the group through physical grooming, there is a limit to the number of individuals one can groom. Language makes it possible to expand this number dramatically.13


  Prehistoric Music


  The songs that humans sing are nothing like the songs produced by the thousands of species of birds or the few mammals, such as gibbons and whales, that sing in the course of their daily lives. The “songs” of those animals vary only slightly from one individual or population to another within each species, indicating that they are largely instinctual and preprogrammed by genetic inheritance.


  The songs of humans, however, vary dramatically from one human group to another, and from one individual to another. So it seems that singing, like language, is one of those behaviors that, while characteristic of human nature, must be learned, like language. And the music that humans make by using technology to fashion musical instruments is another of those behaviors that is completely unique to our species.


  Paleontologists have never been able to determine when prehistoric humans first began to make music, but humans probably developed the ability to sing first and only later invented the technology of musical instruments. If singing began with the use of language, it may have begun as long as three hundred thousand years ago. And if—as seems increasingly likely—the Neandertals had a spoken language by the time they settled in prehistoric Europe more than one hundred thousand years ago, singing is probably at least as old as that.


  The oldest musical instruments found to date are the remains of several small “flutes” between five and nine inches long, that were made approximately thirty-five thousand years ago by anatomically modern humans belonging to the Aurignacian culture. The Aurignacians made most of these instruments by boring finger holes into the hollow wing bones of swans and vultures, and several of these Aurignacian flutes have been unearthed from Paleolithic cave sites located in the river valleys of southwestern Germany. When one of these bird-bone flutes was reconstructed, researchers were able to use them to produce the musical tones of B, C, D, and F.


  Some of the Aurignacian flutes found at these sites were made of ivory. This required a complicated process of manufacture, in which a section of mammoth ivory tusk was split in half, each of the halves was hollowed out along its length, finger holes were carved in specific locations, and the two halves were glued together to form a perfect airtight seal. The time, care, and workmanship required to fashion these delicate instruments from bone and ivory leaves little doubt that music—and the craft of making of musical instruments—was already considered an important part of life tens of thousands of years ago.


  The songs and dances of the Aurignacians, Gravettians, Solutreans, and Magdalenians probably served the same purpose in prehistoric life as they do in modern life today: as a means of emotional release, as a way of creating feelings of camaraderie and belonging among the members of a social group, and as a way of expressing one’s cultural identity. It is no accident that every modern nation-state has a national anthem that its members sing together to express their solidarity as citizens of their national cultures and to reinforce their shared identity as members of these immense human groups.


  Shared Symbols and Ethnic Identity


  It is June on the Great Plains of western North America in the early 1800s. The heat of summer is fast approaching, and the scattered bands of Cheyenne Indians—the famed buffalo hunters of the North American Plains—are wandering slowly from the shelter of their winter camps in the wooded valleys toward the great camp circle that will soon be created in an open field on the banks of the Platte River. There, on the morning of the summer solstice, a thousand teepees, representing the entire Cheyenne tribe, will be erected in a large open field, where the Arrow Renewal Ceremony will be performed.


  Throughout most of the year, the many different Cheyenne bands lived in widely scattered encampments, hunting and gathering for their food in groups composed of loosely related families. Yet, when the power of the tribe was at its height, less than four thousand Cheyenne dominated a region of prairie hundreds of miles wide that stretched from Montana in the north to Kansas in the south—an area twice the size of Texas. How did the Cheyenne successfully defend this immense territory against other Plains Indian tribes who coveted their hunting grounds and who were not only larger in size than the Cheyenne but also equally skilled at the arts of warfare? The answer seems to be that the Cheyenne had developed the ability—comparatively rare among the tribes of the North American Plains—to present a completely united front against their enemies.


  The Cheyenne were formidable buffalo hunters and warriors who were skilled in the arts of lethal force. Among the Cheyenne, killing or wounding someone from an enemy tribe was considered a great achievement, a deed that a man was entitled to boast about for the rest of his life. But among men who know how to kill, there is always the danger that conflict over territory, property, or women might escalate into violence, resulting in injury or death within the tribe. Such conflicts were in fact commonplace among many Native American tribes, and it was not unusual for the members of these other tribes to become embroiled in cycles of revenge and counterattack, pitting members of the same tribe against each other.


  The Cheyenne’s advantage over other Plains Indian tribes was rooted in their unique culture and value system, in which tribal solidarity was considered a paramount virtue, and in which murder—defined as the killing of one Cheyenne by another—“soiled” the Sacred Arrows, their paramount symbols of tribal unity. Murder placed the entire tribe in moral jeopardy, robbing it of the protection of the divine spirits and the magical powers of the Arrows themselves. The Cheyenne believed that the body of a murderer slowly rotted away inside and became foul and putrid until the murderer died a slow, lingering death. These effects could be reversed only if the murderer atoned for his sin by sponsoring an Arrow Renewal Ceremony—an arduous task requiring months of travel on horseback to visit and inform all of the Cheyenne bands throughout the immense territory of their tribal hunting grounds.


  The purpose of the Arrow Renewal Ceremony was the symbolic “cleansing”—through days of fasting, praying, and ritual observances—of the four Sacred Arrows that had been handed down through the generations from the mythical Cheyenne hero Sweet Medicine, who had received them long ago from the Great Spirit. Once every few years, all the members of the Cheyenne tribe would come together to perform the sacred Arrow Renewal Ceremony, in which the entire Cheyenne tribe would call upon the spirits of their ancestors to renew the earth, wash away the sins of the past, and restore the bonds of brotherhood among all Cheyenne—and by so doing ensure game in abundance and victory in war.


  On the first day of the Arrow Renewal Ceremony—the day of the summer solstice—a thousand tepees were raised by a thousand Cheyenne families, forming the arc of a great crescent that faced the rising sun, with the door of each tepee set to catch the first rays that appeared over the horizon. A huge communal tepee, the Medicine Arrow Lodge, was raised in the center of this crescent, within which the Sacred Arrows would be renewed and purified.


  On the second day, the priests took their places in the Medicine Arrow Lodge. Sacrificial gifts were placed as offerings before an altar in the center of the lodge, and after the careful performance of secret rituals, the singing of sacred songs, and the offerings of prayers, the bundle containing the Sacred Arrows was opened and examined. So sacred was this moment that all Cheyenne except those actually participating in the ceremony had to remain perfectly silent and still in their tepees, while the grounds of the great camp circle were patrolled vigilantly by the members of the Cheyenne Warrior Society. If a child began to cry, it was quickly hushed. If a dog barked, it was killed instantly with a quick blow from a warrior’s club.


  On the third day of the ceremony, the Sacred Arrows were cleaned and repaired, and a long willow stick was cut for each Cheyenne family. One by one, each willow stick was blessed in the smoke of incense by the tribal priests, to give each family renewed well-being. And each family would carefully keep and protect its willow stick throughout the year, as a reminder that they were Cheyenne and that they belonged to something greater than themselves, greater than their families—and greater than the local band of related families that lived and traveled together, hunting and gathering within their individual territories.


  In this way, the Cheyenne harnessed the emotional power of symbolic communication to fuse dozens of small nomadic bands into a single tribal entity capable of coalescing in short notice into a fighting force of thousands. With a common language, and a common allegiance to the power of the Sacred Arrows and other tribal symbols, the many Cheyenne bands could be quickly organized into a single large group that included most of the members of the tribe. In this way, the fission-fusion society that both chimpanzees and hominids inherited from their common ancestors became a powerful social force, capable of creating the feeling of tribal solidarity among the members of many scattered nomadic bands.


  The Fission-Fusion Society


  During the brief periods when two distinct groups of chimpanzees temporarily fuse into one, the members of both groups mingle together with little or no overt violence or conflict. But while this fusion phase exists, the individuals of both groups display symptoms of emotional stress, which may take the form of screaming, “dominance” displays such as breaking branches, and generally rushing around with great excitement. Inevitably, however, the emotional strain of being in close contact with members of another group begins to take its toll. After mingling for a day or two, the chimpanzees sort themselves out into their original groups and depart for their home territories.


  Humans, however, have taken the fission-fusion model one step further, by making the fusion cycle into an integral part of their seasonal environmental adaptation. The Inuit Eskimos spent the comparatively warm months of the brief Arctic summer in small family groups that generally numbered from two to twelve individuals, while they wandered through the tundra, gathering birds eggs and snaring rabbits. But in the winter, when they hunted larger game—such as caribou, seal, and walrus—that required the cooperation of a larger group of hunters, the Inuit would cluster in much larger groups. Settling in one location for the winter, each Inuit family or extended family would build its own igloo, creating settlements that were composed of several igloos housing fifty or more people.


  The Bushmen of the Kalahari Desert displayed a similar fission-fusion pattern, gathering near a few permanent water holes in relatively large numbers during the height of the dry season and dispersing into small family groups during the rainy season, when food was more plentiful and could be found scattered throughout the desert.


  When anatomically modern humans integrated symbolic communication into their daily lives, they unleashed the full power of the fission-fusion society. By adopting distinct cultural identities—and reinforcing these identities by the sharing of language, music, dance, art, design, and other forms of symbolic communication—modern humans were able to fuse the small nomadic bands in which they lived for much of the year into large groups that were able to cooperate in hunting and warfare as the need and opportunity arose.


  While small groups of prehistoric nomads may have been ideally suited to the pursuit of small game and the gathering of edible plants, larger groups were better suited to the communal hunting of large animals, such as the prehistoric megafauna of mammoths, rhinoceroses, bison, and wild cattle. Although the megafauna were hunted relentlessly by the Neandertals, they continued to flourish side by side with the Neandertals for tens of thousands of years. Yet when anatomically modern humans appeared on the scene, the megafauna seem to have been hunted to extinction in the space of a few thousand years. With their tribal cultures and their ability to organize themselves into large groups when the occasion demanded, the deadly efficiency of communal hunting proved no match for the megafauna that had roamed the northern latitudes throughout the ice ages.


  Seventy-five thousand years ago, the Neandertals had become well established in western Europe, and they flourished there for at least thirty-five thousand years. But a few thousand years after the arrival of anatomically modern humans, the Neandertals had completely disappeared. Unlike the anatomically modern humans, the Neandertals left behind little evidence of symbolic communication and no evidence at all of distinct cultural traditions or ethnic identities. In spite of their superior physical strength, the small bands of individual Neandertals would have been no match for an organized fighting force composed of hundreds or even thousands of assembled Châtelperronians or Aurignacians.


  The Power of the Narrative


  Perhaps the most significant advance in symbolic communication occurred when humans began to string together groups of words to describe events that occurred in a particular sequence over a period of time. These sequences are commonly known as “narratives.”


  “‘Begin at the beginning,’ said the King to the White Rabbit, ‘and go on till you come to the end: then stop.’”14 This deceptively simple formula describes a powerful form of communication of which no other species is capable. While the emerging humans may have had a primitive form of language, and the Neandertals almost certainly were capable of spoken language, the profound changes in human life ushered in by the anatomically modern humans may have been due to their unique ability to tell a story in narrative form.


  The power of the narrative made it possible for male hunters returning to their home base with their coveted prizes of meat to recount the story of how they found, tracked, cornered, killed, and butchered their prey. The narrative made it possible for female gatherers to describe how they traveled from their home base to the exact location where choice fruits, roots, tubers, and other foods could be found. The narrative made it possible to describe the step-by-step process of making tools, weapons, containers, dwellings, clothing, and all the other myriad things that hunters and gatherers depended on. The narrative made it possible for shamans and curanderas to explain the causes of diseases and to teach their apprentices how to carry on the traditions of healing the sick and wounded.


  Among its many important contributions to human culture, the power of the narrative allowed tribal story-tellers to recount the lives and deeds of the ancestors and the tribal gods, explain how the universe came to exist, and recite the sacred songs and rituals that gave meaning and richness to tribal life. The sum total of all these narratives constituted the “oral traditions” that anthropologists have recorded in all of the preindustrial cultures they have studied. These oral traditions functioned as the repositories of the experience and collective wisdom of every human society until the birth of civilization and the invention of the written word.


  Finally, the power of the narrative gave anatomically modern humans a way of comprehending not only how events unfolded in the past but also how they would unfold in the future. In this way, the invention of the narrative gave our species the unique ability to conceive of the passage of time and to prepare for events that would not take place until days, weeks, or months in the future.


  It is therefore no accident that, when the Neandertals were replaced by modern humans who possessed cultures rich in symbolic communication—and who had, through the shared symbolism of language and the oral tradition, access to vastly more information about how to live—the human population of Europe multiplied within a few thousand years until it was ten times the size that it had been during the age of the Neandertals.


  The Power of Cultural Evolution


  The essential mechanism of biological evolution consists of three basic processes. First, each generation inherits the characteristics of its parents through information that is encoded in the genetic material contributed by both mother and father. Second, some of this information is inevitably lost or changed through a largely random process we call “mutation.” Third, most mutations have either no effect on the development of the organism or are harmful or maladaptive, making life more difficult for the individuals whose DNA has been altered.


  Nevertheless, a very small number of random mutations turn out to be beneficial and help the individual organism adapt more efficiently to its environment. As a result, the more beneficial mutations become increasingly common in a breeding population and—if they are sufficiently adaptive—eventually become the new normal within the breeding population. This is the basic process that produced the ability to walk and run on two legs, use fire, cook food, construct dwellings, fashion clothing, and so on.


  But biological evolution has its limitations. First of all, it is exceedingly slow. It took millions of years for our prehistoric ancestors to develop full upright posture and true bipedal locomotion, and well over a million years for the hominid brain to reach its present immense size. In the process of biological evolution, new and more beneficial genetic information can be transmitted only from a parent to its biological offspring. This means that many generations are required before a beneficial gene can spread throughout a breeding population. And before it can succeed, the children, grandchildren, and great-grandchildren of the first individual who possessed this new genetic material must consistently outcompete—and eventually outnumber—the children, grandchildren, and great-grandchildren of the other members of the group.


  The DNA of a species is the complete set of instructions for constructing all the parts and pieces of the living organism, like the recipe for a cake or the blueprint for a building. If any of those instructions are changed, the cake, the building, or the organism will not be constructed according to plan. And when these changes are simply random failures in the reproduction of the instructions, they will appear as “mistakes” in the final product. It is thus necessary for a population of living organisms to discard thousands of harmful mutations before a single beneficial mutation appears that can be retained through the process of natural selection.


  But cultural evolution has none of these limitations. A new kind of behavior may originate with a single individual and be rapidly transmitted to other individuals through learning and imitation. If this new behavior helps the individual to adapt more successfully to his or her environment, it can spread easily throughout an entire social group within the space of a single generation.


  In addition, different groups of apes, monkeys, and humans occasionally come into contact with each other, and when these contacts are friendly, individuals from the two groups may mingle. This gives the members of one group the opportunity to observe and imitate the behaviors of individuals in the other group. In this way, new behaviors can spread not only within a single social group but also from one social group to another—and in this fashion ultimately spread throughout the population of an entire geographical region.


  Finally, cultural innovations rarely originate as random events. Unlike genetic mutations, the changes in behavior that drive cultural evolution are usually purposeful and deliberate, and for that reason they are much more likely to be beneficial and adaptive than the mutations that drive biological evolution. This is true not only of the invention of potato-washing by Japanese macaques but also of the invention of cave art, the domestication of plants and animals, the development of precision machining, and the invention of the computer. It is easy to see why, when the purposeful nature of cultural innovations is combined with its very rapid means of transmission and proliferation, cultural evolution is both faster and more efficient than biological evolution.
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  With the emergence of tribal cultures—a milestone made possible by the advent of shared symbolic communication in its many forms—humanity embarked upon a path of fusing into ever larger societies and social groups. And in each step along the way—in the agricultural village, the urban city-state, and the industrial nation-state—the size of the human group expanded exponentially. Without symbolic communication, this exponential growth would never have been possible. With symbolic communication, it was probably inevitable.


  When the human social group, which for millions of years had consisted of no more than a few dozen individuals, freed itself from its primate inheritance and expanded into tribes of thousands, a process of fusion began that has culminated in the formation of vast nation-states consisting of millions of individuals and claiming dominion over the earth’s entire land surface. Whether our species is capable of a final act of fusion—in which all living people achieve a shared identity as members of a single global culture and civilization—is a question that will determine the future not only of our own species but also of most forms of life on Earth. This is, in fact, the question that lies at the heart of this book.
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  CHAPTER 6


  THE TECHNOLOGY OF AGRICULTURE


  Permanent Villages and the Accumulation of Wealth


  “The transition from foraging to farming was the most profound revolution in human history.”


  —Graeme Barker, The Agricultural Revolution in Prehistory


  Eighteen thousand years ago, the last ice age was at its height. Massive ice sheets hundreds of feet thick covered the northern latitudes of Europe, Asia, and America. Sea levels were three hundred feet lower than they are today. Vast deserts stretched across Africa and Asia, and the rainforest was only a fraction of its present size. But great changes lay ahead. With the waning of the ice ages and the warming of the earth, humanity was about to embark on its next great metamorphosis.


  Each of the four metamorphoses that had already taken place had transformed the biology of our ancestors in significant ways. The technology of spears and digging sticks transformed us from quadrupedal into bipedal animals. The technology of fire and cooking resulted in the loss of our body hair, a massive expansion in the size of our brains, and the disappearance of our tree-climbing anatomy. The technology of clothing and shelter enabled us to migrate out of the tropics and made it possible for our “premature” newborns to survive in cold climates. And the technology of symbolic communication involved significant changes in our brains, freeing us from the slow pace of biological evolution and enabling us to take advantage of the speed and flexibility of cultural evolution.


  Yet throughout the millions of years it took for all of these important biological changes to take place, neither the nature of hominid society nor the relationship of the hominids to their natural environment was significantly altered. By day, adult males continued to pursue a lifestyle of predatory hunting, while adult females continued to forage for edible plants. At night, small groups of related kinfolk continued to gather in their home base for protection against predators. And every so often, the hominid group would abandon its home base and move to a new location, searching for more plentiful sources of food.


  But when the Paleolithic era came to an end with the waning of the last major ice age, humanity freed itself of the need—which limits and circumscribes the lives of all other animals—to be perpetually engaged in the search for something to eat. When the technology of agriculture made it possible for humanity to produce its own food and store it for the future, our species cast off a burden that it had borne, along with all other animals, since its beginning.


  Unbound from the daily search for food, our ancestors settled down in permanent settlements composed of hundreds and even thousands of people, learned to specialize in arts and crafts, and began to multiply. New and powerful technologies of transportation and communication enabled us to build cities and multiply still more, creating enormous civilizations composed of hundreds of thousands of people. The technology of precision machinery made it possible for us to create modern industrial nation-states composed of millions, and as a result we have multiplied so fast that our long-term future is now at risk. And the recent development of digital technology—which enables us to trade, visit, and communicate with all members of the human species—has made it possible, for the first time in our history, for humanity to fuse into a single global society.


  None of these metamorphoses in society would have ever taken place had humans continued to pursue the hunting and gathering existence with which our species began. And yet the causes of this sudden appearance of agriculture, which made it possible for human society to embark on this road of profound social transformation, remains one of the great mysteries of the human story.


  The Mystery of Agriculture


  Between twelve thousand and four thousand years ago, a number of different human societies, living in widely separated locations, abandoned their former hunting and gathering lifestyle and began growing their own food. Scientists have offered many different and often competing theories to account for this remarkable coincidence, but after decades of discussion, there is little agreement about precisely why humans all over the world made the wholesale transition from hunting and gathering to agriculture at this time.


  Later in this chapter, I will explain why it may have been the acquisition of language—and especially the power of the narrative—that enabled humanity to make the transition from foraging to farming at this particular moment in its history. But first, we must consider the numerous theories that have been advanced in recent years to explain the novel technology of food production. And while scientists may disagree about the causes, they do agree that agriculture first began in the Middle East roughly eleven thousand years ago, in a well-watered strip of land call the “Fertile Crescent.” This is where our story begins.


  The Fertile Crescent is approximately one hundred miles wide and nearly a thousand miles long. It begins in Egypt, at the eastern end of the Mediterranean Sea, and it ends in Iraq, at the northern end of the Persian Gulf. Lying directly on the path between Africa and Eurasia, and home to the earliest of the ancient civilizations, the Fertile Crescent has played an outsized role in human history since the emerging humans migrated into Europe and Asia more than 1.5 million years ago.


  One of the first theories to account for the development of agriculture proposed that farming originated in the Fertile Crescent because the environment of that region was drying up, causing the dwindling number of people and animals to move into oases, where they were forced to live in close proximity with each other and where humans began to raise these animals for food. But a subsequent theory proposed that food-production began not in the oases but in the hilly flanks of the Fertile Crescent, because this was the area inhabited by the wild ancestors of some of the first plants and animals to be domesticated, including wheat, barley, flax, peas, lentils, cattle, goats, sheep, and pigs.
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  Figure 6.1. The Fertile Crescent, which stretches from the Nile River in the west to the Persian Gulf in the east, is where the earliest evidence of agriculture appeared.


  A still later theory proposed that agriculture began when it did because the Fertile Crescent was becoming overpopulated and food was becoming scarce. Before long, yet another theory proposed that humans had become dependent on certain species of plants and animals, which in turn were evolving into forms that were so useful that humans began to protect and propagate them. This was followed by the theory that pre-agricultural societies had actually created a surplus of food, allowing dominant individuals to compete for prestige and power by giving increasingly lavish feasts—and that the need to produce surplus food for such feasting stimulated the development of agriculture. Finally, a new theory proposed that after the end of the ice ages, the climate of the northern latitudes became more hospitable to plants, and this encouraged people to give up their previous nomadic ways of life, finding it simply easier to grow their own food than to hunt and gather for it.1


  And these are only six of the best-known and most seriously discussed theories. In his exhaustive study of the origins of agriculture, the archeologist Graeme Barker listed no less than thirty-nine reasons that have been proposed over the years to explain the transition from foraging to farming, including big men, climate change, competition, desertification, diffusion, energetics, fat intake, feasting, hormones, intelligence, kitchen gardening, land ownership, marginal environments, natural selection, nutritional stress, oases, plant migration, population pressure, random genetic kicks, resource concentration, rich environments, rituals, sedentism, storage, technological innovation, water access, xenophobia, and zoological diversity.2


  There are two major problems with these theories. The first problem is that some of the explanations actually seem to contradict each other. For example, one theory proposes that food production arose from a shortage of food while another proposes that it arose from an abundance of food. The second problem is that the events and conditions that are thought to have triggered the beginning of food production had all occurred previously in the history of the hominids. And when the same events and conditions have already occurred without producing the same results, it stands to reason that none of these conditions were sufficient, by themselves, to bring about the profound metamorphosis that took place when humans invented agriculture. Yet, within the space of a few thousand years, agriculture was invented in at least eleven different locations throughout the world.


  The earliest evidence of agriculture appeared between eleven and eight thousand years ago, with the domestication of wheat, barley, flax, peas, lentils, cattle, goats, sheep, and pigs in the Fertile Crescent. But shortly afterward—between nine and eight thousand years ago—rice, chickens, pigs, cattle, and water buffalos were domesticated in the river basins of eastern China, and millet was being domesticated in northern China.
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  Figure 6.2. The domestication of plants and animals began in at least eleven different locations between eleven and four thousand years ago in all the major continents except Europe. A-The Fertile Crescent; B-Central China; C-Northern China; D-New Guinea; E-The Valley of Mexico; F-The Andes Mountains; G-Eastern North America; H-Equatorial South America; I-The Western Amazon Basin; J-Sub-Saharan Africa; and K-Northern India.


  Maize3 and squash were domesticated in the Valley of Mexico between eight and six thousand years ago, while yams, taro, and bananas were domesticated in the highlands of New Guinea about seven thousand years ago. At about the same time, yams, cotton, and sweet potatoes were being domesticated in the equatorial zone of present-day Ecuador and Columbia while peanuts, chili peppers, and manioc (also known as cassava and tapioca root) were being domesticated in the tropical lowlands of the Amazon Basin.


  Potatoes and quinoa were domesticated in the highlands of present-day Peru and Bolivia between seven and five thousand years ago. Sunflowers, gourds, and squash were domesticated in eastern North America between five and four thousand years ago, while at roughly the same time, millet, sorghum, yams, and coffee were being domesticated in sub-Saharan Africa and the horse was being domesticated in Central Asia.4


  Why did such a fundamental change in the relationship between humanity and the natural environment take place all over the world between eleven and four thousand years ago? Why did agriculture appear almost simultaneously in so many different locations throughout the world? And why did agriculture begin in each region with a different mix of plants and animals from those that were domesticated in the Fertile Crescent, rather than spreading from a single point of origin in the Middle East? So the question remains: What was new or different about the humans of the Neolithic? What abilities did they have that enabled them to invent a radically different way of life, abilities that the hominids of the earlier periods did not possess?


  Was a Spoken Human Language the Missing Ingredient?


  “A propensity to interfere with the environment in unexpected ways,” wrote the distinguished archeologist Andrew Sherratt in 1997, “seems to have been an inherent characteristic of modern humans; in this perspective, the ‘origins of farming’ have as much to do with the appearance of language and symbolic systems as they have to do with climatic change.”5


  Was the technology of symbolic communication the critical element that had been missing from human cultures during more ancient periods of human prehistory? Was “the appearance of language and symbolic systems,” combined with the warming of the earth, the essential combination of factors that enabled humanity to finally begin producing its own food?


  The evidence that has survived from the cultures of the Upper Paleolithic in Europe suggests that symbolic communication had not developed beyond a rudimentary stage even among anatomically modern humans until thirty or forty thousand years ago—after which, the evidence of music, art, design, and symbolism steadily increases in amount and variety. But throughout the entire era of the Upper Paleolithic, the earth’s climate was dominated by the effects of the last ice age, and the habitats in which these prehistoric people lived were generally too cold and too dry to provide a favorable environment for growing crops.


  The height of the last ice age—also known as the last glacial maximum—occurred about eighteen thousand years ago, after which the earth grew generally warmer, rainfall became more plentiful, and the conditions for growing food became more favorable. The glacial maximum previous to that occurred roughly 140,000 years ago, and the warm interglacial period that followed it lasted for about ten thousand years. But this was long before anatomically modern humans appeared in Europe—and probably well before any hominids had fully developed the true spoken languages that all humans speak today. If language was necessary to the development of agriculture, this would explain why agriculture did not begin during the interglacial period that occurred between approximately 130,000 and 120,000 years ago.


  But by the time of the most recent glacial maximum, the cultures of the Upper Paleolithic had become rich with language and symbolism—a development that can be clearly seen in the plentiful remains of paintings, sculptures, and petroglyphs left behind by Upper Paleolithic people. The increasing complexity and elaboration of spoken language meant not only that these people had developed the ability to share and communicate vast quantities of complex information but also—with the development of the narrative that describes events unfolding over time—that they were able to express how events can follow each other in predictable sequences.


  When humans developed fully elaborated languages, all of the detailed knowledge about the life cycles and behavior of the plants and animals in a society’s environment—which had previously been limited to the knowledge that a single individual could amass in a single lifetime—became the accumulated wisdom of entire cultures. Because this complex knowledge was incorporated into the oral traditions of Paleolithic societies, it became the collective wisdom of thousands of individuals, amassed over many generations.


  The sheer amount of information needed to successfully grow crops and raise domesticated animals may have simply been beyond the capacity of any single individual to acquire and remember. It is therefore possible that the pooling of all the knowledge and experience of thousands of individuals in the form of oral traditions, combined with the warmer and wetter climates that had developed by eleven thousand years ago, was the fateful combination of factors that made possible the transition from foraging to farming.


  There was, however, one more essential element that had to be added to this mix before the complete transformation to an agricultural way of life could take place: The people of those times had to give up their wandering ways and to begin living permanently in one location. Although it would make sense to suppose that people only started to live in one place when they first began to grow their own food, the archeological evidence from the Fertile Crescent shows exactly the opposite: Living in one place came first and the practice of agriculture came afterward. In fact, the farming communities of the Neolithic do not appear in the archeological record until nearly a thousand years after people began living in one place.


  Living in One Place


  Before the metamorphosis of agriculture, when a group of nomadic hunters and gatherers found themselves in favorable living conditions and began to grow larger than a few dozen people, the normal patterns of sharing and cooperation would have become increasingly unwieldy. People would have tended to divide into factions, and conflict among different factions would have become more open and more frequent. Eventually, these oversized nomadic groups tended to split into two or more groups and go their separate ways—an example of the “fissioning” process that occurs from time to time in the fission-fusion society typical of humans and other primates. The nomadic way of life made it easy and natural for groups to move on to new territories, and the process of fissioning acted to keep the size of the hunting and gathering group relatively small, making it easy to maintain solidarity and facilitate cooperation among the members of the group.


  But agricultural societies do not have this luxury. Having become dependent on certain crops that grow every year in certain places, self-interest dictates that agricultural people stay in one place. Having invested countless hours building their large, permanent houses, they cannot simply pack up and move on to better hunting grounds. So their settlements remain fixed in place, and if food is plentiful, their social groups grow ever larger and cannot easily split apart.


  As early as seventeen thousand years ago, a few isolated groups of modern humans called “Natufians”—most of whom were living in or near the Fertile Crescent—began to harvest large quantities of wild grain and store this grain for long time periods. And the archeological remains they left behind were unlike those of any other previous human groups before them.


  The houses of the Natufians were solid constructions of mud brick, floored with a cement-like substance made of lime, pounded flat and smooth. They made sickles out of small, sharp microliths—extremely small stone tools hardly larger than postage stamps—which they cemented into curved wooden handles, and they used these sickles to harvest the wild emmer wheat and einkorn wheat that grew in abundance in the hills of the Fertile Crescent. They fashioned heavy mortars out of large volcanic stones and used these mortars to grind the wild grain into flour. And they built special structures to use as granaries for storing large quantities of grain, with plank floors raised above the earth to protect their precious stores from insects and rodents.


  All of this evidence indicates that the Natufians had begun living in one place throughout the year—a way of life that anthropologists call “sedentary” (from the Latin word sedentarius, or “sitting”). By abandoning nomadism—even while they continued their hunting and gathering ways—the Natufians took the first critical step on the road to food production. But they remained foragers. The grains they harvested grew wild; there is no evidence that they either prepared the ground or planted the seeds for their cereal crops. The animals they killed and ate were also wild species; there is no evidence that they kept animals in pens or stalls and fattened them for butchering later on.


  But when they settled down and began to live in permanent houses, kept their food in permanent storehouses, processed their food with devices that were too heavy to move from place to place, and established permanent villages that remained in one place for generations, the Natufians began a way of life that eventually made possible the beginnings of agriculture. And when they made the transition to producing food instead of merely hunting and gathering for it, the descendants of the Natufians had little choice but to stay in one place.


  Once the agricultural way of life took hold, it was necessary to prepare the ground for planting, then to plant seeds, then to weed and (in some cases) water the growing seedlings, and eventually to harvest the mature crops. After the harvest, it was necessary to store sufficient quantities of food to last until the next growing season and to stay in one place to protect the stored food from the appetites of both animals and other humans.


  By eleven thousand years ago, unmistakable evidence had begun to appear that certain societies inhabiting the Fertile Crescent were deliberately planting and growing their own crops, and the wild grains that had been harvested were gradually being replaced by domesticated varieties. The domesticated cereals had more grains on each stalk and produced bigger yields. And the heads of domesticated grain did not shatter as easily during harvesting as did the heads of wild grain. Thus these ancient farmers were able to harvest the ripe stalks without worrying that the grain would all be scattered on the ground before it could be brought back to the village for threshing.


  The Pursuit of Material Wealth


  There is a limit to the amount of material goods that nomads can accumulate, because people who are perpetually on the move cannot keep more material goods than they can carry with them from place to place. And since the members of a nomadic group typically cooperate in many aspects of hunting and gathering—and they have limited opportunities to store food for long periods—they tend to share most of their food with their kinfolk on a daily basis.


  But sedentary people, who do not have to change their place of residence several times a year, are not bound by these limitations. Having many options for storing food for the future, they do not necessarily share it with people outside their immediate families. And because they live in one place, they can accumulate as much material wealth as they can reasonably store and protect against theft by other people. Thus, as soon as people began to live in one place, the pursuit of material wealth assumed an importance that it had never had before. And the increasing importance of wealth and status can be clearly seen in the evidence that has survived in the Fertile Crescent from Neolithic times, when the Natufians adopted the practice of harvesting and storing their wild grain in granaries.


  At first, when the Natufians built permanent settlements, they constructed their granaries separately from the houses of the individual families. This suggests that the Natufians’ supplies of grain were the common property of the group as a whole. After all, the custom of sharing in common the supplies of food that the group as a whole depended on would have been the natural legacy of the Natufians’ long history as hunters and gatherers.


  But after the passage of about a thousand years, the free-standing granaries of the Natufians disappeared, and these were replaced with storage areas located inside of the individual houses. From that time forward, Neolithic granaries were always incorporated into the houses inhabited by individual families. This indicates that the world view and value systems of these societies were changing—and that instead of regarding the bounty of nature as something to be shared among all the members of the group, the Natufians were beginning to regard food as private property to be kept by the individuals and families that had originally produced it.


  In similar fashion, the territory that each group of nomadic hunters and gatherers had always claimed as its own—the territory that was analogous to the “homelands” of the ape and monkey groups described in chapter 1—began to lose its original status as the shared resource of the entire social group. Although the areas where wild game could still be hunted and wild plant foods could still be gathered probably retained their original status as communal property, the smaller areas of fertile ground that were suitable for agriculture gradually became the private property of individual families. Eventually, the best areas of arable land were passed down from parents to offspring as the inheritance of family property.


  Evidence from many preindustrial societies shows that, once a society begins to live in one place—even if it continues to live by hunting and gathering and has not developed an agricultural way of life—it begins to pursue the accumulation of material wealth in ways that are remarkably similar to the traditions of agricultural people. These similarities are clearly evident in the cultures of the sedentary hunting and gathering people of the Northwest Coast.


  The Nootka: Hunters and Gatherers Living in Permanent Villages


  The Nootka of British Columbia were typical of the Native American tribes who inhabited the Northwest Coast of North America—all of which were hunters and gatherers and none of which ever practiced agriculture. The Nootka hunted whales, seals, otters, and porpoises in their coastal waters, as well as bear, deer, and elk in the inland forests. They fished for halibut, herring, and cod, and they gathered shellfish from the sea and the roots and berries that grew in abundance in the rain-soaked fields and forests nearby. And in addition to all this natural abundance, they harvested immense numbers of salmon that made their annual spawning migrations up the many rivers that flow into the sea. The salmon were caught in nets, traps, and weirs and then dried and smoked in quantities great enough to provide the Nootka with a larder of seafood large enough to last throughout the year, until the salmon ran again.


  Because the Northwest Coast is so rich in wild foods—and because the abundant sea life was constantly being replenished by natural processes—the Nootka had no need to pursue the nomadic existence that is typical of the lifestyle of most hunting and gathering societies. The Nootka had long ago settled down in permanent villages located in favorable places along the many inlets that run down to the sea from the coastal mountains.


  Since they stayed in one place, the Nootka were not limited to the simple, temporary huts of nomadic people—which were typically built in a matter of hours or days and were normally abandoned after having been lived in for a few weeks or months. Instead, the Nootka built immense “long houses” some of which were as large as forty feet wide and one hundred feet long, constructed from logs of cedar, fir, and hemlock that grew in abundance in the cool, moist forests of the Pacific Northwest. Although the Nootka long houses were dismantled and moved a few miles twice each year from the summer camps at the seashore to the winter camps in the interior and back again, they were permanent dwellings that were inhabited for years by the same group of related families.


  Because rich sources of plant and animal foods were always found in the same locations, it was customary among the Nootka for the oldest male child to inherit the rights of stewardship over specific hunting and fishing grounds and over the places where plant foods grew in abundance. When another kinsman exercised his or her hereditary rights to hunt or gather food in these areas, a portion of the spoils had to be given to the individual who “owned” the rights to those resources. Since these rights were passed from the father to the eldest son, they created in effect a “class system” in which the oldest children enjoyed significant wealth, while the younger children—who were often members of the same family—lived in relative poverty.


  Among the Nootka, as among the other sedentary tribes of the Northwest Coast, a complicated system of status and prestige was of paramount importance in their culture, and the chieftainships that were handed down from fathers to eldest sons carried with them not only economic advantages but also a number of symbolic rights and privileges. These included honorific titles, the right to sing specific ceremonial songs and to perform certain ceremonial dances, the right to dress in certain kinds of clothes, the right to wear certain kinds of personal ornaments, the right to sit in particular seats (carefully arranged in order of rank) that were traditionally used during ceremonial feasts, and the right to live in the most favored areas of the long house.


  In these status-conscious societies, high-status individuals competed ferociously with each other by providing immense feasts, or potlatches, at which immense quantities of food, blankets, tools, and weapons were consumed, given away, or in some cases even destroyed by their owners in orgies of conspicuous consumption. Nor was the ownership of property limited only to material goods: The Nootka, like most of the tribes of the Northwest Coast, even practiced a form of slavery—something that we usually associate with more “advanced” civilizations. When the members of enemy tribes were captured in warfare, they became the property of the warriors who had captured them, and they remained a part of their owners’ households, where they were destined to perform the most menial tasks of Nootka life.


  All of this behavior would have been thoroughly distasteful to the typical society of nomadic hunters and gatherers, among whom the attainment of high status was earned by exemplary behavior and by performing acts of bravery and generosity. Hunting and gathering societies displayed little interest in accumulating material goods. They shunned ostentatious displays of material wealth, and they accorded prestige only to men who were successful hunters, warriors, and providers and only to women who were both productive gatherers and exemplary wives and mothers.


  Inheriting Rank and Status


  When the inheritance of wealth and property became firmly established as a traditional part of the cultures of agricultural people, it was inevitable that the offspring of the wealthiest individuals and families would begin life with more goods and privileges than people whose ancestry was less fortunate. In the societies of sedentary agriculturalists, the divisions between rich and poor that had developed among sedentary hunters and gatherers such as the Nootka became even more extreme with the passing generations.


  Instead of differences in wealth being based on the difference between older and younger siblings—as was typical of the people of the Northwest Coast—differences in wealth among agricultural societies gradually became the privilege of entire families and was inherited from parents to offspring. These inherited differences in wealth and status ultimately led to the formation of permanent social classes and to the evolution of “stratified” societies, characterized by traditional class systems with inequalities in wealth, status, and privilege that endured for generations.


  Clear evidence that the spread of agriculture led to the rise of social classes and to institutionalized inequalities in wealth and status has been found in the archeological remains of the earliest agricultural people of Neolithic Europe. These people, called the Linearbandkeramik or “linear band ceramic” people, appeared in eastern Europe about 7,500 years ago and spread rapidly during the next five hundred years until they had established their agricultural settlements in the fertile river valleys across all of Europe.


  The Linearbandkeramik people buried all of their dead, but while about half of the men were buried with polished stone adzes, the other half were not. The adze was used by Neolithic people for important woodworking tasks, and it was a valuable item that, when included in a grave, signified that the deceased enjoyed high status in life. In 2012, a team of archeologists published the results of a study of the tooth enamel from three hundred skeletons from Linearbandkeramik burial grounds across Europe from France to Hungary.6 By analyzing the relative proportions of two types, or isotopes, of strontium that are incorporated into tooth enamel during childhood, the scientists were able to determine by these “isotope signatures” whether a particular individual grew up in the fertile river valleys, where the rich loess soil provided a relatively high standard of living, or in the less fertile hills that surrounded these river valleys, where life was harder and the standard of living was more meager.


  Not surprisingly, the men who were buried with stone adzes had the isotope signatures of having grown up in the rich river valleys, while the isotope signatures of those buried without stone adzes indicated that they had grown up in the poorer hill country. These differences in wealth and status became more marked and more obvious as time passed, as agricultural villages grew larger, and as agricultural families accumulated ever greater amounts of wealth and property.


  Later in this chapter, we will review the evidence that the Linearbandkeramik people brought not only agriculture but also organized warfare into Neolithic Europe. But first, it is necessary to add two more items to the long list of changes in society that were wrought by the adoption of agriculture. The first is that children became economic assets to their families. The second is that the sexuality of women became a threat to the stability of society.


  Children as Property


  The children of hunters and gatherers typically had few opportunities to contribute in a meaningful way to the support of their families and kinfolk, because nearly all of the food-getting activities of hunters and gatherers required the strength, stamina, knowledge, and experience of adulthood. The children of farmers and herders, on the other hand, could easily become valuable assets to the wealth, stability, and longevity of the family unit.


  The enterprise of hunting wild game was a dangerous and complicated undertaking that required discipline, skill in the use of weapons, and the strength of an adult. While the children of hunter-gatherers often played at hunting using toy weapons, they were not able to pursue and kill anything more significant than a large insect, a small reptile, or a baby bird. In fact, it took years of experience as part of many hunting parties before a young man had acquired sufficient knowledge and skill to become a productive hunter. He had to learn the habits of each of the many species of game animals. He had to learn how to track them, corner them, kill them without being wounded, butcher them, defend the kill from the appetites of other predators, and transport the edible and usable parts back to the campsite where the flesh could be cooked and eaten—and where the skins, bones, and sinews could be processed for use as hides, tools, and cords.


  Similarly, the task of gathering vegetable foods required detailed knowledge of where to find the edible plants and their roots, tubers, fruits, and seeds. It required the ability to recognize their telltale signs in the immensity of the forests and in the tangled thickets of the underbrush. A woman had to know the times of year each of these foods would be available and edible, how to transport them back to the campsite, and how to process them—by grinding, mashing, soaking, roasting, and boiling—so that they could be eaten and digested in safety. Moreover, in the case of edible roots and tubers—which formed a significant part of the hunter-gatherer’s food supply—it required considerable physical strength to wield a long, heavy stick and dig up the vegetable foods that could often grow at a considerable depth beneath the surface.


  By contrast, the children of agricultural people could easily master many of the essential tasks involved in growing crops and tending animals. It does not require a great amount of skill, years of experience, or the strength and stamina of an adult to herd a flock of goats, feed domesticated pigs in their stalls, pull weeds out of nearby gardens, or even harvest some of the crops that farmers grow. And the children of agricultural people can easily care for their younger siblings, allowing their mothers not only greater freedom to work in the fields but also to bear children more frequently than the women of hunting and gathering societies. Thus, as foragers gradually evolved into farmers, children became increasingly capable of contributing to the support of the society as a whole—and in the process, they became increasingly valuable to their families.


  The economic importance of children was further reinforced by the tendency of agricultural people to survive into their fifties and sixties much more often than their hunting and gathering counterparts. The daily activities involved in raising crops and breeding animals are generally not as dangerous as the life-threatening activities involved in hunting and killing wild animals or making long journeys through the predator-infested wilderness to gather edible plant foods and transport them back to the home base. For these reasons, as raising crops and breeding animals became more widespread, agricultural people began to regard their children as a kind of insurance policy—a means of support when they grew too old to produce their own food—and the task of providing material support to the elderly became increasingly the obligation of children toward their parents.


  For all of these reasons, agricultural societies tended to cultivate strong and often exclusive bonds between parents and children. They strove to instill in their children a sense of duty toward their parents, and, with few exceptions, they placed a high value on marital fidelity—especially on the part of women—to ensure that the paternity of a man’s child was never in doubt. In this way, the value of children to their parents in agricultural societies led over time to a culture of fierce possessiveness toward children and to severe restrictions on the sexual freedom of women. In fact, these cultural traits became so deeply ingrained in the cultures of our agricultural ancestors that both of them have persisted into the modern age.


  The Menace of the Sexual Woman


  In most hunting and gathering societies, the institution of marriage was typically a very casual affair. In fact, marriage among hunter-gatherers usually involved little more than the decision by an adult man and woman to begin publicly eating and sleeping together on a regular basis. Although the physical maturation of boys and girls at puberty was often celebrated in hunter-gatherer societies with lengthy and elaborate initiation ceremonies, it was rare for their marriages to be observed by any kind of major ceremony. And it was equally rare that the newly “married” couple required—or even requested—the consent of their parents. Instead, it was typically only necessary that the kinship relationship between the man and the woman be such that sexual relations between them was not defined as incestuous.


  If—after a man and a woman had lived together for a while—they did not get along well and became estranged, took other lovers, or simply became tired of each other, divorce was achieved simply and quickly and with little ceremony. In fact, divorce usually involved little more than the simple decision by one of the partners to move out of the home they had been sharing. The striking simplicity of both marriage and divorce in hunting and gathering societies was largely due to the fact that the most important social relationships were based not on marriage but rather on membership in the clan or lineage into which every person was born. As this membership was a birthright, it was not changed or affected by marriage or divorce.


  In most hunting and gathering societies, sexual experimentation began in childhood, and with the coming of sexual maturity, adolescent sexual liaisons were common. These liaisons rarely resulted in pregnancies,7 and they were typically carried out by both sexes for several years before a preferred partner gradually emerged. Although there were differences among hunters and gatherers in the customs surrounding marriage and raising a family, it was typical of most such societies that children and adolescents, especially girls, enjoyed—at least by our standards—a shocking degree of sexual freedom.


  Of the few hunting and gathering societies that survived into the twenty-first century, several have been studied in depth by cultural anthropologists. In a cross-cultural study of infancy and childhood among six surviving hunter-gatherer societies, the anthropologist Melvin J. Konner noted that, among all of these societies, sexual freedom in childhood and adolescence is socially condoned and generally practiced as the normal behavior of both sexes.8


  Konner described the sexual experimentation among the !Kung Bushmen of South Africa as beginning in early childhood and continuing through middle childhood and adolescence. Although adults do not openly approve of sexual play and discourage it when it becomes obvious, the !Kung regard the sexuality of children and adolescents as normal, and children who openly engage in sexual behavior are lectured but not punished. In fact, the !Kung consider sexual activity to be essential for proper mental health, and they believe that sexual deprivation in adulthood is the most likely cause of mental illness.


  Konner noted that among the Efe and Aka pygmies of equatorial Africa, premarital sex is practiced openly by both sexes. Among the Efe, a girl’s first menstruation is an occasion for public celebration, and no serious attempt is made to restrict sexual activity in adolescence. “At a dance,” a teenage Aka boy reported, “the young people flirt and get together for sex. A girl can have different boys on the same day and take turns.”


  Among the Hadza of Tanzania, sexual experimentation in childhood is also practiced openly, and premarital sex is a routine and expected part of adolescent life. Among the Ache of Paraguay, both boys and girls begin experimenting with sex around twelve years of age, and a girl’s first menstruation is celebrated by a public ritual of initiation and purification that includes all the men who have had sex with her. Finally, among the Agta of the Philippines, premarital chastity is not expected of girls, who are able to engage in sexual activity with relative ease.


  A similar pattern of premarital sexual freedom has been observed by other anthropologists among the Inuit Eskimos of the polar Arctic, where young girls were free to take lovers at will, and where married men famously shared the sexual favors of their wives and daughters with their visitors and guests.


  Finally, among the Australian Aborigines, girls were often promised in marriage before they were even born, but they enjoyed considerable sexual freedom both before and after marriage.9 And although a man in these societies was typically expected to be mature enough to provide a steady supply of food before he married, he was free until that time to pursue as many sexual liaisons as he could arrange. With the arrival of European settlers in Australia, however, the traditional patterns of betrothal in infancy and marriage before sexual maturity were largely replaced by a Western model, in which girls increasingly refused to marry the men to which they had been “assigned” and rarely married until their late teens, when they were able to choose their own partners.


  But the sexual freedom enjoyed by young people, however typical it may have been throughout most of human prehistory, was only feasible in societies where a woman was free to choose her own lovers and husbands. In societies that practiced agriculture for a long time—and especially in societies in which the inheritance of land was important—the choice of a partner, and the permanence of marriage, was a very serious matter indeed.


  To allow premarital sexual freedom in agricultural societies would have put the careful plans of the parental generation seriously at risk, for men and women naturally become attached to their sex partners. If those partners turn out not to be the ideal husbands or wives from the point of view of the inheritance of property, the maintenance of the farm, and the support of the parental generation, it could be very difficult for the parents to persuade their sons or daughters to marry someone else. Furthermore, if a man and woman decided later on to separate and have children by other people, the question of how their property should be inherited would become a complex and contentious issue that could easily escalate into public conflict and long-term resentment.


  Thus in the oldest of the agricultural societies, where families have lived for generations in the same villages and have passed the same plots of land down to their children and grandchildren for centuries, the sexual interests of young people—and especially of women—pose a distinct threat to the harmony of village life and to the stability of the entire society. It is therefore not surprising that in the traditional agricultural societies of China, India, and Europe, premarital chastity—especially for women—was considered a paramount virtue, and it was ruthlessly enforced by the parental generation.


  So thoroughly did these cultures stamp out the normal tendency of children and adolescents to engage in sexual experimentation that boys and girls were often segregated from each other from an early age. In these cultures, the virginity of a woman at the time of marriage was often considered a sacred requirement, and unmarried adolescents were never allowed to spend time together except under the watchful eye of a chaperone. In many of the traditional agricultural villages of Europe, it was even customary from medieval times until the late nineteenth century to display the sheets from the marital bed in public on the morning after the wedding night, so that all could view the bloodstains that resulted when the hymen of the virgin bride was ruptured by the groom during her first act of sexual intercourse.


  But not every hunting and gathering society was permissive toward sexuality. The most common cause of serious conflict among adult males in most human societies is jealousy over the sexual favors of women, and conflict over sexual relationships with females has also been cited as the most common reason for lethal battles between male chimpanzees. While conflict between males over the sexual attention of females may produce only loud arguments and public recriminations in the more peaceful hunting and gathering societies, such conflicts among the more warlike societies could often lead to the death of a productive hunter and warrior in the prime of life. This is why, among many of the most warlike hunting and gathering cultures, female chastity was encouraged and highly valued.


  The fiercely warlike Cheyenne, for example, had a sexually repressive culture when they were studied by anthropologists in the early twentieth century. The Cheyenne believed that sex robbed a man of his power in war and hunting, and some Cheyenne men were known to refrain from sex for years at a time, believing that by doing so they would eventually father powerful, warlike offspring. Not surprisingly, Cheyenne women were widely known for their “chaste demeanor,” which was a sharp contrast to the often flirtatious behavior of women from other Native American tribes.


  The value of this kind of sexual repression is obvious when one considers the problems caused by sex among the warlike but more sexually permissive Yanomamö of the Amazon rainforest, where sexual affairs were the cause of much male violence and where fights over women would sometimes escalate into serious warfare between Yanomamö groups.10


  For the most part, however, sexual freedom typically became a threat to the stability of human societies when men and women became heirs to wealth and property. For this reason, nearly all agricultural societies favored permanent, lifelong marriages—typically arranged by the parents of the bride and groom—that were designed to maximize the stability and longevity of the nuclear family. Thus, over the thousands of years that people have been staying in one place and growing their own food, a general repression of sexuality—harshly enforced especially among children and females—gradually became the norm.


  The Genesis of Organized Warfare


  As foragers gradually became farmers, the food and material goods that were accumulating in the granaries and storehouses of agricultural villages inevitably became tempting targets for raids by enemy tribes. And the aggressive instincts of adult males, which had evolved over the millions of years that men hunted wild game, became increasingly channeled into predatory activities against other human groups.


  As organized hunting by groups of males for large game became less and less important as an economic necessity, organized warfare by males for the land, material wealth, and women of other agricultural villages and rival tribes became an increasingly attractive strategy for acquiring wealth, property, and descendants. Thus, as the permanent villages of Neolithic cultures expanded throughout Europe, the appearance of increasingly massive fortifications signaled the beginnings of chronic, organized warfare.


  The technologies of agriculture spread into eastern and western Europe with the Linearbandkeramik culture that appeared in the valleys of the Danube, Elbe, and Rhine rivers in present-day Germany beginning about 7,500 years ago from its origin in Hungary and Serbia. For the next five hundred years, the Linearbandkeramik people migrated rapidly up the river valleys and across Europe as far as France and Belgium in the west and as far as Ukraine in the east, displacing—and in some cases exterminating—the indigenous populations of hunter-gatherers who had been living there. They found the rich deposits of loess soils—which were particularly plentiful in the river valleys—ideal for growing their crops of wheat, barley, millet, rye, peas, lentils, and beans. In addition to hunting deer and wild boar in the open forests, the Linearbandkeramik people raised domesticated cattle, goats, and pigs.


  Although it was once believed that these early farming people were peaceful, evidence of violent killings have recently been found in many Linearbandkeramik sites, including the evidence of mass executions in which entire Neolithic villages were exterminated. Archeologists have found a mass grave at Talheim in the Rhine Valley where thirty-four people—nearly half of them infants and children—were killed by being struck in the head with a blunt instrument—most likely a Neolithic stone axe.


  The partial excavation of a similar grave near Vienna yielded the remains of sixty-six people who had been killed in a similar fashion—and archeologists estimated that the gravesite as a whole probably contained the remains of at least three hundred people. And at Herxheim, also in the Rhine Valley, the remains of more than three hundred people were scattered throughout a single settlement, none of them buried properly in graves, including 173 skulls of victims that were decapitated and thrown unceremoniously into ditches.


  The Linearbandkeramik people may have dumped the corpses of the enemies they massacred into mass graves, but they buried their own dead carefully in graves. When these graves have been excavated and the skeletons examined, archeologists have found evidence of traumatic injuries to as many as one-third of the adult men, indicating that violence among these people was as great as it was among the most violent and warlike societies studied by contemporary anthropologists.


  Moreover, the incidence of violent death rises dramatically as one moves from east to west, suggesting that Neolithic warfare was more common in the areas where the Linearbandkeramik people had more recently moved into territories inhabited by hunters and gatherers, while violence was less common in the areas that had been settled for longer periods of time. Finally, the villages of the Linearbandkeramik people were usually fortified with wooden palisades and often ringed with moats or ditches that sometimes completely encircled their settlements. This indicates that as these agricultural people moved up the river valleys of prehistoric Europe, they were taking over territories previously inhabited by indigenous hunters and gatherers, warring with them and in many cases exterminating them.


  This is not to say that hunting and gathering nomads were always peaceful and never went to war. The Cheyenne were skilled and disciplined fighters who took great pride in their victories and boasted throughout their lives about the enemies that they killed. But the “wars” of hunters and gatherers were typically raiding parties, not unlike the raids conducted by the chimpanzees of Ngogo in Uganda described in chapter 1.


  A typical raiding party by hunters and gatherers consisted of a group of males who would make a stealthy incursion into the territory of a neighboring group. If a member of the “enemy” group was encountered, he or she would be promptly killed, and the aggressors would quickly retreat to their own home territory. Even when a large raiding party attacked an enemy village or encampment in force, the aggressors rarely attempted to exterminate the entire population, appropriate all of their land, or steal all of their belongings—although it was not unusual for females of childbearing age to be captured and brought back as the spoils of war.


  But when humans began to live permanently in one place and accumulate wealth, war became progressively more deadly. The Nootka of the Northwest Coast—who prided themselves on their calm demeanor and even-tempered natures—were merciless in war. When they attacked another settlement, the Nootka typically exterminated all of the inhabitants—except for the few individuals who were captured to become slaves—and made off with everything they could carry.


  As a general rule, the larger and the more permanent the agricultural settlements became, they more devastating was their practice of warfare. And when the first urban civilizations arose in the valleys of the Tigris, Euphrates, Nile, Indus, Yangtze, and Yellow rivers—and the smelting of metals in the Bronze and the Iron Ages greatly increased the effectiveness of lethal weapons—the role of the lifelong, professional soldier was created. The ancient urban civilizations all organized standing armies, and warfare became a strategy of conquest, carried out on a large scale, for the purpose of dominating and controlling ever larger areas of land and ever larger numbers of people. None of this would have been possible without the transition from foraging to farming.


  Seeds of Civilization


  As the agricultural villages multiplied, neighboring villages began to form alliances to repel raiders and invaders from other regions. In time, individual villages began to specialize by producing certain crops or manufacturing certain types of material goods, and before long, trading places began to appear in geographically favorable locations, where people could meet on a regular basis to barter for the goods they needed and exchange their surplus products for things that were in short supply in their own village. In many cases, these markets were situated in centrally-located villages, which grew over time into market towns.


  All of these events were made possible by the process of social fusion, which enabled communities to grow larger than human communities had ever been before. The proliferation of agricultural villages created densely populated regions in which everyone spoke the same language, worshipped the same gods, ate the same foods, lived in the same kinds of houses, wore the same kinds of clothes and jewelry, and observed the same customs and taboos. In the process, people came to identify not with a few dozen kinfolk but with thousands of other people who shared their common culture and ethnic identity.
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  In time, the societies of these regions began to invent and adopt new technologies of interaction—the sailing ships, wheeled vehicles, domesticated horses, and systems of writing that made it possible for people and communities to interact over time and space. As a result, the market towns, religious centers, and communities of wealthy and powerful families gradually grew into urban centers that began to dominate the smaller and less powerful neighboring towns. Eventually, as the technologies of interaction grew in sophistication and effectiveness, these expanding urban centers knitted the settlements of entire regions into a network of allied communities, and in time these communities became the seeds of the urban civilizations that sprouted, one by one, in the cradles of civilization scattered across the globe.


  In the final analysis, it was the technology of agriculture that freed our species from the endless pursuit of something to eat and made it possible for humans to settle down in one place and build enduring houses, palaces, temples, and monuments that they could bequeath to future generations. In the next chapter, we will see how, when agriculture made it possible to live in one place, human society was utterly transformed once again, and how it eventually became a force large enough and powerful enough to change the world.
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  CHAPTER 7


  THE TECHNOLOGIES OF INTERACTION


  Ships, Writing, the Wheel, and the Birth of Civilization


  “Innovations in transportation technology are among the most powerful causes of change in human social and political life.”


  —David W. Anthony, The Horse, the Wheel, and Language


  In April of 2006, the American author and geographer Jared Diamond stood in line at the airport in Port Moresby, New Guinea, preparing to board a flight to the interior of the island, where he was conducting a long-term study of the people of the New Guinea Highlands. Diamond mused about the fact that although the people crowded into the Port Moresby airport were strangers to each other, there was no sign of hostility or violence. Although this is “a feature that we take for granted in the modern world, [it] would have been unimaginable in 1931,” Diamond observed, “when encounters with strangers were rare, dangerous, and likely to turn violent.” In 2006, New Guineans were living in a modern society, complete with officers of the law who were ready to intervene in the event of violence. But in the New Guinea of 1931 “the idea of traveling from [the villages of] Goroka to Wapenamanda, without being killed as an unknown stranger within the first 10 miles . . . would have been unthinkable.”1


  The New Guinea Highlanders were by no means unusual in their deep suspicion of strangers. For most of human history, people had lived out their lives within small nomadic bands consisting of only a few dozen individuals, and they were acquainted with at most a few hundred members of neighboring bands and fellow tribesmen. Anyone outside of this small circle—even a person who spoke one’s own language and was of one’s own culture—was considered not only a stranger but also a potential enemy, and was regarded as a person to be feared and avoided. Moreover, anyone who did not speak one’s own language and was not of one’s own culture was typically considered less than human—a reflection of the ancient division between “us” and “them” that can be seen in every human group and in every species of non-human primate.


  But when hundreds of thousands of people, scattered over thousands of square miles, all became the members of a single society under the authority of a single urban civilization, humanity was liberated from the ancient fear of strangers that had been a constant menace in the simpler societies of nomads and villagers. The centralized authority of civilized societies could not tolerate the raids, abductions, murders, and revenge killings that were a regular feature of life in simpler human societies. Civilizations can only function if their citizens are able to travel, trade, and communicate with each other in confidence, free of the constant fear of violence or injury. This goal had been partly accomplished by the shared language, symbolism, and ethnic identity of tribal affiliation—but the technologies of interaction enabled civilized societies to go one step further.


  The technology of agriculture made it possible for some of the people living in sedentary villages to specialize in the arts and crafts that could be traded for the food that others produced. The ancient cities were the first human settlements composed mainly of people who were free from the need to find or produce food, and the ancient civilizations were the first human societies in which large numbers of complete strangers were free to interact in an atmosphere of safety and confidence. These were entirely new developments in the history of human society.


  Carpenters, Weavers, Sailors, and Scribes


  As the practice of agriculture gradually spread over the Neolithic world and people settled down to live in permanent villages, the most successful farmers found themselves producing more food than they needed to consume, and surpluses began to accumulate in their granaries and storehouses. And unlike people in hunting and gathering societies—in which virtually all of the adult members of the social group devoted most of their productive time to hunting and gathering for food—some of the Neolithic villagers began to make things which they could trade for the surplus food produced by others. For the first time in human history, numerous members of the human group became liberated from the need to endlessly hunt for and gather food, and the division of labor we call “craft specialization” was born.


  Some villagers began to specialize in the labor-intensive process of grinding and polishing suitable types of stone into the weapons, woodworking tools, and agricultural implements that the Neolithic way of life depended on. Others became carpenters and specialized in building the roofs, doors, windows, and furniture for the permanent dwellings that the Neolithic families lived in for years at a time. Still others became weavers and learned to spin and dye thread and weave it into cloth, while others specialized in the curing of hides and the fashioning of leather goods.


  Eventually, in the later Neolithic societies, some people became potters and produced the ceramic vessels used for drinking, cooking, and storing grain. Carpenters living on the sea shores and river banks began to specialize in building and repairing boats, and they became the first shipwrights. Other carpenters learned how to build and repair wheeled carts drawn by oxen and onagers, and they became the first cartwrights and wheelwrights.


  Some of the agricultural villages that originally began with a few dozen inhabitants eventually grew into towns with thousands of inhabitants. And the new technologies of transportation enabled the largest of these towns to extend their influence over the inhabitants of many smaller towns and villages in their proximity. Slowly but surely, the larger and more powerful Neolithic settlements began to dominate the smaller towns and villages that were located nearby.


  In time, the steady accumulation of wealth, military power, and religious authority by communities that were located in strategic and well-defended locations led to the development of a small number of powerful, fortified urban centers. These settlements, considerably larger than any that had ever previously existed, came to exercise commercial, military, and religious authority over extensive rural populations, and the “city-state” was born. These were the first human societies in which people could be complete strangers to each other and yet could live and work side by side without hostility or distrust. We will return to this very important point later in this chapter.


  With the rise of the city-state, spoken language was no longer enough to serve the interests of these new civilized societies, and true writing—that preeminent technology of communication—soon arose to enable people to communicate with each other over time and space. Writing enabled merchants to buy and sell goods from each other without personally traveling to each of the settlements they traded with. Writing enabled political and religious leaders to send information and give orders to their subordinates in far-flung communities. It enabled them to ask questions and expect answers. Finally, writing enabled the early bureaucrats to keep records of transactions, of goods purchased and stored in warehouses, and of tribute and taxes paid to them by the ordinary people over whom they ruled.


  Yet even as they came under the economic influence and political control of the rising urban centers, most people continued to live and farm in the countryside, raising their own livestock and growing their own crops. This division of society between relatively impoverished and powerless farmers on the one hand and much wealthier and more powerful city dwellers on the other became a feature of every urban civilization in ancient times, and it has persisted in civilized societies throughout the rest of recorded history.


  Over the course of the past five thousand years, thousands of city-states and hundreds of empires have come and gone, but the hallmarks of urban civilization have remained essentially the same until the emergence of industrial society two hundred years ago. A large but powerless agricultural population lived in the countryside and produced the food consumed by society as a whole. At the same time, a small but powerful ruling class—including an extensive bureaucracy, an exclusive priesthood, and an organized military force—lived inside the confines of an urban center that was protected by massive fortifications and filled with monuments, palaces, and temples.


  Century by century, civilized societies spread from their places of origin into every continent and eventually came to dominate nearly all of humanity. But civilization itself might never have come into being had it not been for the unique combination of factors that existed in the world’s great river valleys. For it was on the banks of the world’s great rivers that urban civilization first took root.


  The Magic of Rivers


  It is no coincidence that the first urban civilizations—which arose independently within a thousand years of each other in three widely separated regions—all arose in the areas that are home to the world’s largest and most fertile river valleys. The first of these areas is the Fertile Crescent, where the valleys of the Nile, Tigris, and Euphrates rivers are located. The second is the valley of the Indus River in northern India. And the third is the alluvial plains of East Central China, where the valleys of the Yellow and Yangtze rivers are located. Each of these regions eventually became its own “cradle of civilization.”


  There are three important reasons why urban civilization first began in these river valleys rather than in some of the other regions, such as the Highlands of New Guinea, where the transformation into a sedentary agricultural way of life also took place thousands of years ago.


  The first reason is that the fertile soil and flat topography of the river valleys proved to be a richly productive agricultural environment, and the resulting increase in food production soon led to a massive increase in the populations living there. You may recall that the Linearbandkeramik people spread rapidly into northern Europe by colonizing the river valleys of the Danube, Rhine, and Elbe rivers, which were rich with the fine deposits of loess soil that had been left by the melting glaciers. In similar fashion, the first farmers of the early Neolithic rapidly colonized the river valleys of the Fertile Crescent, India, and China, where the domestication of many plants and animals had originally taken place.


  When the hunting and gathering societies that had once inhabited these river valleys were replaced by agricultural societies, the human populations multiplied tenfold. And when many permanent settlements were established within short distances from each other, many thousands of people eventually found themselves living in areas small enough to be crossed on foot in one or two days’ travel. This concentration of humanity within small geographic areas proved to be an ideal environment for the emergence of urban centers.


  Second, all of these large, slow-moving rivers were flooded each year by the spring or summer rains, and the sediment carried by the annual floods renewed the farmlands along the river banks with fresh deposits of fertile soil. This ensured that the inhabitants never had to move in search of newer and more fertile farmland. The waters at the mouths of these huge rivers move very slowly as they approach the sea, allowing the fine particles of soil suspended in the river to settle to the bottom. Over time, vast quantities of sediments become deposited at the river mouths, creating immense deltas with numerous islands of rich soil, surrounded by swampy wetlands and shallow waters. The delta of the Nile River measures one hundred miles from north to south, occupies 150 miles of Mediterranean coastline, and covers an area of nearly ten thousand square miles.


  The behavior of these rivers also encouraged the people who lived along their banks to make long-term plans for projects—such as draining the swamps of the deltas and building irrigation systems to water the flat river bottoms—that created new areas of fertile farmland. But such projects required the close cooperation of large numbers of people—something that was readily accomplished when many small settlements and the laborers who lived in them came under the control of a single centralized authority.


  Third, the rivers provided a natural highway that linked together the hundreds of towns and villages that sprang up along its banks, setting off an unprecedented period of innovation in the technology of boat-building. Rafts, canoes, and kayaks had been used by hunting and gathering peoples long before the development of agriculture, but these early watercraft soon evolved into much larger types of boats capable of traveling long distances up and down the large rivers. The result was a great expansion of travel and trade among the many farming settlements in the river valleys, enabling the growing towns and villages to ship heavy loads of grain, hides, timber, animals, and pottery easily from one settlement to another by river transport. A few crew members sailing a single barge or river boat could transport thousands of pounds of cargo, while to move loads of this size over land required scores of humans or pack animals.


  The Cradles of Civilization: Mesopotamia, Egypt, India, and China


  The oldest civilized societies first appeared in the huge valley called “Mesopotamia” (literally, “between the rivers”) that lies between the two great rivers of the Tigris and the Euphrates in present-day Iraq. Sumerian civilization appeared in southern Tigris-Euphrates Valley shortly after 3500 BC,2 and Akkadian civilization appeared in the northern Tigris-Euphrates Valley several centuries later.


  Both the Sumerians and the Akkadians built irrigation canals and left behind plentiful evidence of a centralized urban administration supported by a complex bureaucracy. Their early invention of writing enabled them to make records of taxes and tribute as well as to codify a written legal system, and within their fortified cities they erected elaborate temples, palaces, storehouses, and shrines. At first, Mesopotamian civilization was ruled by a priesthood, but later the rise of kings and an organized military enforced the taxation and tribute that flowed into the cities from the countryside.


  At about the same time, one of the most remarkable civilizations of the ancient world arose in the valley of the Nile River. The civilization of ancient Egypt, which the ancient Greeks and Romans regarded as the oldest and wisest society in history, is well known for its massive temples, statues, and pyramids, for its extensive written texts of “hieroglyphics,” and for the engineering and architectural achievements that have rarely been equaled since their time. But one of the lesser-known achievements of Egyptian civilization was their early mastery of shipbuilding and sailing. This was a natural outgrowth of Egypt’s geographical location on the banks of the Nile River, which dominated every aspect of Egyptian society and culture.
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  Figure 7.1. The very earliest urban civilizations emerged in the Fertile Crescent, first in the valley of the Tigris and Euphrates rivers in Mesopotamia and later in the valley of the Nile River in Egypt.


  At the height of the annual floods, the Nile flows at a rate of about five miles per hour as it drains north to the Mediterranean Sea, and this current slows to slightly more than three miles per hour once the floodwaters recede. But since the prevailing winds in that part of the world blow in a southward direction, the Egyptians built ships capable of sailing southward, propelled by the north wind against the northward-flowing current. On the return trip, the crew would simply put away the sail and float northward with the current back toward the Mediterranean. Thus, the Egyptian hieroglyphic symbol for “south” was a vessel with its mast upright and its sail unfurled in the wind, while the hieroglyphic symbol for “north” was a vessel with its mast lying flat on the deck, drifting with the current of the Nile.


  In time, the flat, shallow-draft river boats of both the Egyptians and the Mesopotamians were improved with the addition of high gunwales and rounded keels that allowed them to navigate the rougher waters of the open sea. These seagoing boats allowed the ancient Egyptians to sail from the mouth of the Nile to the shores of the eastern Mediterranean and from the Red Sea to destinations in Arabia, India, and Africa. And they enabled the ancient Sumerians to sail from Mesopotamia hundreds of miles south down the coasts of Africa and eastward to the coasts of India. Both the Egyptians and the Mesopotamians carried on a considerable trade, importing stone for tool-making, the semi-precious stone lapis lazuli, and—in later times—the ores of tin that were needed to make tools and weapons of bronze.


  Meanwhile, more than a thousand miles east of Mesopotamia, another civilization was emerging in the valley of the Indus River in northwestern India. Two remarkable cities, Mohenjo-Daro and Harappa, arose at about 3300 BC along the banks of the Indus River. And nine hundred years later, the city of Lothal—an important center of manufacturing and trade—was established on the banks of the Sabarmati River. Evidence of trade goods from Lothal have been found as far east as Southeast Asia and as far west as the coast of East Africa.
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  Figure 7.2. The cities of the Indus Valley civilization that arose after 3300 BC featured advanced sanitation systems, large public granaries, and well-equipped port facilities.


  The cities of the Indus Valley civilization ruled over several million inhabitants, and they were like no other urban centers of the ancient world. They were planned communities, with streets laid out at right angles to each other—the “grid plan” that would not appear again until the rise of Roman civilization 2,500 years later. The houses were built of fired clay bricks—a marked contrast to the sun-dried mud bricks used everywhere else during this period. And an elaborate water and sanitation system included the world’s earliest flush toilets, large public baths, and an underground sewage system complete with tile-lined cesspools.


  Remarkably, little evidence has been found in the remains of the Indus Valley civilization of the profound differences in wealth that are typical of other ancient civilizations. Although numerous storehouses, granaries, and public baths have been excavated, no evidence has yet been found in the ruins of Harappa, Mohenjo-Daro, or Lothal of the enormous palaces, temples, and military installations so typical of the city-states of other ancient civilizations. For well over a thousand years, this society of craftsmen and traders seem to have enjoyed a degree of equality and material comfort that was unique in ancient times. But the Indus Valley civilization declined rapidly after 1850 BC, and by 1700 BC it had all but disappeared. No other “civilization of equals” was ever to be seen again in the ancient world.
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  Figure 7.3. The earliest civilizations in China arose in the valleys of the Yangtze and Yellow rivers. Later, these two rivers were linked by the Grand Canal, the most ambitious waterworks project in human history.


  Urban civilization did not begin in China until approximately 2000 BC—about a thousand years later than it did in the river valleys of India and the Fertile Crescent—but it soon developed into the most extensive, highly organized, and enduring of all the ancient urban civilizations. The first urban center in China seems to have arisen in Erlitou, a large settlement on the banks of the Yellow River, where evidence of bronze smelting and some of the earliest remains of Chinese writing signaled the beginnings of civilized society.


  In China, the fertile lowlands of the river valleys were more extensive than anywhere else in the world. A huge alluvial plain, occupying most of the area between the valleys of the Yellow and Yangtze rivers, was nearly 750 miles wide from east to west and a thousand miles long from north to south. And the valley of the Pearl River in southern China was a third important strip of rich farmland that ran inland from the South China Sea more than five hundred miles to the borders of present-day Vietnam.


  The history of ancient China was marked by numerous political upheavals when political power and authority changed hands, sometimes abruptly. No less than seventeen distinct ruling dynasties and governments succeeded each other during the four thousand years that elapsed from the appearance of Erlitou culture in roughly 2000 BC until 1911, when the Qing dynasty collapsed and the modern Chinese nation was established. Throughout this time, political authority in China has been located in more than forty different capital cities at one time or another—and these do not include the multiple capitals that were established during four distinct periods of political fission, when Chinese society split into multiple warring city-states.3


  Yet there were also long periods of stability and prosperity in China, and Chinese civilization is responsible for many remarkable innovations in technology and culture. These include the invention of writing paper, gunpowder, and firearms, the construction of the largest wooden ships of ancient times, and the construction of two of the largest public works projects in human history: the Great Wall of China and the Grand Canal.


  The Great Wall of China needs little introduction. It is actually a series of walls, together measuring more than five thousand miles in length, built at different times by different Chinese emperors, beginning at approximately 700 BC and continuing intermittently to approximately the year 1600 AD. The Great Wall was constructed for the purpose of repelling the Mongols and other warlike tribes who lived in the mountains and deserts north of the Chinese heartland. It was built and rebuilt many times over the course of Chinese history, but it was decisively breached in 1644 by the armies of the Manchu warlords, who established the Qing Dynasty and ruled China until modern times.


  The Grand Canal is less well known but in many ways was the more important of these monumental undertakings. It linked the Yellow and Yangtze rivers to each other, providing a means of trade and transportation throughout the entire Chinese heartland and contributing greatly to the unification of China and to its history as one of the world’s oldest and largest nation-states. More than a thousand miles long, the Grand Canal is the longest man-made canal in the world. It was begun rather modestly in 486 BC to connect the Yangtze River to the Huai River, but after 600 AD, the canal was progressively enlarged and lengthened, eventually linking Beijing in the north with the important seaport and shipbuilding center of Hangzhou in the south.


  At this point, we should note that while the seafaring traditions of Egypt, Mesopotamia, the Indus Valley, and China contributed immeasurably to their ultimate destinies as cradles of civilization, the evidence is clear that seafaring did not begin with the rise of civilizations. There is considerable evidence that, long before anatomically modern humans settled down in permanent villages and began to practice agriculture, Homo erectus and other prehistoric humans were building rafts and boats and sailing them on the open sea.


  Rafts, Boats, and Sailing Ships


  It is an ethnographic fact that hunters and gatherers have been fashioning dugout canoes by hollowing out logs for a very long time, and they have been building rafts even longer by lashing together logs, bamboo, or reeds with ropes made from vines or shredded bark. The Native American tribes of the Pacific Northwest—a “Stone Age” hunting and gathering people by any definition—made huge dugout canoes from the immense trunks of ancient cedar and spruce trees and sailed them on the open sea.


  The true antiquity of seafaring remains a subject of considerable disagreement among prehistorians, but hominids have been constructing boats since at least the Upper Paleolithic, and the earliest boats and rafts were probably built long before that. Some scholars believe that the colonization of some of the easternmost islands of Indonesia by Homo erectus more than five hundred thousand years ago could never have been accomplished unless these emerging humans had been able to sail the open seas in seaworthy vessels.4


  Whatever the final judgment about seafaring by Homo erectus turns out to be, it is an established fact that prehistoric people originally settled the continent of Australia at least sixty thousand years ago—a feat that required crossing fifty miles of open water that separated the Indonesian island of Timor from the Australian coast during that period of geologic history.5 This provides conclusive evidence that people were not only building watercraft but were also sailing for days on the open sea tens of thousands of years ago.


  In 1998, paleoanthropologist Robert G. Bednarik conducted an experiment in which he directed the construction of a large bamboo raft on the island of Roti off the southwestern coast of Timor. Bednarik’s raft was made entirely out of native materials that had been available to Paleolithic humans. It was outfitted with sails woven from palm fiber, and it was built entirely with the types of stone tools that were commonly used sixty thousand years ago. Bednarik and a crew of five successfully sailed this craft from Timor to Australia, subsisting mainly on fish that they caught at sea using replicas of Paleolithic bone harpoons.6


  It is nearly impossible, however, to find direct archeological evidence of seafaring dating from Paleolithic times. This is because sea levels all over the world during the ice ages were vastly lower than they are today, and the ancient shorelines of the Upper Paleolithic—along with all the evidence of human habitation they once contained—are now lying under three hundred feet of sea water.


  Even if it were possible to determine exactly where prehistoric people had been living in these now-submerged shores, the action of the sea over tens of thousands of years has long since obliterated their ancient campsites, as well as the remains of any boats or rafts they might have used. But material evidence from ancient Mesopotamia proves that by seven thousand years ago, long before the earliest urban civilization began, seagoing ships were being built of reeds and sailed on the open sea.


  In 2001, a team of British and Kuwaiti archeologists discovered twenty-two slabs of bitumen near the shores of the Persian Gulf, where the Euphrates River empties into the sea. Bitumen is a black, sticky substance, also called asphalt, that occurs in natural deposits throughout the Fertile Crescent and was widely used during ancient times as a waterproof caulking both for water containers and for the hulls of reed boats. The bitumen slabs have been securely dated as having originated between 5500 and 5300 BC. This was roughly two thousand years before urban civilization began in Mesopotamia.


  Since the bitumen, mixed with fish oil and crushed coral, had been transported more than sixty miles from its point of origin and still bore the impressions of the rope, string, and reed bundles that were used at that time in boat building, there can be no doubt that it was being used for caulking seagoing boats. In fact, some of these bitumen slabs still have the remains of barnacles clinging to them, proving that they had spent a considerable amount of time at sea.


  The Egyptians were not far behind. Small watercraft made of bundles of reed tied together with rope and used on the relatively calm waters of the Nile have survived from as early as 7000 BC, and larger reed boats later proved surprisingly seaworthy on the more treacherous waters of the open sea. In 1970, the Norwegian adventurer Thor Heyerdahl supervised the construction of a replica of an ancient Egyptian reed boat and sailed it six thousand miles across the Atlantic Ocean from the coast of Morocco in North Africa to the island of Barbados in the Caribbean Sea. Since then, there have been many other voyages undertaken in reed boats similar to those used in ancient Egypt, demonstrating that the Egyptians and Sumerians would have indeed been capable of making long sea voyages in similar reed boats.


  By 3500 BC, just before the dawn of the first civilizations, the art of shipbuilding had progressed considerably. By then, both the Egyptians and the Sumerians had progressed beyond the early watercraft of reeds and were building seagoing boats out of wooden planks that were “sewn” together with straps of woven fiber. (The iron nails eventually used in boat construction would not be created for at least another three thousand years.) These plank boats were made to be disassembled, loaded on pack animals, transported long distances over dry land, and reassembled on the seashore. In fact, the Egyptians routinely transported their plank boats 125 miles across the Sinai Desert to the shores of the Red Sea, where they were sewn together, caulked with bitumen, and sailed hundreds of miles to the coasts of Africa and India on trading expeditions.


  By 1500 BC, the now civilized Egyptians were building immense river barges—some as large as 230 feet long, eighty feet wide, and twenty feet deep—each capable of carrying more than a thousand tons of cargo. Immense barges of this type were used to transport the “Colossi of Memnon,” two statues of the pharaoh Amenhotep III, each weighing approximately 320 tons, that were created near present-day Cairo and transported more than four hundred miles up the Nile to the ancient city of Thebes, where they stand to this day.


  The Slow Dawn of Writing


  The invention of writing is often portrayed as a unique event that occurred at a specific time and place—typically described as having begun around 3000 BC with the cuneiform writing of the ancient Mesopotamians and spread from there to other places in the ancient world. But rather than being invented at one time and in one place, all the evidence indicates that writing evolved very gradually in many places, at many times, and in many cultures.


  It is beyond question that humans have been using visual symbols to convey specific meanings for more than twenty thousand years. This has been clearly demonstrated by the thousands of petroglyphs found in La Pasiega Cave as well as in hundreds of other Paleolithic sites in Europe (Les Combarelles, Lascaux, Les Eyzies, Altamira, and Val Camonica), Asia (Kapova Cave, Mgvimevi grottoes, Edakkal Caves, Ladakh, Daegokcheon Stream Petroglyphs), Africa (Akakus, Jebel Uweinat, Bidzar, Niola Doa, Blombos Cave, Wonderwerk Cave), Australia (Murujuga, Burrup Peninsula), and the Americas (Winnemucca Lake, Long Lake, Three Rivers, Cumbe Mayo).


  But the petroglyphs of the Upper Paleolithic were not what we would consider full-fledged systems of writing. In our contemporary culture, the concept of “writing” implies the systematic, graphic representation of a fully developed language, including not only nouns but also verbs and ways of expressing past, present, and future tenses. And in most cases, true writing includes some indication of how the words for these various meanings were pronounced in the spoken language of the people doing the writing.


  Wherever urban civilizations arose, full-fledged systems of writing were developed because they were needed. Societies composed of tens or hundreds of thousands of individuals—most of whom are strangers to each other—require technologies of communication that can transmit complex messages effectively and reliably over time and space. When these urban societies did not already possess a system of writing—or were unable to borrow a system of writing from their neighbors—they invented their own.


  The Sumerian and Akkadian cultures of Mesopotamia were among the earliest people to develop a full-fledged system of writing, which began as drawings of specific actions such as walking and of concrete objects such as sheep, cows, bread, and barley. Over time, the details of these symbolic drawings became simplified, and eventually they evolved into standardized symbols that bore little resemblance to the things they had originally depicted. In the end, all of these symbols came to be drawn in a form called “cuneiform,” consisting of impressions made in soft clay with a wedge-shaped reed or wooden stylus (see Figure 7.4).


  Over time, the cuneiform writing of the Sumerians was adopted as a standard “alphabet” by many other ancient cultures, and cuneiform became the standard way of writing in ancient Babylonian, Assyrian, Hittite, Elamite, Hurrian, Urartian, Ugaritic, and Persian cultures. But while they may have all used the same system of writing, the people who spoke these different languages were not able to read each other’s cuneiform script. Similarly, people who understand only English can read only what is written in English and cannot read Spanish, Portuguese, Dutch, Flemish, Italian, French, or German, even though all of these languages use essentially the same alphabet.


  Meanwhile, systems of writing were also evolving in other ancient civilizations. In the Nile Valley, the unique system of writing that the Greeks called hieroglyphics or “sacred carvings” came into widespread use shortly after 3000 BC. Hieroglyphic writing, like cuneiform, contains a number of special symbols that represent the sounds of consonants (like many other forms of writing, Egyptian hieroglyphics had no form of notation for the sounds of vowels), but the vast majority of hieroglyphic symbols represent specific meanings. Over time, the number of hieroglyphic symbols grew from about eight hundred during the classical eras of Egyptian civilization to nearly five thousand by the time of the Roman Empire many centuries later.


  While some of the best-known hieroglyphic inscriptions are those found carved into the stone walls of pyramids and tombs, most Egyptian hieroglyphics were written in “cursive” form on sheets of papyrus, made from the same marsh reeds that furnished the building materials for the early Egyptian boats (see Figure 7.5). Numerous papyrus scrolls have survived since ancient times in the dry desert climate of Egypt, providing a rich source of information about the culture and society of this extraordinary civilization.


  In the Indus River valley, the emerging city-states of Harappa and Mohenjo-Daro had the same need to record transactions as the Sumerians, and evidence of a written language called the “Indus script” began to appear after 2700 BC. The Indus script has survived in the form of seals made of baked clay that contain sequences of symbols, sometimes accompanied by beautifully executed images. This form of writing consisted of more than four hundred distinct signs and symbols, reproduced in clearly defined sequences (see Figure 7.6). Unfortunately, however, cotton cloth was the standard writing material used by the people of the Indus Valley civilization, and nearly all of the records of the Indus script written on this highly perishable material have been lost to the ravages of time.


  The domestication of plants and animals in China took place at roughly the same time as it did in the Fertile Crescent, and by 7000 BC, the valleys of the Yellow and Yangtze rivers were home to a large and growing population of farmers living in permanent village settlements. It is from this early period that the first evidence of visual symbols appears in China (see Figure 7.7).


  The earliest evidence of Chinese writing appears in the Neolithic site of Jiahu, dating from roughly 6600 BC, and the remains of pottery basins found at Dadiwan, dating from approximately 5800 BC, were painted with symbols that are strikingly similar to some of the petroglyphs of La Pasiega Cave from Paleolithic Spain. But the oldest remains of the Chinese characters that most clearly resemble the characters of modern Chinese writing are the “oracle bones” used in the Shang Dynasty between 1500 and 1200 BC. The Chinese of that time carved inscriptions onto bones or turtle shells and then heated these objects in the fire. The future was foretold by interpreting the cracks that appeared in the oracle bones after they were heated. The “oracle bone writing” of ancient China is widely regarded as the earliest example of the written Chinese language still in use today.


  Writing developed in the Americas somewhat later than it did in Asia, although both the practice of agriculture and the evolution of sedentary societies in the Americas began at least seven thousand years ago. But the absence of immense river valleys may have been the key factor that delayed the emergence of urban civilizations in those regions. Nevertheless, pre-Columbian states in the Americas did eventually arise, and their development resembles to an astonishing degree the patterns seen in the urban civilizations of the Old World.


  The Maya, Aztecs, Inca, and other pre-Columbian civilizations all rose to power over their neighbors by violent means. They were all hierarchical societies divided between a lower class of peasant laborers and an upper class of hereditary aristocrats who ruled in the urban centers, while a class of professional priests performed religious rituals in elaborate temples. These societies not only kept written records but also developed advanced forms of mathematics, writing, and astronomical science, and the Maya were capable of calculating astronomical events far into the future.


  By 400 BC, the Maya were using a form of hieroglyphic writing that eventually evolved in a system as complex as any that had been developed in the Old World (see Figure 7.8). Mayan writing consisted of hundreds of symbols that were combined into complex images called “glyphs”—a form of true writing used to represent numbers, objects, actions, and sounds.


  Stone into Bronze


  Although traditionally all of human history has long been divided into the Stone Age, the Bronze Age, and the Iron Age, the differences in human life among these three “ages” is not nearly as great as their names would suggest. This way of classifying human history originated in 1825, when the Danish antiquarian Christian Jürgensen Thomsen coined these terms as a convenient way of sorting collections of ancient artifacts into a reasonable chronological order. This was before Darwin and Wallace proposed their theories of evolution, before the discovery of the remains of Neandertals and other prehistoric hominids, and long before the development of modern archeology.


  In fact, the Inca, Maya, Aztecs, and other advanced societies in the Americas were able to develop advanced civilizations while remaining largely dependent on tools and weapons made of stone. Metal-working in those societies was largely limited to the smelting and working of soft metals, such as gold, silver, and copper. These metals can be melted in ordinary wood fires that are superheated by workers blowing air through long tubes, but they lack the hardness and toughness needed for making effective tools and weapons.


  Thus, where the geography was favorable, a settled, agricultural way of life was enough—even in the absence of metal tools and weapons—to stimulate the birth of civilizations, complete with state bureaucracies, organized religions, organized warfare, long-distance trade, systems of writing, and advanced knowledge of mathematics and astronomy. But the development of metallurgy in the ancient river valleys did play an important role in the development of urban civilizations, not merely by furnishing them with superior tools and weapons but especially by stimulating innovations in the technologies of transportation, which were necessary for the pursuit of long-distance trade between societies from widely separated geographical regions.


  Metal working began first in the Middle East nearly ten thousand years ago with the smelting and hammering of naturally occurring nuggets of copper in the mountains of eastern Turkey and northern Syria. Copper is a soft metal that is easily worked, and through repeated heating of the nuggets of copper in a simple wood fire, they could be readily hammered into a variety of shapes. At first, the small amounts of copper that could be extracted from natural deposits were sufficient only for rings, beads, and pendants intended for personal adornment, and copper had little impact on other areas of technology or economic life.


  Eventually, however, the potters of Egypt and the Indus Valley began experimenting with glazes made with mixtures of the bright green and blue minerals malachite and azurite—both of which are ores of copper—to make the enormously popular blue-green ceramic objects called faience. They soon discovered that these ores could be smelted into metallic copper by mixing them with charcoal and heating them in a fire blown to a white-hot temperature for several hours.


  This discovery led to casting of molten copper in molds to make tools and weapons such as adzes, ax heads, and spear points. But copper was both rare and expensive, and it was too soft to be made into the thin, sharp tools and weapons, such as knives and arrowheads, that were important in these early technologies. Thus, for a long time, copper remained a marginal material that played only a minor role in the technology of the early agricultural societies.


  But sometime around 4000 BC, the coppersmiths of the Middle East discovered that by mixing copper with small amounts of arsenic—a poisonous metallic crystal—and later with small amounts of tin—a non-toxic metal—they could make bronze, a metal that proved far superior to copper. Not only was bronze easily worked, but it also had the advantage of a lower melting point than pure copper. Yet bronze was hard enough and tough enough to be made into tools and weapons that were superior to the stone tools and weapons that humanity had been using since the dawn of prehistory. These alloys of copper and tin made metallurgy an important technology for the first time.


  But the use of tin for making bronze presented a new problem. While deposits of poisonous arsenic are often found mixed with the ores of copper, the deposits of tin—a much safer alternative—were never found associated with copper. In fact, ores of tin were plentiful in only a few places in the ancient world, and none of these deposits were located in either Egypt or Mesopotamia.


  The Egyptians possessed rich deposits of copper in the Sinai Desert east of the Nile Valley, but they had no deposits of tin. And neither copper nor tin occurred naturally in the valley of the Tigris and Euphrates rivers. Before long, both of these civilizations began to search for sources of tin in more distant lands, and when they found them, the heavy ores had to be transported to places where they could be smelted into ingots and where smiths could work them into useful artifacts.


  Thus the need to bring copper and tin together provided a tremendous new impetus to advancing the technologies of transportation, in particular to transportation by sea. Both the Mesopotamians and the Egyptians, who had been building and sailing river boats for centuries, soon turned their attention to building ships large enough and strong enough to sail the open seas in search of sources of copper and tin.


  As the use of bronze expanded, the ancient armies that were equipped with swords, spears, and arrowheads of bronze easily defeated the armies that were armed with only stone-tipped weapons. Thus, the use of bronze ensured not only that the societies with metal weapons would defeat their adversaries in warfare but that these “Bronze Age” cultures would quickly overwhelm and replace the “Stone Age” cultures with which they came into contact. The use of bronze for tools and weapons spread rapidly throughout the civilized world, becoming commonplace in the Indus Valley in 3300 BC, in Mesopotamia after 2900 BC, and in China with the emergence of the earliest urban centers in 2000 BC.


  Although the “Iron Age” was destined in time to replace the “Bronze Age,” bronze continued to be preferred by most ancient civilizations long after the techniques of smelting iron became commonplace and widespread, because bronze was superior to iron in many important respects.


  First, bronze melted at much lower temperatures than iron. The ancient wood fires were hot enough to melt copper, tin, bronze, and gold, but—even when superheated by workers blowing air through long pipes—they did not reach temperatures high enough to melt iron.


  Second, bronze can be hammered into shape when it is cold, but iron can shaped by hammering only when it is red hot. This meant that special heat-resistant tongs and anvils had to be developed for working with iron that were not required for working with bronze.


  Third, the ancient process for smelting iron produced a rough, brittle, spongy mass that had to be reheated and hammered over and over again to transform it into the “wrought iron” that was suitable for making usable objects. But bronze can be worked as soon as it is smelted.


  Fourth, when bronze is exposed to the weather, it combines with the oxygen in the air to form a thin but durable “patina”—a layer of oxidized metal—that seals and protects the bronze object from further decomposition. But when iron oxidizes, the result is iron oxide or “rust,” a weak and powdery substance that does not protect the surface of an iron object. Thus, when something made of iron is exposed to air and water for long periods of time, the rust will penetrate deep into the object, weakening it and ultimately rendering it useless.


  Why, then, did iron eventually replace bronze in all civilized societies? The answer seems to have been mainly a matter of simple economics. Iron ore is abundant throughout the inhabited world, and it can be found not only on every continent but also on most of the major inhabited islands, including Australia, Japan, New Zealand, and the Philippines. In fact, the Paleolithic societies of Europe used “red ochre”—a form of iron ore—extensively in cave paintings, in burials, and in other religious rituals.


  When trade with distant lands was disrupted by warfare or the collapse of an ancient civilization—not an uncommon occurrence throughout history—ores of copper and tin would be scarce and expensive to obtain, while the more plentiful ores of iron were easier to procure. Yet, because of the difficulties of working with iron, it was not until the Middle Ages, when coal-fired furnaces came into widespread use, and when the complex process of making steel was perfected, that tools and weapons of steel—which were much harder and more durable than their iron or bronze counterparts—finally ended the practice of using bronze for making many common metal objects.


  The Horse, the Wheel, and Warfare7


  The horse was hunted as a game animal for at least four hundred thousand years, first by emerging humans, later by the Neandertals, and still later by the anatomically modern humans of the Upper Paleolithic. In fact, when the nomads of the Eurasian steppes originally domesticated the horse roughly six thousand years ago, it was not for the purpose of transportation but rather as a source of food. The reason is simple: the horse was the only animal capable of feeding itself in a snow-covered pasture.


  The open grasslands of the Eurasian steppes are subject to intense cold during the winter, and for much of the time they are covered in a blanket of snow. The people of the late Neolithic had already domesticated sheep and cattle—whose meat they preferred—but both of those animals must be fed by hand when snow and ice cover the ground. Sheep can break through ice-crusted snow with their noses to reach the grass underneath, but the sharp edges of broken ice will lacerate the soft skin of a sheep’s nose. Cows are even more helpless; unable to uncover the grass under a blanket of snow, cows will starve even while food is only a few inches beneath the surface. But horses, which are native to the open grasslands of the northern latitudes, will paw away the snow with their sharp hooves and graze easily in snow-covered pastures.


  Once they had domesticated the horse as an alternative source of meat, the Eurasian nomads discovered that these animals could be controlled by a bit placed in their mouths and attached to a bridle made of rope or leather. In fact, by examining the wear patterns on the teeth of horses that were buried in the graves of their masters, the archeologist David W. Anthony demonstrated that horses were being controlled by simple bits and bridles as early as 4000 BC.8


  The Eurasian nomads learned not only to ride horses but also to build wagons of wood covered with awnings of cloth, and they fashioned harnesses that enabled their horses to pull these wagons long distances over the steppes. Before long, the Eurasian herdsmen became the most mobile nomads on Earth, moving their families and all of their worldly possessions hundreds of miles every year in search of new pastures for their flocks. Five thousand years later, the pioneers of the American West crossed the untamed wilderness of the prairies using covered wagons of an almost identical design.


  Although it remains to be determined whether the wheel was first invented in the steppes of Eurasia or the river valleys of Mesopotamia, there is no doubt that as soon as people began using wagons and carts, the use of the wheel spread like wildfire across the whole of Eurasia, from western Europe to China (see Figure 7.9). Evidence of wagons and carts appears suddenly throughout both Europe and Asia beginning in 3500 BC, in the form of drawings and clay models of wagons, the appearance of a written sign for “wagon,” and the archeological remains of both wheels and wagon parts.


  The first four-wheeled wagons and two-wheeled carts were drawn mostly by oxen, typically yoked in pairs on either side of a long draft pole that was connected to the wheeled vehicle, although the onager, a small domesticated donkey, was also used for this purpose. Wagons and carts enabled one or two people to transport heavy loads of grain, building materials, firewood, and other goods from one place to another without assistance. For the most part, these early wheeled vehicles were used for hauling goods short distances, perhaps from one village to another, from the farms and fields to the market towns, or from the countryside to the cities. They were rarely used for transporting either goods or people longer distances, since for thousands of years after the invention of the wheel, paved roads did not exist.


  Between 3000 and 2000 BC, heavy battle wagons and carts with solid wheels, drawn by oxen or by teams of asses or onagers, began to be used as mobile platforms for archers and spear-throwers by the armies of ancient Mesopotamia. But these vehicles were relatively slow and difficult to maneuver. The horse-drawn chariot, however, which was also invented by the nomads of the Eurasian steppes and appeared in Mesopotamia after 2000 BC, was a different matter entirely. Unlike the slow, plodding, dim-witted ox or the undersized asses and onagers, the horse was built for speed, power, and endurance. And when a team of two or four horses was yoked to a chariot, the result was formidable indeed.


  Light in weight and highly maneuverable, with open-spoked wheels and pulled by a team of fast horses, the chariot was controlled by a driver while two, three, or four warriors stood behind him, launching spears and arrows at the enemy while the chariot was driven at high speed. The sides and floor of the chariot were made of the lightest, thinnest wood or leather, its wheels were large, and the back of the chariot was open. While the chariot was nearly useless for hauling cargo, it was a perfect platform for launching attacks on enemy forces.


  The ancient chariot needed no roads. It sped swiftly over open country, bouncing and rattling as its horses galloped at full speed under the lash of the charioteer, who concentrated on controlling the horses while the lancers and archers attacked the enemy. The invention of the chariot significantly changed the tactics of ancient warfare, and from the moment of its introduction, it became a fearsome and decisive weapon. Within a few centuries, the chariot had become an essential part of every ancient army from Egypt to China.


  A large part of the chariot’s success was due to the unique requirements of the powerful longbow, the ancient archer’s weapon of choice. The longbow was as tall as a man, and it was extremely unwieldy. It required the archer to stand erect, which is why archers stood upright on the platforms of chariots. But having invented the bridle and bit—and having learned to ride on the backs of these powerful animals—the nomads of the Eurasian steppes invented a much smaller and more compact bow that was both as powerful and as accurate at the longbow.


  This new “composite” bow, curved like a handlebar mustache, was made of wood, bone, and sinew glued together, and it produced as much power as a bow twice the size fashioned from a single piece of wood. The composite or sinew-backed bow enabled a rider to shoot arrows in any direction—including backward at a pursuing enemy—while mounted on a galloping horse. After 1000 BC, when archers mounted on horseback and armed with the composite bow became commonplace in ancient armies, the chariot and its spear-throwing or longbow-wielding occupants were gradually retired from battle.


  It is difficult for us—as accustomed as we are to the idea of people riding on the backs of horses, mules, donkeys, camels, and elephants—to imagine how revolutionary it was for humans to think that they could so utterly dominate and control an animal many times larger and more powerful than themselves that they could even imagine riding on its back. After all, riding for hours on the back of a horse is an act that is equally “unnatural” for both the horse and the rider. By 3500 BC, several species of animals had already been domesticated, but the idea of mounting a horse and controlling its movements must have been a leap of faith on the part of the nomads who accomplished this feat sometime after 4500 BC on the Eurasian steppes north and east of the Caspian Sea.


  Certainly, it was profoundly shocking to the civilized people of the Americas when the Spanish conquistadores appeared in full battle armor mounted on the horses that they had brought with them across the Atlantic in the early 1500s. The Native Americans had never seen horses before, and they had never witnessed the sight of human beings mounted on these great beasts. As anyone who has ever seen a horse and rider approaching at a gallop can attest, a man on a horse looks larger than life and can be an imposing and frightening figure.


  Once it had been successfully bred for domestication, the horse became and remained a key element in organized warfare for more than three thousand years. In fact, it was not until the twentieth century, with the invention of the internal combustion engine and the success of tank warfare in World War I, that the long history of using horses in warfare finally came to an end.


  Cities, States, and Empires


  It took a long time for the technology of agriculture to develop to its full extent, a process that began with the establishment of the permanent settlements of the Natufians and was not completed until thousands of years later with the domestication of cereal grains, fruit trees, sheep, goats, cattle, and horses. By contrast, the emergence of urban civilization seems to have happened virtually overnight, with numerous cities springing up all over the ancient world in the space of just a few centuries before and after the year 3000 BC.


  This rapid and dramatic transformation in human life occurred when several factors—including population density, the favorable geography of river valleys, craft specialization, and innovations in the technologies of transportation and communication—combined to produce a volatile and unstable condition known as a “positive feedback loop,” which can cause major changes to take place in unusually short periods of time.


  One example of a positive feedback loop is the onset of a stampede in a herd of cattle, which may begin with the panic of only a single animal, which then causes the animals next it to panic, which then causes all the animals near them to panic, until panic has spread throughout an entire herd within a matter of seconds.


  The development of boats, wheeled vehicles, and systems of writing allowed people to interact across time and space without having to meet in person. As these technologies of interaction became increasingly effective, they facilitated the growth of large commercial and political centers. In turn, these centers stimulated new and more efficient technologies of transportation and communication, which allowed the emerging cities to grow ever larger. Before long, for the first time in human history, very large numbers of people, some in the cities and others in the countryside, began to function as members of a single integrated society.


  The cities of the ancient world were beehives of activity, populated by artisans, merchants, bureaucrats, soldiers, priests, and political leaders, yet they all depended for their food on the farmers and herdsmen of the surrounding territories. At the same time, the people of the countryside depended on the cities for the benefits that civilized society made possible. These included the textiles, pottery, furniture, tools, weapons and other artifacts made in the shops of the urban craftsmen, the trade goods that were brought from distant lands, the religious authority of a dedicated priesthood, the social order created by a civil administration, and the possibility of military protection against the raids, thefts, abductions, and murders that had been commonplace among the simpler societies of previous ages.


  While some of these civilized societies were called “cities,” others were called “states,” and still others were called “empires,” the differences among them were not as great as the differences among these three names would imply. It has been estimated that roughly 85 percent of the population of all civilized societies throughout history consisted of agricultural food producers, while the remaining 15 percent consisted of the urban professionals who made civilized society possible. And every ancient city found it necessary to control the movement of goods and people between the countryside and the city, to ensure that there would always be a large and reliable supply of food for the city dwellers—and that the people of the countryside could rely on the cities for the products, services, and military protection upon which they depended.


  The type of society we call the “state” came into being when the population of urban civilizations grew so large that no single family, clan, or tribe was capable of administering the affairs of society. This encouraged the formation of bureaucracies and ruling classes that were based primarily on their shared citizenship as members of a specific urban civilization rather than on their family ties, clan membership, or tribal affiliations.


  Although most of the societies we consider to be “states” included multiple urban centers, there was typically a single dominant city that acted as the “capital” of the state. For example, the pharaoh Menes is widely credited with having “united” the Upper and Lower Kingdoms of ancient Egypt into a single nation, but in actuality this ancient state was formed when Menes conquered the entire Nile Valley by force. The new “united” Egypt was ruled from a single urban center, the city of Memphis, located where the Upper Nile fans out into a myriad of smaller streams and channels that forms the great Nile Delta.


  The notion of “empires” was born when the armies of certain city states conquered the lands ruled by other cultures. When Menes conquered Thebes and united all of Egypt, the result was not an “empire,” because Upper and Lower Egypt both shared a common culture. This culture included a common language, a common system of writing, the worship of a common religion, and similar traditions in agriculture, animal husbandry, pottery, metallurgy, water transport, and house construction. But the pharaohs were not content to rule over a single Nile Valley culture, and they eventually created true empires by expanding their rule south into Nubia, east across the Sinai Peninsula, and north along the shores of the Mediterranean Sea all the way to Syria and the southern borders of Turkey.


  The history of ancient civilizations is marked by periods of peace and prosperity that alternated with wars, conquests, and subjugations, and the empires founded by military conquest arose when urban civilizations conquered other cultures and exacted tribute from them. Yet none of these empires survived for more than a few centuries. Instead, ancient history consists of a seemingly endless series of wars, conquests, consolidations, and periods of growth and stability, followed by periods of decadence, corruption, mismanagement, deterioration, and—ultimately—reversion to war. In the final analysis, the most important difference between a city, a state, and an empire was that a state usually encompassed more than one city—although a capital city was always dominant and essentially in control—while an empire typically encompassed more than one culture.


  In spite of these differences, the essential nature of urban civilization was remarkably consistent. Power and wealth were centralized in the cities, while food, raw materials, and in some cases, labor flowed from the villages of the countryside to the urban centers. As one set of rulers was replaced by another set of rulers, the people of the countryside continued to grow their crops, raise their animals, and send their produce to the cities in the form of taxes and tribute. Meanwhile, the people of the city continued to manufacture things, engage in trade with distant lands, and exercise the military, political, and religious powers that knitted these civilizations together.


  Dunbar’s Number and the Great Fusion


  Surveying the ebb and flow of the kingdoms, dynasties, city-states, and empires of civilized societies, one can easily lose sight of the fact that these were by far the largest groups of humans that had ever fused into unified social groups. With the development of agriculture, the human group had expanded from the few dozen individuals who constituted the typical nomadic band to the hundreds of individuals who lived together in the Neolithic towns and villages. But the emergence of urban civilization represented a far greater process of social fusion, the greatest in the history of humanity before the formation of the modern industrial nation-state.


  Most ancient civilizations consisted of societies numbering in the hundreds of thousands of individuals. All of their citizens recognized the same leaders, considered themselves members of the same culture, and interacted as members of the same social group. This is a remarkable development indeed, considering that the human brain may be physically incapable of mentally processing more than about 150 full-fledged relationships at any given time.


  In 1992 the evolutionary anthropologist Robin Dunbar studied the relationship between brain size and group size in numerous primate species. He found that the species with the largest brains were able to maintain the largest cohesive social groups while those with the smallest brains were able to maintain only the smallest cohesive social groups. His mathematical model predicted that, given the size of the human brain, human groups would retain their cohesiveness up to approximately the size of only 150 individuals. The number 150, which came to be called “Dunbar’s number,” turns out to be approximately the maximum number of full-fledged relationships a normal human being can maintain at any given time.9


  Dunbar’s number appears repeatedly in all kinds of human social groups. It is the average number of Christmas cards English people typically sent to their preferred list of friends and kinfolk. It is the effective upper limit of both Yanomamö and Amish villages, beyond which they typically split apart into new, smaller units. It has been the typical size of a military company for centuries. It is even the ideal size of a modern office, beyond which the formation of cliques and factions often produces disharmony and dysfunction among its occupants. Dunbar’s number reflects the innate capacity of the human mind to maintain complex relationships. After all, throughout several million years of evolution, hominids needed to maintain full-fledged relationships only with the few dozen kinfolk that constituted the typical hunting and gathering group.


  In addition to a few dozen full-fledged relationships, there are also those people whom you know and recognize but with whom you may not have any kind of relationship. How many different names and faces can you recognize or remember? The answer will almost certainly be less than two thousand. In the villages of agricultural societies that are smaller than two thousand people, almost everyone recognizes and is familiar with almost everyone else. But once this threshold is crossed, and a human group grows to more than two thousand individuals, there are increasing numbers of people who are strangers to each other.


  This larger number of two thousand people is also an inherent mental capacity. It evolved in prehistoric times out of the need for each individual to recognize the members of other social groups with whom an individual occasionally had contact: casual acquaintances, childhood friends, occasional trading partners, people related more distantly by kinship, and the members of other hunting and gathering bands. The capacity to recognize and remember the identities of between five hundred and two thousand people was all that any member of a hunting and gathering society had ever needed.


  But when the agricultural villages of the Neolithic expanded into larger towns that grew to more than two thousand inhabitants, the capacity of the human brain to know and recognize all of the members of a single community was stretched beyond its natural limits. Nevertheless, the tribal cultures that had evolved during the Upper Paleolithic with the emergence of symbolic communication enabled people who might have been strangers to feel a collective sense of belonging and solidarity. It was the formation of tribes and ethnicities that enabled the strangers of the large Neolithic towns to trust each other and interact comfortably with each other, even if they were not all personally acquainted.


  The transformation of human society into urban civilizations, however, involved a great fusion of people and societies into groups so large that there was no possibility of having personal relationships with more than a tiny fraction of them. Yet the human capacity for tribal solidarity meant that there was literally no upper limit on the size that a human group could attain. And if we mark the year 3000 BC as the approximate time when all the elements of urban civilization came together to trigger this new transformation, it has taken only five thousand years for all of humanity to be swallowed up by the immense nation-states that have now taken possession of every square inch of the inhabited world.
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  The new urban civilizations produced the study of mathematics, astronomy, philosophy, history, biology, and medicine. They greatly advanced and refined the technologies of metallurgy, masonry, architecture, carpentry, shipbuilding, and weaponry. They invented the art of writing and the practical science of engineering. They developed the modern forms of drama, poetry, music, painting, and sculpture. They built canals, roads, bridges, aqueducts, pyramids, tombs, temples, shrines, castles, and fortresses by the thousands all over the world. They built ocean-going ships that sailed the high seas and eventually circumnavigated the globe. From their cultures emerged the great universal religions of Christianity, Buddhism, Confucianism, Islam, and Hinduism. And they invented every form of state government and political system we know, from hereditary monarchies to representative democracies.


  The new urban civilizations turned out to be dynamic engines of innovation, and in the course of just a few thousand years, they freed humanity from the limitations it had inherited from the hunting and gathering cultures of the past.


  But when the clockmakers of Medieval Europe, in their quest to create truly accurate timepieces, created the technology of precision machinery, they unleashed a process of cultural evolution that ultimately transformed human society more completely and more profoundly than any of the technological metamorphoses that had previously taken place. We will examine this seventh metamorphosis—which continues to reshape the daily lives of all humans alive today—in the next chapter of this book.
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  CHAPTER 8


  THE TECHNOLOGY OF PRECISION MACHINERY


  Clocks, Engines, and Industrial Society


  “The enduring legacy of the pioneer clockmakers, though nothing could have been further from their minds, was the basic technology of machine tools.”


  —Daniel J. Boorstin, The Discoverers


  When Father Matteo Ricci was invited to the Imperial Court of China by the Ming dynasty emperor Wan-Li in the year 1601, he and his fellow Jesuits became the first Europeans ever to enter the Forbidden City. By then, Father Ricci, a Jesuit priest from Italy, had been doing missionary work in southern China for nearly twenty years. He had survived the destruction of his mission near Canton by an angry mob, and shortly before his arrival, he had been arrested and imprisoned with his Jesuit companions while on his way to the Chinese capital at Beijing.


  But Emperor Wan-Li, remembering an earlier petition in which Ricci promised to bring him a present of two clocks he had carefully carried with him all the way from Venice, ordered that Father Ricci and his companions be released from prison and their clocks delivered to the imperial palace. Wan-Li wanted to see these exotic European machines, which were said to run for days by themselves and to ring bells to announce the passing of the hours.


  Wan-Li examined Father Ricci’s clocks in his private residence several days before the Jesuits’ arrival. The emperor was fascinated with these machines, the likes of which he had never seen. But by the time Ricci and his companions arrived at the imperial court, the larger of the two clocks had stopped working, and when the Jesuits arrived, they were warned that they must have the clock working again in no more than three days or they would have to face the consequences. Fortunately, the clock had stopped only because it needed to be rewound.


  The success of Ricci’s gifts—and the Jesuits’ ability to predict the exact time and duration of solar eclipses with far greater accuracy than the court astronomers—guaranteed Father Ricci and his companions a place of honor in the Ming court. A special tower was built for the larger clock in one of the inner courtyards of the imperial palace, and the smaller clock was kept in the private residence of Wan-Li himself.


  The emperor’s clock, said Father Ricci, “struck all the Chinese dumb with astonishment.” It was, he continued, “a work the like of which had never been seen, nor heard, nor even imagined in Chinese history.” And the esteem that Wan-Li held for the science and workmanship of the Europeans did not go unrewarded. For the next nine years until his death in 1610, Matteo Ricci received a generous stipend from the emperor, and he occupied a privileged position in the Chinese court. Upon his death, Wan-Li broke with the Ming dynasty tradition that foreigners were not to be buried on Chinese soil, and he ordered that a Buddhist temple be built in Ricci’s honor in the heart of Beijing, where his remains lie to this day.


  Unknown to both Wan-Li and the Jesuits, however, an immense and fantastically elaborate clock, powered by the action of water falling from an eleven-foot waterwheel, had been built in China five hundred years earlier. This fabulous machine, housed in a tower forty feet tall, was the creation of the brilliant civil servant Su Song for Emperor Zhezong of Song dynasty China in 1094 AD. Upon Zhezong’s death, Su Song’s water clock fell into disuse, and its bronze mechanisms were eventually melted down for scrap.


  The numerous water clocks built by Su Song and his successors over the centuries were all single instruments, built by a few master craftsmen for the pleasure of the imperial court. Father Ricci’s clocks, on the other hand, were the product of an entire industry, pursued by an army of skilled craftsmen that had been growing steadily for three hundred years and had spread throughout Europe.


  In the years that followed Ricci’s arrival, the clocks and pocket watches of Europe became part of a thriving trade with the Chinese imperial court, and by the 1760s, the Jesuit fathers reported that the imperial palace was “stuffed with clocks, watches, carillons, repeaters, organs, spheres, and astronomical clocks of all kinds and description—there are more than four thousand pieces from the best masters of Paris and London.” By the end of the eighteenth century, the ambassador for the Dutch East India Company in Beijing reported that when traveling to Peking, “one should bring . . . especially those [clockwork] playthings that European boys use to amuse themselves. Such objects will be received here with much greater interest than scientific instruments or objets d’art.”1


  Although China was far larger than any political entity the Europeans had known since the fall of Rome, and although Chinese civilization had long been superior to European civilization in numerous areas of manufacturing, transportation, government, and literature, the European clockmakers of that time were the only craftsmen in the world capable of building highly accurate timepieces small enough to sit on a table or be held in the palm of the hand. This was largely because generations of effort had driven the clockmakers of Europe to surpass the metal workers of all other civilized societies in one particular area: the manufacture of precision machinery.


  The impetus for the development of mechanical clocks grew out of the unique and peculiar European obsession with keeping time, an obsession that inspired the clockmakers of medieval Europe to perfect the technology of precision machining in their quest to create truly accurate timepieces. Like ripples in a pool, the consequences of precision machining radiated into every sphere of human life, transforming everything it touched.


  Precision machining made it possible to manufacture a wide variety of machines that humans had never created before: steam engines, printing presses, long-range weaponry, electric generators, telegraph wires, telescopes, microscopes—the list goes on—and the synergies created in the resulting expansion of information, science, industry, and military power gave birth to a new kind of society, based not on the limited energy of humans and animals but on the seemingly unlimited energy of fossil fuels. And it all began in the Middle Ages with the invention of the mechanical clock.


  The Clockmaker’s Genius


  The Europeans of the Middle Ages were a pious people, and they considered it a matter of great importance that the prayers described in the Catholic Breviary be said at the correct times. For this reason, all of the many churches and monasteries of that age included a bell tower, and the monks were required to ring these bells at the prescribed hours of the day and night as a signal to the faithful when it was time to say their prayers. But the sandglasses and water clocks that the monks used during the early Middle Ages were notoriously unreliable and inaccurate. In fact, the societies of Greeks, Romans, Indians, and Chinese had used sundials, water clocks, sandglasses, candles, and incense clocks to measure time since ancient times, but each of these methods had serious limitations.


  Sundials were accurate only at the specific latitude—or distance from the equator—for which they were designed, and they were completely useless throughout the night and whenever clouds hid the sun. Water clocks—except for a few that were as large as multistory buildings—depended for their accuracy on the action of water dripping slowly through a small hole drilled into the bottom of a container. But since water drips more slowly when a container is nearly empty than it does when the container is full, the water clock was seldom accurate. Moreover, every so often some impurity or piece of debris would become lodged in the drip hole, and the water clock would stop altogether.


  The sandglass was hardly better. Designed to measure only short periods of time, most sandglasses measured only twenty minutes or less, since a glass large enough to measure as much as a single hour tended to be large, heavy, and dangerously fragile. Worse still, in order to measure more than one unit of time, the sandglass had to be turned upside down every time the sand ran out. Burning incense provided a surprisingly accurate way of measuring the passage of time, and incense clocks were widely used throughout Asia for centuries. But the incense clock had the unique disadvantage of consuming itself in the process of telling time. Having burned to the extent it was designed for, the incense had to be replaced with a new supply, or the clock would tell time no longer.


  Thus, sometime between 1200 and 1300 AD, in response to the Church’s desire for more accurate clocks, the craftsmen of medieval Europe began to build mechanical clocks out of metal. These revolutionary mechanical clocks were driven by the force of weights, hanging from chains, that turned the gears of the clockworks. The speed of the turning gears was regulated by a mechanism called an escapement that alternately locked and released each tooth on a special gear. The action of the escapement is responsible for the characteristic ticking sound made by all mechanical clocks.


  The escapement made it possible for these new mechanical clocks to tell time with unprecedented accuracy, and they represented a huge advance in durability and accuracy over all the other timekeeping technologies that civilized societies had used since ancient times. But none of the first mechanical clocks had either hands or faces. Instead, they told time by the ringing of bells. (In fact, the English word “clock” comes from the German word Glocke, meaning “bell.”) And the clock face that is familiar to us—with an hour hand and a minute hand rotating inside a circular dial bearing twelve numbers—did not come into general use until 1700, more than four hundred years after the first mechanical clocks were installed in the towers of Europe’s churches and monasteries.


  Moreover, none of the early clocks had pendulums. Instead, the escapement on the medieval clock was regulated by a rotating arm, called a foliot, that swung back and forth on a shaft called a verge. The speed of the clock was regulated by moving the weights that hung from the two arms of the foliot either inward—which caused the foliot to rotate more rapidly—or outward—which caused it to rotate more slowly. By our standards, the verge and foliot escapement was not very accurate, and it was not unusual for these early clocks to gain or lose several minutes each day.


  But the people of the Middle Ages told time only by the hour, and they did not bother with anything as precise as a minute. For all practical purposes, the verge and foliot escapement was sufficiently accurate. It was still the only type of clock in existence when Father Ricci presented his gifts to the Emperor Wan-Li, and it was used in all mechanical clocks for at least 350 years. The basic design of the medieval clock did not become obsolete until the invention of the pendulum and the more accurate “anchor” and “deadbeat” escapements in the seventeenth century (see Figure 8.1).


  As a young man of nineteen, the Italian astronomer, mathematician, and physicist Galileo Galilei had become intrigued by the motion of the swinging altar lamp in church, when he noticed that the lamp always swung at the same rate of speed, regardless of whether its arc was great or small. Galileo wrote about this phenomenon in 1602, but it was not until 1641 that the aging Galileo, now blind, drew up the plans for the first pendulum clock with the assistance of his son Vincenzio. Although Galileo’s pendulum clock was never built, his concept was brought to life by the Dutch mathematician and astronomer Christiaan Huygens, who built the first pendulum clock in 1657. The pendulum clock turned out to be ten times more accurate than its predecessor, and with this greater accuracy the minute hand—which most clockmakers did not bother to include on the clock face before that time—finally came into common use.


  By far the most important consequence of the European obsession with time was that the construction of accurate clocks required machines that were capable of making precisely crafted mechanical components. In order to run at a constant speed, mechanical clocks required wheels, shafts, and cylinders that were perfectly round and straight. The teeth on their gears had to be evenly spaced, and each tooth had to be exactly the same size and shape. The springs that powered the clocks of later times had to be made in a precisely uniform thickness, with a precisely uniform temper. And all of the tiny screws that held the clock parts together had to be made to fit precisely into the threaded holes for which they were intended. But the hand-made objects fashioned by metalsmiths since the dawn of metallurgy were anything but geometrically precise, no matter how fine their craftsmanship. It was not possible for a truly accurate mechanical clock to be built by a craftsman using nothing but handheld tools.


  In the early days of clock making, it took months—in some cases, even years—of skilled labor to build a single clock, and for the most part only the clockmaker who actually built each clock was capable of maintaining or repairing it. For this reason, driven both by the clockmakers’ need for precision machinery and the public’s increasing demand for mechanical clocks, the European craftsmen began to invent the special devices called “machine tools”—which are machines designed to make parts for other machines.


  The new industry of machine tools included lathes to make objects perfectly round, drills to make precise holes, milling machines to make surfaces that were perfectly flat, and a variety of saws, grinders, planers, and shapers that were guided not by hand but by special devices mounted on rails or tracks. In this way, the clockmakers of Medieval Europe were directly responsible not only for the development of the first machine tools but also for all of the many other kinds of precision parts that machine tools were capable of creating.


  As the science of precision machining continued to advance, new specialties arose. While they were learning how to make clocks, the clockmakers also learned how to make scientific instruments, and they fashioned sextants and compasses for navigation, astrolabes and theodolites for surveying, and precision scales for weighing. Lens grinders created precision lenses and built telescopes for viewing the heavenly bodies, microscopes for viewing things too small to be seen by the naked eye, and eyeglasses to improve the sight of those whose eyes had grown weak.


  All of these instruments and many more stimulated the great advances in science that took place as the Middle Ages came to a close and Europe embraced the new philosophies of scientific inquiry that blossomed into the Renaissance. In fact, to a great extent, the Renaissance itself came to pass as a result of the widespread dissemination of information that began in Europe at the end of the fifteenth century. And this explosion of information took place when the principles of precision machinery were applied to the ancient art of printing.


  Gutenberg’s Press


  In the middle of the fifteenth century, the German goldsmith Johannes Gutenberg discovered that an alloy of tin, lead, and antimony in the proper proportions could be easily melted and poured into a matrix of tiny molds, one for each letter of the alphabet. This made it possible for lines of type to be assembled from individual letters, known as “movable type.” By contrast, the method of woodblock printing—the most common method of printing at that time—required the printer to carve an entire page of text and illustrations from a single block of wood.


  Although Gutenberg is widely credited with the invention of movable type, this kind of type, in the form of very small porcelain tiles, had actually been developed in China four hundred years earlier. But because there are at least five thousand characters commonly used in Chinese writing, the printers in China were required to maintain a huge inventory of tiles. This meant that the Chinese printer had to search slowly and laboriously through these immense inventories for each of the tiles required to complete every line of text. By contrast, the Roman alphabet used throughout western Europe contained only a few dozen distinct characters. This meant that, when Gutenberg’s movable type became generally available, many lines of text could be assembled quickly and easily by the typesetter.


  Johannes Gutenberg’s alloy of lead, tin, and antimony proved to be so perfectly suited to casting metal type that it has remained the standard formula for typecasting to the present day. Gutenberg also developed a recipe for oil-based ink that reliably produced a clear and durable impression on paper. Last but not least, he successfully adapted the screw press to the task of printing on paper. The screw press—which operates by pressing two surfaces together by means of a large vertical screw turned by hand—had been used in a much cruder form since ancient times for processing agricultural products, including for pressing the juice from grapes and the oil from olives, and it was already in use in Europe in Gutenberg’s time for printing designs on cloth.


  But in order to make the screw press capable of printing texts on paper, the platen—a large, flat plate that presses the paper onto the bed of inked type—had to be machined so that it was precisely flat and parallel to the bed of type. Otherwise, some areas of the printed page would be darker than others, and some areas might be so faint as to be unreadable. The precision machining of Gutenberg’s day made it possible for him to build a screw press precise enough to make clear and consistent copies of printed material (see Figure 8.2).


  Gutenberg’s combination of movable type, oil-based ink, and the precision-built screw press unleashed an explosive growth in printed material. Before long, the huge expansion of knowledge made possible by the flood of cheap and plentiful books and pamphlets that issued from the printing presses of Europe was a major cause of the intellectual awakening of the Renaissance. During the fifty years between 1450 and 1500, slightly more than twelve million books were printed in Europe. Three centuries later, during the fifty years between 1750 and 1800, this number had grown to over 625 million—and this was before the establishment of public schools and the spread of universal literacy.


  In Medieval Europe, the few people who knew how to read and write were mainly monks working as scribes in the monasteries. But the proliferation of reading matter during the Renaissance motivated more and more people to learn how to read, and literacy—which throughout all of human history had always been the special professional skill of the scribe—eventually became a skill that every person was expected to master.


  Meanwhile, the advances in precision machining that ushered in the industrial revolution made possible numerous improvements in the design of printing presses in the years after 1800. These included the invention of the steam-powered printing press, the rotary press, electrotype printing, the linotype machine, lithography, and color lithography—none of which would have been possible without the prior development of precision machinery—and all of which increased the speed of the printing process while dramatically reducing the cost of printed materials.


  Before long, the phenomenon of the local newspaper became commonplace throughout the industrialized world, followed later by the phenomenon of the popular magazine. The daily newspaper first appeared in Europe in the 1600s and in the Americas in the 1700s. In the year 1800, thirteen magazines were published in America. By 1900, this number had grown to 3,500, and in that year more than eight billion copies of newspapers and magazines were published in the United States alone.2


  Blast Furnaces and Fossil Fuels


  When the town clock became a fixture of life in the late Middle Ages, no self-respecting European city or town could be long without one. By the year 1450, there were at least five hundred clocks in the bell towers of European churches and monasteries, and after another century, there were thousands. All of these clocks were exceedingly large, with great, thick gears that rotated on large shafts, pulled by the action of massive weights that hung from heavy chains. Each clock was thus not only large in size but also used an exceedingly large amount of metal: the typical town clock of those days contained a ton or more of high-quality iron and steel.


  The proliferation of these large, heavy clocks placed new demands on the supply of high-quality metals, and this drove further progress in the smelting and forging of iron and steel. It was no longer sufficient to hammer red-hot chunks of crude, impure iron into rough shapes that could be shaped into the hardware, tools, and weapons of wrought iron. And the production of large quantities of iron and steel required furnaces that were considerably larger and burned much hotter than the smelting ovens that were modified versions of the pottery kilns used since ancient times. And while deposits of iron ore were relatively abundant in Europe, the furnaces that were required to smelt iron and steel were anything but simple.


  Eventually, the need to produce ever greater quantities of quality iron and steel led directly to the widespread adoption of the blast furnace, a high-temperature device for smelting iron that was originally invented by the Chinese in the first century AD. The blast furnace began to appear in northern Europe in the thirteenth century and became widespread throughout Europe after 1500 (see Figure 8.3). Filled with a mixture of iron ore, charcoal, and limestone, the blast furnace was heated to very high temperatures by a fire superheated with a bellows or some other forced air supply. The ore mixture was smelted and refined by the chemical action of hot air forced into the bottom of the furnace under high pressure.


  With the proliferation of blast furnaces throughout Europe, the demand for charcoal skyrocketed. But the production of charcoal required a prodigious amount of firewood. Wood not only furnished the basic raw material that was converted into charcoal by being heated in an oxygen-deprived environment, but it was also necessary to keep wood fires burning for many hours to heat the ovens that produced the finished charcoal. By the middle of the seventeenth century, the ironworks in Britain alone were consuming fifteen million feet of timber every year.3


  In addition to the growing demand for tree bark for tanning leather, and for firewood to make charcoal, soap, and glass, the Europeans of that time were also cutting down trees to serve the needs of their expanding population. Entire forests were cut down to clear land for agriculture, to build new houses—and in some cases, entire towns—and to build the large ocean-going sailing ships the Europeans needed for their rapidly expanding sea trade. By the year 1700—to cite one of many examples—the British Royal Navy estimated that the wood of four thousand mature oaks was required to build a single ship of the line.4


  With all of these demands for wood increasing in Europe year by year, the supply of firewood for making charcoal was soon exhausted, and by the early 1700s, the densely populated areas of Europe had become effectively deforested. The solution to this problem—the mining of coal—began in earnest in eighteenth century England, but the coal mines themselves were plagued by a number of technical problems. As we will see, one of these problems, the frequent flooding of the mines by underground sources of water, led before long to the beginning of the industrial revolution.


  Coal had been used extensively in northern China and Mongolia beginning in 2000 BC, and it was known to both the ancient Greeks and Romans, who mined coal and used it for heating their houses, villas, and public baths. The Romans were well aware of the presence of coal in Britain, and they mined it extensively. But when the Romans left Britain in 410 AD, coal mining ceased, and coal was not mined again in Britain for nearly seven hundred years. Throughout the Middle Ages, firewood served perfectly well as a source of heat, and the charcoal made by firewood proved ideal for smelting iron ore. Coal, on the other hand, gave off a particularly noxious smoke, and it was considered so deleterious to human health that in 1306 the burning of coal within the city limits of London was banned by royal decree.


  Throughout the ancient history of metallurgy, coal was considered entirely unsuitable for smelting iron, because unlike charcoal—which is nearly pure carbon—coal tends to be full of impurities. These include tar, sulfur, clay, quartz, chalk, salt, and numerous other minerals, all of which can easily contaminate the iron ore and interfere with the smelting process. When coal was used as the fuel for blast furnaces, it produced iron of poor quality: brittle, weak, and difficult to work with. But during the 1600s it was discovered that by roasting high-quality coal in a manner similar to the production of charcoal from wood, the coal could be freed of many of its impurities and changed into a hard, strong, porous, clean-burning fuel called coke. And in 1709, the Englishman Abraham Darby successfully smelted iron in a blast furnace that burned coke instead of charcoal.


  Darby’s simple innovation had far-reaching consequences. First, it took the pressure off the dwindling reserves of forest, making it possible for the first time to produce high-quality iron in many areas of Europe that had become dangerously deforested but were nevertheless rich in coal. Second, the charcoal fires traditionally used for smelting were subject to being crushed and smothered if too much iron ore was dumped in on top of them, but the greater physical strength of coke could support much heavier loads of ore. This made it possible for much larger quantities of iron ore to be loaded into the furnace at one time. As a result, blast furnaces were soon being built far larger than was previously possible, and these new furnaces produced greater yields from the same investment of time and labor. Finally, it was far cheaper to mine coal and convert it into coke than it had been to cut down entire forests and saw up the trees in order to produce charcoal from firewood.


  The combined effect of these developments was to steadily lower the price of iron, which soon began to be used for making a growing variety of manufactured objects, ranging from simple pots and pans to immense iron bridges. Throughout the 1700s, coal mining underwent a tremendous expansion, and new coal mines were opened all over Europe. And the proliferation of coal mines provided more than a new source of energy for smelting iron. Although no one at the time could have foreseen it, a common problem that affected most coal mines remained unsolved until the invention of the steam engine, one of the most transformative of all precision machines, and the device that, more than any other, gave birth to the industrial revolution.


  Coal Mines and Steam Engines


  Most of the ancient and medieval coal mines exploited veins of coal that lay near the surface, but after centuries of mining, most of these open-pit coal mines had become exhausted. Thus, to meet the growing demand for coal, shafts were sunk far below the surface, tapping veins of coal that lay deep underground. But these deeper coal mines often had to pass through large underground aquifers, where groundwater in abundance lay beneath the surface. When the shafts and tunnels of the coal mines passed through these aquifers, great streams of water flowed into the mines, flooding the areas where the miners worked at the coal face.


  Various methods were devised to pump the water out of the coal mines, chief among which was the chain pump, a series of discs or buckets attached to a chain that rotated around large pulleys, moving continuously through a large vertical pipe. The chain pump was usually pulled by a team of horses, but the power that horses could provide to pump the water up from far below the surface was limited, and before long British inventors began experimenting with the use of steam to accomplish this critical task.


  In 1712, an Englishman named Thomas Newcomen built a device he called an “atmospheric engine,” which used steam under pressure to power a piston and cylinder that pumped water out of the mines. Although numerous devices using steam to create mechanical energy had been made since ancient times as toys and curiosities, Newcomen’s atmospheric engine was the first engine to use steam power for a practical use. By the time of Newcomen’s death in 1729, more than one hundred atmospheric engines had been installed in coal and tin mines, mostly in England and Wales, but a few were also installed in other European countries. The first atmospheric engine in France was installed in 1725 to pump water from the Seine River for use by the citizens of Paris.


  But the atmospheric engine had a serious design flaw. The steam inside the cylinder had to be alternately heated and cooled in order to raise and lower the piston. This not only wasted large quantities of fuel but also severely limited the speed with which the piston could move up and down inside the cylinder. In spite of its commercial success, the atmospheric engine had achieved only half of what was needed to harness the power of steam.


  While it could raise and lower its piston with considerable force, the atmospheric engine was unable to translate the piston’s oscillating motion into the rotary motion that made the waterwheel such a useful source of mechanical power. (In fact, one of Newcomen’s engines was used to pump water from a pool below a waterwheel into a reservoir, from which it flowed back into the pool, turning the waterwheel in the process.) In an attempt to overcome this limitation, the English inventor James Pickard attached a flywheel to the atmospheric engine’s piston by means of a crank, a device that had been used since ancient times, and in 1780, Pickard succeeded in patenting his crank-and-flywheel design.


  Unfortunately, the atmospheric engine was ill-suited to the purpose of turning a wheel, because its primitive piston and cylinder was capable of oscillating only once every five seconds. This meant that the wheel that was connected to the piston of the atmospheric engine could attain a top speed of no more than twelve revolutions per minute, a pathetically slow speed for any rotary engine. And Pickard’s patent was a serious obstacle to the Scottish instrument maker James Watt, who had already patented a much more efficient design for a steam engine.


  Watt made two significant improvements to Newcomen’s basic design. His first improvement was to allow the steam to be physically expelled from the cylinder into a cooling condenser with each stroke. This eliminated the wasteful requirement that the main cylinder be cooled and heated over and over again. The atmospheric engine had actually used more fuel in the process of reheating the cylinder than it used to deliver mechanical force.


  Watt’s second improvement was to close off the back end of the cylinder with a pressure-tight cover, allowing only the piston rod to project through an air-tight hole in the center of this cover. This allowed steam first to enter the bottom of the cylinder, pushing the piston up to the top of its stroke, and afterward to enter the top of the cylinder, pushing the piston back down again. This dual action, which gave the cylinder two power strokes in place of one, effectively doubled the power of the steam engine without increasing its size or weight.


  In 1775, Watt formed a partnership with the English businessman and manufacturer Matthew Boulton to build his improved steam engine. But one last obstacle still had to be overcome. The huge pistons and cylinders of the early steam engines were not machined with sufficient precision to make a close, airtight fit. This allowed steam to escape with every stroke, significantly reducing the power and efficiency of the engine. The problem was solved by a Welsh cannon maker named John Wilkinson, who had developed a method for precision boring of cannons that he applied to the boring of the immense cylinders of Watt’s early engines—the first of which had a piston more than four feet wide that traveled up and down inside a cylinder twenty-four feet long.


  Watt’s early steam engines were a great improvement over Newcomen’s atmospheric engine, and they accomplished the same amount of work while using only one-fourth as much fuel. As a result, Watt’s engine quickly became the preferred mechanism for pumping water out of the coal mines. But the simple oscillating motion of these early engines was suitable only for work that required an up-and-down motion, such as pumping water or alternately raising and dropping the hammer of a mechanical forge. The last step had yet to be taken: the oscillating motion of the piston and cylinder had to be converted to the rotary motion that was needed to power the sawmills, flour mills, and textile mills that were springing up all over eighteenth-century Europe.


  It was Boulton who urged Watt to attach the piston of his improved steam engine to a flywheel by means of a crank, but Pickard had already patented that concept. Refusing to enter into a partnership with Pickard, the ingenious Watt managed to circumvent Pickard’s patent by connecting the piston of his improved steam engine to a flywheel with a “sun and planet” gear that operated on a different principle from that of the simple crank. Watt’s new engine proved to be a huge success, and his partnership with Boulton, which was to last for twenty-five years, made James Watt a wealthy man for life.


  The impact of Watt’s success at creating a steam engine that delivered rotary power at relatively high speeds cannot be overstated. It liberated European society from its age-old dependence on water wheels—which could only be placed in favorable locations where a reliable source of falling water could be harnessed—as well as on windmills, which were dependent on the unpredictable coming and going of favorable winds. For the first time, a source of rotary power could be located wherever it was most advantageous.


  Textile mills could be built wherever the location was most favorable. Sawmills and flour mills could be built along the banks of quiet, navigable rivers, ready to receive loads of grain and wood brought by barges and riverboats. And the numerous deposits of both coal and iron ore that existed throughout the British Isles made Britain a favored place for the development of industries based on iron, steel, coal, and steam.


  Of all the consequences that flowed from the creation of an efficient steam engine with rotary power, none was greater than its enormous impact on the means of transportation by land and by sea. When the steam engine was attached to a huge wheel fitted with wooden paddles, the steamship was born. When the steam engine was mounted on a large and heavy wagon made entirely of steel and placed on steel rails, the railroad was born. And of all the many offspring of the rotary steam engine, the steamship and the railroad had to be counted among the most transformative. Together, they revolutionized long-distance travel and trade, and they made possible the greatest transformation in the nature of human society since the birth of urban civilization thousands of years ago.


  Engines of Mobility


  For thousands of years, the sailing ship had been at the mercy of the winds at sea, which could blow fitfully and unpredictably from many different directions. In the early 1800s, before the first ocean-going steamship was built, a typical trip from Europe to America by sailing ship lasted an average of two months at sea. By contrast, the Great Western, the first paddle-wheel steamer built expressly for crossing the Atlantic, made its maiden voyage from England to New York in April of 1838 in sixteen days, and by 1875 a flotilla of iron-hulled steamships—with advanced steam engines and screw propellers instead of paddle wheels—were regularly crossing the Atlantic in seven days. Other trips by sea that had previously taken months, to South America, Africa, India, and the Orient, were also made in a fraction of the former time. As a result, intercontinental travel and trade increased tremendously in the century between 1800 and 1900.


  The first regular railroad service between two cities was established in 1830 in England between Manchester and Liverpool, and the success of the railroads in the ensuing decades set off a frenzy of building tracks, trains, and locomotives throughout Europe and North America that consumed ever larger quantities of iron and steel. Trips that had once taken days were accomplished in a matter of hours, and heavy cargos that had previously been transported slowly by ships, barges, and riverboats were being loaded onto freight cars and shipped over land in a fraction of the time that travel by boat had previously required.


  When the machinists and inventors of the late eighteenth century perfected the art of creating the precisely fitting piston and cylinder—and linked the piston with a precisely machined crankshaft—the back-and-forth motion of the piston was converted into continuously rotating motion, and the “reciprocating engine” was born. The steam engine was the quintessential reciprocating engine of the nineteenth century, and it quickly became the primary source of power for the mills, ships, and railroads of Europe. But the reciprocating engine was destined for an even more exotic and transformative future.


  The steam engine was a precisely machined reciprocating engine in which the combustion of fuel took place outside of the piston and cylinder—burning wood, coal, or coke to heat water in a boiler and turn it into steam. Once they had perfected the steam engine, the European inventors began tinkering with the idea of having the combustion of fuel take place inside the engine. Before long, engineers from several different countries had completed designs for the radically new idea of an internal combustion engine. Most of these engines operated by having a small amount of fuel ignited directly inside the cylinder. The idea was that the force of the expanding gases heated by the combustion of fuel would drive the piston forward and turn the crank on a flywheel.


  As early as 1807, the French brothers Nicéphore and Claude Niépce successfully sailed a boat up the Saône River that was powered by an internal combustion engine running on a mixture of moss spores, coal dust, and resin.5 For this achievement, their engine was granted a patent by Napoleon Bonaparte. Other experiments followed, using hydrogen gas and spirits of turpentine as fuel. This was followed by increasingly successful attempts throughout the nineteenth century by Swiss, American, British, French, German, and Belgian inventors to use coal gas—a byproduct of the process that turned coal into coke, and the principal gas used for lighting during the Gaslight Era—to power an internal combustion engine.


  Ultimately, the German inventor Nikolaus Otto succeeded in designing a gas-powered engine sufficiently powerful and reliable for commercial production. In 1864, Otto opened a factory to produce internal combustion engines, and by 1875, he had sold over six hundred gas-powered engines. But because coal gas was supplied primarily by metal pipes buried in the ground, the gas-powered engine was suitable only for stationary installations and was not a practical source of power for motor vehicles.


  In 1884, however, the British engineer Edward Butler designed and built the first modern gasoline engine, complete with an ignition coil, spark plug, and carburetor. Butler installed his engine in a three-wheeled vehicle he called the Velocycle, which had a top speed of ten miles per hour. But due to Britain’s infamous Red Flag Act of 1865, which established a speed limit for self-propelled vehicles at two miles per hour in residential areas and four miles per hour in the countryside—and that further required a man to walk in front of the vehicle waving a red flag—Butler was unable to find customers for his Velocycle. Butler destroyed his invention in 1896, sold the metal for scrap, abandoned his quest to build a motor vehicle, and devoted the rest of his life to designing internal combustion engines for boats.


  Ultimately, it was the German engineers who succeeded in solving the technical problems that had stood in the way of producing a practical, affordable automobile. Gottlieb Daimler and Wilhelm Maybach, both former employees of Otto, built a small gasoline engine that they mounted on a two-wheeled vehicle in 1885, creating the world’s first motorcycle. Karl Benz began producing the first commercial automobile in 1886, and by 1890 Daimler and Maybach had also begun to produce automobiles for the commercial market.


  Finally, Rudolph Diesel successfully developed the first working version of the Carnot engine, using the thermodynamic principles established by the French military engineer and physicist Nicolas Carnot. These principles had been published as early as 1824, when Carnot was only twenty-six years old, and they described a process in which the combustion of fuel in the cylinder was ignited not by an electrical spark but rather by the heat that was generated when the piston compressed the gases inside the cylinder. Although Rudolf Diesel’s life was cut short when he died mysteriously at sea in 1913, his concept was immortalized in the diesel engine that has since replaced the steam engine as the primary source of power in the largest and heaviest of modern vehicles: ships, locomotives, heavy trucks, and earth-moving equipment.


  By the late nineteenth century, the petroleum industry, which had begun very modestly in the 1850s in Europe with the manufacture of paraffin wax from crude oil, had matured into a major industrial force, and by 1880, more than twenty million barrels of crude oil per year were being pumped from oil wells in the US alone. The combination of the gasoline distilled from petroleum with the precision-machined internal combustion engine made possible the creation of the modern gasoline engine: a lightweight, compact, powerful, dependable, and economical source of power. And it was the modern gasoline engine, more than any other device, that enabled the early twentieth-century inventors to create both the automobile and the airplane—two technologies of long-distance transportation that reduced the distances separating human societies to a fraction of their former size.


  From Fire Lances to Firearms


  Warfare is neither a new nor a recent phenomenon in human history. Even some groups of chimpanzees, as we saw in chapter 1, have been observed acquiring territory by force, using a process that is strikingly similar to human warfare. And the archeological evidence described in chapter 6 suggests that organized warfare—including the formation of armies and the wholesale slaughter of civilian populations—has been a common occurrence in human life since long before the evolution of urban civilization. But when the science of chemistry and the techniques of precision machinery were applied to the design and manufacture of weapons and their delivery systems, the violence and destruction of warfare soon reached a level unprecedented in human history.


  The invention of firearms began in China in the ninth century AD with the discovery that saltpeter—a naturally occurring nitrate of potassium—could be easily ignited and would burn with a characteristic blue flame. Before long, the Chinese had discovered that by mixing powdered saltpeter with smaller amounts of powdered sulfur and charcoal, it was possible to produce an explosive mixture that they called black powder—the forerunner of modern gunpowder. The beauty of black powder was that, in the process of burning, the saltpeter actually released more oxygen than it consumed, and this extra oxygen allowed the sulfur and charcoal to burn even when the mixture was ignited within a closed container, such as inside the barrel of a gun.


  The widespread belief that the Chinese invented gunpowder but used it only to fashion entertaining fireworks is entirely false. By the tenth century, the Chinese were already filling hollow bamboo tubes with black powder to shoot poison-tipped or burning projectiles called fire lances, and by the early thirteenth century, they were using gunpowder to build bombs, flame throwers, rockets, guns, and cannons—all of which were used extensively in warfare. At this time, the Europeans had no firearms, and European weaponry consisted mainly of daggers, swords, spears, lances, maces, arrows, and crossbows, plus a variety of ramrods and catapults designed to batter down the walls of military fortresses and fortified towns.


  Firearms appeared in Europe after the middle of the thirteenth century, but for several centuries all firearms had some significant disadvantages that seriously limited their use. Hand-held guns were heavy, and they required several minutes to load with gunpowder and projectiles. They had to be held in one hand while they were lit with a burning wick by the other hand, they were notoriously inaccurate, and they sometimes exploded in the hands of their owners.


  As late as 1600 AD, the muzzle-loading “matchlock” musket was fired by a burning wick that was thrust against a small amount of priming powder when the trigger was pulled. A Dutch soldier’s manual published in 1607 listed no less than twenty-eight individual steps that a musketeer was required to perform before he was ready to fire a single shot from a matchlock musket.6 In fact, the matchlock musket took so long to load and fire that it was not until the introduction of the flintlock musket after 1650—in which the gunpowder was ignited by a spark produced by a spring-loaded flint striking a steel plate—that the use of firearms in warfare finally began to replace the traditional handheld weapons.


  Cannons were more deadly than the catapults that had been used since ancient times to hurl huge stones at fortified targets, but the early cannons were brutally large and heavy. A single cannon typically weighed thousands of pounds, required a large team of horses to move it into firing range, and could take as long as several hours before it could be cleaned, packed with gunpowder, loaded with cannonballs, and was ready to fire a single shot. Cannons were not only highly inaccurate, but also, like handheld guns, they occasionally exploded and killed their operators instead of firing their projectiles.


  The problem with all of the early firearms was in their method of manufacture. The barrels of the early guns and cannons were created by casting molten bronze or iron in molds, but the process of casting molten metal does not produce a smooth or precisely straight barrel, and small irregularities inside the barrel would affect the trajectory of the projectile. In addition, the early firearms lacked the “rifling” that is incorporated into all modern firearms. Rifling consists of spiral grooves that cause the projectile to begin spinning as it travels down the length of the barrel, which greatly straightens the trajectory of the bullet, immensely increasing the range and accuracy of the weapon.


  But the technology of precision machining made it possible to bore the barrel of a firearm into a precisely smooth, straight tube, and it was this development, more than any other, that gave the firearm its deadly effectiveness and that finally rendered obsolete the swords, spears, and arrows of earlier times. This is why, when James Watt needed to build a precisely fitting piston and cylinder for his new steam engine, he turned for a solution to John Wilkinson, a cannon maker.


  When the Chinese invention of gunpowder and firearms was married to the European advances in precision machining, the firearm emerged as the most deadly weapon in human history. The standard issue M-16 rifle used by the US Army is capable of firing ten rounds of ammunition per second with an effective range of six football fields laid end to end. The US Army’s M-61 machine gun can fire one hundred rounds of ammunition per second, and a modern howitzer can shoot an explosive shell six inches in diameter and destroy a target eighteen miles away. And these are only three of the tens of thousands of different firearms manufactured and used at the present time, from tiny pistols less than four inches long to immense naval guns more than sixty feet long with a range of twenty-two miles that can fire an explosive shell sixteen inches in diameter weighing more than two thousand pounds.


  For millions of years, the early hominids, emerging humans, and modern humans had all faced the problem of defending themselves and their offspring from the threat posed by the large predators that inhabited their world and their natural environments. The lethal weapons that prehistoric humans learned to fashion may have enabled them to kill and injure both their prey and their natural enemies, but armed only with the spears, javelins, harpoons, and arrows of the past, preindustrial people had no guarantee that they would survive a confrontation with the lions, tigers, bears, wolves, buffalos, elephants, rhinoceroses, walruses, wild horses, and other dangerous beasts that they encountered while hunting or moving their camps from one place to another. Before the invention of firearms, countless hunters, gatherers, farmers, and herders had been killed by the attacks of frightened, enraged, or wounded beasts.


  But the development of precision-machined firearms changed all of that. For the first time in human history, the contemporary hunter came to be armed with a lethal weapon that could wound or kill other animals from a considerable distance. The effectiveness of modern firearms—combined with the dramatic reduction in the extent of wilderness areas and the steady movement of the human population from the countryside to the cities—has effectively ended the threat to human life once posed by the presence of wild animals in our environment. In the modern world, the threat to human life and safety now comes almost exclusively from other human beings.


  All Things Electrical


  In 1820, the Danish physicist Hans Christian Ørsted was delivering a lecture when he noticed that the needle of a compass reacted when an electric current from a battery was switched on and off. Ørsted became the first person to publish the discovery that when electricity flows through a wire, it produces a magnetic field. Although other scientists experimented with Ørsted’s discovery of the relationship between electricity and magnetism, it was not until the 1830s that Michael Faraday, the son of an English blacksmith, proved that Ørsted’s discovery worked in reverse: that when a magnetic field moves across an electrical conductor such as a wire, it creates an electric current in the conductor. This phenomenon, known as electromagnetic induction, made it possible for Faraday to create working models of the two essential devices of the electric age: the electric generator and the electric motor.


  Before Faraday’s pioneering work, the only reliable sources of electricity were primitive forms of the wet cell battery—large, heavy, and fragile objects filled with dangerous quantities of sulfuric acid. Yet it is also important to remember that Faraday would have been unable to create either the electric motor or the electric generator if it had not been for the techniques of precision machining. These techniques made it possible to build mechanisms with smooth, durable bearings that enabled their rotors to spin at high speeds with a minimum of vibration, which were essential for the proper functioning of both motors and generators.


  Once the principles of electromagnetic induction were firmly established and electric generators had been successfully designed and built, any source of rotary power could be used to generate a steady electric current. The first public power station was built in southern England in 1881, powered by a water wheel. By the end of the nineteenth century, electric generators, driven by steam and water power, were being built throughout Europe and North America, and by the early twentieth century, electricity began to spread like wildfire throughout the inhabited world.


  The arrival of affordable electric power quickly led to the development of a host of new technologies that have completely revolutionized human life. Electric elevators—vastly more powerful and efficient than their hydraulic and steam-powered predecessors—made it possible to build true high-rise buildings, and the skyscraper was born. The telegraph—and later, the telephone—made it possible for people to communicate instantly across distances of thousands of miles for the first time in human history. Subway trains carried millions of people to work every day through tunnels in the ground, while electric trolleys trundled through the streets of the world’s major cities.


  Electric lighting transformed the night from a dim, shadowy world of flickering lamps and candles into a world of electric bulbs that lit up the night as it had never been lit before, freeing humanity from its ancient dependence on the rising and setting of the sun. Refrigeration completely transformed the food industry, allowing meat, poultry, and seafood to be transported thousands of miles and to be frozen for weeks and months without damage. Air conditioning transformed the lives of everyone living in climates that grow hot, freeing them to work and play in invigorating coolness. And the arrival of radio, movies, and television—none of which would have been possible without electricity—ushered in the age of mass communications.


  Meanwhile, the machine tools of the industrial world went into high gear, freed from the bulky and dangerous belts, pulleys, and shafts that had long been used to transfer power from steam engines to factory assembly lines. As late as 1900, steam engines still provided more than 80 percent of the mechanical power used in manufacturing, while electric motors provided less than 10 percent. Forty years later, these proportions had become exactly reversed.7 By that time, modern machine tools were all driven by electric motors, and in the process they became smaller, lighter, more portable, and more effective than the previous generation of machine tools that had been driven by steam engines—or the generation before that, which were powered by the action of human hands and feet turning cranks and treadmills. In less than two hundred years, the widespread use of fossil fuels, reciprocating engines, and electricity—all of which were made possible by the technology of precision machinery—had thoroughly transformed every aspect of human life.


  Only during those rare moments when a severe storm or a construction accident causes the lights to go out for a few hours do those of us who live in the developed world get so much as a partial, temporary glimpse of the central role played by electricity in our daily lives. Heating and air conditioning systems grind to a halt. Refrigerators cease to function. Stoves will not light. Elevators stop working. Television is nonexistent. Computers go dark. Mobile devices cannot be recharged. And the workplaces and transportation systems of the modern world—the offices, factories, warehouses, shops, hospitals, schools, airports, trains, subways, and elevators that make urban life possible in contemporary society—cease to function and must be abandoned until power is restored. And when a power failure occurs at night, we are plunged into the unfamiliar and inconvenient darkness of a world lit only by candles and lanterns.


  And these are just the technologies that depend on the electricity produced in power stations and delivered by power lines to buildings and other permanent structures. If electricity itself were suddenly to disappear, then cars, trucks, buses, and trains would neither start nor run, airplanes would not fly, the forces of law and order would be unable to communicate, and with neither telephones, mobile devices, nor radios operational, only people who happened to be in the same place at the same time would be able to speak to each other at all.


  Given our extreme dependence on electricity in contemporary life, it is astonishing to think that electricity itself was not generally available until late in the nineteenth century. And of all the many ways that electricity has revolutionized human life, perhaps the most significant—in terms of its cultural and social consequences—has been the proliferation of technology in the house and home and the effect of domestic technology on the position of women in modern society.


  The Machinery of House and Home


  For fifteen months, beginning in the fall of 1967, I lived with my family on the Greek island of Ios, where I studied the traditional way of life of Greek island villagers for my doctorate in cultural anthropology. I chose Ios Island because at the time it had no harbor facilities capable of serving cruise ships, and neither electricity nor motor vehicles had yet come to the island. As a result, the islanders were living largely as most other European villagers had lived before the coming of the industrial revolution.


  The people of Ios were still growing their own grain and grinding it into flour in the village windmill. The bread dough, which they prepared at home, was baked every morning by the village baker in a huge stone oven heated by wood fires that were lit every evening and burned through the night. The islanders grew their own olives, which they pressed for oil, and their own grapes, which they pressed for wine. All of the pork, lamb, goat, chicken, and eggs consumed on the island, as well as all the seafood and vegetables, were raised by local farmers and caught by local fishermen. Beef was not available. The women of Ios still spun thread from cotton and wool, and they knitted much of their clothing by hand.


  On Sunday mornings, weather permitting, a small steamer would arrive from Athens, bringing those who had left the island the week before—to visit relatives or conduct business—back to Ios. The island’s only automobile, an aging station wagon, was used on those mornings to carry the old and infirm passengers up the long, winding dirt road from the harbor to the village. Unwilling to pay for the ride, most people loaded their luggage on a pack animal and endured the long, steep walk up an ancient stone stairway. For the rest of the week, the station wagon sat idle. Mules and the occasional donkey were the only means of transport.


  In the traditional village society of Ios, people worked from early morning to sundown. After dark, they ate supper by the light of candles and kerosene lanterns. The more affluent villagers used gas hotplates for cooking; the less affluent used charcoal braziers. Cold water was carried into the houses in cans and pails that were filled at public water taps on the street. Hot water was heated on the stovetop. Clothes were washed outdoors by hand with a scrubbing board in a metal pan. Floors were cleaned with brooms and mops. Washing machines, refrigerators, vacuum cleaners, gas ranges, air conditioners, and dishwashers were unknown. Canned food was sold in a few small general stores, but it was purchased only for special occasions. Frozen food did not exist.


  In this traditional and largely preindustrial society, the division of labor between men and women was strict and all-encompassing. Men raised the crops of grain and tended to the orchards and the vineyards. Men took care of the animals, built the houses, and repaired them when necessary. Men dealt with politics and government officialdom. Men went abroad to earn money as employees on ships, in factories, and in restaurants.


  Women raised the children and took care of the house and home. Women tended the vegetable gardens, purchased the food and other household necessities, and prepared all the meals from unprocessed raw ingredients. Women washed the dishes, swept and mopped the floors, carried the rugs outside and beat the dust out of them, washed the clothes by hand and mended them if they were worn, made the beds, washed the linens, spun thread from cotton and yarn from wool, knitted socks and sweaters, whitewashed the houses, nursed and washed the babies, fed and clothed the children, cared for the sick, infirm, and elderly members of the family, and did their best to keep their homes cool in the summer and warm and dry in the winter.


  Without a partner of the opposite sex, a man or woman was a second-class citizen in island society. By himself, a man had no one to bear his children, prepare his food, mend and wash his clothes, or keep his house clean and orderly. By herself, a woman had no hope of employment and no reliable source of money, food, or protection. Living alone was out of the question. Unmarried men and women lived with their aging parents or with the families of relatives. They lacked not only a home of their own but also the social status, self-respect, and personal autonomy that came with it. And their greatest misfortune, in the value system of island culture, was they had no children to bring joy and laughter into their lives, to provide them with a vision for the future, or to support and care for them in their old age.


  Coming as I did from a developed, urban society in which domestic technology was commonplace, I did not, at first, comprehend the irreplaceable position that the women of this Greek island occupied in everyday life. But a man without a wife in that traditional society was only half a man. Even if he were to defy convention and attempt to do “women’s work” by himself, he would be hard pressed to find enough time to do so. The village women of the island spent the entire day performing the myriad tasks that were required to maintain a respectable home. And in addition to running a respectable household, the younger women also had the burden of caring for their children: washing them, feeding them, clothing them, and keeping them out of danger. There was literally no way a man could live a normal life without a woman to take care of his domestic needs, and the few adult men who were not married were the objects of pity—and occasionally of ridicule.


  The mechanization of the household in the twentieth century has changed all of that. Washing machines, dryers, vacuum cleaners, and dishwashers make it possible to do all the washing and cleaning that a household requires in far less time than was required in preindustrial times. Frozen food, prepared food, take-out food, refrigerators, gas ranges, microwave ovens, and a gallery of electrical appliances from simple blenders to complicated food processors have all reduced the preparation of food to far simpler tasks that can be executed in a fraction of the time that was once required. And all of these technologies depend on the availability of electric power.


  With the proliferation of employment opportunities for women—and the growing acceptance of men performing routine household chores—living alone has become a realistic option for both sexes. In fact, the single-person household has now become the chosen way of life for roughly 30 percent of the households in Europe and the United States (in Sweden, the number is 47 percent). And the rest of the world is not far behind. Single-person households are even more common in Japan than they are in the United States. But not every nation has embraced this way of life. In India, where family life has remained strong and vibrant, only 3 percent of households consist of only one person.


  No one would argue that it would be better to return to the conditions of the past, when men and women were so utterly dependent on each other that they were incapable of leading a respectable life without a marriage partner, or when women spent the better part of their adult lives cooking, cleaning, and raising children. But—paradoxically—the very labor-saving devices that modern people have acquired to make women’s work lighter and easier have had the effect of depriving women of the indispensable position they formerly enjoyed in their relationships with men and in society in general. Meanwhile, the economic importance of men—who traditionally were the only members of the family who were free to pursue gainful employment—was, if anything, magnified by the advent of the so-called employment society.


  As a direct result of the mechanization of the house and home—and the complete reversal in the economic significance of children from economic assets to economic liabilities—the former importance of women as bearers of children and keepers of the house and home was seriously diminished. During the early years of the twentieth century, the mechanization of the home did not proceed much beyond the advent of mechanical cleaning technologies such as the washing machine and vacuum cleaner. And throughout the years of the Great Depression and the Second World War, massive unemployment and compulsory military service meant that a large number of men were unable to adequately support their families. This was the time when women first began to work outside the home in large numbers, and many women found the experience both empowering and liberating.


  But when the war ended, the men returned to their jobs. And when the women left their wartime jobs and went back to keeping house and raising children, the status of women and the prestige of women’s work plummeted to historic lows. This is why, beginning in the middle of the twentieth century—when the mechanization of the household was in full swing, but before it was considered acceptable for married women with children to work for wages at full-time jobs—the women of the modern world began to experience the existential crisis in their status and self-respect that has continued to the present day.


  In the hunting and gathering societies of the past, women not only gathered the firewood and cooked the food but also brought home most of the vegetable foods that the group as a whole could not live without—and that enabled adult men to spend their days hunting for the equally vital supplies of meat. In agricultural societies, women not only worked in the gardens and did all the cooking, cleaning, and washing, but also bore and raised the children that brought wealth, status, and the promise of future security to the family as a whole.


  But in modern industrial society, the only job that is truly indispensable is earning money through gainful employment, and because this began as “men’s work” during the first decades of industrialization, men have traditionally dominated this sphere and still enjoy a considerable advantage over women as employees. Meanwhile, the importance of women as the bearers of children has lost much of its former significance. The people of the developed world have increasingly come to rely not on their children but rather on their investments, pensions, social security payments, and health insurance policies to provide them with economic security in their old age.


  In short, cultural inertia—the tendency for a culture to retain values and attitudes that are traditional but have become obsolete due to other changes in society—has dealt the women of the modern world a cruel hand. On the one hand, women are still expected to perform most of the work involved in cooking, cleaning, maintaining an orderly household, and raising children. On the other hand, these tasks have lost much of their former importance, both to their husbands and to society at large.


  Trapped between a traditional role that is no longer indispensable and that no longer commands the respect it once did and a nontraditional role in which they are newcomers and often unwelcome competitors, modern women struggle to find the social acceptance and personal self-respect that the male sex never lost and that most men continue to take for granted. As we will see in the next chapter, however, the advent of digital technology has challenged the traditional role of adult men more than any previous transformation, and it has diminished their status in society in ways that the inventors of the first computers could never have foreseen.


  Love, Sex, and Marriage in Industrial Society


  As the inheritance of farmland has become largely irrelevant to the life of the average modern citizen, it is no longer important for the parental generation to arrange the marriages of their children and heirs. Modern people rarely marry to enhance the economic relationship between their families, and since the ancient custom of arranged marriage is effectively obsolete, the expectations of married life have changed profoundly. As a result of these changes, the novel (but actually very ancient) idea of “marrying for love” has become the primary reason for the people of modern society to marry.


  As the people of the modern world have moved from the farms to the cities, children are no longer in a position to contribute meaningfully to the family fortunes. And as financial support in old age has gradually become an obligation of government throughout the industrialized world, children have lost their importance even as a source of security for the parents in their old age. Since the children of modern urban society have become a net economic burden to their families, it is not surprising that families have become smaller with each generation of urbanization, and that many married couples have chosen to have no children at all.


  Rather than regarding marriage as the means to an economic end, young people in the developed world have instead come to regard marriage as a pathway to companionship and sexual satisfaction. And as modern people have increasingly chosen their marriage partners on the basis of physical attraction and emotional compatibility, the traditional values of premarital chastity and virginity at marriage have rapidly lost their appeal.


  The independence and personal freedom that accompanied the arrival of the automobile and the anonymity of urban life provided young people with unprecedented opportunities for privacy, and the traditional practice of providing a chaperone for every interpersonal contact between young men and women has been largely abandoned. In fact, young people in modern society are now generally expected to engage in some form of sexual interaction when they pair off as part of their normal social lives. And it has become increasingly accepted throughout the developed world for adults of all ages to live together in complete sexual freedom without benefit of the legal status of marriage. By 2013, 75 percent of American women had lived with a partner without being married by the time they were thirty years old.


  Modern society’s tolerance of this general increase in sexual freedom has been powerfully augmented by the development of effective contraceptives, which has liberated both sexes from risking an unwanted pregnancy when they have sex. The potent combination of the new ideals of marrying for love, the new standards of social and sexual freedom for unmarried couples, and the development of truly reliable contraceptives triggered a transformation in sexual values in modern society, as the ancient human sexual instincts, themselves the product of millions of years of evolution, have reasserted themselves.


  In fact, the traditional institution of marriage that we inherited from ancient societies was never designed to provide intimacy, companionship, mutual attraction, or sexual satisfaction. Traditional marriage evolved in agricultural societies as a way to create lifelong partnerships, establish mutually beneficial economic relationships between families, and maximize the stability of land ownership in agricultural society. These goals were achieved by a set of customs that made both men and women socially, economically, and psychologically dependent on each other. And it was these customs—not lasting affection or mutual attraction—that ensured the permanence of marriage.


  Nevertheless, ever since the idea of marrying for love became the norm in modern society, men and women expect the intimacy, companionship, mutual attraction, and sexual satisfaction that typically accompanies new partnerships to continue indefinitely, and there is much bitterness and disappointment when, as so often happens, these benefits tend to disappear as the years go by.


  In the hunting and gathering societies that were universal in human life until ten thousand years ago, men and women formed relationships with each other quite casually, and for the most part when these relationships no longer gave them satisfaction, they ended them just as casually. In most hunting and gathering societies, as we noted in chapter 6, it was normal for adolescents to be sexually promiscuous, and in most cases promiscuity gave way to monogamy only after several years of casual sex. Divorce in these societies typically involved little more than one of the partners moving out of their shared home—which was, in any case, usually nothing more than a temporary dwelling that would be taken down or abandoned when the group moved on in search of new food supplies.


  In hunting and gathering societies, children typically “belonged” not to their parents but to the kinship group or lineage of either the mother or the father, depending on whether the society was matrilineal (in which a person belonged to the kinship group of the mother and inherited his or her identity through the female line) or patrilineal (in which a person belonged to the kinship group of the father and inherited his or her identity through the male line). And mothers and fathers rarely or never belonged to the same kinship group, because hunters and gatherers typically regarded any sexual relationship between members of the same kinship group to be a form of incest, and such relationships were strongly prohibited. Thus, the integrity of the kinship group was not affected by the sexual relationships of its members, nor was it threatened if one of those sexual relationships was terminated.


  In the final analysis, the technology of precision machinery—and the urbanization of human society that that technology made possible—has rendered the so-called traditional family, with its assumption of lifelong permanence, essentially obsolete. The arranged marriage has become a thing of the past. The economic benefits of having children have been replaced by significant economic costs. The economic and social interdependence between men and women has weakened considerably. And not only virginity in adolescence but also the traditional prohibitions against premarital and extramarital sex have lost most or all of their former social stigma.


  Yet the human family survives and will continue to survive. Men and women will continue to form sexual partnerships, and they will continue to have children. Those who are not inclined to procreate will contribute neither their inherited biological predispositions nor their learned cultural preferences to future generations. While the “traditional family” has become obsolete, the human family has not. Our innate human natures, the product of millions of years of human evolution, ensure that the human family will survive as long as our species endures.


  Strangers to the Natural Universe


  With the full blossoming of industrial society, most humans have ceased to acquire or produce food for themselves. For generations, they have been moving away from the farms that their families owned and lived on for generations, and they have settled in the cities to work for wages as the employees of strangers. For the first time in human history, a human society has emerged in which only a small fraction of the population is engaged in producing food, while a majority of the population pursues work that has nothing to do with either finding or producing food.


  In 1870, between 70 and 80 percent of the population of the United States still lived and worked on farms. By 2010, this proportion had dwindled to less than 1 percent of the population. Yet as a result of the mechanization of agriculture made possible by the internal combustion engine, the 1 percent of agricultural workers remaining in the United States produce more food than is consumed by the remaining 99 percent of the population.


  Before the twentieth century, most people woke up to the sound of roosters and wild birds, and at night their fields and pastures were illuminated, if at all, by the light of the moon. When they stepped out of their houses in the morning, their nostrils were filled with the smells of animals, manure, hay, grain, and the sweetness of pasture land. Throughout their lives, they were surrounded by dogs, cats, horses, cows, pigs, sheep, goats, and a host of other birds and animals.


  City dwellers in the twenty-first century experience very little of these things. For the most part, they wake up to the sound of the alarm clock, and at night their world is illuminated by streetlights. When they step outside in the morning, their nostrils are filled with the smells of cars, trucks, buses, and trains. Throughout their daily lives, they are surrounded by machines: motor vehicles, computers, mobile phones, television sets, radios, stoves, refrigerators, washing machines, vacuum cleaners, and a myriad of electronic devices. Unless they own a pet animal or bird, human beings are the only species they come in contact with on a regular basis.8


  As agriculture has been transformed by the proliferation of agricultural machinery and the consolidation of millions of small family farms into a small number of immense factory farms,9 even the life of the typical farm worker has lost its former naturalness and variety. Whether sitting for hours at a time in the air-conditioned cab of a giant farm machine, high above immense fields of corn, wheat, soybeans, or alfalfa, or stooping for hours at a time among endless rows of tomatoes or strawberries, the typical farm worker increasingly spends all day at the kinds of monotonous, repetitive tasks once limited to the urban factory worker on an assembly line.


  Thus, as it becomes increasingly urbanized, humanity is losing the intimate relationship with the natural environment that characterized human life throughout virtually the entire history of our species. And while this process of urbanization has proceeded furthest in the most developed nations, the rest of the world is not far behind. As recently as 1950, roughly 70 percent of the world’s people still lived in rural communities, while only 30 percent lived in cities. At present, the numbers of rural and urban dwellers are roughly equal. By the year 2050, these proportions will be exactly reversed: roughly 70 percent of the world’s people will live in cities, while only 30 percent will live in the countryside.


  At the present rate, the overwhelming majority of humans will be urbanites by the end of this century, and they will have only limited contact with the natural environments within which all hominids evolved. We can only guess at the effect this unprecedented loss of contact between humanity and nature will have on the worldview of future generations.


  A World of Employees


  Perhaps the most profound change in human life that has occurred with the transformation into an industrial society is the general disappearance of the ancient human activity of finding or producing food and its nearly total replacement by employment for monetary gain. Before 1800, only a tiny fraction of the earth’s human population worked at jobs for wages. Aside from hereditary rulers, most people were farmers, and the rest were tradespeople, craftsmen, learned professionals, bureaucrats, soldiers, and clergymen. But with the proliferation of factories and offices in the nineteenth and twentieth centuries, working for wages rapidly became the most common form of work in the new employment society.


  We may take it for granted that people need jobs, and that the health of our society rises and falls on the availability of well-paid employment, but the fact remains that a society composed almost entirely of people who work under the direction of other people—who in turn provide them with a regular supply of money—is an entirely new phenomenon in human history. And the values and traditions that modern cultures have developed to deal with the social and psychological problems created by the employment society remain immature and embryonic.


  The typical wage earner spends the major part of every working day performing tasks under the scrutiny of an employer. Often, these tasks have little or no relevance to the wage earner’s personal interests or relationships with others. If he or she fails to perform the assigned tasks according to the standards established by the employer, the result will be criticism, threats of dismissal, or—if the failure is significant—termination of employment. Since every wage earner depends on continued employment to provide all the goods and services he or she requires for material support, comfort, and security, the threat of dismissal is a frightening prospect, and termination from employment can be one of the most traumatic experiences of modern life.


  It is therefore not surprising that the people of modern society are plagued by levels of anxiety, depression, and self-doubt far beyond anything that was observed by the anthropologists who studied the preindustrial cultures of either hunters and gatherers or agriculturalists. It is surely one of the great paradoxes of human history that the evolution of modern life, with all of its safety, security, comfort, and diversions, has been plagued by an epidemic of eating disorders, heart disease, insomnia, drug addiction, neurosis, psychosis, and pathological discontent that is unprecedented in the history of the human species.
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  Even as the effects of mechanization, urbanization, the employment society, and the demise of traditional values are now spreading rapidly throughout all human populations, a new metamorphosis is brewing. And the changes that it will bring to human life may dwarf even the massive changes that have already taken place from the development of precision machinery.


  This latest transformation, triggered by the invention of digital technology, has the potential to replace all forms of human work—both physical and mental—with machines that never complain, never disobey, need no food, water, sleep, or rest, and that demand no wages. The earth’s population has grown so large that it is no longer possible for humanity to go back to hunting, gathering, or growing its own food. What kind of world, then, will we go forward into? These are the questions that we will struggle to answer in the next chapter of this book.
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  CHAPTER 9


  THE TECHNOLOGY OF DIGITAL INFORMATION


  The World Wide Web of Human Interaction


  “[M]an’s most human characteristic is not his ability to learn, which he shares with many other species, but his ability to teach and store what others have developed and taught him.”


  —Margaret Mead, Culture and Commitment


  In 1822, the British mathematician, engineer, and inventor Charles Babbage designed a machine that would be capable of performing the complex logarithmic and trigonometric calculations that were used by navigators, engineers, and scientists—and doing so without the possibility of error. Babbage called his invention a difference engine, and it was to be built entirely of precision machinery, with thousands of wheels, shafts, and gears but with no electrical parts. The reason is simple: it would be years before Michael Faraday and others would succeed in building the first electric generators. Until then, an affordable and reliable supply of electric power was not available, and none of the relays, vacuum tubes, and other electrical components needed to make an electronic calculator had yet been invented.


  The difference engine was a monumental undertaking. It was to stand eight feet tall, to be composed of twenty-five thousand metal parts, and to weigh approximately fifteen tons. In 1823, Babbage hired the distinguished British engineer Joseph Clement to build his difference engine, but after several years of effort, work on the machine had been only partly completed. Babbage and Clement quarreled over the cost of the work, and eventually, eight years after the project had begun, they parted company. By then, the British government had spent £17,000 on Babbage’s difference engine—equivalent, at that time, to the cost of twenty-two new steam locomotives.


  Undaunted, Babbage set to work designing a far more sophisticated computing machine he called the analytical engine, which is generally recognized as the world’s first true computer. Unlike the difference engine, which was capable only of mathematical calculations, the analytical engine incorporated most of the basic functions that are considered essential in modern computers today. It could be programmed using punched cards; it could store information in a form of memory; and it was capable of branching logic. Had it been built, the analytical engine would have been too large to be operated by human power. Babbage therefore planned to use a steam engine to turn the analytical engine’s thousands of wheels and gears.


  Unfortunately, neither the difference engine nor the analytical engine was ever constructed in Babbage’s lifetime. But using a set of plans that Babbage produced in 1849 for an improved version of the difference engine, his brainchild was finally constructed in 1989 by the London Science Museum (see Figure 9.1). Babbage’s difference engine worked perfectly, ending more than a century of speculation about whether his outlandish machines were actually capable of functioning as intended. And in 2010, a campaign was launched by the British software engineer John Graham-Cumming to raise £100,000 from the public and build a working model of the analytical engine in time for the 150th anniversary of Babbage’s death in October of 2021. A computer model must be created first, and as of this writing, actual construction had not yet begun.1


  Although Babbage’s mechanical computers were never able to perform useful work, his concept of using machines to perform mathematical computations so complex that humans were essentially unable to execute them without errors was, in itself, a milestone of momentous importance. Babbage and his contemporaries freed humanity from the limitations of the human brain as a calculating device and launched a new age, based on a radically new technology for processing information.


  Machines That Think


  In the year 1890, the US Census Bureau faced a serious logistical problem. Due to the rapid growth in the US population, it was taking so long to tabulate the data collected in the census that by the time the results could be published, the census was hopelessly out of date. The results of the census of 1880, tabulated by hand, were not ready for publication until 1888, and the Census Bureau estimated that if it continued to tabulate the data by hand, the results of the larger and more complicated 1890 census would not become available for thirteen years. This would delay the publication of the 1890 census until 1903—three years after the following census, to be conducted in 1900, would have already been completed. The Census Bureau needed a machine that could perform huge amounts of mathematical calculations faster, more reliably, and more accurately than could be accomplished by any number of human brains.


  In a bold attempt to solve the Census Bureau’s problem, the American engineer Herman Hollerith built a tabulating calculator that used a keypunch machine to create decks of punched cards that his machine could read automatically. Hollerith’s machine created a sensation when it succeeded in tabulating the results of the 1890 census in a single year. Hollerith went on to found the Tabulating Machine Company, leasing his machines to countries across Europe to tabulate their censuses. In 1911, the Tabulating Machine Company merged with three other corporations, and in 1924 its name was changed to the International Business Machine Company, better known as “IBM.”


  Hollerith’s machines were all mechanical devices, with mechanical memories. And although the German engineer Konrad Zuse built a fully programmable computer as early as 1939, its calculations were performed by electromechanical relays, and its memory system was still mechanical in nature. It was not until 1946, with the public unveiling of the Electronic Numerical Integrator And Computer or ENIAC—which had been built at the University of Pennsylvania in secret during World War II for the US Army—that the age of the all-electric computer finally dawned.


  Instead of mechanical relays, ENIAC executed its computations with thousands of vacuum tubes, similar to those that powered the radios, television sets, and other electronic devices during the middle of the twentieth century. ENIAC contained over seventeen thousand vacuum tubes, weighed thirty tons, and was three feet wide, eight feet high, and one hundred feet long. It was one thousand times faster than the best electro-mechanical computers of its day.


  Although ENIAC remained in use until 1955, its vacuum-tube technology presented some daunting problems. The vacuum tube was constructed on the same basic principles as the electric lightbulb: a glass tube, with the air removed, contained a metal filament that was heated to an incandescent glow when an electric current passed through it. But thousands of vacuum tubes, with their thousands of glowing filaments, generated an enormous amount of heat, and when these tubes were switched on and off each day, the alternating states of heating and cooling created stresses that eventually caused some of these delicate mechanisms to fail or burn out. In fact, on each day of operation, several of ENIAC’s vacuum tubes would typically fail, leaving the great thinking machine unable to operate until all of its faulty tubes had been located and replaced—a process that could take as long as several hours.


  As the years passed, a more advanced vacuum-tube computer, the Universal Automatic Computer or UNIVAC was designed and produced for the commercial market by the Remington Rand Corporation and went on the market in 1951. UNIVAC weighed eight tons, was the size of a small garage, and cost one million dollars apiece. Although its computing power was miniscule by today’s standards, a strange event involving UNIVAC marked a turning point in the public acceptance of these fascinating new machines.


  In the summer of 1952, with the US presidential election between the Democrat Adlai Stevenson and the Republican Dwight Eisenhower fast approaching, the Remington Rand Corporation approached CBS News with the novel idea of using UNIVAC on live television to predict the outcome of the election as the results from the polling places were being received. Although CBS News anchor Walter Cronkite and News Chief Sig Mickelson were skeptical, they decided there would at least be some entertainment value in having an “electronic brain” on hand to analyze the election returns as they came in. As Election Day approached, most of the polls were predicting everything from a Stevenson landslide to a tight race, but the general consensus was that Stevenson would win the election.


  When the polls closed and the election returns began coming in, they were fed into UNIVAC by teletype (see Figure 9.2). To everyone’s astonishment, UNIVAC predicted at 8:30 p.m. on Election Day that Eisenhower would win in a landslide and that he would garner 438 electoral votes to Stevenson’s 93. The bottom line was that UNIVAC was giving Eisenhower 100-1 odds of being elected President. This prediction seemed so improbable, and so incompatible with conventional wisdom, that CBS News decided not to report it. Then, a few minutes later, UNIVAC suddenly appeared to change its mind. At 9:00 p.m. Eastern Standard Time, CBS Correspondent Charles Collingwood announced that the “mechanical brain” was giving Eisenhower only 8-7 odds of winning.


  But UNIVAC’s apparent change of mind was due to a major error that had been made in entering the data. When the error was corrected, UNIVAC went back to the 100-1 odds of before. Yet still afraid to report this seemingly outlandish prediction, CBS News remained silent. But as the night wore on, the immensity of the Eisenhower landslide slowly became apparent. The final tally was 442 electoral votes for Eisenhower versus 89 for Stevenson. UNIVAC had predicted the results to within less than 1 percent of the final result. Late that night, an embarrassed Charles Collingwood announced on live television that although CBS News had been unwilling to report it, UNIVAC had actually predicted the outcome of the election hours ago. From that day forward, the computer’s place in election coverage—and in countless other areas of modern life—was transformed from a novelty into an absolute necessity.


  The Incredibly Shrunken Computer


  For all of their remarkable abilities, the generation of vacuum-tube computers such as ENIAC and UNIVAC posed some extremely challenging problems. Their size was immense. Their computing speeds were relatively slow. Their appetite for electric power was enormous. The amount of heat generated by their thousands of vacuum tubes was staggering. And their thousands of large and fragile vacuum tubes had a propensity for failing frequently and needed constant replacement. In fact, the first generation of vacuum-tube computers, consisting of several different models built by several different companies, typically were capable of continuous operation for only a few hours before a failure in one of their many thousands of electrical components would require them to be shut down for repairs.2


  But the proliferation of computer technology after mid-century accelerated enormously when, in 1947, John Bardeen, Walter Brattain, and William Shockley invented the transistor, a small wafer of germanium, silicon, or gallium arsenide. The transistor performed the same functions as a vacuum tube, but it was both vastly smaller and used only a fraction as much power as a vacuum tube. For this invention, Bardeen, Brattain, and Shockley were awarded the Nobel Prize in Physics in 1956.


  It did not take long for the transistor to revolutionize modern electronics, and it soon replaced the vacuum tube in all of the electronic devices that had previously used them, including computers, recording equipment, audio amplifiers, radios, television sets, radar installations, aviation systems, and a myriad of other electronic devices. In 1954, the Texas Instruments Corporation began commercial production of the transistor radio, and before long the old power-hungry portable radio, which had typically drained all the power from its batteries in a matter of hours, was replaced by the small, lightweight transistor radio, which would run for days or weeks before its batteries needed replacing.


  By the early 1950s, other scientists and engineers were hard at work developing an even more amazing device, called the integrated circuit. This combination of transistors, resistors, capacitors, and other electronic components were connected to each other within the near-microscopic structure of a single wafer made of a semiconductor of germanium or silicon. In September of 1958, the Texas Instruments engineer Jack Kilby produced the first operational integrated circuit, using germanium wafers, and a few months later, Robert Noyes of Fairchild Semiconductor produced an improved version of the integrated circuit using silicon wafers.


  If the transistor succeeded in replacing the vacuum tube with something infinitely smaller, lighter, more durable, and requiring only a fraction of the power, the integrated circuit succeeded in replacing entire circuit boards—each containing multiple electronic components connected together by hand-soldered wires—with a single microchip that could be mass-produced by the thousands. The integrated circuit was literally a circuit board on a chip.


  As time passed, the complexity and processing power of the integrated circuit or microchip increased steadily, as scientists and engineers developed ways of making these microchips ever smaller, cramming more electronics on each one of them, and manufacturing them at a lower cost. In 1965, Gordon Moore, cofounder of the Intel Corporation, published a now-famous article in the magazine Electronics entitled “Cramming More Components Onto Integrated Circuits.” In this article, Moore predicted that ten years in the future (i.e., by 1975) as many as sixty-five thousand electronic components would be fabricated on a single microchip. “I believe,” he added confidently, “that such a large circuit can be built on a single wafer.”


  Years later, when Moore’s prediction had proven unnervingly prophetic, the phenomenon he described was dubbed “Moore’s Law.” It states that the number of components contained in a single microchip—and thus its processing speed and power—will double approximately every two years. Yet Moore’s Law turns out to have been, if anything, slightly conservative, as Moore himself had guessed.3 Since 1965, the processing power of the microchip has doubled almost every eighteen months, and in 2014, Intel announced the 15-Core Xeon E7 v2, an integrated circuit with more than 4.3 billion transistors on a single microchip roughly the size of a soda cracker. The list price of this monster microchip was $7,700.


  The invention of the integrated circuit, and the steady progress in both the affordability and the miniaturization of computer systems since the 1960s, has led to a proliferation of computer systems in every aspect of daily life that could scarcely have been anticipated in the vacuum tube days of ENIAC and UNIVAC. In order for a vacuum-tube computer such as ENIAC to equal the power of Intel’s soda-cracker-sized Xeon microprocessor, it would have to be almost 247,000 times as large. This means that, at three feet wide and eight feet high, an ENIAC computer of equivalent power would have to be more than 4,600 miles long, would cost 1.48 trillion dollars, and would weigh as much as sixty-six Nimitz-class supercarriers—the largest aircraft carriers in the US Navy and the largest warships ever built.4 Of course, an ENIAC as powerful as an Intel 15-Core Xeon E7 v2 would also have to contain 4.31 billion vacuum tubes, and since the probability was that at least seven of those vacuum tubes would fail during the first second of operation, it is clear that such a monster would never remain operational long enough to complete a single computing assignment.5


  The incredible miniaturization of computer circuitry and reduction in the cost of computational power has led to a proliferation of small, lightweight computers that have been integrated into a wide variety of vehicles, machines, and devices. All modern motor vehicles, including automobiles, trucks, buses, and locomotives, are now built with on-board computers that control their operations, monitor their performance, and diagnose their problems. And modern jet aircraft and rocket-propelled spacecraft—as well as pilotless aircraft or drones—are so dependent on computerized guidance and control systems that without their on-board computers, they would literally be unable to fly.


  Multi-engine passenger jets rely on computer systems—both in the cockpit and in ground-based air traffic control systems—not only to travel to their destinations but also for guidance during routine landings on airport runways. In fact, airline pilots have become so dependent on these systems that in July of 2013 a high-profile accident occurred at San Francisco International Airport when an Asiana Airlines Boeing 777 fell short of the runway, in clear weather, because the computerized landing system at the runway had been shut down and the pilot, flying by hand, was unable to land the aircraft properly.6


  Although computer systems have become vastly smaller and more affordable over the past seventy-five years, Moore’s Law seems destined to eventually run its course. Semiconductor industry experts predicted that the rate of doubling of integrated circuit components would begin slowing to once every three years after 2013, and after 2020, they believe it will slow even more.7 The reason Moore’s Law cannot hold true indefinitely is that—as physicists and computer scientists have pointed out in recent years—the size of the components within an integrated circuit is fast approaching the limit beyond which they cannot continue to shrink without losing their ability to function.


  As the integrated circuit becomes ever more microscopic, its components are beginning to approach the size of atoms and molecules. For example, some of the connecting “wires” in integrated circuits are now less than fifty nanometers in width (a nanometer is equal to one billionth of a meter). This is only twenty-five times the width of a DNA molecule. When an electric current passes through a wire as thin as this, there is a tendency for the current to “leak” out of the wire and affect neighboring components.


  Moreover, when certain substances are reduced to sizes below fifty nanometers, the laws of physics become subject to quantum effects, and many familiar elements begin to display properties that they would never possess in more normal sizes. At these submicroscopic dimensions, copper becomes as transparent as glass, aluminum can burn like paper, and gold can dissolve like a sugar cube in hot water. Needless to say, as the physical properties of components becomes transformed at these submicroscopic dimensions, the integrated circuits that are built of them will no longer operate as intended.


  Yet we must remember how many technologies once considered impossible have eventually seen the light of day, and the ultimate history of computer miniaturization is yet to be written. A new domain of physics and engineering called nanotechnology is now devoted entirely to the fabrication of devices with molecular-sized components. Carbon nanotubes, gold and zinc oxide nanorods, DNA nanostructures, and revolutionary techniques of molecular self-assembly are already being used to fabricate exotic submicroscopic components capable of performing some of the basic computer functions.


  From our present vantage point, we have no way of telling whether nanotechnology will achieve the kind of real-word breakthrough that will allow Moore’s Law to continue in effect much beyond the year 2025. Nevertheless, with integrated circuits that contain billions of transistors already on the market, further miniaturization will not be needed in order for computers to continue their seemingly inexorable invasion into every area of technology and, with it, into every area of human life.


  In the early decades of information technology, no one imagined that the computer was destined to become a personal device that ordinary people would use constantly in the course of their daily lives. After all, the computer was invented specifically to perform mathematical computations that by their nature were simply too massive and too time-consuming for human brains to execute with any hope of precision, reliability, or efficiency. Yet the seemingly inexorable advances in computing power that Moore’s Law had predicted not only made computer systems small enough to sit on a desktop or fit in the palm of the hand but also made them generally affordable.


  One of the most important consequences of the increasing affordability of computing power is that all of the forms of storing information can now be preserved in computer-friendly formats. The very large memory systems that are required to store the space-hungry files of digitized text, photographs, audio recordings, and videos have become so inexpensive that everything written, photographed, or recorded is now routinely stored in digital form. And this development has created a new horizon in the history of human life.


  The Horizon of Digital History


  In the domain of human communications, nothing will determine the way our age will be perceived by future generations more than the digital systems that now exist for recording, storing, and retrieving the cultural records of our time. A complete record of the behaviors, customs, and value systems of our time—preserved in exquisite fidelity in the form of digitized text, photography, audio, film, and video—is now accumulating, day by day, in quantities that were simply unimaginable to the people of former generations.


  The essential difference between history and prehistory is that written records have survived from historical periods, while only archeological artifacts—and no written records—have survived from prehistoric times. Defined in this way, history begins at different times in different places: in Egypt and the Fertile Crescent with the invention of cuneiform writing and hieroglyphics around 3200 BC, in China with the development of the Longshan script around 3000 BC, in India with the invention of the Indus Valley script around 2700 BC, and in the Yucatan Peninsula of Mexico, with the development of Mayan hieroglyphics, around 400 AD.


  Unfortunately, this common definition of history presents some thorny problems. For example, do the histories of China and India begin with the development of their earliest systems of writing, even though these forms of writing have never been deciphered? Or should it begin with the earliest forms of writing from these regions that have been successfully deciphered, even though they date from many centuries after writing was first widely used?


  And what about cultures that were culturally and technologically advanced but did not leave behind written records? For example, the Celtic cultures of ancient Europe were an advanced agricultural people with a well-developed class system and a sophisticated knowledge of metalworking in both bronze and iron. By the first century AD, Celtic culture had spread throughout the whole of Europe from Hungary to the British Isles. Yet while the Greeks and Romans were familiar with the Celts and wrote extensively about them, the Celts themselves did not use writing. But it would be misleading indeed to call Celtic culture prehistoric.


  Future historians will arrive at the study of the twenty-first century with a sigh of relief. The year 2000 marks the approximate beginning of the horizon of digital history, after which the recorded information of all human societies will be available to future generations with unparalleled completeness and fidelity. By contrast, most of recorded history before the year 2000 is fragmentary and incomplete.


  From the invention of writing in the early civilizations of the Nile Valley and the Fertile Crescent until the development of photography in the late nineteenth century, human history can be studied only from the incomplete and imperfect remains of hand-drawn art, written manuscripts, printed books, and periodicals. And from the late nineteenth century until the late twentieth century, all that has survived from the phonograph records, movies, and television programs of those times are the blurred, grainy, and often deteriorated physical archives that were originally stored on recording masters, film, and magnetic tape. However, most of these twentieth-century archives have now been digitized and converted into computer files, ensuring that they will at least not continue deteriorating further.


  Until the invention of digital technologies, the methods that were used for making copies of recorded information all suffered from the same failing: each time a copy was made, some of the information was lost. This meant that a copy of something could never be as good as the original, and a copy of a copy was worse yet, and so on. Each generation of copies was of poorer quality than the generation before it, so the more times something was copied, the worse the quality of the copy became. This was true of the microfilm and photocopies that were made of material written or printed on paper, of the photographic copies that were made of photographs and films, and of the duplicate copies made of recording masters, magnetic audiotapes, and videotapes. And since all of these forms of storage media were made of either paper or plastic, they typically became brittle, discolored, and ultimately useless with the passage of time.


  But when techniques were developed for converting all forms of media into digital formats, the problems of making and storing copies of text and images virtually disappeared. Whenever a line of text, an image, a music track, or a video is stored on a computer or mobile device, it is converted into a digital format—meaning that it is converted into a mass of ones and zeroes that have been arranged in a specific order to represent the text or image in question. When the computer file is copied, the specific pattern of ones and zeroes is reproduced exactly as it was in the original, with no mistakes and therefore no loss of fidelity. Therefore, no matter how many times it is copied, the computer file will always consist of exactly the same pattern of ones and zeroes as before—and the text, music, photos, or videos that these ones and zeroes represent will also be exactly the same.


  As long as the medium on which these files are typically stored remains physically intact and readable—whether it is a computer chip, a hard disk, a compact disc, or a storage medium yet to be invented—the copies will never deteriorate or be lost. And even if the storage medium itself begins to age after the passage of many years, the files can be given a new lease on life by simply copying them again onto a fresh storage medium. Even in the unlikely event that no further improvement will be made in computer storage technologies, every written word, drawing, music track, photograph, or video that exists today in the form of a computer file can potentially be stored for hundreds of thousands of years into the future.


  If 3200 BC is remembered as the time when humanity first crossed the horizon of written history, 2000 AD will be remembered as the time when humanity first crossed the horizon of digital history. Every book, journal, newspaper, magazine, pamphlet, blog, or website that is published today—as well as every movie, record album, and television program that is aired or broadcast—has been immortalized somewhere on a computer storage device in the form of ones and zeroes. And yet this stupendous trove of information, as massive as it is, will be dwarfed by the infinitely larger mass of emails, texts, tweets, photos, and videos that are being created and transmitted every day by millions of individuals all over the world—and that for the most part are being stored and preserved by the Internet service providers that are transmitting them.


  The principal problem future historians will face is how to search through the stupendous volume of material that will have survived. The cultural record of the present day that is now being recorded and stored in digital form will bestow upon our time a singular distinction in the annals of human history. We have become, and will always remain, the first generation whose life and times will have been preserved in exquisite detail and uncompromising fidelity. All of our most soaring achievements, as well as our most banal frivolities, will live on in a mass of ones and zeroes long after we have gone, and they will be available for the enlightenment and amusement of future generations as long as human civilization itself endures.


  Robots, Automation, and the Future of Meaningful Work


  If the cultural transformations brought about by precision machinery ultimately reduced the status of women in the mid-twentieth century by allowing much of the work of house and home to be done by machine, the transformations of digital technology have also reduced the status of men in the twenty-first century by allowing most of the mental and physical work traditionally done by men to be performed by computers, robots, and automation systems.


  In the 1950s, when the phenomenon of automation was in its infancy, the question foremost on the minds of social scientists was: “How will people in future society adjust to the vast increase in leisure time that the new technologies of automation are destined to create?” It was assumed—rather naively, it now appears—that if machines were able to take over most of the tasks then performed by wage earners, the work week of all workers would simply shrink in proportion to the amount of their work that was performed by machines. And the problem that this would cause was always framed in terms of what the average worker would do with all the free time that resulted from this liberation from the daily grind.8


  But the expansion of free time turns out not to be much of a problem. Although the average American worker’s free time has increased by several hours per week since the 1950s, most of this extra free time is spent watching television. In addition, millions of men and women retire from their jobs every year, and many retirees live on for ten, twenty, or thirty years before they die of old age. And most retired people find meaningful and rewarding things to do with their time. Rather than posing a problem that has to be solved, the expansion of free time has come to be seen as an opportunity that can be exploited. But the same cannot be said of the men and women in the prime of their lives who have been deprived of their jobs, their salaries, and much of their self-esteem when the work they once did is taken over by computers, robots, and automation systems.


  It seems not to have occurred to the social commentators of the 1950s that when machines began doing the work previously performed by live humans, the result would not be a gradual shrinkage of the work week but rather a trend toward growing unemployment and underemployment. No one seems to have understood that when computers became capable of performing mental work and robots became capable of performing physical work, most of the people who had been doing this work would simply be relieved of their jobs—and that they would be replaced by a much smaller number of highly trained technicians required to program, operate, and maintain these new computer-driven systems.


  Furthermore, the new generation of knowledge workers has come for the most part not from the ranks of manual laborers but are instead college graduates who have been educated in such subjects as computer science, mathematics, project management, and process control. Yet this is the world we live in today, and increasingly this appears to be the fate of the millions of people who have been employed in business and manufacturing. Therefore, the question we actually must answer now is this: “How will all the people who are losing their jobs from the proliferation of automation systems find meaningful, well-paid employment elsewhere and regain their former self-respect and status in society?”


  Although this problem has been steadily worsening since the appearance of affordable and reliable computer systems in the mid-twentieth century, this fundamental question seems to have no satisfactory answer. Automation systems are increasingly performing all of the routine tasks that were once performed by live humans. Robots are gradually taking over the physical tasks involved in manufacturing. And the computer systems that have been developed to fly pilotless aircraft will soon be driving the vehicles of the modern world to and from their destinations.


  This raises the question of how the wealth of modern society will be distributed to those members of society who are unable to find gainful employment. It is not reasonable to assume that the shrinking population of workers who still have adequate incomes will be taxed at increasingly higher rates and that governments will redistribute this money to the members of society who cannot find jobs. For one thing, there will come a point at which the haves will no longer be numerous enough to support the have-nots. For another, the absence of meaningful work destroys the self-esteem of all adults—and self-esteem cannot be restored by handouts.


  This problem may ultimately become even more acute for men than for women, because most women have the option of bearing and raising children, and this role is universally accorded social approval and is recognized as vital to the future survival of every human society. Nevertheless, the status and self-esteem of women in contemporary society does not rest only on their reproductive roles. Were they to be deprived of their own independent sources of money and economic security, the status of women would soon decline again to the abysmal levels of mid-twentieth-century society.


  The grand socialist experiment of the twentieth century, in which Russia, eastern Europe, and China attempted to put all the economic activities of society under the control of state governments, failed to produce either general prosperity or greater personal satisfaction in life for two reasons. First, it interfered with the ancient and natural human motivation to work and create for personal gain. Second, a system based on the concept of “from each according to his ability, to each according to his need” can only work in a close-knit human group such as the family, where people depend for their self-esteem on the love and approval of others—and in which they perceive their own well-being in terms of the well-being of their closest kin and life partners. However noble they may be, such concepts do not work at the level of the nation-state, where most people are strangers to each other.


  Meanwhile, the age of information technology has already produced some notable advances in human culture. Foremost among these is an unprecedented ability to communicate with others, to share information more freely and widely, and to pool our collective wisdom for the ultimate benefit of humanity. These abilities begin with the individual, who has now been given the power to speak his or her mind in a way that allows anyone else on Earth to listen.


  Social Media and the Digital Soapbox


  Of all the human capabilities that information technology has spawned thus far, perhaps the least anticipated has been the sudden proliferation of the communication system called social media, in which each individual establishes a personal network of other people and communicates with the other people in this network on a regular basis. And while social media have been hailed as an entirely new form of human communication, the principles of human interaction that they embody are as old as prehistory.


  The simpler societies that were studied by anthropologists throughout the twentieth century—the hunting and gathering societies and the slash-and-burn agriculturists—had a characteristic way of communicating their thoughts and feelings to the other members of their group. Since the dwellings of these people were typically small and made of permeable materials such as hides or palm thatch—and since they were typically located only a few feet apart—the members of these societies enjoyed little or no personal privacy. When they were sitting in their own tents or huts, anything that they said in a normal speaking voice could be heard by their neighbors, and anything said in a loud voice was easily heard by all the people living in their small, close-knit encampments.


  When people living in such communities had a complaint about a spouse, neighbor, relative, or rival, they might park themselves in the middle of a public space—for example, in the clearing that is often located in the center of a group of huts or tents—and air their grievances in a loud, accusatory tone. The speeches they made in this way were directed not to any one individual but rather to the community as a whole, and members of the community typically listened to them with great interest. Often, one or another member of the group would shout out some comment of approval or disapproval from inside the confines of a dwelling. Many times, these comments from the largely unseen audience were meant to be humorous, and it was not unusual for these comments to provoke laughter from other members of the group.


  These impassioned speeches not only provided the speaker with a way to relieve his or her frustrations but also made it possible for individual complaints to be aired in the arena of public discourse. The comments of the listeners—which were also typically heard by other members of the community—functioned as a sounding board of public opinion, and they provided an opportunity for the group as a whole to weigh in on the pros and cons of the speaker’s complaint. In this way, the values and attitudes of the group itself were aired, reinforced, refined, and sharpened by these common acts of speechmaking.


  When sedentary villages arose during the agricultural revolution, however, the physical nature of these more permanent dwellings turned out to be fairly inhospitable to this ancient human practice. In many agricultural communities, such as in the dispersed rural communities of northern Europe and the Far East, individual families tended to live on the fields and gardens they owned, and their houses were typically dozens or hundreds of yards apart—too far away from each other for one person’s lament to be heard by a neighboring family. Moreover, these types of settlements often lacked the kind of common area that would be easily accessed by all the members of the community. People who lived in these communities were rarely in close contact with each other except during the occasional communal ritual such as weddings, funerals, or religious ceremonies.


  In other types of agricultural communities, typical of the rural villages of Mediterranean Greece, Italy, and North Africa, families lived in dense communities consisting of fortified villages. Farmers spent the nights in their village houses and went out of the villages to their gardens, pastures, vineyards, and orchards during the day to work. The houses in these communities tended to be permanent dwellings built of mud brick or stone, with thick, solid walls, and with small windows and doors. This kind of architecture is not conducive to carrying the sound of an individual farther than the nearest neighbor—and then only if the individual’s voice is raised nearly to a shout. In these kinds of communities, the grievances and opinions of husbands and wives, debtors and creditors, allies and enemies, lovers and rivals were rarely aired in public but instead tended to be whispered in private. They were often the subject of gossip but were rarely the subject of open, public discussion.


  With the urbanization of humanity that arrived with the industrial revolution, neighbors were not necessarily even members of one’s own community, and they rarely included the kinfolk that once formed the communities of hunters and gatherers. Thus the cultures of modern people—who are typically descendants of agricultural villagers and townspeople—had long ago lost the hunters’ and gatherers’ tradition of openly airing their grievances, complaints, or opinions. But the invention of social media has now provided a mechanism by which modern people have discovered the pleasures and perils of airing their opinions to a network of peers. This is probably the reason for the unprecedented numbers of people who have joined social media networks in recent years.


  Modern social media not only enable all of the people included in each person’s network to offer comments and responses of their own, but also make each of these comments and responses available to everyone else in each person’s network. Thus, the digital soapbox that has been created by the development of social media networks has reestablished the ancient human practice—found among all hunting and gathering nomads but severely diminished by millennia of agricultural and industrial civilization—to share the most intimate questions, observations, and opinions in their daily lives with their peers on a daily basis. And the universality of this practice among hunters, gatherers, and primitive villagers all over the world suggests that it is a both fundamental human need and a natural human practice of sharing information, reinforcing values, and testing public opinion about all the pleasures and vicissitudes of daily life.


  Of all the many changes in human life that have been wrought by the development of information technology, perhaps none is as important—and ultimately transformative—as the unprecedented expansion in the ability to communicate with others. This ability goes far beyond the public airing of private thoughts, feelings, and attitudes made possible by social media. In fact, it encompasses every kind of human interaction: the sharing of knowledge among people with similar interests, the transmission of private messages from one individual to another, the trading of goods and services, and the ability to travel far from one’s own homeland into the homelands of other societies and cultures.


  The World Wide Web of Human Interaction


  Our rapidly evolving universe of personal computers, mobile devices, the Internet, communications satellites, and worldwide commercial aviation has already produced unprecedented advances in the technologies of interaction. Information technology has created a world in which people are increasingly able to write to, talk to, visit with, and trade with anyone else on Earth, in real time, twenty-four hours a day.


  It was digital technology that enabled spacecraft to put communications satellites in low-earth orbit. These satellites have not only reduced the cost of international telephone calls to an affordable level but have also made it possible for all of humanity to watch athletic events, natural disasters, and outbreaks of warfare in real time on electronic devices. And for the first time in human history, a global transportation network has been established that enables any person on Earth to trade with or visit any other person on Earth in a matter of hours or days. This freedom of interaction is without precedent in all of human history.


  The development of the steamship and the railroad in the early 1800s led to a huge increase in long-distance travel and was partly responsible for knitting together all of the many thousands of towns, villages, and city-states that had existed since ancient times into the small number of nation-states that exist today. More recently, the number of people who have traveled to other nations and other cultures, both as tourists and for business purposes, has increased exponentially—largely as a result of the advances that have taken place in the technologies of interaction since 1950. In that year, roughly twenty-five million people visited other countries as tourists. By the year 2011, this number had grown to roughly one billion. This is an increase of 4,000 percent in the space of a single human lifetime (see Figure 9.3). And at its present rate of increase, according to the United Nations World Tourism Organization, the number of international tourist visits is likely to reach 1.6 billion by the year 2020.9
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  Figure 9.3. Since the development of computerized transportation systems, the number of international tourist visits has skyrocketed, growing from approximately twenty-five million visits per year in 1950 to more than one billion visits in 2015.


  The explosion in the growth of international tourism has been accompanied by a corresponding increase in the number of people who have been migrating from one continent to another and from one nation-state to another. By the year 2013, approximately 232 million people living on Earth were migrants who had been born in one nation and had moved their permanent residence to another nation.10 This is more than twice as many people as inhabited the earth when the emergence of urban civilizations had already begun.


  This world wide web of human interaction will produce a transformation in human life and society as profound as any of the metamorphoses of the past. In fact, if we look at the changes in society and culture that were set in motion by the technology of precision machinery, it is clear that the ultimate effects of a key technology can hardly be predicted by looking at its most immediate consequences.


  Who would have guessed that the development of precision machinery by medieval clockmakers—driven by the simple desire to produce more accurate clocks—would lead before long to the invention of the modern printing press, an explosion of knowledge, and a Renaissance in the arts and sciences throughout the Western world? Or that when the forests of Europe were being consumed by the clockmakers’ rising demand for iron and steel, the civilized world would begin mining coal, which would lead before long to the invention of the steam engine with all of its multiple effects on the nature of manufacturing, travel, and trade? Or that the success of the steam engine would spawn an industrial revolution that would, within the course of a single century, produce the internal combustion engine, the automobile, the airplane, and the widespread use of electric power?


  Who would have guessed that these industrial technologies would ultimately result in the abandonment of food production and the wholesale movement by the great majority of the earth’s people from the countryside to the cities? Who would have predicted that precision machinery would ultimately produce the media of mass communications, the rise of the employment society, the mechanization of house and home, the deforestation of Earth’s land areas, the destabilization of global climates, the mass extinction of plants and animals, and all of the fundamental changes that have taken place in the customs and traditions that govern the institutions of marriage, the structure of the family, and even the norms of human sexual behavior?


  Now that digital technology is freeing our species from the limitations of time and space to which we have previously been bound, the changes that lie in the distant future are largely unimaginable. In the near future, however, we are certain to witness at least one major transformation of human society: the birth of a global civilization.


  The Ultimate Act of Fusion


  The phenomenon of social fusion among humans first began during the prehistoric period of the Upper Paleolithic, set in motion by the technology of symbolic communication. The evolution of language, art, and visual symbolism made it possible for the nomadic bands of that era—each composed of only a few dozen kinfolk—to share a common cultural identity with other nomadic bands and, by doing so, fuse into tribes composed of thousands of individuals.


  A fusion of tribes on a larger scale occurred late in Neolithic times, when the agricultural villagers of that period developed river boats, wheeled vehicles, and systems of writing—and fused into urban civilizations that embraced many tribes and created communities numbering in the hundreds of thousands of inhabitants. Finally, when the industrial revolution created more powerful and more efficient technologies of travel, trade, and communication, the many thousands of city-states that had survived since the dawn of civilization fused in less than two centuries into less than two hundred nation-states, most of which now contain populations that number in the millions.


  The reasons for these fusions are not a mystery. As people find it easier to interact across geographical space, they can more easily visualize other people as belonging to their own familiar worlds. The more easily they communicate with each other, the more likely they are to seek and find a common language. The more they travel to each other’s lands and settle in each other’s territories, the more likely they are to adopt each other’s customs and traditions. Over time, they become more likely to eat the same foods, wear the same clothes, and even observe the same holidays. They become more likely to intermarry, and to produce children that grow up exposed to more than one set of customs, values, and attitudes.


  All of these things tend to reduce the cultural differences between groups that were formerly distinct and separate. Eventually, people who had previously belonged to distinctly different cultures begin to identify with a new and larger culture, especially if this newer culture offers a set of values, institutions, and traditions capable of reconciling the differences among the cultures of past eras. Thus, among the many consequences that flow from the significant advances wrought by information technology, one result can be predicted with confidence: human groups will fuse into larger groups than have ever previously existed.


  Nevertheless, there are always powerful forces in human society that resist change. Even as many areas of human life are in the process of fusing, many others are undergoing the opposite process, and are fissioning into the component parts of what was formerly a unified whole. Former empires break up into their constituent parts, and these become independent nations. The dissolution of the Spanish Empire, the British Empire, the Austro-Hungarian Empire, the Ottoman Empire, and the Soviet Union all furnish vivid examples of the process of political fission in modern times. And nation-states can also lose their political unity and break up into their constituent parts as occurred in the 1990s, when the former Republic of Yugoslavia fractured into the separate nations of Serbia, Croatia, Slovenia, Macedonia, Montenegro, and Bosnia-Herzegovina.


  Finally, while the languages of dying cultures are being lost, at least some “dead” languages have been revived and have become living languages again. The Hebrew that for centuries survived only as a liturgical language has become a modern language that millions of Israeli citizens speak on a daily basis. And we should not forget that even as the political world has been consolidated into less than two hundred sovereign nation-states, more than seven thousand distinct languages are still actively spoken in the world today. Each of those languages represents a distinct ethnic group, with distinct customs and traditions and a distinct identity that still survives. Yet language experts estimate that more than one-third of existing languages are currently either in trouble or dying.11 The process of cultural fusion is now moving faster than at any previous time in human history.


  In the final analysis, as the history of past transformations has so clearly demonstrated, each significant advance in the technologies of interaction has eventually spawned a larger and more inclusive form of human society. And the advances in the technologies of interaction that have flowed from the development of digital technologies are the most momentous in all of human history. In all likelihood, this fundamental process will eventually continue to its final end point: an ultimate act of fusion, as humanity slowly unites into the larger entity of a new universal human culture—in short, the birth of a global civilization.
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  When a global society and culture begins to take shape, no further fusion of human beings will be either possible or necessary. Nor will this ultimate act of fusion mean that any of the human groups that have already come into being will cease to exist. History shows us that all of the traditional human groups that emerged from former metamorphoses—the families, clans, tribes, neighborhoods, villages, towns, cities, regions, states, and nations—have kept their identities, maintained their integrity, and continued to govern their appropriate spheres of human life, even as larger and more inclusive entities have emerged.


  In our next and final chapter, we will examine the numerous forces—ultimately unleashed by the very technologies that have made us human—that have come to threaten the long-term viability of our planet and its fragile web of life forms. We will also consider the likelihood that humanity will use the power of digital technology to create new global entities with the ability to manage the earth’s resources—not for the benefit of any one nation but rather for the well-being of all humanity and all other forms of life on Earth.


  [image: image]


  CHAPTER 10


  OUR WORLD AT THE BRINK


  Is Humanity Drifting Toward a Planetary Catastrophe?


  “The world is a dangerous place to live; not because of those who do evil, but because of those who look on and do nothing.”


  —Albert Einstein, Conversations with Casals


  On July 21, 1969, the American astronauts Neil Armstrong and Buzz Aldrin became the first human beings—indeed, the first terrestrial organisms—to set foot on the moon. They were followed over the next three and one-half years by ten others. And of all the unique sights and experiences that the moon landings provided, perhaps the most powerful, in its effect on the astronauts themselves, was the sight of the earth from the depths of space.


  Frank Borman, the commander of the Apollo 8 mission, recalled the experience of seeing the earth, in all its multicolored glory, floating in space nearly a quarter of a million miles away. “I happened to glance out of one of the still-clear windows,” he wrote, “just at the moment the earth appeared over the lunar horizon. It was the most beautiful, heart-catching sight of my life, one that sent a torrent of nostalgia, of sheer home-sickness, surging through me.”1 And James Lovell, the pilot of the command module, once remarked, “The most impressive sight I saw was not the moon, not the far side that we never see, or the craters. It was Earth . . .”2


  Yet the future of our unique, irreplaceable planet is now seriously threatened as never before by the very technologies that made us human. The human scourges of war, pollution, deforestation, species extinction, and climate change—all of which have flowed from our technological prowess—have put the living world at risk. But before we review each of these threats in detail, we must consider a fundamental question of our age. Can we escape the ills we have created for ourselves by leaving the earth behind and starting over? Can we build a better life for humanity on the virgin soil of another planet?


  Can We Colonize Other Planets?


  There is an idea that has become popular in recent years, in which it is imagined that future generations of humans will escape the earth’s problems by using advanced technologies to colonize other planets. But even if we ignore the sheer logistical challenge of launching hundreds of thousands of tons of supplies and equipment into space—and we consider only the environmental conditions that we know to exist on other planets—the goal of colonizing other heavenly bodies seems not only unrealistic but also, for all practical purposes, literally unattainable.


  Our moon is a silent, airless world of lifeless rock and dust. A single day on the moon lasts for twenty-eight Earth days, and temperatures on the surface of the moon during these lunar “days” are hot enough to boil water, while surface temperatures during the lunar “nights” can plunge to nearly 300 degrees below zero Fahrenheit.


  The planet Mercury is an airless ball of iron and rock rotating so slowly that a single day on Mercury lasts almost as long as two months on Earth. For this reason, surface temperatures on Mercury rise to 650 degrees Fahrenheit during Mercury’s “day” and drop to 274 degrees below zero Fahrenheit during Mercury’s “night.”


  The planet Venus is smothered in rolling clouds of sulfuric acid, and its atmosphere is so dense that atmospheric pressure on the planet’s surface is a crushing 1,350 pounds per square inch. This is ninety-two times greater than the 14.7 pounds per square inch on Earth at sea level and is, in fact, equivalent to the pressure that a diver would feel by descending half a mile into the sea. Due to the “runaway greenhouse effect” of its carbon dioxide atmosphere, surface temperatures on Venus remain uniformly above 800 degrees Fahrenheit. This is hot enough to melt most soft metals, including lead and zinc.


  The planet Mars is a frozen wasteland of rocks and dust that are red from their high concentration of iron oxide. Surface temperatures on Mars average 80 degrees below zero Fahrenheit. The Martian atmosphere is one hundred times thinner than the atmosphere of Earth and 95 percent of this atmosphere consists of carbon dioxide, with only a trace of oxygen. In addition to its inhospitable temperatures and unbreathable atmosphere, Mars is regularly pounded by gigantic dust storms that can last for months at a time and often grow large enough to envelop the entire planet.


  Jupiter, Saturn, Neptune, and Uranus—the “gas giants” of our solar system—are composed of cores of ice and rock larger than Earth that are covered with thick atmospheres of hydrogen and helium and buried under immense oceans of liquefied hydrogen and helium thousands of miles deep. None of these planets have any real “surfaces” in the normal sense of the word—only mushy regions where gases become compressed into liquids and where liquids become compressed into solids, all of which are hidden in total and perpetual darkness.


  Considering the hostility of their environments to all known forms of life, none of the other planets in our solar system are reasonable candidates for human colonization. Surely it would be far more practical—and pleasant—to colonize the vast, uninhabited continent of Antarctica, where temperatures average only between 20 and 50 degrees below zero, the air is eminently breathable and rich with oxygen, and the skies are blue. But lacking the fictional romance of the Red Planet, there has been no general stampede to colonize the earth’s fifth-largest continent.


  But what about the “Earth-like planets” that astronomers have been discovering in other, nearby solar systems? Could one of them provide a second home for the surplus hominid populations that will—given the current rate of human population increase—soon be overrunning the earth?


  While astronomers generally agree that the universe contains many other Earth-like planets, these worlds are all so distant that we know very little about their climates or surface characteristics. The Earth-like planet nearest to our solar system is believed to orbit the star Tau Ceti, located twelve light-years from Earth, but the planet believed most likely to have an Earth-like climate is called “Gliese 832 c,” located at a distance of sixteen light-years from Earth.3


  Gliese 832 c has been estimated to be five times the size of the earth. Thus, a person who weighed 160 pounds on Earth would weigh 800 pounds on the surface of Gliese 832 c. This would prevent a normal human being from either standing or walking. But let us suppose for the sake of argument that the gravity problem could be solved somehow—perhaps by strapping on metal braces to help support the body under these crushing loads. Even so, the daunting problem of how a group of humans would survive the long journey from our solar system to these “neighboring” solar systems would still have to be solved.


  The typical space rocket escapes the earth’s gravitational pull by achieving a launch speed of approximately 18,000 miles per hour. NASA’s “New Horizons” mission—designed to explore the region outside of our own solar system—achieved a launch velocity of 36,000 miles per hour, which, combined with the speed of the earth’s orbit around the sun, boosted the spacecraft to a velocity of 100,000 miles per hour. Although this was fast enough to escape the sun’s gravity, New Horizons had slowed to 31,000 miles per hour by the time it actually left the solar system.


  In 2018, a planned mission by NASA called the “Solar Probe Plus” is projected to use the “slingshot effect” of the sun’s gravity to reach a staggering 450,000 miles per hour while orbiting the sun. This is fast enough to travel from the earth to the moon in thirty minutes. But even if a spacecraft capable of carrying live humans plus all their cargo and equipment could somehow—even while fighting the sun’s gravity—attain a speed of 450,000 miles per hour on its way out of the solar system, it would have to travel through space for nearly twenty-four thousand years before arriving in the vicinity of Gliese 832 c.4 It is difficult to imagine how a handful of human beings could survive inside the confines of a spaceship for roughly five times longer than the entire history of human civilization. It is even more difficult to imagine what the tiny population of such a spaceship would look like after more than seven hundred generations of inbreeding.


  Let us suppose that some future civilization, having developed a technology unknown to us, will defy the known laws of physics and succeed in constructing a functioning space vehicle capable of travelling at nearly the speed of light. Would such a technology then open up the universe to interstellar colonization by hominids?


  Even in the case of this highly improbable scenario, such interstellar colonists would still be required to survive for many years in space without life support from their home planet before they arrived at the vicinity of the nearest Earth-like planet. These colonists would therefore need a technological infrastructure capable of providing them with a reliable supply of food, warmth, and breathable air while they traveled for years through the blackness of space. And thus far, even the best efforts of modern technology have utterly failed to provide human beings with a means of surviving indefinitely once all physical contact with the biosphere—the sum total of all life forms and ecological systems that cover the surface of the earth—has been severed.5


  Life Without the Biosphere


  Any attempt to colonize other worlds would require the creation of an artificial ecosystem capable of supporting human life without being connected to the earth’s biosphere, and an attempt to do exactly that was made in 1991—not on another planet but in the relatively benign terrestrial environment of the southwestern United States. At a cost of $200 million, a three-acre enclosure called Biosphere 26 was constructed in the Sonoran Desert near Tucson, Arizona, to serve as the model for a self-sustaining environment that could be replicated in an extraterrestrial colony (see Figure 10.1). It was to be inhabited by a group of eight people who called themselves the Biospherians.


  The four men and four women who volunteered for this mission intended to live inside this enclosure for two years, sustaining themselves without any supply of air, food, or water from the outside. Biosphere 2 was stocked with soil, water, plants, and animals, and it included a small sea, a savanna environment, a mangrove swamp, a rainforest, a desert, and a farm. The idea was that these various environments and their atmospheres would interact to form a totally independent life support system within which humans could live indefinitely.


  In September of 1991, the Biospherians passed through the airlocks of Biosphere 2 and began their two-year mission. But in spite of the availability of massive technological and financial support from outside the enclosure, the Biosphere 2 experiment demonstrated how quickly an ecosystem can collapse when its connection with the natural biosphere has been severed.


  Throughout the entire first year of the mission, the farm that had been established inside Biosphere 2 failed to provide sufficient food for the crew. During the first twelve months, the Biospherians experienced continual hunger, were obsessed about the scarcity of food, and lost a significant amount of weight. By the end of the first year, the eight Biospherians had split into two opposing factions that were barely on speaking terms with each other.


  In spite of a profusion of green plants, oxygen levels inside the enclosure steadily declined, ultimately falling to the level normally found at an elevation of 17,500 feet. Meanwhile, carbon dioxide levels skyrocketed, fluctuating wildly from one day to the next. Fearing for the health of the crew, project administrators were forced to pump oxygen into the enclosure repeatedly, beginning seventeen months into the experiment.


  Over time, the atmosphere inside Biosphere 2 also became permeated with nitrous oxide, ultimately reaching levels that threatened the crew with permanent brain damage. In addition, the stillness of the air inside the enclosure caused the trunks and branches of the trees—normally strengthened by the action of the wind—to grow weak and brittle, and they became prone to what scientists later reported as “catastrophic dangerous collapses.” At the same time, morning glory vines grew wildly, smothering the other plants and trees and requiring constant weeding.


  All the species of pollinating insects that had been brought into the Biosphere died out, preventing most of the agricultural plants from reproducing and ensuring that they would not survive beyond their normal life spans. Most of the other insects also died, ultimately leaving Biosphere 2 completely overrun by vast swarms of cockroaches and “longhorn crazy ants” running wildly in all directions.7


  Areas that had been intended as deserts turned into chaparral and grasslands, and the water system became so loaded with chemical nutrients that it was necessary to circulate all of the water over thick mats of algae that had to be periodically harvested, dried, and stored inside the enclosure. Finally, of the twenty-five species of birds, mammals, fish, and reptiles originally introduced into Biosphere 2, all the animals except for six species had died by the time the experiment ended twenty-four months later.


  In a sobering report on the lessons of Biosphere 2 published in 1996, biologist Joel E. Cohen and ecologist G. David Tilman concluded, “At present there is no demonstrated alternative to maintaining the viability of Earth. No one knows yet how to engineer systems that provide humans with the life-supporting services that natural ecosystems produce for free.”8


  There is only one world we know of that can sustain human life, and it is our blue-green planet that so thrilled and delighted the astronauts during their visits to the moon. We have no other home; we can breathe no other air; no other planet can feed us. The earth is quite literally the only life support system available to the human species. We have no alternative to keeping the earth’s biosphere healthy and alive so that we ourselves can remain healthy and alive. All else is science fiction and fantasy.


  War Machines and Doomsday Machines


  When modern firearms were combined with vehicles and airplanes powered by internal combustion engines, the modern war machine achieved a capacity to kill and destroy that the military leaders of ancient and medieval armies could not have imagined in their wildest dreams. More than one hundred million people were killed in warfare during the twentieth century alone—at least four times as many people as were living on Earth when the first urban civilizations arose. Yet as fearsome as the modern war machine has become, its destructive power pales in comparison with that of nuclear weapons, the doomsday machine of contemporary civilization.


  Although we rarely seem to think about it any more, the risk of thermonuclear annihilation is the most immediate threat to intelligent life in the history of our species. Hundreds of intercontinental ballistic missiles, nuclear submarines, and strategic bombers, armed with thousands of thermonuclear weapons, are now targeted at the world’s major population centers with the express purpose of destroying them. Should these weapons actually be used for their intended purpose, they would certainly destroy human civilization, probably exterminate the human species, and possibly annihilate all of the other intelligent life forms with which we share this planet.


  Nine nation-states—the United States, Russia, Britain, France, China, India, Pakistan, Israel, and North Korea—currently possess all of the nuclear weapons in the world today.9 Although the total number of thermonuclear weapons possessed by these nine nuclear nations is a closely guarded secret, estimates have been compiled regularly by the Federation of American Scientists based in Washington, DC, and published periodically in the Bulletin of Atomic Scientists.10 These scientists estimate that, as of 2013, the United States and Russia jointly possessed at least sixteen thousand nuclear warheads, while the other seven nuclear nations collectively possessed at least one thousand more.


  Taken together, these nuclear weapons represent a total explosive power of at least 160 billion tons of TNT—the equivalent of approximately twenty-three tons of TNT for every human being on Earth. But since only about 25 percent of these weapons are actually deployed at any given time, the explosive force that could be used immediately actually amounts to about six tons of TNT for every person alive today. Six tons of TNT is equivalent to approximately fifteen thousand sticks of dynamite, which is more than enough to kill you and your family members, destroy your home, and annihilate your workplace, your schools, the businesses you patronize, and all the places you frequent for food, entertainment, contemplation, and worship. In short, the nuclear forces currently deployed are more than sufficient to destroy everything that humanity has built since the dawn of civilization.


  History shows us that people and societies typically do not ordinarily take action to remove a threat to their well-being until some event occurs that vividly demonstrates the power of that threat. It therefore seems possible that the infrastructure of thermonuclear war will remain in place until some unexpected and tragic event galvanizes public opinion and brings the world to its senses, such as a thermonuclear weapon being detonated in a major metropolitan area, killing millions of people. Such an event would doubtless produce an urgent and powerful demand for nuclear disarmament. But this would be a heavy price indeed to pay for an action that should have been taken long before as a matter of common sense.


  The construction of the nuclear doomsday machine—and its continued maintenance and development since the mid-twentieth century—is surely one of the most astounding acts of collective insanity in the history of the human species. Never in all of the millions of years that hominids inhabited this planet has there existed another technology even remotely capable of an equivalent act of collective self-annihilation. In what is surely the greatest irony in human history, humanity has embraced the doomsday machine as a “necessary” means for achieving national “security”—and modern society has lived with this grotesque reality for so long that it has developed a bizarre complacency about the threat of nuclear annihilation. Nevertheless, the doomsday machine is real. It is active, operational, and ready to destroy all of humanity—and it could be activated in a matter of minutes by any of the world’s nuclear powers.


  And yet—the likelihood that any of us will die in warfare has actually declined significantly since Paleolithic times. The hundred million people that died in warfare during the twentieth century represented less than1 percent of the people who lived on Earth during that hundred-year period. By contrast, ethnographic studies have shown that in the most warlike of hunting and gathering societies, up to half of all adult males die as the result of violent combat with other humans. And while the scale of killing in warfare can be horrendous in modern societies, modern warfare tends to be intermittent, in contrast to the more or less continuous warfare that was observed among many preindustrial societies. Modern nation-states typically experience decades of peace in between their bloody wars, and some nations—Switzerland, for example—have managed to avoid warfare with other nations for generations.


  Before the unspeakable tragedy of a nuclear accident occurs, the world’s nuclear arsenal—including the ballistic missiles designed to deliver them—can and should be repurposed. Rather than aiming them at each other and creating an ever-present risk of self-annihilation, we should aim our nuclear missiles at a potential threat to all human life: one of the many large asteroids that are floating in space. If one of these asteroids, miles in diameter, were to collide with the earth at some future time—as has already happened numerous times in the geologic past—it would raise enough dust into the atmosphere to block most of the sunlight from reaching the earth’s surface.


  Although astronomers have assured us that a collision with a large asteroid is a very rare event that is unlikely to occur in the foreseeable future, what has happened before can happen again. And such a collision would have disastrous effects on the biosphere. It could annihilate most of the earth’s green plants and seriously deplete oxygen levels in the atmosphere. Vast clouds of dust would linger in the atmosphere for years, blocking the sun and triggering an ice age that might be more severe than any in recent geologic history.


  But a series of well-timed explosions on the surface of an Earth-bound asteroid could either deflect it from its course and cause it to pass harmlessly by or break it up into millions of smaller pieces, most of which would burn up in the atmosphere before reaching the ground. Surely this would be a more sensible mission for the nuclear arsenal than its present assignment of bringing doomsday to human civilization.


  Pollution and Plastic


  Serious atmospheric pollution by humans on a global scale began at least two thousand years ago, when the Romans began smelting large amounts of copper. Further evidence of atmospheric pollution by copper also dates from the Middle Ages, when smelting of copper was widespread in both Europe and China. It is estimated that roughly two thousand tons of copper were released into the atmosphere every year during both of these periods.


  Pollution from human activity, however, accelerated dramatically with advent of the industrial revolution. Immense quantities of sulfur dioxide, nitrogen dioxide, carbon monoxide, methane, butadiene, benzene, toluene, xylene, and other petroleum solvents, detergents, chloroform, insecticides, herbicides, ammonia, acids, nitrates, phosphates, heavy metals, and pharmaceuticals have all flowed into the earth’s atmosphere, soils, waterways, and oceans. And much of this pollution ends up in the sea.


  In addition to growing amounts of toxic chemicals, the oceans today contain an estimated 100 million tons of plastic, virtually all of it deposited since the middle of the twentieth century. The world’s oceans contain areas known as “gyres,” where the winds and currents cause the sea waters to rotate in immense spiral vortices, and these gyres have swept the plastic debris floating in the oceans into immense pools. The largest of these pools is the Pacific Trash Vortex, located between Southeast Asia and the west coast of North America. By the year 2014, the Pacific Trash Vortex had become larger than the continental United States.


  And yet—the biosphere has demonstrated tremendous resilience in the face of man-made pollution. Waterways that were once severely polluted have bounced back with new wildlife after their polluted waters were cleaned up. Air quality in Los Angeles, once the smog capital of the world, has improved dramatically in recent years.11 And while pollution in China, India, and other developing nations remains a serious problem, experience shows that pollution can be stopped, and its effects reversed, when people are willing to bear the public and private costs that ending pollution entails.


  The Disappearing Forests


  Man-made deforestation actually began in prehistoric times. Deforestation in the European river valleys first began nearly ten thousand years ago, when the Linearbandkeramik and other early Neolithic peoples used polished stone axes to cut down the forests that grew along the banks of the major rivers and to clear the land for agriculture.


  Deforestation accelerated during the third millennium BC, when the urban societies of the Fertile Crescent began cutting down the forests of the ancient Middle East to provide timber for constructing the temples, palaces, and seagoing ships that accompanied the rise of urban civilization. The Cedars of Lebanon of Biblical fame were decimated to build seaworthy ships for the Phoenicians and Greeks who brought civilization to the lands bordering the Mediterranean Sea, and the alluvial lowlands of eastern China were gradually stripped of their forests as agriculture spread through the great valleys of the Yellow, Yangtze, and Pearl rivers.


  The deforestation of northern Europe was accelerated by the growing use of iron and steel during the late Middle Ages, when entire forests were cut down to provide charcoal for the blast furnaces that were used for smelting iron ore. When the steamboat was invented in the early nineteenth century, the forests that grew along the banks of the Mississippi River in the United States were largely destroyed by the voracious consumption of trees to feed the paddle-wheel steamships’ wood-burning fireboxes. In fact, most of the land east of the Mississippi River in North America was covered with forests before the arrival of the Europeans. Today, most of these forests have long since been cut down and converted into farmland.


  Until the twentieth century, the tropical rainforests of South America, Southeast Asia, and Africa remained largely intact, but since the year 1900 a significant portion of the world’s rainforests have succumbed to the woodsman’s axe. In Brazil alone, nearly 300,000 square miles of rainforest—an area almost twice the size of California—have disappeared since 1970. At the present time, more than twenty thousand square miles of tropical forest are disappearing each year, and if this rate of deforestation continues, the rainforests will have largely disappeared by the end of the next century. The deforestation of tropical rainforests is particularly troubling, because these forests are home to roughly half of all the life forms of the biosphere. This means that more plants and animals become extinct with the loss of each rainforest habitat than with the loss of any other terrestrial ecosystem.


  China has embarked upon an ambitious reforestation program that produced a 25 percent increase in the size of its forests by between 1990 and 2005. Yet China currently imports approximately 1.5 billion cubic feet of timber annually, much of it from tropical rainforests. This is more than half of all the timber that is shipped into the global timber market.12 Imports of rosewood, for example, a tropical wood highly valued for manufacturing furniture, increased 1,500 percent in only nine years, from 1.8 million cubic feet in 2003 to 26.5 million cubic feet in 2012.13 Nor are other nations blameless in this activity: more than half of all rosewood furniture from China is exported to other nations. Deforestation is not a national problem; it is a global problem.


  And yet—not only have many nations begun serious programs of reforestation but small remnants of primeval forest also remain, even in Europe, where they serve as sanctuaries for species that have disappeared from deforested areas. One of the best-preserved of these remnants is the Białowieża Forest, a protected forest park approximately 120 square miles in size that straddles the border between Poland and Belarus. Although it is smaller in area than many of the world’s major cities, the Białowieża Forest contains more living species than any other European habitat. It is home to 117 species of birds and fifty-nine species of mammals, including weasels, pine martens, raccoons, badgers, beavers, otters, foxes, lynx, wolves, wild boar, roe deer, moose, and elk, as well as eight hundred European bison.


  The difference between the towering trees and rich bird and animal life that has survived in the primeval forest habitat of the Białowieża Forest and the ragged, skimpy, second-growth forest that has replaced similar habitats in Europe over the last few centuries is dramatic—and sobering.14 But in time, given proper management and protection, the second-growth forests of Europe will mature, and in the future they may eventually achieve the grandeur of the primeval habitats which once flourished there. And in sub-Saharan Africa, Southeast Asia, North America, and South America, many wilderness areas have been set aside as ecological preserves, where ancient habitats and their many life forms continue to cling to a precarious survival.


  The Sixth Mass Extinction


  The second most immediate threat to intelligent life, after the risk of thermonuclear war, is the risk of massive environmental destruction and life form extinction. Scientists estimate that at the present time approximately thirty thousand life forms are becoming extinct every year, and the rate of extinctions is steadily rising. Furthermore, once a species of plant or animal becomes extinct, it normally takes millions of years before a new life form can evolve to replace it.


  There have actually been five previous mass extinctions in geologic history, all of which occurred long before hominids existed. The first of these occurred roughly 445 million years ago during the Ordovician Period, an age of primitive marine creatures such as trilobites and coral. The second occurred 360 million years ago during the Devonian Period, an age of primitive fishes and the earliest land-based plants and insects. The third occurred 250 million years ago during the Permian Period, an age of primitive reptiles. And the fourth occurred two hundred million years ago during the Triassic Period, an age of large amphibians and marine reptiles.


  The Ordovician, Devonian, and Triassic extinctions wiped out 75 to 85 percent of all living species, and during the Permian extinction, approximately 95 percent of all species of plants and animals perished. Most scientists believe that these four extinctions occurred during periods of severe and rapid global climate change. These periods of climate change may have been triggered by irregularities in the earth’s orbit around the sun, by episodes of intense and sustained volcanic activity, by variations in solar activity, by collisions with large asteroids, or by any combination of these events.
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  Figure 10.2. Changes in the global climate are reflected in ice cores taken at the Vostok Research Station in Antarctica. These data show a clear association between levels of atmospheric dust and lowering of global temperatures during the last four ice ages. Illustration by the author, after Vostok Petit data. Licensed under Creative Commons Attribution-Share Alike 3.0 via Wikimedia Commons.


  The fifth and most recent mass extinction in geologic history occurred sixty-five million years ago, at the end of the Cretaceous Period, an age of dinosaurs, flowering plants, modern forms of insects, and early mammals. It is generally believed that the cause of this extinction was the impact of an asteroid more than six miles wide that collided with the earth off the coast of southern Mexico at an estimated speed of 67,000 miles per hour.


  Scientists believe that the debris thrown into the atmosphere by this immense collision—and possibly also by volcanic eruptions that may have been set off by the physical shock of the impact—created an immense global dust cloud that spread over the entire world. It is likely that this dust cloud blocked the light from the sun from reaching the earth’s surface for several years, resulting in a major cooling of the global climate. The fifth mass extinction brought about the disappearance of not only the dinosaurs but also 75 percent of all species of life on Earth.
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  Figure 10.3. Although the extinction of plant and animal species has been an ongoing process throughout the history of life on Earth, the number of species that have become extinct each year has increased dramatically since the beginning of the twentieth century.


  We are now in the early stages of what may eventually become the sixth mass extinction of life forms in geologic history. But in contrast to the previous five extinctions, this one is the result not of cosmic or geological forces but rather of human activities, including environmental pollution, massive deforestation, the severe depletion of plant and animal populations, and the collapse of terrestrial and marine ecosystems.


  Although it is normal for plant and animal species to disappear at a certain rate almost continuously, this normal or “background rate” has been estimated as between ten and one hundred extinctions per year. By contrast, the current rate has been estimated at about thirty thousand extinctions per year. (This is a mid-range estimate by the biologists Edward O. Wilson and Niles Eldredge, but both higher and lower estimates have been published by other scientists.) At present, there is no general agreement about either the rate of extinctions or even about the actual number of living species in the biosphere, but as many as 10 percent of all living species may have become extinct since the beginning of the industrial revolution two hundred years ago.15


  If the depletion and extinction of living species continues at its present rate, the earth’s natural environments will probably experience a cascading series of ecosystem collapses similar to those that occurred inside Biosphere 2. Such ecosystem collapses could produce population explosions of certain insects, plants, fungi, algae, and bacteria; epidemics of new and previously unknown diseases; massive crop failures; and the wholesale starvation of human populations.


  Some early warning signs of such ecosystem collapses have already appeared in recent years. These include outbreaks of colony collapse among honeybees, an incurable fungus that causes “white nose syndrome” in bats that have wiped out 95 percent of the population of certain bat colonies, and another incurable fungus that has been linked to population crashes of frogs throughout the world since the 1990s.16


  Geologists estimate that it took between five million and twenty-five million years for new species to evolve to replace those that were lost in each of the previous mass extinctions. This means that it would take at least five million years for the biosphere’s ecological systems to fully recover and regain their previous levels of biodiversity. Five million years ago, our ancestors were quadrupedal apes living in the trees. Five million years from now, we humans will probably have long since evolved into—or been replaced by—another, possibly wiser, form of intelligent life. We can only guess at the ultimate impact this man-made extinction will have on the earth’s many fragile ecosystems and on the biosphere as a whole. But as far as the life and history of Homo sapiens is concerned, its impact will be permanent and irreversible.


  And yet—the current mass extinction is still in its early stages and might still be reversed, and many species of birds and mammals have been brought back from the brink in recent years. The population of whooping cranes has rebounded from its low of twenty-three cranes in 1941 to more than six hundred cranes in 2011. Not long ago, there were only nine California condors still living in the wild, but there are now roughly 175 of these majestic raptors living and breeding in the mountains of California and Mexico (another 175 are in captive breeding programs). And more than ten thousand breeding pairs of bald eagles now live in the lower forty-eight states, where America’s national bird was once virtually extinct.


  Furthermore, continued advances in DNA sequencing may ultimately enable biologists to recreate some extinct species by combining DNA extracted from museum specimens with living cells from closely related organisms. Humanity has thousands of years of experience with selective breeding while modern science has decades of experience with genetic engineering. Developing new species through such techniques would be much faster than the natural processes of evolution could produce new species. The full story of the sixth mass extinction is still to be written. We may yet hope for a happy ending.


  The Perils of Global Climate Change


  Of all the threats to the earth’s environment that have materialized in recent years, perhaps none has generated as much public concern and urgent calls for action as the threat of global climate change. This concern is based on two simple facts. First, increasing quantities of carbon dioxide are being released into the atmosphere by the combustion of fossil fuels in modern industrial societies. Second, the geological record contains abundant evidence that increases in the concentration of carbon dioxide in the earth’s atmosphere have been closely associated with significant periods of warming in global climates.


  In the year 1751, roughly three million tons of carbon were being released into the earth’s atmosphere each year from the burning of fossil fuels, mostly coal. This amount increased gradually at first, and carbon emissions did not increase to four million tons annually until twenty years later, in 1771. But by 1775, James Watt had perfected his very efficient steam engines, coal had become the premier fuel both for smelting iron ore and for providing mechanical power, and carbon emissions began to accelerate.


  In 1781, global carbon dioxide emissions reached five million tons per year, and by 1800 they had grown to eight million tons annually. Over the ensuing hundred years, as the steam engine replaced the windmills and water wheels that had once powered the world’s factories, and as the steamship and the railroad revolutionized long-distance transportation, the amount of carbon released into the atmosphere grew from eight million tons in 1800 to 534 million tons in 1900—an increase of 6,675 percent.


  This massive growth in carbon emissions was dwarfed again as the automobile age was born and daily life in the twentieth century became increasingly electrified. The revolution in transportation unleashed by the invention of the internal combustion engine created a new and growing demand for gasoline and diesel fuel, and the combustion of petroleum products joined the burning of coal as societies throughout the world became increasingly industrialized. Carbon emissions from the burning of fossil fuels grew from 534 million tons annually in 1900 to more than nine billion tons annually by the year 2010, and it is expected to surpass fifteen billion tons annually by the year 2025.17
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  Figure 10.4. The amount of carbon released into the atmosphere each year in the form of carbon dioxide from burning fossil fuels grew from three million tons in 1750 to fifty-four million tons in 1850 to 1.63 billion tons in 1950. Carbon emissions surpassed nine billion tons per year in 2010 and are projected to exceed fifteen billion tons annually by the year 2025.


  The burning of coal, oil, and natural gas in increasingly larger quantities is adding carbon dioxide to the earth’s atmosphere much faster than the green plants of the world’s continents and oceans can absorb this carbon dioxide and use it to synthesize new molecules of living tissue. As a result, the carbon dioxide content of the earth’s atmosphere has been steadily increasing, adding to the normal “greenhouse effect” of water vapor and other atmospheric components that keep the earth warm enough to sustain life. Climate scientists are unanimous in their prediction that significant warming of the earth’s surface would melt much of the polar ice, raise global sea levels, and increase the frequency of unusual and dangerous weather, including severe heat waves and storm systems of unprecedented ferocity.
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  Figure 10.5. Ice cores from Antarctica’s Vostok Research Station show that high concentrations of atmospheric carbon dioxide have been closely associated with increased global temperatures during the past four hundred thousand years.Illustration by the author, after Vostok Petit data. Licensed under Creative Commons Attribution-Share Alike 3.0 via Wikimedia Commons.


  The close association between carbon dioxide levels and average global temperatures has been graphically demonstrated by data from ice cores taken in 1998 at the Vostok Research Station in Antarctica, located eight hundred miles from the South Pole. Analysis of the Vostok ice cores revealed that higher levels of atmospheric carbon dioxide and methane gas—the two major “greenhouse gases” that trap the heat of the sun in the earth’s atmosphere—have been closely associated with higher average global temperatures for hundreds of thousands of years.


  And yet—global climate change is hardly a new phenomenon in the earth’s history. Periods of global warming and global cooling have occurred repeatedly for hundreds of millions of years, not only before hominids existed but also before primates, mammals, birds, dinosaurs, reptiles, amphibians, or even fish existed. In fact, most scientists suspect that the five previous extinctions—all of which took place before any modern species of monkeys or apes appeared—were caused primarily by major changes in global climates.


  The last ice age ended eleven thousand years ago, just before Neolithic societies began to practice agriculture. Since then, the earth has been in one of the warm periods known as an “interglacial” that have occurred repeatedly over the past million years. While the current warm period has lasted somewhat longer than most previous interglacials, a much more pronounced period of global warming occurred roughly four hundred thousand years ago. During this period, known as Marine Isotope Stage 11, or “MIS 11,”18 global sea levels rose as much as thirty feet above their present levels, and most of the Greenland Ice Sheet collapsed.19 Yet the extremely warm period of MIS 11 was eventually followed by new ice ages as severe as any in recent geologic history.


  During most of the past million years or so, cooling periods culminating in severe ice ages have lasted for roughly ninety thousand years, and these have been interrupted by warm interglacials that have each lasted for roughly ten thousand years.20 This suggests that, given the earth’s recent climate history, we should be due for the onset of another ice age very soon. That is, we would have been due for the onset of another ice age, if it were not for the fact that the concentration of carbon dioxide in the atmosphere is now higher than it has been in any time during the past million years.


  During certain periods in the very distant past, the concentration of carbon dioxide in the atmosphere has been as much as fifteen times higher than it is at the present time. In fact, the concentration of atmospheric carbon dioxide peaked at approximately 6,000 parts per million (ppm) around five hundred million years ago and peaked again at roughly 2,500 ppm around two hundred million years ago.


  During the past million years, however, carbon dioxide concentrations have not risen above 300 ppm during interglacial periods or fallen below 180 ppm during glacial periods. Yet in the short space of the past two hundred years, the use of fossil fuels by hominids has raised carbon dioxide levels to 400 ppm—33 percent above their previous maximums—and this increase is continuing to accelerate. This means that the current increase in atmospheric carbon dioxide will not only delay the onset of the next ice age but might actually prevent another ice age from occurring altogether.


  It is important to recognize that the perils of global climate change are not limited only to the effects of global warming. In fact, if another ice age similar to the most recent one were to return, massive ice sheets hundreds of feet thick and weighing hundreds of billions of tons would slowly descend from the polar regions, crushing everything in their path. Although this process would take tens of thousands of years—several times longer than the entire history of human civilization—the destructive effects of a new ice age would be unprecedented.


  In North America, the return of the polar ice sheets would completely destroy the entire nation of Canada and descend into the continental United States, burying most of Minnesota, all of Wisconsin, Michigan, and Ohio, the northern regions of Illinois, Indiana, and Pennsylvania, and all of New England as far south as New York City. The cities of Vancouver, Calgary, Winnipeg, Toronto, Ottawa, Montreal, Quebec, Seattle, Minneapolis, St. Paul, Chicago, Cleveland, Columbus, Buffalo, Albany, Portland, Boston, Hartford, and New York—as well as thousands of neighboring cities and towns—would be crushed under hundreds of feet of ice. In Europe, all of Scandinavia, most of the British Isles, and large portions of Germany, Poland, and Russia would be completely obliterated, and the cities of Dublin, Belfast, Glasgow, Edinburgh, Oslo, Stockholm, Copenhagen, Helsinki, Berlin, Warsaw, and St. Petersburg—as well as thousands of other neighboring cities and towns—would all be literally wiped off the map.


  In addition, there would be a severe loss of agricultural land throughout the world. Barren, treeless tundra and permafrost would extend southward from the polar ice sheets into the middle of the continental US as far south as New Mexico, and the tundra would spread across all of Europe as far south as Spain and Portugal. South of the tundra, evergreen forests would cover southern Europe, most of California, and all but the southernmost regions of the United States. Neither the tundra nor the evergreen forest environments are capable of supporting human agriculture.


  Furthermore, it would be difficult or impossible to move agricultural production farther south, because the massive depletion of atmospheric water would cause the world’s deserts to grow significantly larger than they are today. The Sahara Desert would expand until it covered more than half of the African continent, and the deserts of Central Asia would expand from the Caspian Sea north of present-day Iran all the way across Asia to the Pacific Ocean. Meanwhile, the tropical rainforests of Central Africa and the Amazon Basin would shrink to a fraction of their present size. And since great quantities of the earth’s water would be locked up in the form of polar ice, sea levels throughout the world would drop to three hundred feet below their present levels, leaving every port city on Earth stranded dozens—or hundreds—of miles from the open sea.


  These are the actual conditions that prevailed at the time of the Last Glacial Maximum only eighteen thousand years ago—not very long ago even in the relatively short history of the human species. Eighteen thousand years ago, the cultures of the Upper Paleolithic were already using sophisticated forms of symbolic communication—including the art, music, language, petroglyphs, and narrative stories invented by fully modern humans—and the Natufians and their contemporaries were already settling in the permanent villages that would eventually produce the agricultural revolution.


  While we are justly concerned about the dangers of global warming and the destructive effect it would have on our contemporary societies, we should also recognize that another period of severe global cooling—and the return of another ice age—would actually pose a much greater threat to human civilization. In fact, it is entirely possible that the release of carbon dioxide into the atmosphere by industrial societies will actually prevent the return of another ice age that might have otherwise returned in the near future. And because higher levels of carbon dioxide bring about significant changes in the chemistry of the oceans, the effects of global warming could persist almost indefinitely and might prevent the return of more ice ages for hundreds of thousands of years into the future.21


  We must also acknowledge that a sustained campaign among the world’s most developed nations to limit or reduce the emission of greenhouse gases, especially carbon dioxide, has caused carbon dioxide emissions to level off in these nations in recent years. In fact, the continued increase in the size of world carbon dioxide emissions is now due mainly to the growth of populations—and affluence—in the world’s developing nations, especially China and India.


  Moreover, modern society has made significant progress in developing new carbon-free sources of energy, such as solar and wind power. We should not forget that nearly a century passed after the development of Newcomen’s first “atmospheric” steam engine in 1712 before safe and practical reciprocating steam engines were being mass produced for the commercial market, and that it took seventy-five years of experimentation before a safe and reliable internal combustion engine was ready for market.


  Finally, although new techniques have been developed for extracting natural gas by hydraulic fracturing and the mining of tar sands, the supply of fossil fuels is not unlimited. Within a few hundred years at most, humanity will have to end its dependence on fossil fuels and will be forced to replace fossil fuels with alternative sources of energy. And when that day finally arrives, modern science and technology will have probably spent many decades searching for practical ways of extracting excess carbon dioxide from the atmosphere, while taking care not to extract so much that we inadvertently trigger another ice age.


  Given the past history of our species’ incredible technological achievements, it is entirely possible that humanity will eventually succeed in achieving both of these goals. Above all, the phenomenon of global climate change is vivid evidence that the future of life on Earth now depends on the actions of humanity. For better or worse, our species has taken possession of this planet and made it our own.


  Planet of the Hominids


  The earth’s human population is now growing faster than at any previous period in history. The development of scientific agriculture and the mechanization of farming has made possible the feeding of ever larger populations, while modern advances in the effectiveness of medical treatments have steadily reduced human death rates. As the last ice age slowly came to an end and the technology of symbolic communication unleashed the power of cultural evolution, the population of human hunters and gatherers gradually increased until it had grown to a total of roughly five million people.


  With the adoption of agriculture and the rise of urban civilization, the human population grew 3,000 percent—to 150 million people—between 5000 BC and 1 AD. Even with the fall of the Roman Empire and the onset of the Dark Ages, the world’s population doubled again to 300 million by 1100 AD. And during the Middle Ages, in spite of the tremendous loss of life during the massacres of the Mongol invasions in the thirteenth century and the pandemics of the plague or Black Death in the fourteenth century, the world’s human population doubled again, to approximately 600 million people, by the year 1600 AD.
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  Figure 10.6. The global population of human hunters and gatherers stood at roughly five million people in 5000 BC and grew to 150 million over the next five thousand years. But when the industrial revolution began in 1800, the human population exploded, increasing from less than one billion to more than six billion people in slightly more than two hundred years.


  When the industrial revolution began in 1800, however, the human population truly exploded, increasing 600 percent in two hundred years from less than one billion to more than six billion people. And if this population explosion continues at its present rate, there will eventually no longer be enough agricultural land on Earth to feed all the people who will inhabit this planet. During the past fifty thousand years—which represent only the most recent 1 percent of hominid history—the earth’s human population has increased seven thousand times over its original size and is currently increasing by approximately a quarter of a million people per day.


  And yet—since the 1960s, birth rates have been falling all over the world. In fact, by 2014, birth rates had fallen below the “replacement rate” of 2.1 births per woman in nearly half of the world’s nations. The birth rate in Europe as a whole had fallen to 1.5 births per woman by 2005, and the population of Europe is now expected to decline 14 percent between now and the end of the twenty-first century.22 As human societies have become affluent enough to provide their elderly populations with a decent standard of living, the ancient human practice of having large numbers of children to ensure a means of support in old age is no longer necessary.


  Moreover, as the great mass of humanity has made the transition from an agricultural to an urban existence, the economic benefits that children once provided to agricultural families have largely disappeared. In fact, children have actually become a net economic drain on the fortunes of an urban married couple, whose disposable income is significantly reduced by the additional costs of food, clothing, shelter, medical care, and education that each child requires.


  Having children does not contribute to the myriad opportunities that modern people enjoy: to be entertained, to travel, to dine out, and to pursue their professional careers and their personal interests. Children are more likely to interfere with such activities than to make it easier for their parents to pursue them. For all of these reasons, birth rates in the most affluent societies have declined to the point where some of the world’s richest and most advanced nations, including Germany, Japan, and South Korea, are already experiencing population declines.


  This does not mean that people will cease having children. The psychological satisfactions of bearing and raising children—and the connection that children provide to the future and to succeeding generations—ensures that women and men will never stop wanting to have children. More than at any other time in human history, the children born in today’s world are the offspring of people who want children and who value the experience of parenthood for its own sake. And while there will always be individuals who choose not to have children, these individuals will pass on neither their DNA nor their cultural attitudes and beliefs to succeeding generations. This fact alone will ensure that humanity will never stop reproducing.


  Some economists have bemoaned these stagnating or falling birth rates, seeing this as a harbinger of economic and cultural decline. But this is a short-sighted point of view. Endless population growth is not possible; the earth’s biosphere is finite in size; other planets do not offer realistic opportunities for human colonization. In the final analysis, more people will mean less space and a smaller share of the available resources for each person. Less people will mean more space and ultimately a greater share of the available resources for each person.


  The current threats to the biosphere are more than the consequences of human technologies. They are also the expression of Homo sapiens’ animal nature. For all of its technological prowess, our species is still motivated by ancient animal instincts, including the drive to expand and multiply to the limits of the possible. This kind of elemental self-interest is to be expected of any life form. But in our desire to provide ourselves with ever-increasing amounts of progeny, food, clothing, shelter, energy, weapons, and material possessions, we have too often overlooked the needs of other forms of plant and animal life. After all, Homo sapiens is the only species capable of both comprehending and addressing the needs of all other life forms. It is therefore incumbent upon us to use our higher consciousness not only for our own well-being but also for the greater well-being of all the many species that share the biosphere with us.


  In the final analysis, the dramatic increases in the human population have occurred because Homo sapiens has effectively taken full possession of this planet and its resources—and, in the process, has become entirely responsible for its future. Although we may not have consciously intended to do so, we have in effect converted the earth into the “planet of the hominids.” As a result, it is we hominids who must manage the earth wisely—not only for our own benefit but for the benefit of all living things, now and in the future.


  Beyond the Nation-State


  The world today is made up of approximately two hundred nations that among them claim all the land area of our planet except the continent of Antarctica.23 Although this state of affairs seems perfectly natural to us, this world of nation-states did not even begin to take shape until well after the year 1800. Before that time, the nation-state as a distinct political and cultural entity was actually a rarity among human societies. In fact, of the two-hundred-odd nation-states that presently rule the world, the overwhelming majority of nations that exist today did not even come into being until the beginning of the twentieth century.24


  Yet in spite of their proclamations of independence and national sovereignty, the nation-states of the present era were never entirely independent. World trade, which grew rapidly throughout the nineteenth century, has long since created a vital economic integration among the world’s nations. It is a fact of life that by the dawning of the twentieth century a global economy had already been created in which no single nation-state or economic region could truly prosper without maintaining robust economic relationships with many other nations.


  The stark reality of this fact was driven home in spectacular fashion when, in June of 1930, the Smoot-Hawley Tariff Act was passed by the US Congress in a misguided attempt to protect American industry and agriculture from foreign competition during the economic downturn that began in 1929. But when other countries—especially Canada, America’s most important trading partner—retaliated by raising their own tariffs on American goods, the entire system of global trade went into rapid decline. US imports from Europe tumbled from $1.3 billion to $390 million between 1929 and 1932, while US exports to Europe shrank from $2.3 billion to $784 million during the same three years. In fact, world trade as a whole declined by two-thirds between 1929 and 1934, plunging all of the world’s industrialized countries into the economic doldrums of the Great Depression.


  The emergence of the nation-state as the dominant form of human society was the single greatest act of social fusion in the history of humanity. Never before had millions of people, living in thousands of distinct geographical communities, regarded themselves as brethren belonging to the same ethnic group. It is worth noting that even as the world’s human population has grown from less than one million people to seven billion and counting, the number of independent human societies has actually been shrinking.


  There is no reason to suppose that this long history of social fusion has entirely run its course, or that humanity will remain permanently divided into two hundred independent nations. Over and over again, significant advances in the technologies of interaction have led to social fusions that created much larger human groups than those that formerly existed. Since the invention of information technology has now created new and more powerful forms of transportation and communication, it is reasonable to expect that humanity is destined to experience yet another great process of social fusion in the not-too-distant future. In fact, the foundations of humanity’s first truly global civilization are already in place, and if we look carefully, we can already see the tentative outlines of a future world taking shape beyond the boundaries of the world’s nation-states.


  The Birth of Global Civilization


  The seeds of global civilization are many, and some of them are very old. They begin at least as long ago as the time of Jesus of Nazareth, who preached that every human being was equal in the sight of God and that by accepting Jehovah as the only true deity, anyone, no matter what his or her culture of origin, could join the fellowship of the faithful. Two thousand years later, the followers of Jesus number more than two billion and constitute the single largest religious group on Earth.


  The Romans practiced their own secular version of cultural acceptance and human equality. They granted the privileges of Roman citizenship to favored allies, and they built roads, public baths, and elaborate fresh water systems not only for their own comfort and safety but also for the well-being of their subject peoples. They filled the granaries of their colonies to keep their subject populations from starvation; they erected grand stadiums and coliseums for the entertainment of all; and for the most part they granted the people they conquered the freedom to pursue their own cultural traditions and worship their own religions. In fact, it was the tolerance of the Romans toward other cultural traditions, combined with their sense of responsibility for the well-being of everyone living under their dominion, that was largely responsible for the stability of Roman society and the longevity of Roman rule throughout the ancient world.


  In the centuries that followed the fall of Rome, the religions of Hinduism, Zoroastrianism, Christianity, Buddhism, Confucianism, and Islam spread far and wide among diverse cultures and across immense geographical areas. These faiths were all built on the principle of cultural inclusion, and it was their inclusionary philosophies that enabled them to absorb new populations and new ethnicities, transcend cultural boundaries, and become true world religions.


  We should not forget that these great inclusionary religions arose and prospered at a time when writing was practiced only by a few members of the elite, when riding horseback was the fastest means of transportation, when roads between cities were few and far between, and when the sailing ship was a small wooden vessel that was as likely to be propelled by oars as by the wind. This alone is an eloquent testament to the power of their philosophies and to the magnetism of their founders, all of whom preached the doctrine of multicultural fusion. The great success of these ancient religions suggests that a similar process of cultural fusion will probably be our species’ ultimate destiny.


  Two conditions that have emerged in recent decades are now driving humanity toward this ultimate fusion. The first is the rapidly growing threat to the planetary environment and to all human societies. This global threat cannot be resolved by any single nation or regional group of nations. Instead, all nations must work together to resolve it. The second condition is the means—made possible by digital technologies—for rapid, efficient, and affordable interaction among the inhabitants of all the various societies and cultures scattered across the globe. The potential synergies between these two conditions should not be underestimated. In fact, evidence that this ultimate process of fusion is already under way is revealed by the emergence of key social and cultural elements of humanity’s first global civilization.


  The customs and traditions surrounding the preparation of food—considered by anthropologists to be one of the most distinctive expressions of ethnic and cultural identity—have been undergoing an unprecedented process of fusion. Culinary traditions from Europe, the Americas, the Middle East, Central Asia, and the Far East have spread far and wide from their cultures of origin and have become popular favorites throughout the world.


  Music, another distinctive expression of ethnic and cultural identity, is undergoing a process of globalization that began with the worldwide diffusion of European classical music and that has now been joined by the spread of musical traditions from all over the globe. Musical harmonies, rhythms, and instrumental styles from a myriad of ethnicities have migrated far from their cultures of origin and have developed their own robust global audiences. In fact, both food and music have begun to merge the traditions of different cultures into new forms of “fusion food” and “fusion music.”


  The cultural fusion that is taking place in the spheres of food and the arts is equally apparent in the material spheres of science, commerce, and industry. Consumer brands from numerous industries—including foods, beverages, automobiles, jewelry, perfumes, watches, clothing, and electronics—have achieved global recognition and now enjoy the fierce loyalty of hundreds of millions of customers all over the world. And the rise of multinational corporations—some of which have larger economies than most nations—has knitted the global economy together more tightly than ever before.


  The pursuit of research and development in science and technology had an international character from its earliest beginnings and has long since become a global enterprise. More than half of the Nobel Prizes in physics, chemistry, and medicine awarded during the last fifty years were bestowed upon collaborating scientists based in different nations.25 In fact, our contemporary culture of science and technology is one of the strongest and most vibrant elements of this emerging global civilization.


  At the same time, the world’s institutions of higher learning are slowly becoming global entities, with both faculties and student bodies increasingly composed of international and multicultural populations. Finally, the number of international organizations has multiplied exponentially during the modern era. In 1910, there were approximately two hundred non-governmental organizations (NGOs) that were international in character. By 2010, this number had grown to nearly sixty thousand. And the growth of international governmental organizations (IGOs) has been equally as great.


  Yet even as humanity has fused into about two hundred nation-states, all of the traditional human groups that were created in former transformations—the countless thousands of tribes, villages, towns, cities, and regions that constitute the fabric of human society—have continued to maintain their separate identities and to govern their appropriate spheres of human life. This alone should reassure us that the nation-states of the world are in no danger of disappearing. The rise of global civilization is destined not to replace the world’s nations but rather to facilitate a sense of common purpose among them. Global institutions are, in the final analysis, networks of people, and among the most extraordinary of human behaviors is the ease with which human beings can simultaneously identify with multiple groups on multiple levels.


  Finally, history has repeatedly shown that nothing brings people together so much as a common enemy. Nearly every instance of social and cultural fusion, in which smaller social units have successfully merged into larger ones, has been driven, at least in part, by confrontations with a hostile adversary. When the world’s forests and primeval habitats have been reduced to a fraction of their original size, when the ocean’s resources have been largely depleted, and when even the miracles of scientific agriculture are no longer able to feed the expanding population of humans, the “enemy” of human civilization will be nothing more nor less than the existential threats to the earth’s biosphere produced by human technologies. As these threats continue to multiply, humanity will be forced to choose between continuing on the pathways that lead ultimately to depletion, extinction, and annihilation or—by cooperating on a global scale—turn to new pathways that lead to restoration, reconciliation, and a sustainable relationship between ourselves and the biosphere.


  We should not expect this transformation into a global civilization to be realized either quickly or easily. The effects of information technology did not begin to be felt until the middle of the twentieth century, and the deep integration of digital technologies into the processes of contemporary finance, trade, communication, and transportation did not take place until even later. Since we are now at the very beginning of this latest transformation, we cannot truly anticipate the changes in human life and society that it is destined to produce. But the history of past metamorphoses suggests two conclusions. First, that human life and society will be transformed no less by information technology than it has been by the key technologies of former ages. And second, that another great fusion of human society lies ahead.
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  We who are alive in the twenty-first century stand at the pinnacle of human achievement, even as we contemplate a looming catastrophe of our own making. Yet the genius of humanity shows no sign of coming to an end. Throughout our long history, we have demonstrated an uncanny capacity to rise to the challenges before us and to overcome the obstacles in our path.


  During all of our unique and remarkable history, we hominids have used technology to transform ourselves, and in the process, we have transformed the world. The metamorphoses in human life and society wrought by weapons, fire, clothing, shelter, symbolic communication, agriculture, urban civilization, precision machinery, and information technology have propelled us into a new and unique relationship with the biosphere that originally gave us life. We have become its stewards; it has become our responsibility; it is we who must now decide its fate.


  [image: image]


  ACKNOWLEDGMENTS


  I would like to express my sincere gratitude to those who contributed in significant ways to the successful completion of Unbound.


  Early in the process of developing the manuscript, my anthropologist colleagues Jack M. Potter, Robert Bates Graber, Richard Robbins, and Anek R. Sankhyan provided both valuable advice and gracious endorsements that were of great help in finding a quality publisher. My son Guy Currier diligently read an early draft and responded with copious feedback. My son Chad Currier and my daughter Rebecca Meyer offered their constant encouragement throughout the long months of writing the manuscript, and my son-in-law Christopher Meyer helped to rescue my precious files from oblivion when my hard disk crashed. My friends Richard Foley, Alicia Larsson, and Terry Lee Wilder all read the completed first draft and provided timely and useful feedback.


  Several individuals and organizations kindly granted permission to reprint many of the best illustrations in Unbound, including Frans Lanting, John Reader, Richard Dutton, Mike Storey, Elsevier’s Journal of Human Evolution, Skullduggery, Inc., the Science Outreach Program at the University of Canterbury in New Zealand, the Florida Center for Instructional Technology, and the Centers for Disease Control and Prevention’s Laboratory Identification of Parasitic Diseases.


  Above all, my heartfelt thanks goes to three remarkable people, without whom this book might never have seen the light of day. My agent, Roger Williams, never doubted the potential of this book project, never wavered in his confidence and optimism about its future, and worked tirelessly to secure a fine contract with an excellent publisher. My editor Cal Barksdale’s meticulous reading of the final manuscript, numerous valuable editorial suggestions, and pivotal role in the development of the book’s final title and physical design all made Unbound a far better book than it would have been without him. Finally, I cannot give enough credit to my life partner, Cara L. Keith, for her enormous contributions to this work. She read the entire manuscript several times and—with her sharp editor’s eye and her uncompromising sensitivity to anything superfluous or unreasonable—contributed in countless ways to the focus and clarity of each chapter. Her inexhaustible confidence kept my spirits afloat when the going was rough, and it is to her wisdom, love, and support that I owe my greatest debt.


  NOTES


  Introduction


    1.   This quotation is typically attributed to the German philosopher Arthur Schopenhauer, but it does not appear in any of Schopenhauer’s published works. What Schopenhauer actually wrote was: “Der Wahrheit ist allezeit nur ein kurzes Siegesfest beschieden, zwischen den beiden langen Zeiträumen, wo sie als Paradox verdammt und als Trivial gering geschätzt wird.” (“Truth is allowed only a brief celebration of victory, between two long periods, during which it is condemned as paradoxical and disparaged as trivial.”) From Die Welt als Wille und Vorstellung (The World as Will and Representation), first published in Germany in 1818.


    2.   See Wildman, Derek E., Monica Uddin, Guozhen Liu, Lawrence I. Grossman, and Morris Goodman, 2003, “Implications of Natural Selection in Shaping 99.4% Nonsynonymous DNA Identity between Humans and Chimpanzees: Enlarging Genus Homo.” Proceedings of the National Academy of Sciences of the United States of America 100: 7181–7188.


  Chapter 1


    1.   There is, of course, facial hair above and below the lips in the form of mustaches and beards among the adult males in most human populations. However, the presence or absence of this facial hair varies greatly. In some human societies, such as the San Bushman of Africa’s Kalahari Desert and the Yanomamö of South America’s Amazon Basin, adult males typically have little or no facial hair. Some non-human primates also have facial hair: the male orangutan often grows a beard, and both male and female patas monkeys typically have well-developed mustaches and beards in adulthood.


    2.   Some baboon species (e.g., the hamadryas baboon of Ethiopia) that inhabit open, exposed environments have a flexible, multi-layered social structure, in which several harems combine to form “clans” that forage together during the day and then combine with other clans to share a common sleeping area at night. This enables the baboons, while maintaining their pattern of forming exclusive harems, to form very large groups of up to 750 individuals that are effective defenses against predators during the hours of darkness.


    3.   In the modern world, ethnic identities are not as uniformly strong as they are in traditional societies. Some people tend to remain faithful to their cultural origins, while others—especially the young—prefer to embrace innovation and change. But the tremendous increase in contact among the world’s cultures made possible by industrial technologies of interaction and later by the invention of digital technologies—combined with the hugely accelerated pace of technological and cultural change—has in recent years caused many ethnic traditions to lose their former power and importance, much to the despair of the older generations.


  Chapter 2


    1.   For a detailed description of the discovery of the Laetoli footprints, see John Reader, Missing Links: In Search of Human Origins (Oxford: Oxford University Press, 2011).


    2.   As I have previously explained in greater detail in the introduction, for many decades, the familiar term “hominids” was universally used by anthropologists, paleontologists, and all other scientists to refer to the various species of prehistoric and modern humans. But “hominids” fell out of favor during the 1990s, when advances in DNA analysis showed that gorillas and chimpanzees are genetically closer to humans than had been previously assumed. As a result of these findings, all of the great apes were reclassified and grouped together into the family Hominidae. In the years since this reclassification took place, anthropologists have generally favored using the term “hominins”—on the theory that it identifies humanity as belonging not to the family Hominidae but rather to the sub-family Homininae and/or the tribe Hominini. However, since the Hominini includes chimpanzees and the Homininae includes both chimpanzees and gorillas—both of which are quadrupedal apes that are not human and are not part of the human family tree—I have decided, with apologies to my fellow anthropologists, to use the more familiar term “hominid” in this book, since it is addressed to the general reader as well as to the scholar and scientist.


    3.   A. L. Kroeber, Anthropology (New York: Harcourt, Brace and Company, 1948), 79. In the same work, Kroeber also asserts that culture “is that which the human species has and other social species lack” (p. 253)—another “prevailing opinion” among scientists of the day that has since been completely discredited.


    4.   The Lomekwi 3 find consists of 149 stone artifacts showing clear evidence of having been “worked” by hand and containing characteristic fractures that do not occur from natural processes. Many of these artifacts are quite large and heavy, averaging more than six pounds each. Some of them were apparently used as hammers, others as anvils, and the purpose of others is still unknown. See Sonia Harmond, Jason E. Lewis, Craig S. Feibel, Christopher J. Lepre, Sandrine Prat, Arnaud Lenoble, Xavier Boës, Rhonda L. Quinn, Michel Brenet, Adrian Arroyo, et al., “3.3-million-year-old stone tools from Lomekwi 3, West Turkana, Kenya.” Nature 521 (2015), 310–315.


    5.   Even the kangaroo (which is not a placental mammal but rather a marsupial), with its specialized ability to stand comfortably on its hind legs and to run across the landscape with great speed by jumping with its hind legs, must get down on all fours when it walks. And the kangaroo is burdened by an immensely heavy tail, required to counterbalance its forequarters. Even when the kangaroo is standing erect, its spine is held not in a vertical position but rather at an angle, halfway between vertical and horizontal.


    6.   See P. S. Rodman and H. M. McHenry, “Bioenergetics and the Origin of Hominid Bipedalism,” American Journal of Physical Anthropology 52, (1980), 103-106.


    7.   See Tim D. White et al., “Ardipithecus ramidus and the Paleobiology of Early Hominids,” Science 326, no. 5949 (2009), 64, 75–86.


    8.   See C. Owen Lovejoy, “The Origin of Man,” Science (new series) 211, no. 4480 (1981), 341–350.


    9.   See R. W. Newman, “Why Man Is Such a Sweaty and Thirsty Naked Animal: A Speculative Review,” Human Biology 42 (1970):12–27, and Peter E. Wheeler, “The Evolution of Bipedality and Loss of Functional Body Hair in Humans,” Journal of Human Evolution 13 (1984), 91–98.


  10.   See N. Jablonski, and G. Chaplin, “Origin of Habitual Terrestrial Bipedalism in the Ancestor of the Hominidae,” Journal of Human Evolution 24 (1993), 259–280.


  11.   See Kevin D. Hunt, “The Evolution of Human Bipedality: Ecology and Functional Morphology,” Journal of Human Evolution 26 (1994), 183–202.


  12.   See Ralph L. Holloway, “Tools and Teeth: Some Speculations Regarding Canine Reduction,” American Anthropologist 69(1) (1967): 63–67. For a different perspective, see Sherwood Washburn and R. Ciochon, “Canine Teeth: Notes on Controversies in the Study of Human Evolution,” American Anthropologist 76, no. 4 (1974), 765–784.
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    1.   The spear-thrower or atlatl is a short stick with a cupped or hooked end that is held in the throwing hand, with the hooked end fitted into the butt end of the spear, and used to increase the effective length of the hunter’s throwing arm. The use of a spear-thrower makes it possible for a spear to be hurled with significantly greater force and speed than is possible when a spear is thrown while held only in the hand. A light spear or javelin launched with a spear-thrower can attain speeds of 150 miles per hour and has enough force to pass entirely through the body of an antelope when thrown from a distance of less than twenty-five feet. Spear-throwers first appeared about thirty thousand years ago and were still in use until modern times by hunter-gatherers all over the world.


    2.   The term “petroglyph” was originally coined in the eighteenth century by the early investigators of cave art, who combined two Greek words: petros, meaning “stone,” and glyphē, meaning “carving.” The meaning of this term has since been extended to mean any man-made design on a rock or stone surface, whether carved or painted, either out in the open or on the walls of caves.


    3.   See Carl C. Swisher, III, W. J. Rink, S. C. Antón, H. P. Schwarcz, Garniss H. Curtis, and A. Suprijo Widiasmoro, “Latest Homo erectus of Java: Potential Contemporaneity With Homo Sapiens in Southeast Asia.” Science vol. 274, no. 5294 (1996), 1870–1874.


    4.   Homo floresiensis stood only three feet tall and had a brain no larger than the typical chimpanzee brain. But the anatomy of its brain case indicates that its prefrontal lobes—the area of the brain devoted to conscious thought—may have been more highly developed than the corresponding regions of the brains of early hominids. This suggests that Homo floresiensis may have been the offshoot of a Homo erectus population that had become isolated on Flores Island when the sea levels rose during a warming period in the global climate. See P. T. Brown, et al., “A New Small-Bodied Hominin from the Late Pleistocene of Flores, Indonesia.” Nature 431, no. 7012 (2004), 1055–1061. See also M. J. Morwood and W. L. Jungers, “Conclusions: Implications of the Liang Bua Excavations for Hominin Evolution and Biogeography,” Journal of Human Evolution 57 (2009), 640–648, and Leslie C. Aiello, “Five Years of Homo floresiensis,” American Journal of Physical Anthropology 142, issue 2 (2010), 167–179.


    5.   For a detailed discussion of how anatomically modern humans were responsible for the decline and eventual extinction of the Neandertals, see Pat Shipman, The Invaders: How Humans and Their Dogs Drove Neandertals to Extinction (Cambridge, MA: Harvard University Press, 2015).


    6.   The Paleolithic or “Old Stone Age” technically refers to the entire span of time during which the hominids evolved from the earliest bipedal forms such as Australopithecus to the first anatomically modern humans, because the remains of stone tools were by far the most common artifacts found in prehistoric habitation sites throughout this long period.


  The Paleolithic is usually subdivided into three eras based on tool types: 1) the Lower Paleolithic, which begins roughly three million years ago with the manufacture of the first crude Oldowan pebble tools by the early hominids and continues throughout the 1.5-million-year period during which the emerging humans such as Homo erectus made their more finely worked Acheulean hand axes; 2) the Middle Paleolithic, which begins approximately 250,000 years ago and is generally associated with the Neandertals and their Mousterian flake tools; and 3) the Upper Paleolithic, which begins roughly fifty thousand years ago and corresponds to the time of the anatomically modern humans such as the Cro-Magnons, who made the finest and most varied stone tools from long, thin blades of fine-grained stone such as flint and obsidian.


  The term “Paleolithic” is useful here because it distinguishes the societies of the nomadic hunters and gatherers from those of the Neolithic or “New Stone Age,” which begins shortly before the development of agriculture. During the Neolithic, the larger stone tools are increasingly made by grinding and polishing rather than by flaking, while the smaller stone tools made by flaking—generally called microliths—became very small and specialized. In the later years of the Neolithic, the use of pottery became widespread, and the remains of broken pottery eventually became the most common type of artifact in prehistoric habitation sites. In between these clearly defined periods, there is a somewhat vague middle ground called the Mesolithic or “Middle Stone Age.” This is sometimes used as a catch-all term for prehistoric cultures that do not fit neatly into the categories of either Paleolithic or Neolithic.


  I have used the term “Upper Paleolithic” extensively in this chapter to refer to the period when anatomically modern humans appeared in Europe roughly fifty thousand years ago—and who lived by nomadic hunting and gathering—in order to distinguish them from the food-producing societies of the Neolithic that first began to appear fifteen thousand years ago and that will be described in detail in chapter 6.


    7.   The anatomically modern humans of the Upper Paleolithic were the first hominids to show clear evidence of distinct cultural traditions. Although many different Upper Paleolithic cultures have been identified in different areas of the world, those of Europe are the best known and have been the most carefully studied. While most of these cultures overlap in time with each other, they are usually organized in a rough chronological order. The oldest of these cultures was that of the Châtelperronians, who lived roughly thirty-three thousand years ago. They were followed by the Aurignacians, Gravettians, and Solutreans. The most recent culture was that of the Magdalenians, who survived in Europe until approximately eleven thousand years ago.


    8.   These include the grotto of Chabot in Gard in 1878, the cave of La Mouthe near Les-Eyzies-de-Tayac in 1895, the caves of Les Combarelles and Font-de-Gaume at Les Eyzies in 1901, Marsoulas Cave in the Pyrenees in 1902, and La Calevie and Bernifal caves in the Vézère Valley in 1903.


    9.   I am indebted to Robert Bates Graber for this observation. See Bronislaw Malinowski, Magic, Science, and Religion (Garden City, NY: Doubleday & Company, 1954), 30–31.


  10.   Homo heidelbergensis was a large-brained emerging human so similar to the more advanced forms of Homo erectus that many scientists consider them to be essentially the same species. It was originally identified from a fossil jaw found near Heidelberg, Germany in 1907, and other remains of this hominid have since been found in Africa and western Asia. Homo heidelbergensis is the evolutionary branch of Homo erectus that is most likely to have been ancestral to the Neandertals as well as to anatomically modern humans.


  11. See John Feliks, “The Graphics of Bilzingsleben: Sophistication and Subtlety in the Mind of Homo erectus,” Proceedings of the XV UISPP World Congress, Oxford: BAR International Series, 2006. Available at: http://www-personal.umich.edu/~feliks/graphics-of-bilzingsleben/index.html. See also: John Feliks, “The Golden Flute of Geissenklösterle: Mathematical Evidence for a Continuity of Human Intelligence as Opposed to Evolutionary Change Through Time,” Aplimat—Journal of Applied Mathematics 4, no. 4 (2011), 157–162.


  12.   This argument is set forth by Iain Davidson and William Noble in “The Archaeology of Perception: Traces of Depiction and Language.” Current Anthropology 30, no. 2 (1989), 125–156.


  13.   See Leslie C. Aiello and Robin I. M. Dunbar, “Neocortex Size, Group Size, and the Evolution of Language,” Current Anthropology 34, no. 2 (1993), 184–193.


  14.   From Alice in Wonderland, by Lewis Carroll.


  Chapter 6


    1.   For the “oasis theory,” see V. Gordon Childe, “Chapter V: The Neolithic Revolution” in Man Makes Himself (New York: Oxford University Press, 1936). For the “hilly flanks” theory, see Robert J. Braidwood, “The Agricultural Revolution,” Scientific American 203 (1960), 130–148. For the “demographic” or “population pressure” theory, see Lewis R. Binford, “Post-Pleistocene Adaptations,” in Sally R. Binford and Lewis R. Binford, New Perspectives in Archaeology (Chicago: Aldine Publishing Company, 1968), 313–342. See also Kent Flannery, “The Origins of Agriculture,” Annual Review of Anthropology 2 (1973), 271–310, and Mark N. Cohen, The Food Crisis in Prehistory: Overpopulation and the Origins of Agriculture (New Haven: Yale University Press, 1977). For the “co-evolutionary” theory, see David Rindos, The Origins of Agriculture: An Evolutionary Perspective (Orlando, Florida: Academic Press, 1984). For the “competitive feasting” theory, see Brian Hayden, “Nimrods, Piscators, Pluckers, and Planters: The Emergence of Food Production,” Journal of Anthropological Archaeology 9, no. 1 (1990), 31–69. For the “hospitable climate” theory, see Peter J. Richerson, Robert Boyd, and Robert L. Bettinger, “Was Agriculture Impossible during the Pleistocene but Mandatory during the Holocene?,” American Antiquity 66, no. 3 (2001), 387–411.


    2.   Graeme Barker, The Agricultural Revolution in Prehistory (Oxford: Oxford University Press, 2006), 383.


    3.   The plump yellow grain that grows in large cobs on tall fleshy plants is known throughout most of the world as “maize” or “mealie” but is called “corn” in the United States, Canada, Australia, and New Zealand. By contrast, the word “corn” is used throughout most of the world for the cereal grains such as wheat, rye, and barley.


    4.   The horse was domesticated about six thousand years ago in the steppes, or grasslands, of present-day Kazakhstan, nearly a thousand miles north and east of the Fertile Crescent, where it first became important as a means of transportation. The important story of the domesticated horse will be discussed at length in the next chapter, where we will see how, as one of the key elements in the technologies of interaction, the horse contributed significantly to the emergence of cities and the emergence of urban civilization.


    5.   Andrew Sherratt, “Climatic Cycles and Behavioural Revolutions: The Emergence of Modern Humans and the Beginning of Farming,” Antiquity 71, 1997, 277.


    6.   See R. Alexander Bentley et al., “Community Differentiation and Kinship Among Europe’s First Farmers,” Proceedings of the National Academic of Sciences of the United States of America 109, no. 24 (2012), 9326–9330.


    7.   See Verrier Elwin, The Kingdom of the Young (London: Oxford University Press, 1968), 165–169; Clellan S. Ford and Frank A. Beach, Patterns of Sexual Behavior New York: Harper Torchbooks, 1951), 268; William A. Lessa, Ulithi: A Micronesian Design for Living (New York: Holt, Rinehart and Winston, 1966), 88; Bronislaw Malinowski, The Sexual Life of Savages in North-Western Melanesia (New York: Harcourt, Brace and Company, 1929), 198–200; and Marjorie Shostak, Nisa: The Life and Words of a ¡Kung Woman (New York: Vintage Books, 1983), 150–151.


    8.   See Melvin J. Konner, “Hunter-Gatherer Infancy and Childhood: The !Kung and Others,” in Barry S. Hewlett and Michael E. Lamb, eds., Hunter-Gatherer Childhoods: Evolutionary, Developmental and Cultural Perspectives (Piscataway, NJ: Aldine Transaction, 2006), 19–64.


    9.   The purpose of these arrangements was mainly to obtain the allegiance—and often the services—of the prospective son-in-law. However, when these girls reached adulthood, they were usually free to leave their “assigned” husband in favor of some other man who was more to their liking. See Victoria K. Burbank, “Premarital Sex norms: Cultural interpretations in an Australian Aboriginal Community,” Ethos 15, no. 2 (1987), 226–234.


  10.   See Napoleon Chagnon, Yanomamö: The Fierce People, 2nd ed. (New York: Holt, Rinehart and Winston, 1977), 119–124. See also Kenneth Good, Into the Heart: One Man’s Pursuit of Love and Knowledge among the Yanomama (New York: Simon & Schuster, 1991), 72–74 and 194–204.


  Chapter 7


    1.   Jared Diamond, The World until Yesterday (New York: Viking, 2012), 4–5.


    2.   In deference to the sensitivities of atheists, agnostics, and non-Christians, scientists and scholars have recently begun using the term “BCE,” meaning “Before the Common (or Current) Era,” in preference to the traditional “BC” or “Before Christ.” For the same reason, they have also begun using the corresponding term “CE,” meaning “Common (or Current) Era,” instead of the more traditional “AD” or “Anno Domini” (“the year of our Lord”). While not meaning to take issue with the logic of this change—but for the convenience of readers who are not be familiar with these terms—I have continued using the more traditional “BC” and “AD” in this book for dates before and after the birth of Christ.


    3.   These were the Warring States period (476–221 BC), the Sixteen Kingdoms period (304–439 AD), the Five Dynasties and Ten Kingdoms period (907–960 AD), and the Song, Liao, Jin, and Western Xia dynasties period (960–1234 AD).


    4.   See Robert G. Bednarik, “Seafaring in the Pleistocene,” Cambridge Archaeological Journal 13, no. 1 (2003), 41–66.


    5.   Although three hundred miles of open sea separate Timor from the Australian coast today, sea levels during the ice ages were three hundred feet lower than they are now, and large areas of the continental shelves on both sides of the Timor Strait were exposed. The distance between Australia and Timor sixty thousand years ago was approximately fifty miles of open sea.


    6.   See Robert G. Bednarik, “Crossing the Timor Sea by Middle Palaeolithic Raft,” Anthropos 95 (2000):37–47, and Robert G. Bednarik, “Seafaring,” in Helaine Selin Springer, ed., Encyclopaedia of the History of Science, Technology, and Medicine in Non-Western Cultures, 2nd ed., 2008; and Robert G. Bednarik, “The Beginnings of Maritime Travel,” Advances in Anthropology 4 (2014):209–221.


    7.   With apologies to David W. Anthony, whose exhaustive study The Horse, the Wheel, and Language has illuminated the pivotal role played by the domesticated horse in the histories of both ancient and modern civilizations.


    8.   See David W. Anthony, The Horse, the Wheel, and Language: How Bronze-Age Riders from the Eurasian Steppes Shaped the Modern World (Princeton: Princeton University Press, 2007).


    9.   See Robin I. M. Dunbar, “Neocortex Size as a Constraint on Group Size in Primates,” Journal of Human Evolution 20 (1992), 469–493.


  Chapter 8


    1.   Daniel J. Boorstin, The Discoverers: A History of Man’s Search to Know His World and Himself (New York: Vintage Books, 1985), 62–63.


    2.   Peter Hutchinson, “Magazine Growth in the Nineteenth Century,” A Publisher’s History of American Magazines (2008), 1. Available at: http://www.themagazinist.com/Magazine_History.html.


    3.   J. V. Thirgood, “The Historical Significance of Oak,” in Oak Symposium Proceedings: 1971 August 16–20 (Upper Darby, PA: US Department of Agriculture, Forest Service, Northeastern Forest Experiment Station), 9.


    4.   Ibid., 10.


    5.   Nicéphore Niépce is better known as one of the first inventors of photography. His “View from the Window at Le Gras,” taken in 1827, is the world’s oldest surviving photograph.


    6.   Kenneth Chase, Firearms: A Global History to 1700. (Cambridge: Cambridge University Press, 2003), 25.


    7.   Warren D. Devine, “From Shafts to Wires: Historical Perspective on Electrification,” The Journal of Economic History 43 (1983), 349.


    8.   Perhaps this is why many behavioral scientists in the twentieth century embraced the preposterous idea that humans are the only animals capable of reason and emotion—as if such mental activities had emerged full-blown for the first time in the history of life on Earth with the appearance of Homo sapiens. Such views—which were never supported by credible scientific evidence—could only have been taken seriously by someone who had never lived with an intelligent animal such as a dog, cat, horse, pig, monkey, or parrot. People who have lived intimately with such animals are well aware that they are capable of both reason and a wide range of emotions.


    9.   In 1935, there were nearly seven million farms in the United States. By the year 2007, the number of farms had declined to 2.2 million. In that year, the largest 188,000 farms accounted for 63 percent of all agricultural products sold, while the smallest 2,012,000 farms accounted for only 37 percent of all agricultural products sold (see US Department of Agriculture, “2007 Census of Agriculture”).


  Chapter 9


    1.   See Jonathan Fildes, “Campaign builds to construct Babbage Analytical Engine,” BBC News, October 14, 2010, and John Graham-Cumming, “Let’s Build Babbage’s Ultimate Mechanical Computer,” New Scientist 2791, December 23, 2010.


    2.   See M. H. Weik, “Computers with Names Starting with E through H,” A Survey of Domestic Electronic Digital Computing Systems, 1955.


    3.   Moore’s exact words in 1965 were as follows: “The complexity for minimum component costs has increased at a rate of roughly a factor of two per year (see graph). Certainly over the short term this rate can be expected to continue, if not to increase. Over the longer term, the rate of increase is a bit more uncertain, although there is no reason to believe it will not remain nearly constant for at least ten years. That means by 1975, the number of components per integrated circuit for minimum cost will be 65000.” Gordon E. Moore, “Cramming More Components onto Integrated Circuits.” Electronics 38, no. 8 (1965), 114–117.


    4.   ENIAC contained 17,468 vacuum tubes, each of which was equivalent to a modern transistor. Since the 15-Core Xeon E7 v2 microprocessor contains 4.31 billion transistors, it would require the equivalent of 4,310,000,000 divided by 17,468 or 246,737 ENIACs to equal the processing power of one 15-Core Xeon E7 v2 microprocessor. Each ENIAC was 100 feet long, thus 246,737 ENIACs laid end to end would measure 24,673,700 feet or 4,673 miles in length. The weight of each ENIAC was thirty tons or 60,000 pounds. Thus, 246,737 ENIACs would weigh 7,402,110 tons—equal to the weight of sixty-six Nimitz-class supercarriers weighing 112,000 tons each. The ENIAC cost $500,000 to construct, which in 2014 dollars amounts to approximately $6 million. Thus, 246,737 ENIACs would have cost $1,480,422,000,000 to build in 2014.


    5.   Since the best vacuum tube computers of the 1950s averaged a maximum consecutive running time of ten hours (or thirty-six thousand seconds) before experiencing a vacuum tube failure, a computer as large as 246,737 ENIACs would probably run for only thirty-six thousand seconds divided by 246,737, or one-seventh of a second, before one of its 4,310,000,000 vacuum tubes would fail.


    6.   See Jaxon Van Derbeken, Demian Bulwa, and Erin Allday, “SF Plane Crash: Crew Tried to Abort Landing,” San Francisco Chronicle, July 8, 2013.


    7.   See International Technology Roadmap for Semiconductors, 2010, Overall Technology Roadmap Characteristics. 2010 Update, 8–14.


    8.   See John Hultsman and William Harper, “The Problem of Leisure Reconsidered,” in Journal of American Culture 16, issue 1 (2004), 47–54.


    9.   See Edgardo Sica, “International Tourism: A Driving Force for Economic Growth of Commonwealth Countries,” The Commonwealth Finance Ministers Meeting 2007.


  10.   United Nations, Department of Economic and Social Affairs, Population Division, International Migration Report 2013, 11–17.


  11.   See Lewis et al., eds., Ethnologue: Languages of the World, 17th ed., 2014.


  Chapter 10


    1.   Frank Borman, Countdown: An Autobiography (New York: Silver Arrow Books, 1988), 212.


    2.   Nancy Atkinson, “A Conversation with Jim Lovell, Part 2: Looking Back,” UniverseToday.com, September 27, 2010. Available at: http://www.universetoday.com/74396/a-conversation-with-jim-lovell-part-2-looking-back/. Accessed 6/12/14.


    3.   Due to their small size and immense distance from Earth, no planet outside of our own solar system has ever been observed directly. Instead, their existence is inferred from “wobbles” in the stars themselves, caused by the gravitational pull of the planets revolving around them.


    4.   Light travels at the speed of 670,616,629 miles per hour. Multiplied by 24 hours in a day, this is 16,094,799,096 miles per day. Multiplied by 365 days in a year, this is 5,874,601,670,040 miles per year. Sixteen light-years is thus 93,993,626,720,640 miles. At 450,000 miles per hour, it would require 208,874,726 hours, which equals 8,703,114 days or 23,844 years to cover the distance from the earth to Gliese 832 c.


    5.   The term “biosphere” was coined by the Austrian geologist and paleontologist Eduard Suess in 1875 to describe the total mass of living things that inhabit the surface of the earth. Since the environments that support life are all found only on the earth’s surface, the physical mass of living organisms on our planet takes the shape of a sphere—hence the term “biosphere.” The same logic was used in the 1600s, when the Greek word atmos, meaning “vapor,” was combined with the earth’s spherical shape to create the word “atmosphere.”


    6.   Biosphere 1 was not an earlier version of this experiment but was actually the Biospherians’ name for the earth’s natural ecosystem, or biosphere.


    7.   Paratrechina longicornus, the “longhorn crazy ant,” is one of the most common species of ants and is found in human habitations throughout the world. Its name is derived from its long antennae and its habit of running erratically at high speeds in all directions.


    8.   Joel E. Cohen and David Tilman, “Biosphere 2 and Biodiversity: The Lessons So Far,” Science 274, no. 5290, November 15, 1996, 1151.


    9.   Although Israel has never publicly acknowledged the existence of its nuclear weapons program, it has never denied its existence either. In 2002, Robert S. Norris and his colleagues described the Israeli nuclear program as follows:


  After Egyptian President Gamal Abdel Nasser closed the Straits of Tiran in 1953, Israeli Prime Minister David Ben Gurion began development of nuclear weapons and other unconventional munitions. His protégé, Shimon Peres, played a central role in securing an agreement with France in 1956 for a nuclear research reactor. Physicist Ernst David Bergmann, director of the Israeli Atomic Energy Commission, provided early scientific direction. . .. With French assistance, Israel built a nuclear weapons facility at Dimona in the Negev desert. The Dimona site has a plutonium/tritium production reactor, an underground chemical separation plant, and nuclear component fabrication facilities.


  “[I]t is generally accepted by friend and foe alike,” the authors concluded, “that Israel has been a nuclear state for several decades.” See Robert S. Norris, William M. Arkin, Hans M. Kristensen, and Joshua Handler, “Israeli Nuclear Forces, 2002,” Bulletin of the Atomic Scientists 58, no. 5 (2002), 72.


  10.   A summary of world nuclear weapons stockpiles is available at: http://www.ploughshares.org/world-nuclear-stockpile-report. Accessed 6/3/14.


  11.   In 1976, there were 102 Stage 1 smog alerts in the Los Angeles Basin, while in 1998 there were only twelve Stage 1 alerts. See “Pollution in Los Angeles County,” RabbitAir, 2014. Available at: http://www.rabbitair.com/pages/pollution-in-los-angeles-county. Accessed 6/18/2014.


  12.   See William Laurance, “China’s Appetite for Wood Takes a Heavy Toll on Forests,” Yale Environment 360, November 17, 2011.


  13.   Huang Wenbin and Sun Xiufang, “Tropical Hardwood Flows in China: Case Studies of Rosewood and Okoumé,” Forest Trends, December 2013, 5.


  14.   For an eloquent description of the Białowieża Puszcza (pronounced “bialoVIESKa PUSHta”), see chapter 1, “A Lingering Scent of Eden,” in The World Without Us by Alan Weisman, 9–16.


  15.   See Edward O. Wilson, The Diversity of Life and Niles Eldredge, Life in the Balance: Humanity and the Biodiversity Crisis. For an excellent article explaining the difficulty of accurately estimating the rates of extinction, see Vânia Proença and Henrique Miguel Pereira, “Comparing Extinction Rates: Past, Present, and Future,” in Encyclopedia of Biodiversity, vol. 2, 167–176.


  16.   The epidemic of infestation in frog populations has been caused by several strains of the fungus Batrachochytrium dendrobatidis or “BD,” and is especially troubling since it has affected frogs on every continent and has already been linked to the extinction of dozens of species. Nevertheless, biologists have reported limited success in helping some species of frogs to develop an immunity to BD. See Carl Zimmer, “Hope for Frogs in Face of a Deadly Fungus,” New York Times July 9, 2014.


  17.   The annual extent of global carbon emissions have been painstakingly compiled by the Carbon Dioxide Information Analysis Center at the Oak Ridge National Laboratory. For details on how this information is compiled, see G. Marland, T. A. Boden, and R. J. Andres, “Global, Regional, and National Fossil Fuel CO2 Emissions,” in Trends: A Compendium of Data on Global Change (Oak Ridge, Tennessee: Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, US Department of Energy). Available at: http://cdiac.ornl.gov/trends/emis/overview. Detailed annual emissions data since 1751 is available at: http://cdiac.ornl.gov/trends/emis/tre_glob.html.


  18.   Marine isotope stages (MIS), also known as “oxygen isotope stages (OIS),” refer to periods in the earth’s geological history when global temperatures became either warmer or cooler than they had been during the preceding time period. These stages are determined by measuring the ratio of two isotopes of oxygen—oxygen-16 and oxygen-18—in the shells of marine organisms that were buried at different geologic times in the sea floor. As the oceans become warmer, the proportion of oxygen-18 in the shells decreases; as the oceans become cooler, the proportion of oxygen-18 increases. There have been twenty-two of these stages during the past million years, reflecting the alternating states of global warming and global cooling as the ice ages have advanced and retreated. Odd-numbered stages, including MIS 1 (the past eleven thousand years) and MIS 11 represent the warm periods, while even numbered stages represent cold periods, including all of the major ice ages that have occurred over the past million years.


  19.   See William R. Howard, “Palaeoclimatology: A Warm Future in the Past,” in Nature 388 (1997), 418–419, and Alberto V. Reyes, Anders E. Carlson, Brian L. Beard, Robert G. Hatfield, Joseph S. Stoner, Kelsey Winsor, Bethany Welke, and David J. Ullman, “South Greenland Ice-Sheet Collapse during Marine Isotope Stage 11,” Nature 510 (2014), 525–528.


  20.   Climate scientists are still struggling to understand exactly why the several most recent ice ages have begun with uncanny regularity every one hundred thousand years, but the prevailing consensus is that this phenomenon is related to irregularities in the earth’s orbit around the sun. See John Imbrie, A. Berger, E. A. Boyle, S. C. Clemens, A. Duffy, W. R. Howard, G. Kukla, J. Kutzbach, D. G. Martinson, A. Mcintyre et al., “On the Structure and Origin of Major Glaciation Cycles: 2. The 100,000-Year Cycle,” Paleoceanography 8, no. 6 (1993), 699–735.


  21.   See Toby Tyrrell, John G. Shepherd, and Stephanie Castle, “The Long-Term Legacy of Fossil Fuels,” in Tellus B, vol. 59 (2007), 664672, and also Fred Hoyle and Chandra Wickramasinghe, “On the Cause of Ice-Ages,” Cambridge-Conference Network, July 1999. Available at: http://abob.libs.uga.edu/bobk/ccc/ce120799.html.


  22.   See United Nations Department of Economic and Social Affairs, Population Division, World Population Prospects: The 2012 Revision (New York: United Nations, 2014).


  23.   The exact number of nation-states is not only frequently changing but is also subject to interpretation. For example, thirty new nations came into being in the seven years between 1956 and 1963, when the colonies of Africa achieved independence from Europe and became independent nations. And the total number of nation-states increased again by five during the 1990s, when a single nation-state, the former Republic of Yugoslavia, fissioned into six independent nations: Serbia, Croatia, Slovenia, Macedonia, Montenegro, and Bosnia-Herzegovina. Moreover, it can sometimes be difficult to determine whether a given political and geographical entity is in fact a nation-state in its own right. For example, is Palestine a nation—as the Palestinians themselves asserted in their Declaration of Independence in 1988—or is it a United Nations mandate without any status as an independent nation, as the Israeli government currently maintains? There is no consensus on this point.


  24.   Between 1901 and 2000, no less than 177 new nation states were created. See Philip G. Roeder, Where Nation-States Come From: Institutional Change in the Age of Nationalism (Princeton: Princeton University Press, 2007), 10.


  25.   Of the 150 Nobel Prizes awarded in physics, chemistry, and medicine during the fifty years beginning in 1964 and ending in 2013, eighty-two, or 55 percent, were awarded to international teams. See Wikipedia, List of Nobel Laureates, 2014.
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  Figure 1.1. A Victorian-era cartoon published in The Hornet, the satirical English magazine in which Charles Darwin was famously portrayed as “a venerable orang-outang.”
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  Figure 1.2. The body language of these chimpanzees reflects the solidarity and familiarity they feel as members of the same social group.


  Courtesy of http://www.aidanhiggins.com/images/chimps.jpg
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  Figure 1.3. This infant patas monkey instinctively clings to its mother’s fur, where it will ride upside-down for the first several months of its life.


  Photo by Richard Dutton, richard@dutton.me.uk. Reprinted with permission.


  [image: image]


  Figure 1.4. The discovery that chimpanzees make and use tools revolutionized scientific thinking about the origins of tool use. This chimpanzee is using a stick for fishing termites out of their nest.


  Photo by Mike Richey. Reprinted under the Creative Commons Attribution-ShareAlike 3.0 Unported License.
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  Figure 2.1. The Laetoli footprints furnished indisputable evidence that early hominids were fully bipedal and have been walking on two legs for millions of years. © 2015 John Reader. Reprinted with permission.
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  Figure 2.2. Compare the blunt, stubby canine teeth of the early hominid Australopithecus afarensis (left) with the weapons-grade canines of our closest relative, the common chimpanzee (right). Left: © 2014 Skullduggery, Inc. Reprinted with permission; right: © 2014 Science Outreach, University of Canterbury, Christchurch, New Zealand. Reprinted with permission.
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  Figure 2.3. The bonobo, our closest primate relative, can stand and walk upright when carrying things with its forearms. But its bent knees reveal that its legs are designed for quadrupedal locomotion.© Frans Lanting/www.lanting.com. Reprinted with permission.
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  Figure 3.1. Professor Raymond Dart with the “Taung Child”—the first fossil of Australopithecus ever found. Wikimedia Commons.
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  Figure 3.2. The iconic Acheulean hand ax, made by emerging humans for hundreds of thousands of years. Its manufacture required the selection of a suitable stone and the mastery of a multistep process. Wikimedia Commons.
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  Figure 3.3. Homo erectus fossils collected by Eugène Dubois in Java. These were the first fossils discovered of the emerging human Homo erectus, which Dubois dubbed “Java Man.” Wikimedia Commons.
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  Figure 3.4. The forms of the various species of humans that were once believed to exist, as they were depicted in Carolus Linnaeus’s Systema Naturae. Wikimedia Commons.
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  Figure 4.1. A beaver lodge in winter. Although its brain is only slightly larger than a walnut, the beaver constructs a complex dwelling, complete with cleverly concealed entrances and breathing holes. Illustration by Mike Storey. Reprinted with permission.
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  Figure 4.2. The son of a Plains Cree chief in traditional ceremonial dress. Note the tailored clothing that covers almost the entire body of this hunter-gatherer from the North American Plains. Geraldine Moodie / Library and Archives Canada.
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  Figure 4.3. Map of Europe showing the minimum percent of the body that the Neandertals must have covered with clothing in order to survive in Europe between 70,000 and 50,000 years ago. Reprinted from Journal of Human Evolution, vol. 63, no. 6, Nathan Wales, Modeling Neanderthal clothing using ethnographic analogues, page no. 786, copyright 2012, with permission from Elsevier.
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  Figure 4.4. The three types of lice that infest the human body. Top left: the human body louse; top right: the human head louse; bottom: the human pubic louse. Human head louse: Creative Commons Attribution-ShareAlike 3.0 files; human body louse and pubic louse: courtesy CDC DPDx—Centers for Disease Control—Laboratory Identification of Parasitic Diseases.
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  Figure 5.1. Marcelino Sanz de Sautuola and his daughter Maria, who together discovered one of the world’s largest and finest collections of prehistoric art, in Altamira Cave, Spain. Maria Sanz de Sautuola: Santander Prehistory Museum.
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  Figure 5.2. A painting of extinct bison found by Maria de Sautuola in Altamira Cave. Originally rejected by paleontologists, these paintings are now among the most treasured examples of prehistoric art. Wikimedia Commons.
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  Figures 5.3a and 5.3b. The Venus of Lespegue from France (left) and the Venus of Willendorf from Austria (right) date from the same time period, yet their artistic styles reflect the distinct cultures of these two different Paleolithic societies. Venus of Willendorf photo by Matthias Kabel, Creative Commons.
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  Figure 5.4. This horse’s head, carved from a section of reindeer antler, is fifteen thousand years old. It shows the prehistoric artists’ consummate skill in rendering the likeness of animals. Wikimedia Commons.
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  Figure 7.4. This cuneiform letter, written with a wedge-shaped stylus in soft clay, was sent to the king of the Mesopotamian city of Lagash, informing him of the death of his son in combat.


  [image: image]


  Figure 7.5. Egyptian hieroglyphics were carved in stone (top) and also written in a more simplified “cursive” form on sheets of papyrus (bottom). Top: permission granted by GNU Free Documentation License 1.2 and the Creative Commons Attribution-Share Alike 3.0 Unported License.
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  Figure 7.6. Writing began in the Indus Valley with symbols carved onto clay seals (A) often combined with imagery (B) and stamped onto soft clay or wax (C). The use of repeated symbols (D) is evidence that the Indus script was a true written language. A, B, and C: permissions granted by GNU Free Documentation License 1.2; D: permission granted by GNU Free Documentation License 1.2 and the Creative Commons Attribution-Share Alike 3.0 Unported License.
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  Figure 7.7. Forms of early writing in China, from (A) Jiahu, 6600 BC, (B) Dadiwan, 5800 BC, (C) Longshan, 3000 BC, and (D) the “oracle bone writing” of the Shang dynasty, 1200 BC. C: redrawn by Tomchen in 1989; D: replica of oracle turtle shell with ancient Chinese oracle scripts; licensed under Creative Commons Attribution-Share Alike 3.0 via Wikimedia Commons.


  [image: image]


  Figure 7.8. The extremely complex hieroglyphics of Mayan civilization were written on panels of flattened bark (top) and also carved into the facades of stone temples (bottom). Bottom: Creative Commons Attribution Share-Alike 3.0 License.
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  Figure 7.9. The wheel evolved from solid pieces of wood (A) to a three-piece design (B) that ultimately evolved into the multispoked wheel (C). Chariots had four- and six-spoked wheels (D and E). Decorated wheels (F) were used for ceremonial occasions. A–E: illustrations by the author; F: after chariot, image 16657, Florida Center for Instructional Technology. Reprinted with permission.
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  Figure 8.1. The “verge and foliot” escapement (A) was used for 350 years, but was eventually replaced by the pendulum and the more accurate “anchor” and “deadbeat” escapements (B) and (C). A: De Vick clock verge & foliot by Pierre Dubois, licensed under public domain via Wikimedia Commons; B: anchor escapement by George Henry Abbott Hazlitt; licensed under public domain via Wikimedia Commons; C: deadbeat escapement by Frederick J. Britten; licensed under public domain via Wikimedia Commons.
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  Figure 8.2. The screw press had been used since ancient times, but precision machining made it possible for Johannes Gutenberg and others to adapt the screw press for the task of printing on paper. William Caxton showing specimens of his printing to King Edward IV and his Queen. Licensed under public domain via Wikimedia Commons.
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  Figure 8.3. A wood-fired blast furnace of the type commonly used in sixteenth-century Europe.
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  Figure 9.1. Charles Babbage’s “difference engine” was the most advanced calculating machine of its time. This version, designed in 1849, was built at the London Science Museum in 1989. Permission granted by GNU Free Documentation License 1.2 and the Creative Commons Attribution-Share Alike 3.0 Unported License.
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  Figure 9.2 The UNIVAC Model 1103, designed for making scientific calculations, was announced by the Remington Rand Corporation in February of 1953.
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  Figure 10.1. Biosphere 2 was intended to demonstrate how humans could live on other planets, but instead it showed that life cannot be sustained once contact with the earth’s natural ecosystems is severed. Wiki bio2 sunset 001 by Johndedios. Licensed under Creative Commons Attribution 3.0 via Wikimedia Commons.
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