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The Future Head-On

The future in the modern imagination has always stretched out ahead like a broad highway drawing us onward with the promise of tomorrow. Now rather suddenly, as it becomes impossible to ignore dramatic physical changes taking place across the Earth, the future looms like an urgent question. Whatever the coming century brings, it will not unfold smoothly as some improved but largely familiar version of life as we know it. This is the only thing that seems certain.

Now that many are beginning to awake to the danger, perhaps we will finally come to understand the stakes in the planetary emergency unfolding all around us—an emergency that involves far more than the pressing problem of climate change. I’ve long had a bumper sticker pinned to my office door that captures the truth not yet fully grasped. It bears a blue cartoon-like outline of a sperm whale along with the admonition: SAVE THE HUMANS. Whatever else is in jeopardy, this is first and foremost a crisis for humans and our current civilization. Moreover, what confronts us is not a vague prospective danger to an abstract posterity in some future time. The threat is to a child born today.

In recent years, scientists have been drilling into the ice sheets on Greenland and Antarctica and retrieving cores of ice, some almost two miles long, which contain trapped bubbles of ancient air—bubbles that record the long history of past conditions on Earth over some 800,000 years and also hold clues to the future. The deep ice tells us many things, but two facts about our situation stand out. First, human activity is pushing the balance of gases in the Earth’s atmosphere way beyond the normal range at an alarming speed. Second, the world as we know it with agriculture, civilization, and dense human numbers emerged during a rare interlude of climatic grace—a “long summer” of unusual stability over the past 11,700 years. Because of humanity’s planetary impact, this benign period is now ending.

Today, the hyperactive growth of industrial capitalism and the burden of increasing human numbers constitute a planetary force comparable in disruptive power to the ice ages and asteroid collisions that have previously redirected Earth’s history. Since the first Earth Day in 1970 and the 1972 global conference on the environment in Stockholm, there has been growing alarm about the ways human activity everywhere around the globe undermines the renewal powers that sustain local and regional ecosystems. More recently, however, scientists began reporting ominous developments heralding dangers of a whole new order. In the second half of the twentieth century, the relentless expansion of modern industrial civilization started to impinge on the invisible, global-scale cycles that make up the Earth’s essential life support. The human enterprise had become an agent of risky global change that now threatened to undermine fundamental parts of the Earth’s metabolism.

In the ultimate irony, however, human domination of the Earth has not brought with it the control of nature promised by the modern era’s guiding myth of progress. Nor has it brought “the end of nature” as the author of an early book on global warming lamented. Rather we are already witnessing Nature’s return to center stage as a critical player in human history. This development, more than any other, will shape the human future.

The urgent question is, simply stated, whether in the face of these changes, the Earth will remain a place that can support complex, interconnected global civilization or, in the extreme, sustain human life.

Over the past two decades, attention has focused on specific symptoms of humanity’s global-scale disruption of the environment: the destruction of the ozone layer, climate change, the worldwide loss of species, the growing threats to oceans, pervasive chemical contamination of food webs everywhere on Earth. But these are only signs of broader planetary distress, aspects of a larger story. We need to press beyond the symptoms to discover what fundamentally ails us and to gain a clear-eyed view of where we now find ourselves.

The End of the Long Summer looks anew at the human story and sets forth an account radically different from the onward and upward progress narrative of the modern era. The source of its hope lies not in the belief that humans are destined to achieve dominion but rather in the evidence that we are a stormworthy lineage that has managed to flourish on an increasingly volatile Earth. We come from a long line of survivors who were tempered in the crucible of climatic reversals and catastrophic change. This book also explores the challenge of living in a time of great uncertainty—a challenge our forebears faced repeatedly in their evolutionary passage—and what this moment requires of us. Above all else, it concerns “the obligation to endure.” Biologist Jean Rostand’s resonant phrase, famously quoted by Rachel Carson in Silent Spring, asks us to see ourselves in a longer perspective than our own lives; it reminds us of our responsibility in life’s compact across generations to those who preceded us and to those who will follow. It is time to confront our dilemma squarely and learn how and why we have arrived at this perilous juncture. We need to understand what we are up against if we are to make wise decisions about how to proceed in a time of growing danger.

In my work as a journalist, I spent more than a quarter century on the front lines of the crisis in nature, witnessing firsthand the destructiveness of the modern human enterprise. I’ve served as a chronicler of loss and a messenger of warnings over the time that this crisis has escalated from the early concerns about dirty air and dirty water of that first Earth Day to the current global jeopardy of deteriorating and unstable planetary systems. As the situation worsened, those trying to remedy the multiplying symptoms of stress have hurtled from one emergency to another, running faster and faster on an accelerating treadmill of crisis. Treating symptoms has been akin to chasing brush fires. Finally there is no choice but to take on the pyromaniac.

Our dilemma is more than an “environmental crisis.” The modern era has been a radical cultural experiment. Without question, it has been spectacularly successful in the short run at producing wealth and comfort for more people than ever before. But this success entails a dangerous gamble. The global civilization that now dominates the world has departed fundamentally from practices that have helped ensure human survival in the longer run.

If we are to come to grips with this planetary emergency, we need to understand the process that drives it. Most of all, we need to see how our current modes of thinking fuel this emergency and at the same time increase our vulnerability to the consequences. The inherited assumptions we bring to the situation impair our assessment of the dangers. In this new historical landscape, we not only continue to intensify the physical crisis through exponential growth. Perhaps more important, we also struggle to understand and resolve our dilemma using ideas about the world that are now obsolete and dangerous.

This failure of fundamental ideas lies at the heart of the broader human crisis. Modern industrial civilization’s recent capacity to disrupt essential planetary systems has precipitated stunning events, such as the appearance of the Antarctic ozone hole, that challenge our culture’s view of the world. The past two decades have raised fundamental questions about human power, the nature of the world we inhabit and act upon, and humanity’s place in it. This broader crisis cannot be remedied through increased scientific research or short-term technological fixes. In this new era, our inherited cultural map lies in tatters and needs serious revision to serve as a reliable guide. The question of whether we correctly understand both our own presence on Earth and the nature we disrupt is not merely a philosophical concern. It bears directly on practical decisions that lie ahead and on the deep, longer-term changes needed to redirect the human enterprise onto a safer course. For four centuries, it did not seem to matter that the vast construct of modern civilization rested on an inaccurate view of nature or that our cultural map was missing vital information.

Now it matters most of all.

The problem of climate change illuminates the radical uncertainty of our situation and the uncomfortable fact that the future is not in our hands alone. Leading voices, including former UN chief weapons inspector Hans Blix, have warned that climate change will be a far greater hazard in the twenty-first century than terrorism. In truth, there is no knowing exactly how events will unfold. Scientists working with computer models of the Earth’s climate system can warn about where we may be headed if levels of carbon dioxide in the atmosphere reach levels twice what they were at the start of the Industrial Revolution, as is likely by midcentury on our current business-as-usual trajectory. But the outcome will depend not only on what we do but also on how Earth responds. In the past few years, new scientific studies have indicated that the Earth’s response is proving “faster and nastier,” as one British policy specialist put it, than current climate models forecast. The possible future, outlined in the consensus scientific assessment compiled under the auspices of the United Nations, ranges from seriously disruptive to dangerous and even catastrophic.

The hard truth is that there are no “solutions” that can simply halt this planetary emergency, stop the dramatic changes that are already under way, and save the world we have known. In squandering the chance to avoid significant climate change, we’ve already crossed one fateful threshold. But other, much more dangerous thresholds lie ahead. With resolve and foresight, we can foster the resilience that is essential in a time of growing instability; with rapid, determined action as well as luck, we may perhaps avoid outright catastrophes of rapid sea-level rise, abrupt climatic jolts that would shake our civilization off its foundations, and irreversible changes that would make most of the planet inhospitable for human life. In the past decade, however, the trends in our global economy have been sweeping us like a riptide out into ever more dangerous waters.

The task then is to do our utmost to avoid the worst and, at the same time, figure out how to weather the change that is now unavoidable. How climate changes is going to be as important in coming decades as how much temperatures rise. Contrary to the common and persistent notion that global warming is going to proceed like a smooth escalator carrying northern climes into an era of balmy winters, scientists studying the Earth’s early climate history have found evidence of swift, intense change in less than a century or even within a single decade. The faster the warming and the higher temperatures climb, the greater the danger that change will arrive in abrupt shifts and surprises—shocks that could lead to the collapse of social and economic systems. The dramatic loss of ozone was such a surprise.

Recent media coverage of global warming and Al Gore’s film An Inconvenient Truth have highlighted the threat of melting ice sheets, rising seas, and the loss of low-lying areas and coastal cities as a worst-case scenario. Although catastrophic, these are relatively gradual changes to which we might, however chaotically and painfully, adapt. The real danger of abrupt shifts in planetary systems has figured little in the public discussion of global changes. Yet within the past 120,000 years, the climate in the North Atlantic region that embraces critical world financial centers in Europe and the United States has experienced repeated, extremely abrupt warming events as well as equally dramatic episodes of cooling. In some of these reversals, the climate has passed from one state to another as if by the flip of a switch in a decade or less, and average temperatures have shifted by as much as 18 degrees F.

The other pressing concern is whether the changes under way will increase climate fluctuations, bringing wild swings in temperature and rainfall. The climate during the long summer has been distinctly at odds with the chaotic climate humans have faced through most of our history, which often varied more from decade to decade than it has during the past twelve thousand years. A return to past patterns of extreme variability would be devastating to agriculture, which has provided the foundation for complex civilization over the past six millennia.

If, indeed, surprising shifts, abrupt change, and increasing climatic variability are among the possible challenges in our future, we must turn our attention to a new aim, as yet largely unconsidered—the task of shockproofing our human systems. The modern way of organizing life leaves us badly prepared for the disruption and instability it has engendered. The current trend toward interdependence and globalization is only increasing our vulnerability. From an evolutionary perspective, the process of globalization is a risky strategy indeed. Such tight integration may be an acceptable gamble if one lives in a relatively stable environment and can be reasonably confident that tomorrow will be pretty much like today. But it is not a wise way to meet a changing world. The pursuit of global integration at this time poses a real danger that critical institutions could unravel or suffer outright collapse from relatively minor climate discontinuities. We could, in short, find ourselves in the midst of social and economic chaos long before the advent of any climate catastrophe. This growing vulnerability of the global economic system has been largely absent from the discussion of climate change and the human future.

In the face of possibly severe challenges, we should move to restructure human society in ways that will make it less vulnerable to collapse in an unstable world, adopting into our human systems those features that have allowed Earth’s life to endure in the face of catastrophe. Structural principles that have made the Earth system remarkably resilient include functional redundancy, in which a variety of different species do the same job; a modular structure in which the whole is comprised of smaller, relatively self-sufficient units; and compartmentalization, which limits the connections of parts of the system to the whole. I am not suggesting a retreat from globalization altogether. Because of our planetary impact, all humans now share a common destiny, which must be considered at the global scale and perhaps eventually managed through an effective global body. At the same time, however, the growing instability and uncertainty of our situation requires a fundamental shift in priorities. As we make choices about the future, we need to give serious thought to a new security founded on increased local and regional self-reliance rather than thinking simply about efficiency and cost. The more we deglobalize and decentralize food and energy systems, the more likely we’ll be able to meet our basic needs in an emergency when transportation becomes impossible. Given the foreseeable end of cheap oil in the coming decades and the political volatility of the Middle East, this makes good sense even if we weren’t facing the challenges of global change.

There are other things to consider, as well. We must also find ways to enhance what some have called social capital—the capacity for trust and cooperation that helped our ancestors survive past calamities. It would also be prudent to develop simple and elegant essential technologies—for example, to purify water, generate electricity, and cook food—that can still operate and meet basic needs if the current global infrastructure breaks down, whether temporarily or for longer periods. And in the extreme, if it becomes clearer that our complex global civilization may not survive the chaos of the coming century intact, we must decide how to convey an essential cultural legacy to those who rebuild.

The aim in all this is survivability, a challenge that goes beyond “adapting” to a drier climate or flood dangers or making current practices “sustainable.” First and foremost, we need to insulate and redesign our social and economic systems so they can better withstand disruption and shock and can change in the face of altered circumstance. Survivability should not be mistaken for survivalism—an impulse focused on retreat from society and individual survival. The aim rather is to safeguard the human knowledge and institutions that give us the capacity to respond with imagination and flexibility to a changing world.

The most formidable obstacle ahead may be an imaginative one. The first step is to recognize that we have entered a period of deep change. Of course, simply suggesting that our civilization may be hitting a dead end is considered a message of “gloom and doom.” But this judgment is a matter of perspective. Acknowledging that we’re at the end of something means we’re at the start of something else. We need to imagine futures that don’t much resemble the present—all kinds of futures, creative alternatives as well as frightening scenarios. The question is not how to preserve the status quo, but rather how to make our way in a new historical landscape. Today’s children will likely confront challenges we can hardly begin to imagine in a radically altered, unrecognizable world. Can we responsibly continue preparing them for business as usual? And if not, what can we do to make them ready for a survival game in which wild cards rule?

This transition could span several volatile centuries, fraught with uncertainty, but humans have weathered radical changes before. Our lineage evolved on an erratic and inconstant Earth and not, as myths have imagined, in the tranquil security of some prehistoric Eden. Our evolutionary legacy has endowed us with the flexibility vicissitude requires and the creativity to survive in an uncertain world. We owe our very existence to ancestors who survived through times of cataclysmic change.

Now, in the years ahead, our children and grandchildren and their grandchildren must make a dangerous passage through a storm of our own making. The door to the comfortable and familiar world we depend on has already slammed shut behind us. It is already too late to “prevent” global warming or to “solve” the climate crisis, too late to prevent powerful forces from altering the trajectory of human history. That we have already crossed some ominous thresholds, however, does not mean that it is too late to do anything at all. We humans are at a critical juncture—an historical moment that requires courage and sober realism. We cannot bank on the end of the world or deliverance from the trials of existence, whether through biblical apocalypse or our own extinction. Nor can we proceed on blind faith in technological salvation. Fear, despair, and denial are indulgences we cannot afford. It is time to turn and face the future head-on.
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The Planetary Era

We do not yet understand our own time.

As the twentieth century was drawing to a close, every news organization, it seemed, prepared some sort of retrospective highlighting the significant events and milestones of the century or of the past one thousand years. It was one of those rare moments when the media step back from the day-to-day hustle for a longer view. During the countdown to the new millennium, I found myself reading and watching these reviews with curiosity to see what was included and what left out. Then I began scouring them, searching for some sign that the leaders and communicators in our culture have even an inkling about where the twentieth century had taken us.

Two themes dominated these surveys of the departing century: the horrors of modern war and the triumphs of technology. In the replay of significant moments, Allied soldiers in World War II stormed onto the beach at Normandy, the fascinating and terrifying mushroom cloud surged skyward over Hiroshima, and soldiers liberating the Nazi extermination camps wandered amid surreal piles of pale, naked, bony bodies. Cold War highlights featured President John F. Kennedy’s address to the nation during the Cuban missile crisis and shots of jubilant Germans astride the Berlin Wall, pulling it to pieces as the Soviet empire dissolved into history. Fragile single-engine airplanes lifted into tentative flight, and some of the first horseless carriages chugged across the TV screen, raising a rooster tail of dust. A doctor in a white coat administered polio shots to children waiting in a long line. The linked ribbons of a double helix rotated on the screen, fraught with mystery and promise.

In nods to transforming social movements of the century, suffragettes marched for the vote beneath fluttering banners and magnificent broad hats, and Martin Luther King intoned “I have a dream.” There were pictures of twitching, dying, DDT-poisoned birds, as viewers heard about writer Rachel Carson’s enduring book Silent Spring and how this passionate indictment of the chemical war against nature had sparked the modern environmental movement.

But the image that transcended all others was that grainy shot of astronaut Neil Armstrong taking the first step onto the desolate landscape of the moon with the self-conscious pronouncement “That’s one small step for a man, one giant leap for mankind.” In the popular mind, this was the emblematic moment of the twentieth century.

In its final days, I watched Neil Armstrong step onto the moon again and again while I waited in vain to read or hear even a passing mention of the Antarctic ozone hole or recognition of the profound watershed in the human journey it symbolized—the arrival of a new and ominous epoch when human activity began to disrupt the essential but invisible planetary systems that sustain a dynamic, living Earth. Humanity had, indeed, taken a giant leap, but these retrospectives were seriously mistaken about the geography of the future. In the second half of the twentieth century, modern civilization emerged as a global-scale force capable of redirecting Earth’s history. This fateful step marks a fundamental turning point in the relationship between humans and the Earth, arguably the biggest step since human mastery of fire, which helped launch the human career of dominion. The consequences are not limited to global warming, nor are weather extremes the first evidence of our new status. Accelerating climate change signals a far deeper problem—the growing human burden on all of the fundamental planetary processes that together make up a single, self-regulating Earth. When future historians look back on the twentieth century, this quick visit to the moon will surely seem like a minor event compared to the giant leap humanity had taken here on Earth.

The Earth is one in ways we are only beginning to understand.

Much more than merely an assemblage of ecosystems or a catalog of species, the Earth, not unlike the human body, is a dynamic whole that emerges from the interaction of all of life, the oceans, the air, the soil, and the rocks. It functions as a unified system with a global metabolism that depends on the living organisms that inhabit it—microbes, plants, and animals—as well as on chemical and geological processes, including the weathering of rocks, the eruption of volcanoes, and the downward plunge—subduction—of tectonic plates that make up the Earth’s crust. This great global metabolism is what keeps the Earth a suitable place for life. Without this nonstop planetary maintenance, the Earth would not be the shimmering, inviting, cloud-draped blue and green orb we have only recently come to see as a whole in photographs astronauts have taken from space. Various parts of this system help maintain the balance of gases in the atmosphere, modulate the Earth’s temperature, shield our planet from the sun’s dangerous radiation, and recycle water and elements vital to life: carbon, nitrogen, sulfur, and phosphorous. In a great flux that developed over billions of years, these four nutrients, which are essential to life on the planet, constantly circulate in endless interconnected cycles far and wide across the face of the Earth as they move through plants and animals to soils, oceans, and atmosphere and back again to plants and animals.

The sulfur on land, for example, washes into rivers and is carried to the ocean, where it is taken up by one-celled marine plants, including some armored with tiny buttonlike shells called coccolithophores. One species of this group, Emiliania huxleyi—individuals measure one hundredth of a millimeter in diameter and look like a Hollywood designer’s vision of a spherical space station that one might see in Star Wars—is abundant all over the world and can bloom with such exuberance that its presence is visible from space as milky swirls curling across great expanses of blue ocean. These tiny plants emit a sulfur-bearing gas, dimethyl sulfide, back into the atmosphere. There the sulfur particles may help regulate climate by reflecting incoming solar energy back to space and by attracting water droplets and stimulating the formation of clouds that help cool the earth. As winds blow these clouds from the ocean to land, the sulfur returns to earth with the rain and becomes available again to plants and other living things.

The well-being or ill health of any particular place on Earth depends on distant connections. Dust transported from the Sahel region of Africa provides essential elements for the great Amazon rainforest, and the native forests in Hawaii have endured on old, highly weathered volcanic rocks because the phosphorous needed to maintain them blows in with dust from the Gobi Desert more than 3,700 miles away.

This radical new view of life on Earth may prove to be the U.S. space program’s greatest legacy. Perhaps ironically, the initiative that opened the door to this new perspective was the National Aeronautics and Space Administration’s project to search for life on Mars. As this effort got under way in the early 1960s, a team at NASA’s Jet Propulsion Laboratories in Pasadena, California, took up the question of how exactly one might discover whether Mars and other planets harbored life. One of the outside consultants advising on the design of instruments for this quest was a British scientist and inventor, James Lovelock, who had already gained some prominence in scientific circles for his invention of an exquisitely sensitive device—the electron capture detector—that could measure tiny amounts of chemical compounds in the atmosphere and elsewhere. In periodic visits to JPL, Lovelock quickly became engaged in the larger questions involved in this investigation. The initial thought was to design equipment that would land on Mars to take samples and do tests in much the way one might investigate life on Earth. In time, however, Lovelock came to question this assumption. Perhaps if life on Mars existed, it would be life of a different style and not revealed by tests designed to study earthly life. And that led to even more basic and problematic questions, such as What is life? and How would we recognize it if we encountered life unlike ours?

Lovelock eventually hit on the idea that one could better recognize life elsewhere by looking for the signature of its process rather than for particular organisms. “Life,” as one eminent biologist put it, “is a verb,” and living things, in maintaining themselves through the incessant chemical activity and energy flow of metabolism, leave telltale signs of their presence in oceans and atmosphere. Since Mars has no ocean, the place to focus a life-detection experiment there would be its atmosphere.

Based on this theory, one would expect a planet without life to have a chemically static atmosphere, since it would have exhausted all the possible chemical reactions and arrived at equilibrium. The atmosphere of a life-bearing planet would be noticeably different. If there were life on Mars, living things would alter the atmosphere as they extracted nutrients for sustaining themselves and later released waste; the ongoing process of staying alive would move the atmosphere toward a state of disequilibrium. To the chagrin of some of his NASA colleagues bent on space exploration, such as astronomer Carl Sagan, Lovelock concluded that one did not need to send a spaceship to Mars to determine whether it had life. A telescope could detect this disequilibrium, the chemical fingerprint of life, even at a great distance. As early as 1965, in fact, readings from an infrared telescope at an observatory in France would provide a detailed analysis of the atmosphere on two relatively nearby neighbors in our solar system— Mars and Venus—readings that showed that both had atmospheres dominated by carbon dioxide and chemically close to equilibrium. Dead planets.

The atmosphere of Earth, by contrast, is an extraordinary mix of unstable gases that persists in a state of deep disequilibrium. Oxygen and methane do not by their nature remain long in the presence of each other because they react to form other, more stable compounds— carbon dioxide and water—yet they nevertheless coexist in predictable proportions. Similarly, the dominant gas in the Earth’s atmosphere, nitrogen, was also a puzzle to Lovelock, for gaseous nitrogen is disposed to react with oxygen to form nitric acid, which eventually ends up in the sea as stable nitrates. How was it that nitrogen continued to make up 78 percent of the air around us? In short, the composition of Earth’s atmosphere is wholly unexpected, indeed utterly “improbable” in Lovelock’s word, but the planet has somehow maintained its surprising balance of gases over long periods of time.

The mystery was how Earth could be a stable planet when it is made up of such unstable parts. If methane and oxygen persist, it must be that something keeps replacing these gases in the atmosphere as fast as they are being destroyed in chemical reactions. The answer came to Lovelock in a flash of insight. Living organisms must be providing the constant flow of gases that regulated the atmosphere. The Earth owed the dynamic balance of its atmosphere, its stable instability, to a collaboration of all life in concert with inanimate geological and chemical processes. Indeed, in creating and constantly maintaining itself through this grand metabolism, the planet as a whole exhibited behavior, according to the definition of influential biological theorists, fundamental to life. The Earth is thus not merely a planet with life but in the deepest sense a living planet.

Some four decades later, scientists may still debate the extent to which Earth does or does not resemble something living, but the once radical notion that “life is a necessary and active player” in a single, interconnected, self-regulating system is now unquestioned and provides the foundation for scientific investigation of the Earth system. And in its continuing search for life on planets beyond our solar system, NASA today values chemical analysis of the atmosphere as a primary way to recognize its presence.

The encounter between this awesome Earth metabolism and an increasingly gargantuan human economy that dominates the planet has given rise to the unique challenges of the planetary era. We still do not have a complete understanding of why we are facing this escalating planetary emergency. The answer is not simply that we have altered nature with fossil fuels and carbon dioxide. Living things inevitably change their environment in the process of living, as Lovelock recognized, by taking in resources from the surrounding environment, transforming them, and returning the waste. But with the advent of the modern industrial economy, the human enterprise over the past two centuries has been transforming the Earth on a scale and at a speed that is mind-boggling and unprecedented. This great burst of profound and still accelerating change has been altering everything everywhere on Earth. By its sheer magnitude, human activity is transforming the oceans and the composition of the Earth’s atmosphere and unhinging this grand global metabolism that maintains conditions necessary for life. Based on available evidence, it appears that the Earth system has never experienced change of these types on this scale and at such rates before. This is how we emerged as a planetary force—by “pushing the Earth system well outside of its normal operating range.” When I contemplate the possible implications of this radical experiment, I often see in my mind’s eye a fish in an aquarium fiddling with the controls that regulate the tank. If “the unifying force of an age is its predicaments,” this radical experiment with the planetary metabolism is our predicament, the unifying force of our planetary era.

Scientists may describe the nature of this radical experiment with the Earth’s metabolism, but they cannot explain how and why we ended up in this predicament. The answer to these questions lies in unique historical developments in modern Western civilization over the past two centuries. In the broadest terms, the predicament of this age stems from the astonishing growth in the scale of the human enterprise that began in the middle of the eighteenth century with the Industrial Revolution in England. This expansion has been propelled not only by machine power and a new mode of production, the factory system, but by the imperatives of capitalism and competitive nationalism, sudden access to great stores of energy in the form of fossil fuels and the use of new kinds of raw materials, the advances in science and technology, and the modern Western ethos of progress, economic growth, and control of nature. This dynamic of industrial capitalism was indeed revolutionary, for it did not merely bring an acceleration of economic growth, but, as the historian Eric Hobsbawm observes, a new process of growth characteristic of the modern era: “self-sustained economic growth by means of perpetual technological revolution and social transformation.” As the society transformed itself to foster this process and entrepreneurs plowed income back into new factories, additional machines, and innovations that improved and expanded production, growth became self-perpetuating and, in the words of economist W. W. Rostow, “more or less automatic.” The momentum built on successive waves of new technologies, new communication and transportation networks, new kinds of economic organization, and an unabating maelstrom of social upheaval as “human society became an accessory of the economic system.” All these elements reinforced each other, creating the power and drive of a unique, dynamic, and evolving cultural phenomenon—modern industrial civilization.

How did this develop into a crisis? Some have attributed our planetary-scale disruption to the rapid growth of the human population, which does indeed play a role in the mounting stress. But the real story over the past two centuries has been the explosive expansion in the world economy—an economic big bang that has made extreme demands on natural systems. The size of the economy has expanded roughly ten times faster than human numbers. Moreover, the relationship between population alone and planetary stress is hardly straightforward. Take, for example, the carbon dioxide emissions driving climate change. The world’s population is now approaching 7 billion, but a mere 500 million people are responsible for half of the carbon dioxide added to the atmosphere each year. Princeton University energy and climate specialist Stephen Pacala states simply that “the climate problem is a problem of the spectacularly rich.” By this he does not mean well-off Americans in SUVs, though these contribute their share, but rather the global elite who indulge in private jets and own so many homes around the world that they sometimes lose count.

Over the long course of human history, population and economic growth have tended to rise and fall in tandem, in part because the economy—the goods and services a society produced—relied largely on the power of human muscles. At the start of the nineteenth century, as the Industrial Revolution was gathering steam—both figuratively and physically—people still provided 70 percent of the power even in Europe, a region that enjoyed the luxury of greater numbers of draft animals than other parts of the world. Animals accounted for another 15 percent or so, water and wind for roughly 12 percent, and the new technology of steam engines for the final few percent. The steam engine was the first new tool since windmills for turning available “inanimate” energy—energy not residing in human or animal muscle—into useful mechanical power that humans can employ to do work. The innovation of windmills had come on the scene almost a millennium earlier: One of the earliest reports of this technology comes from a Muslim traveler in the tenth century who saw a windmill lifting water to irrigate a garden in what is now eastern Iran. A windmill captures the kinetic energy of moving air and converts it to useful power; the new steam engines created power by exploiting chemical energy stored in coal and liberated by combustion.

Humans had been using coal for thousands of years before the invention of the steam engine in the eighteenth century, but only on a small scale. In Roman Britain, those assigned to the northern frontier along Hadrian’s Wall heated homes, villas, and baths with coal found in that area. In the sixteenth century, when England faced a timber crisis and soaring firewood and charcoal prices in cities, it became the first country to switch from wood to coal. This early turn to a fossil fuel as a replacement for wood provided the solution to a pressing energy crisis, but it did not lead inevitably or directly to the fossil-fueled civilization that would take shape two centuries later.

Two things would have to come together to allow humans to break free of the constraints that had governed previous human societies— the Earth’s geological legacy of fossil fuels, which contained vast stores of concentrated energy, and the new tool that provided access to this unimaginably rich energy vault. Before the steam engine, coal could provide heat for homes and industry, but only with the new technology could the wealth of energy be translated into the mechanical power to remake the Earth, both intentionally and unwittingly, and to produce unprecedented economic wealth. The steam engine was the key that first unlocked that power.

In the type of self-reinforcing cycle that would characterize the modern era, the coal-fired steam engine helped make more coal available to build and run more steam engines that could help recover even more coal. British miners had to dig deeper and deeper underground as the demand for coal increased, and in doing so, they quickly hit water, which had to be pumped out before it was possible to dig out the coal. At first, the muscle power of humans and horses powered the pumps, but in 1712, a small coal-fired, steam-powered pump invented by Thomas Newcomen went into operation at a mine in the West Midlands. This new device could pump a remarkable 150 gallons a minute from a 160-foot-deep mine shaft, and, geologist Richard Cowen observes, “At one stroke it turned an enormous amount of British coal (and coal around the world) from reserves to available resources.”

Around 1820, the long-coupled trajectories of economic growth and population growth parted ways. This unprecedented divergence occurred as steam engines, rather than muscle, wind, water, or animals, powered the second phase of the Industrial Revolution and the process of industrialization grew to dominate the economic organization of the societies where it had taken root. Propelled by access to fossil energy, the world economy began to expand far faster than human numbers and would accelerate over time to attain astonishing exponential growth. The barest statistics here are simply breathtaking. In the past two centuries, while the human population increased more than sixfold from 1 billion to now more than 6 billion, energy use has escalated more than eightfold, and the world’s economy (measured in 1990 international dollars) has grown roughly sixty-eight-fold. It took all of human history for the global economy to reach the 1950 level of over $5 trillion; in this decade, the world economy expanded that much in a single year.

In the beginning, the great hope had been that this industrial leap and economic growth would usher in an era of plenty and consign poverty to history, but despite the unimaginable wealth generated, the modern era has fallen far short of this promise. The world economy now produces eleven times more per person than it did in 1820, yet 77 percent of the world’s people remain poor. In recent decades, the benefits of economic growth have flowed increasingly to the rich—rich people, rich corporations, rich countries—and incomes and the standard of living have steadily risen for many people who live in industrial countries. At the same time, however, the divide between rich and poor is growing within countries and between countries—a trend that not only is appalling in itself but also is a threat to social stability and world peace. The world today is one where the rich fifth of humanity spends $2 on a cappuccino while half of the people in the world struggle to survive on that amount per day. These top 20 percent, who live in the United States, Europe, Japan, and other developed countries, command 85 percent of the world’s income and consume, on average, twice as much grain and fish, three times more meat, nine times more paper, and eleven times more gasoline than those living in developing countries. A generation ago, this top 20 percent were thirty times richer than the bottom 20 percent; today they are more than seventy-eight times richer. In 1950, the world had two poor people for every rich one; today the ratio is four poor for every rich person. In this world of gross disparity, the world’s three richest people have more money than the combined GDP of the forty-seven poorest countries. Despite robust growth in countries like China and India, inequality overall has grown with economic globalization. Economists such as Nobel laureate Paul Krugman may tout the benefits of this economic growth and boast that “the human race has never had it so good,” but this explosive economic growth and growing inequality have increased strains in human societies as well as in planetary systems. The record of the industrial era is at best mixed, and the balance of its costs as opposed to its benefits is indeed debatable.

The speed of this economic big bang has been as important as its magnitude. Around the time I was born, at the end of World War II, the human enterprise moved into fast forward, accelerating in an explosive expansion that has yet to abate. Of all the astonishing facts I’ve encountered, none compare with this: As modern industrial civilization churned across the face of the Earth in the second half of the twentieth century, it transformed the planet as much in the span of a single lifetime as did changes wrought by five hundred generations of our forebears through the ten millennia that saw the beginning of settled life, the rise of agriculture, and the advent of complex civilization. Imagine: half of the human transformation of Earth in fifty short years. Half.

If history had a g-force, we would all be pinned immobile against our seats like space travelers moving at warp speed. And like the adventurers in Star Trek who shoot to the speed of light and disappear into another dimension, the past fifty years in exponential overdrive have propelled modern civilization beyond past historical experience into the realm of the utterly unprecedented. Indeed, the familiar graphs of historical and environmental trends over time—carbon dioxide emissions, affluence, energy consumption, water use, paper consumption, the number of automobiles, economic growth, fertilizer and water use, ozone depletion—all trace a path that climbs gently upward from around 1800, and then in the mid twentieth century, the line suddenly shifts into vertical liftoff like a rocket. To emphasize this profound acceleration of human impact on all fronts since 1950, the authors of a definitive volume on global change presented twenty-four such graphs in a memorable two-page centerfold, charting how and why this half century has been “unique in the entire history of human existence on earth.”

I first encountered this stunning statistic about the change in my own lifetime almost two decades ago, yet my mind still reels when I pause to contemplate what it says about this time on Earth. It is almost impossible to grasp the magnitude and speed. The churning historical whirlwind that roars around us is all that most people alive today have ever known. Its dynamic of exponential growth and change continues to press toward the fast-approaching physical limits of our ultimately finite planet, and it lies at the heart of the conundrum of the human future.

The question remains: What explains the explosive growth that catapulted humans into the planetary league? One frequent answer is human ingenuity and the technological and institutional innovation that propels self-sustained economic growth. However, those who consider not just human economic systems, but the requirements of complex systems in general, arrive at a different explanation. Like all living systems, human societies maintain themselves by the continuous flow of energy, and the more complex the society, the more energy per capita it takes to maintain it. Indeed, as the pioneering chemist, Nobel laureate, and maverick critic of mainstream economic theory Frederick Soddy urged over eighty years ago, “The flow of energy should be the primary concern of economics.” In the time since, other economic thinkers, such as Nicholas Georgescu-Roegen and Kenneth Boulding, have further illuminated the relationship between the human economic system and the physical principles of thermodynamics and energy, but prominent economists still fail to give due weight to the physical basis of wealth.

In the industrial era, economic growth and rising energy consumption have gone hand in hand. Over time, it is true, modern industry has become more efficient in its use of energy and materials, so we get more economic growth for the amount of energy invested. But since the economy keeps growing at a rate greater than its gains in efficiency, the total demand for energy and the pressure on natural systems increase inexorably. The United States, for example, now uses 40 percent less energy than it did two decades ago to produce the same amount of goods and services, but the nation’s energy use has nevertheless grown by 27 percent. By growing 3 percent a year, the economy has managed to outpace efficiency gains of 2 percent a year. The story of ever greater efficiency is, therefore, a subplot in the larger story of exponential growth fueled by an extravagant and ever growing expenditure of energy. Without this rising consumption of fuels and electricity, concludes energy historian Vaclav Smil, none of the technical and institutional innovations “would have made much difference.” The abundance of cheap, concentrated energy available in fossil fuels put power behind this ingenuity and fueled the ongoing innovation. The switch to coal, oil, and gas brought a millionfold increase in the fuel available and allowed the engines of the modern era to revolutionize life in a way that would not have been possible had they been fueled by wind, wood, or peat. More than anything else, what transformed the world in the twentieth century was “enormous energy flows.”

Without this torrent of energy, for example, the world’s population could never have expanded fourfold in the twentieth century. The amount of land devoted to agriculture grew by only one third during this period, yet the global harvest multiplied sixfold, mainly because of a breathtaking eightyfold increase in the use of energy to produce food. New crop varieties that fueled the Green Revolution required more synthetic fertilizer, pesticides, and irrigation to deliver their impressive yields, and all of this demanded far more energy. “Industrial man no longer eats potatoes made from solar energy,” as the celebrated ecologist Howard T. Odum put it. “Now he eats potatoes partly made of oil.” Today the U.S. food system uses ten kilocalories of fossil energy to deliver a single kilocalorie of food energy to the supermarket. American farmers who produce this food expend three kilocalories of fossil energy for every kilocalorie of harvest.

Fully half of the energy invested in such industrialized agriculture has gone to produce artificial fertilizer through the Haber-Bosch process, which captures nitrogen from air. Though this technology is not widely appreciated today, it was arguably the most important invention of the twentieth century, earning Fritz Haber and Carl Bosch Nobel Prizes for chemistry in 1918 and 1931. Haber became known as the wizard “who created bread from air.” Between 1939 and the end of the century, the worldwide use of synthetic nitrogen fertilizer jumped from 3 million tons to more than 85 million tons—a twenty-eightfold increase—and without the additional food that artificial fertilizer made possible, 40 percent of the current human population simply wouldn’t be here. This process today generally uses natural gas; large-scale commercial alternatives that do not depend on fossil fuels are not available.

The industrial era has been in every way a “flamboyant period.” Tapping into underground deposits of fossil fuels was like coming into a vast inheritance—the stored sunlight from countless summers over thousands of millennia distilled from ancient forests, swamps, and marine plankton into glossy ribbons of coal, high-pressure pockets of flammable natural gas, and viscous subterranean lakes of black oil. For humans, who had long survived on a modest solar wage gained from agricultural crops, woodlands, water, and wind, cracking into the vaults of fossil fuels gave sudden access to extravagant resources. The unprecedented power of industrial civilization has come from a phenomenal conflagration almost beyond all imagining as this legacy of ancient swamps, forests, and sea life has gone up in flames. All around us, the great fire of the industrial era burns—inside car engines and jets streaking across the sky, in power plants and factories, in lumbering bulldozers and soaring construction cranes, in lawn mowers, snowmobiles, and Jet Skis, in chainsaws chewing through forests around the world.

From this perspective, the past two centuries have been something of a blowout party, a binge that has been immensely liberating and exhilarating but that, there is ample reason to believe, can’t go on forever. Not only is this fossil legacy finite, but we’ve been spending it at an astonishing and accelerating rate. In the 150 years since the first oil wells, the modern appetite for this convenient, concentrated fuel has already exhausted at least 40 percent, perhaps approaching half, of the Earth’s known oil reserves. Even with maximum efficiency, our fossil-fueled civilization may not even last through this century. In the long view, “All of this is just an interlude.” Moreover, its environmental burdens—evident not only in rising carbon dioxide levels but also in the turmoil of exponential change—will likely bring it to an end far sooner. The great fire has created the best of times in human history, at least for some, and it may yet create the worst for all.

The dangers arising from this explosive high-energy growth over the past two centuries fall into two general categories, which might be described as slow death and surprises. The slow-death threats are the familiar problems of vanishing species, eroding land, deteriorating soil, water depletion, loss of forests, pervasive contamination of food webs, and the cumulative burden of human activities on natural systems. Humans began to alter the environment on a large scale long before agriculture and complex societies emerged, first with the use of fire. Through countless millennia, hunting groups in many parts of the world periodically set fires to drive game animals over cliffs, into rivers, or onto peninsulas where it would be easier to kill them. They also burned to hold back forests, to open travel corridors, to make it easier to harvest chestnuts in Tennessee, hazelnuts and olives in Europe, and acorns in California. Our ancestors burned routinely to encourage the growth of grasses that supported favored types of game animals, a practice that created open woodlands and grasslands in many parts of the world. With the rise of agriculture, the domestication of plants and animals, the conversion of large tracts from forest to fields, and the rise of complex civilizations, our impact grew further, but the effects were generally limited to the surrounding area. With the explosive growth of human numbers and industrial civilization over the past two hundred years, humans have come to dominate the Earth to such an extent that some scientists have dubbed this time, in geological fashion, the Anthropocene.

Earth at Night, a composite picture taken by NASA from space, says as much as a chapter of statistics about the pervasive human presence. Etched by our lights, the outlines of continents and islands stand out against the absolute black of the oceans. One can see the world’s cities spattered across the land like brilliant sequins and trace the Siberian railroad by the city lights along its route. Here are just a few measures of the human burden: We have transformed half of the Earth’s surface. We claim half of all the accessible freshwater. We are taking so many fish out of those oceans that half of the fish stocks around the world are being stretched to the limit, while many of the rest have already collapsed or are in danger of collapse. Severe degradation is claiming 24.7 million acres of land suitable for farming every year. Since World War II, roughly 43 percent of the vegetated area on Earth—12.3 billion acres—has been lost to soil depletion, desertification, and the destruction of tropical rainforests. These growing pressures undermine
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