

[image: ]




[image: ]




To my students 
and the future they will make their own




        CONTENTS



[image: ]



      Prologue



ONE    How Are We Changing Our Relationship to the World?

1    Careening into the Future

2    Our New World

3    The Big I



TWO   Do We Need More Ingenuity to Solve the Problems of the Future?

4    Complexities

5    An Angry Beast

6    Glimpsing the Abyss

7    Unknown Unknowns



THREE  Can We Supply the Ingenuity We Need?

8    Brains and Ingenuity

9    Ingenuity and Wealth

10    Techno-Hubris

11    White-Hot Landscapes



FOUR   What Does the Ingenuity Gap Mean for Our Future?

12    Vegas

13    Patna



      Epilogue

      Afterword

      Notes

      Illustration Credits

      Acknowledgments


PROLOGUE
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MOST OF US occasionally suspect that the world we’ve created is too complex and too fast-paced for us to understand, let alone control. Most of us sometimes guess that even the “experts” don’t really know what’s going on, and that as individuals and as a species we’ve unleashed forces that we cannot manage. The challenges facing our societies range from international financial crises and global climate change to pandemics of tuberculosis and AIDS; they cross the spectrum of politics, economics, technology, and ecological affairs. They converge, intertwine, and often seem to be largely beyond our ken—incomprehensible even to our leaders and specialists.

In this book I’ll argue that the complexity, unpredictability, and pace of events in our world, and the severity of global environmental stress, are soaring. If our societies are to manage their affairs and improve their well-being they will need more ingenuity—that is, more ideas for solving their technical and social problems. But societies, whether rich or poor, can’t always supply the ingenuity they need at the right times and places. As a result, some face an ingenuity gap: a shortfall between their rapidly rising need for ingenuity and their inadequate supply.

Ingenuity gaps tend to widen the already yawning gulfs of wealth and opportunity within and between our societies. Many societies, groups, and people adapt reasonably well to our swiftly changing world, but others have fallen behind and risk being overwhelmed by converging pressures. In the twenty-first century, the growing disparities between those who adapt well and those who don’t will hinder our progress towards a shared sense of human community and erode our new global society’s stability and prosperity. The next century is likely, for this reason, to be a time of fragmentation and turmoil, of divisions and rivalry between winners and losers, and of humanity’s patent failure to manage its affairs in critical domains.

This picture does not correspond to today’s received wisdom—at least, not the wisdom espoused by many members of the economic, political, and journalistic elites of Western societies. The opinion and commentary heard from these circles has lately had a distinctly triumphalist tone. A glorious future for all is predicted, thanks to the leadership of the West. The success of the United States, in particular, has revealed the path to universal well-being; all that remains is for other societies to follow its lead.

The West certainly has every reason to be proud of its successes; its capitalism, science, and liberal democracy are marvelous institutions that have made extraordinary contributions to human prosperity and freedom. And certainly Western societies, and again the United States in particular, have seen a remarkable string of economic and political achievements in recent years. But Western triumphalism is partly based on a selective reading of the evidence. Problems and issues that don’t fit into this optimistic worldview tend to be downplayed or ignored. Moreover, a significant part of the West’s current success is the result of a confluence of events and processes that its elites neither controlled nor really understand. Western triumphalism is dangerously self-indulgent, and even delusional; it assumes agency where there may be mainly good luck.

This book does not present a fully developed theory, because I have not tried to address all relevant issues or tie off all loose ends. Instead, I have tried to elaborate an intuition or feeling about our future. The ingenuity gap, as I call it, is a way of thinking about the very real chasm that sometimes looms between our ever more difficult problems and our lagging ability to solve them. The ingenuity gap is also a metaphor for the human predicament, a metaphor that can be explored and understood in a multitude of ways—analytically, empirically, emotionally, and spiritually. As a new millennium unfolds before us, it is my hope that this book, in a small way, will give us better tools for understanding who we are and where we are going.
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Ingenuity, as I define it here, consists not only of ideas for new technologies like computers or drought-resistant crops but, more fundamentally, of ideas for better institutions and social arrangements, like efficient markets and competent governments. How much and what kinds of ingenuity a society requires depends on a range of factors, including the society’s goals and the circumstances within which it must achieve those goals—whether it has a young population or an aging one, an abundance of natural resources or a scarcity of them, an easy climate or a punishing one, whatever the case may be. How much and what kinds of ingenuity a society supplies also depends on many factors, such as the nature of human inventiveness and understanding, the rewards an economy gives to the producers of useful knowledge, and the strength of political opposition to social and institutional reforms.

A good supply of the right kinds of ingenuity is essential, but it isn’t, of course, enough by itself. We know that the creation of wealth, for example, depends not only on an adequate supply of useful ideas but also on the availability of other, more conventional factors of production, like capital and labor. Similarly, prosperity, stability, and justice usually depend on the resolution, or at least the containment, of major political struggles over wealth and power. Yet within our economies ingenuity often supplants labor, and growth in the stock of physical plant is usually accompanied by growth in the stock of ingenuity. And in our political systems, we need great ingenuity to set up institutions that successfully manage struggles over wealth and power. Clearly, our economic and political processes are intimately entangled with the production and use of ingenuity.

The past century’s countless incremental changes in our societies around the planet, in our technologies and our interactions with our surrounding natural environments, have accumulated to create a qualitatively new world. Because these changes have accumulated slowly, it’s often hard for us to recognize how profound and sweeping they’ve been. They include far larger and denser human populations; much higher per capita consumption of natural resources; and far better and more widely available technologies for the movement of people, materials, and especially information. In combination, these changes have sharply increased the density, intensity, and pace of our interactions with each other; they have greatly increased the burden we place on our natural environment; and they have helped shift power from national and international institutions to individuals and subgroups, such as political special interests and ethnic factions. As a result, people in all walks of life—from our political and business leaders to all of us in our day-to-day lives—must cope with much more complex, urgent, and often unpredictable circumstances. The management of our relationship with this new world requires immense and ever-increasing amounts of social and technical ingenuity. As we strive to maintain or increase our prosperity and improve the quality of our lives, we must make far more sophisticated decisions, and in less time, than ever before.

When we enhance the performance of any system, from our cars to the planet’s network of financial institutions, we tend to make it more complex. Many of the natural systems critical to our well-being, like the global climate and the oceans, are extraordinarily complex to begin with. We often can’t predict or manage the behavior of complex systems with much precision, because they are often very sensitive to the smallest of changes and perturbations, and their behavior can flip from one mode to another suddenly and dramatically. In general, as the human-made and natural systems we depend upon become more complex, and as our demands on them increase, the institutions and technologies we use to manage them must become more complex too, which further boosts our need for ingenuity.

The good news, though, is that the last century’s stunning changes in our societies and technologies have not just increased our need for ingenuity; they have also produced a huge increase in its supply. The growth and urbanization of human populations have combined with astonishing new communication and transportation technologies to expand interactions among people and produce larger, more integrated, and more efficient markets. These changes have, in turn, vastly accelerated the generation and delivery of useful ideas.

But—and this is the critical “but”—we should not jump to the conclusion that the supply of ingenuity always increases in lockstep with our ingenuity requirement: while it’s true that necessity is often the mother of invention, we can’t always rely on the right kind of ingenuity appearing when and where we need it. In many cases, the complexity and speed of operation of today’s vital economic, social, and ecological systems exceed the human brain’s grasp. Very few of us have more than a rudimentary understanding of how these systems work. They remain fraught with countless “unknown unknowns,” which makes it hard to supply the ingenuity we need to solve problems associated with these systems.

In this book, I explore a wide range of other factors that will limit our ability to supply the ingenuity required in the coming century. For example, many people believe that new communication technologies strengthen democracy and will make it easier to find solutions to our societies’ collective problems, but the story is less clear than it seems. The crush of information in our everyday lives is shortening our attention span, limiting the time we have to reflect on critical matters of public policy, and making policy arguments more superficial. New communication technologies are also shifting power away from governments, which boosts the ability of subgroups and individuals to block useful institutional reform. In many poor countries, the spread of lighter and more lethal weapons has contributed to a similar shift of power away from governments towards violent insurgents and secessionists. As it becomes easier for small numbers of people to inflict massive trauma—often in the form of massacres of civilians and terrorist bombings—more poor societies are likely to become locked in downward spirals of violence that make democratic reform virtually impossible.

Modern markets and science are an important part of the story of how we supply ingenuity. Markets are critically important, because they give entrepreneurs an incentive to produce knowledge. But this incentive is often skewed or too weak—our energy prices, for instance, don’t begin to reflect the potential cost of climate change to future generations—which means we often get the wrong kind of solutions to our problems. As for science, although it seems to face no theoretical limits, at least in the foreseeable future, practical constraints often slow its progress. The cost of scientific research tends to increase as it delves deeper into nature. And science’s rate of advance depends on the characteristics of the natural phenomena it investigates, simply because some phenomena are intrinsically harder to understand than others, so the production of useful new knowledge in these areas can be very slow. Consequently, there is often a critical time lag between the recognition of a problem and the delivery of sufficient ingenuity, in the form of technologies, to solve that problem. Progress in the social sciences is especially slow, for reasons we don’t yet fully understand; but we desperately need better social scientific knowledge to build the sophisticated institutions today’s world demands.

Our species’ scientific and technological prowess is nevertheless extraordinary. We create miracles from raw nature, and we have revolutionized our existence in a few lifetimes. These accomplishments are to be celebrated. Unfortunately, they have also made us overconfident of our ability to solve the problems we face. Today, a disturbingly large proportion of people in rich countries seem to believe that our ingenuity is practically boundless and that our technical experts have all the authority and knowledge they need to deftly manage our ever more complex world. These beliefs and the complacency they produce are often completely unwarranted: in fact, we often have only superficial control over the complex systems we’ve made and critically depend upon.

This delusion of control arises from overconfidence, but it has other sources too. We have subordinated a large portion of the planet’s resources and ecology to our interests, we live increasingly in cities, and our modern economic system compresses our perceptions of time and space. These changes attenuate and distort the signals we receive from our surrounding environment. As a result, we often misunderstand the character of the problems we face; sometimes we don’t see them as problems at all. In turn, we make mistakes about the kinds of ingenuity we need, mistakes that restrict and distort the amount of ingenuity we supply.

In rich countries, modern capitalism has created an astonishingly variegated mosaic of overlapping and fragmented realities. These realities have one thing in common: they’re all extensions of our egos; in other words, nearly everything we do and create through capitalism is made to the measure of our human needs and aspirations. The apex of this achievement is the postmodern capitalist city. We design our cities to block out the intrusions and fluctuations of the natural world so that they will work as smoothly and efficiently and with as little discomfort to their residents as possible. We like to be comfortable, after all. But the disturbing result is that many urban residents no longer care about, understand, or recognize the importance of this natural world. Our modern cities are vital engines of ingenuity supply, producing much of what is best and most beautiful, but they also produce self-absorption, introversion, and hubris.

This tendency is exacerbated by another feature of modern capitalism: the rising economic importance of people with certain cognitive skills has combined with the greater integration of the world’s economies to create a planetary “super elite.” This group is increasingly homogeneous in its values and aspirations, and it controls an ever-growing fraction of the world’s wealth. Most opinion leaders in rich countries are drawn from this elite, and their exposure to the difficulties confronting the majority of the world’s population, which lives in poorer societies, is limited and extremely selective. So, not surprisingly, they often underestimate these societies’ requirements for ingenuity, misjudge the kind of ingenuity they need, and overestimate their ability to supply it. The super elite is also a largely self-enclosed and self-referential group—making it vulnerable to internally generated intellectual fads, which it then disseminates to the rest of the world’s population.

These are some of the ideas I’ll discuss in this book, with each chapter focusing on one or a few of my key arguments. These pages also tell the story of a journey of discovery—a quest—that took me around the world and to the farthest reaches of our knowledge. This journey was a search for the pieces of a puzzle—pieces that when fitted together would give me a picture of how we use our practical knowledge—ingenuity in all its variety—to adapt to rapid and complex change. I hoped, too, that the completed puzzle would afford a glimpse of our prospects for survival and happiness. I bring the reader into this story in 1997, but my quest actually began long before then, and my narrative must sometimes cast back to earlier events.

Because it’s a puzzle, each piece plays an important part, and I must describe them in detail. They include recent theories of turbulent systems, of Earth’s ecology and atmosphere, of the evolution of the human brain, of how we produce wealth, of the factors that shape and reshape our technologies, and of the forces behind war and terrorism. I tell a story about the many forms of complexity around us and about our biological capacity to grasp, manage, and benefit from this complexity. I also tell a story about how we are altering our planet’s most fundamental rhythms and processes. Six metaphors are woven through this story—metaphors of flight, faces, light, the night sky, pyramids, and water. For me, these metaphors have enormous emotional and spiritual power, and I hope they can aid us in answering one of the most basic questions humanity faces: How can we solve the problems of the future?

To give flesh to the bones of my story and support the book’s arguments, I have drawn evidence and ideas from a wide array of today’s research and from many of the world’s great thinkers. (All these materials and people are cited in the endnotes, where I also elaborate on technical issues and discuss important questions raised by the book’s main argument; readers can find further information at www.ingenuitygap.com.) In the epilogue, I offer some general suggestions about the principles that might help us reform our institutions and strengthen our global community.

The distinction at the heart of my ingenuity gap idea—between the difficulty of the problems we face (that is, our requirement for ingenuity) and our delivery of ideas in response to these problems (our supply of ingenuity)—is, I hope, a valuable tool for understanding our situation in a rapidly changing world. Although I argue that we can’t always solve our problems, I cannot say enough for our astonishing adaptability and ingenuity, characteristics common to all human beings and all societies.1 Throughout history, pessimists have far too frequently underestimated human creativity and resourcefulness. We certainly have it in our power to produce widespread prosperity and justice on this planet. But it is not at all clear that we will use this power properly. When we look back from the year 2100, I fear we will see a period when our creations—technological, social, and ecological—outstripped our understanding, and we lost control of our destiny. And we will think: if only—if only we had had the ingenuity and will to choose a different course. There is still time, I believe, to muster that ingenuity and will, but the hour is late.
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CAREENING INTO THE FUTURE
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AT 3:16 P.M. on 19 July, 1989, the jet’s tail engine blew apart. Twelve thousand meters above the U.S. Midwest, shards of the engine’s fan rotor cut through the rear of the aircraft, shredding its hydraulic systems. As fluid bled from hydraulic tubing, the pilots in the front of the plane lost command of the rudder, elevators, and ailerons essential to stabilizing and guiding the craft. Immediately, the plane twisted into a downward right turn. United Airlines Flight 232 from Denver to Chicago—with 296 people aboard—was out of control.1

By itself, the failure of the tail engine was not catastrophic: the DC-10 had two other engines, one under each wing. But cockpit gauges showed a complete loss of hydraulic quantity and pressure. When the first officer tried to halt the right turn, the plane didn’t respond. As the rightward bank became critical, the captain took over, pulling back on the control column and turning the wheel hard left—but still there was no response. In a last-ditch effort to regain command, he cut power to the left engine and boosted it to the right one. The right wing slowly came up, and the plane rolled back to a horizontal position. The right turn stopped.

Yet the situation remained critical. The plane was no longer turning, but it was still losing altitude. The captain sent crew members to look out of the windows in the passenger cabin. They saw that the inboard ailerons were slightly up, the spoilers were locked down, and the horizontal stabilizers were damaged. None of the main flight-control surfaces were moving. And it appeared that the airframe might have suffered structural damage severe enough to cause it to break apart in flight.

Back in the cockpit, the captain and first officer worked the flight controls feverishly—they still believed they could change the plane’s trajectory. But their efforts produced no obvious effect. The captain also manipulated the thrust of the two remaining engines, sometimes giving extra power to the left engine, sometimes to the right engine. This action did have a noticeable effect. It helped keep the plane level and countered its tendency to turn right. But changes in engine thrust gave the captain only minimal control. In fact, from the perspective of the passengers, the plane was moving in three dimensions simultaneously: it was rolling from side to side and pitching up and down, as if riding long waves across the sky.

A flight attendant opened the cockpit door to say that an off-duty United Airlines pilot, seated in first class, had offered to help. He was a “check airman” who flew with flight crews to assess their performance. The captain acknowledged that the unexpected assistance was urgently needed, because he was finding it impossible to work the flight and thrust controls simultaneously. When the airman entered the cockpit, the captain briefed him on the aircraft’s critical situation in a staccato of abbreviated phrases. “Tell me what you want, and I’ll help you,” he replied. The captain asked him to take over the thrust controls. Grasping an engine throttle in each hand, the check airman then stood between the captain and first officer’s seats, and—with his eyes fixed on the flight instruments—began to manipulate the power of the two wing engines.

About fifteen minutes had passed since the explosion. The nearest airport was at Sioux City, Iowa. But the plane had lost nearly 7,000 meters of altitude and—despite the best efforts of the check airman—was still describing a series of clockwise circles over the Iowa countryside.2 In various parts of the United States, clusters of people had gathered around microphones and speakers to follow United 232’s plight and to offer suggestions. The crew particularly wanted to hear from the United Airlines System Aircraft Maintenance (SAM) facility in San Francisco.


Second Officer to United Airlines Chicago Dispatch: “We need any help we can get from SAM, as far as what to do with this. We don’t have anything. We don’t [know] what to do. We’re having a hard time controlling it. We’re descending. We’re down to 17,000 feet. We have … ah, hardly any control whatsoever.



But the SAM engineers didn’t have a clue how to help. They had never heard before of a simultaneous failure of all three hydraulic systems. They kept asking, in disbelief, if there really was no hydraulic quantity or pressure. And they asked the second officer to flip back and forth through the pages of a thick flight manual, to no avail. The crew’s frustration with ground support rose.


Captain to Second Officer: “You got hold of SAM?”

Second Officer: “Yeah, I’ve talked to ’im.”

Captain: “What’s he saying?”

Second Officer: “He’s not telling me anything.”

Captain: “We’re not gonna make the runway, fellas, we’re gonna have to ditch this son of a [bitch] and hope for the best.”



Almost thirty minutes into the crisis, SAM had finally assembled a team of engineers around the speaker and asked the second officer for yet another full report. He provided a detailed run-down of the aircraft’s status. After a period of radio silence, SAM again asked, “United 232, one more time, no hydraulic quantity, is that correct?” The second officer replied in exasperation, “Affirmative! Affirmative! Affirmative!” The engineers on the ground, the crew decided, could offer no help. United 232 was on its own.
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Flight Path of United Airlines Flight 232

Yet, at almost exactly the same time, the check airman accomplished a miracle. He managed to bring the plane around in a single broad turn to the left, lining up the plane for the shortest runway at the Sioux City airport. This was the only left turn the plane was to make following the explosion. The captain called the head flight attendant forward and explained the procedures for an emergency landing.


Captain: “We’re going to try to put into Sioux City, Iowa. It’s gonna be tough … gonna be rough.”

Flight Attendant: “So we’re going to evacuate?”

Captain: “Yeah. We’re going to have the [landing] gear down, and if we can keep the airplane on the ground and stop standing up [i.e. stop right side up] … give us a second or two before you evacuate. ‘Brace, brace, brace,’ will be the signal … it’ll be over the PA system: ‘Brace, brace, brace’.”

Flight Attendant: “And that will be [the signal] to evacuate?”

Captain: “No, that’ll be to brace for the landing. And then if we have to evacuate, you’ll get the command signal to evacuate. But I really have my doubts you’ll see us standing up, honey. Good luck, sweetheart.”



Thirty-five kilometers from the airport and at 1,300 meters altitude, the plane was still roughly lined up for the runway. Sioux City air traffic control suggested a slight left turn to produce a better approach and to keep the plane away from the city. “Whatever you do, keep us away from the city,” the captain implored. Almost immediately afterward, as if in defiance, the plane began its tightest rightward turn, a complete 360-degree circle. The crew desperately tried to bring the nose around to face the runway again. As the aircraft rolled to a severe angle, the check airman exclaimed, “I can’t handle that steep of bank … can’t handle that steep of bank!” For five excruciatingly slow minutes, the plane turned in a circle. Working the throttles, the check airman leveled the wings once more and got the plane back to its original course.


Sioux City control: “United 232 heavy: the wind’s currently three six zero at one one. Three sixty at eleven. You’re cleared to land on any runway.”



The runway that they were heading towards was closed and covered with equipment. Two minutes before touchdown, airport workers scrambled frantically to clear the equipment away. It was also short, at just over 2,000 meters; and, without hydraulic pressure, the plane had no brakes. But Sioux City control assured the captain that there was a wide, unobstructed field at the end. The cockpit crew struggled with the controls through the flight’s last seconds.


Captain: “Left turns! Left turns! Close the throttles.”

First Officer: “Close ’em off.”

Captain: “Right turn. Close the throttles.”

First Officer: “Pull ’em off!”

Check Airman: “Nah. I can’t pull ’em off or we’ll lose it. That’s what’s turning ya!”

Unidentified voice: “OK.”

First Officer: “Left throttle … left! Left! Left! Left! Left! Left! Left! …

Left! Left! Left!”

[Ground proximity alarm sounds]

First Officer: “We’re turning! We’re turning! We’re turning!”3Unidentified voice: “God!”

[Impact]



The plane hit the ground at the runway’s leading edge, just to the left of the centerline. The right landing gear touched the ground first, then the right wing. As the plane skidded across the runway to the right it lost its right engine, chunks of its right wing, and its tail engine. It plowed across the grass, lost its left engine and tail section, and hit the pavement of another runway. The cockpit nose broke off. The remainder of the fuselage cartwheeled away and exploded in flames, coming to rest upside down in the middle of a field.

Of the 296 people on board, 111 died, including one flight attendant. The entire cockpit crew survived.
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At first, United 232’s experience seems to be no more than an isolated, harrowing event in the skies of the United States—a tale of heroism in the face of terror, of discipline and skill in the face of unforeseen catastrophe. It was a dramatic front-page story that had everybody talking and astonished for a day. Then it receded from public consciousness and was enveloped by the rational, bureaucratic procedures of accident investigators.

But when I read about United 232, something struck a deeper chord. The event could serve, I suspected, as a crude but vivid metaphor for the situation we are all facing, individually and collectively.

When the plane’s tail engine disintegrated, the flight crew immediately faced a staggeringly complex task. Multiple, simultaneous, and interdependent emergencies converged in the cockpit. Some were recognized and understood, some were misunderstood, and some didn’t even cross the crew’s threshold of consciousness. As the crew members tried to make sense of their instruments and the data they received via their eyes and ears, problems cascaded into other problems with almost overwhelming speed. The crew was swept along by a tightly coupled chain of cause and effect. For forty-four harrowing minutes the captain and his officers assessed a prodigious flow of incoming information, made countless inquiries and observations, and issued dozens of commands. Even with extra help from the check pilot, it was all they could do to keep the plane aloft and roughly on course to a crash landing.

Of course, our daily lives don’t have nearly the same drama or urgency. But most of us feel, at least on occasion, that we are losing control; that issues and emergencies, problems and nuisances and information—endless bits of information—are converging on us from every direction; and that our lives are becoming so insanely hectic that we seem always behind, never ahead of events. Unexpected connections among places and people, among macro and micro events, connections that we barely understand in their true dimensions, weave themselves around us. Most of us also sense that, just beyond our view, immense, uncomprehended, and unpredictable forces are operating, such as economic globalization, mass migrations, and changes in Earth’s climate. Sometimes these forces are visible; more often they flit like shadows through our consciousness and then disappear again, behind the haze of our day-to-day concerns.

Yet the flight of United 232 is more than a vivid metaphor for a world of converging complexities and connections, of decision-making at high speeds in conditions of high uncertainty, and of the difficulty of managing in such circumstances. It is also a metaphor for crisis—for the sharp, unexpected, blinding events that sometimes send us reeling. Investigation after the crash revealed that the engine explosion was caused by a fatigue crack in the tail engine’s stage-1 fan disk, a large doughnut of titanium alloy out of which the blades of the jet engine’s fan radiate. The crack started near the center of the disk, at the site of a tiny metallurgical flaw formed when it had been cast seventeen years before. Slowly, imperceptibly, during 38,839 hours of flying time (about 7 billion revolutions of the disk), this flaw turned into a crack, and the crack grew in length.4 At the time of the disk’s last inspection, in April 1988, it was over a centimeter long and should have been noticed by United’s inspectors. But it was not.5 And 2,170 flight hours later, in a split second, the crack shot outwards to the edge of the disk, and the disk blew apart.

In our personal lives we sometimes see similarly sudden and shocking events: physical or mental disease unexpectedly affects a loved one, companies we deal with abruptly go bankrupt, and computers, televisions, and cars suddenly break down. Within the larger society, stock markets crash, revolutions break out, and floods devastate communities. The simple mental models in our heads, the models that guide our daily behavior, are built around assumptions of regularity, repetition of past patterns, and extrapolation into the future of slow, incremental change. These mental models are the autopilots of our daily lives. But no matter how much we plan, build buffering institutions and technologies, buy insurance, and develop forecasts and predictions, reality constantly surprises us. Sometimes these are happy surprises; sometimes they are not. Rarely are our reactions neutral.

United 232 also offers some reassuring lessons about our ability to react. Faced with sudden calamity, the crew members used their wits and their courage to save almost two-thirds of the lives aboard. The U.S. National Transportation Safety Board (NTSB) declared that “under the circumstances, the UAL flight crew performance was highly commendable and greatly exceeded reasonable expectations.” The situation they faced was unprecedented: they hadn’t trained for it; no airline crew had ever trained for it. Such a disaster was thought too unlikely or too catastrophic to justify specific training. The pilot and his officers therefore had to invent, on the spot, a method for controlling the plane. They also had to assess the plane’s damage, choose a place to land, and prepare their passengers for a crash landing.

The moment the engine exploded, crew members had to meet a sharply higher requirement for ingenuity—that is, for practical solutions to the problem of flying the aircraft in new conditions.
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The decision-making process they used to meet this ingenuity requirement has been studied in minute detail by Steven Predmore, currently a manager of human-factors analysis at Delta Airlines in Atlanta.6 Predmore examined the transcript produced from United 232’s cockpit voice recorder. He reduced the thirty-four minutes of recorded conversation to a series of “thought units”—that is, “utterances that deal with a single thought, action, or issue.” He then classified these thought units by type, speaker, and target, which allowed him to analyze the crew’s response to the emergency. Since thought units are almost the same as individual pieces of information, his technique created “a rough index of the rate of information transfer” among crew members.7

Predmore found that the number of thought units averaged about thirty per minute with peaks of fifty to sixty per minute. In other words, with every one or two ticks of a watch’s second hand, a chunk of information flew across the cockpit. (For comparison, during demanding moments of routine flight, aircraft crew members rarely transmit more than fifteen thought units per minute.) The thought units came in all forms: commands by the captain; advocacy of actions by junior officers; observations about the state of the plane; requests for information concerning, for example, possible landing sites; statements of intent; and expressions of emotional support. Much of the communication was in parallel, with independent, simultaneous conversations overlapping and intersecting. The highest rate of flow during United 232’s flight—almost one thought unit per second—occurred fifteen minutes after the explosion. “This represents the point,” Predmore says in the doctoral dissertation he delivered at the University of Texas in 1992, “where the check airman enters the cockpit after his visual damage inspection, and he is immediately brought into the loop with regard to damage to the flight control systems, corrective action that is ongoing, decisions about where to land, and instruction on the manipulation of the throttles.”8

For the entire duration of the crisis, the crew members were close to a human being’s peak cognitive load: they were processing information, making decisions, and supplying ingenuity about as quickly as humanly possible. The load was extreme in part because the crew was enveloped by uncertainty and lacked a clear understanding of the aircraft’s state: expert analysis later showed that the cockpit’s flight controls were completely useless. “Both the captain and first officer were fighting the stick to maintain control,” Predmore told me, when I interviewed him eight years after the crash, “but it turns out that they could have actually let go of the stick entirely. The only thing that helped was the check airman’s use of differential engine thrust.”9 Given the circumstances, however, the captain and first officer were right to keep manipulating the controls. “It’s easy to look back and say it was a simple problem, because there was actually very little they could do to control the aircraft,” Predmore went on. “But they didn’t know that there was little they could do. They had some sense that they had flight control, but they didn’t know which systems were working.”

Ingenuity requirements were so high that the check airman quickly became indispensable. “The demands created by the use of differential engine thrust to control the aircraft” made it almost impossible for either the captain or the first officer to attend to other tasks.10 The addition of the check airman to the crew allowed the captain to assign priority to tasks, divide and delegate them among crew members, and monitor the crew’s performance. “The captain was an amazing leader,” Predmore noted. The check airman’s extra help, combined with the captain’s effective organizing of the resources he had, allowed the crew to act like a precisely coordinated team; they became almost a single mind, and supplied enough ingenuity to direct the plane to a crash landing.

United 232 was also blessed with a great deal of luck. The crisis occurred during daylight, in good weather, and in reasonable proximity to an airport. “Had any one of these factors been different, the outcome would have been different,” Predmore concluded. “The captain said the number one factor was luck. After the accident, they reprogrammed the scenario into a flight simulator, and on thirty-five attempts, they couldn’t get anywhere near the runway.”11 In fact, based on these simulator exercises, the Safety Board concluded that “landing at a predetermined point and airspeed on a runway was a highly random event…. [Such] a maneuver involved many unknown variables and was not trainable, and the degree of controllability during the approach and landing rendered a simulator training exercise virtually impossible.”12
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Is our world becoming too complex to manage? Can all societies supply the ingenuity they need to meet the challenges they face? Sometimes it seems that we are collectively careening into the future, very much as United 232 careened to a crash landing. Must we, in response to the challenges before us, turn ourselves and our societies into analogues of the United 232 crew? Must we become tightly integrated decision-making units, hypercharged with adrenaline and fighting to stay on top of events?

My long-standing interest in how societies adapt to complex stresses dates back more than two decades. For many years this interest remained unfocused and uncrystallized in my mind; it was barely more than a background concern that created a fragile connection between disparate current events that I read about in newspapers. But a specific intellectual challenge I faced after I finished my doctorate at MIT in 1989 led me to put boundaries around my interest in social adaptation and give it more definition.

I grew up in a rural area outside Victoria, British Columbia, in the 1950S and 1960S. My father worked as a forester, and my mother was an artist and illustrator of wildlife, so as a young boy I learned to love the outdoors and take an interest in environmental issues. Both my parents were also attuned to the ebb and flow of current affairs, and we spent hours talking about what was going on in the world. It may have been watching the unfolding, televised horrors of the Vietnam War, or perhaps our family discussions of the century’s history, especially of events surrounding World War II, but something instilled in me a deep curiosity about the causes of human violence. When I arrived at university, many years later, I focused my studies on a phenomenon that truly bewildered me—the nuclear arms race between the United States and the Soviet Union.

Eventually I entered the political science program at MIT, where I continued my studies of international relations and defense and arms control policy. But gradually I shifted away from these issues to return to the deeper, underlying question: What makes people fight each other? I was especially intrigued by the processes behind “group-identity” conflicts, which involve a stark distinction between “us” and “them.” This category includes violence that centers on nationalist, ethnic, racial, or other ethnocentric identities. In my dissertation, I carefully analyzed and tested several of the best theories of group-identity conflict.

In my first research project after graduation, I combined my two chief interests: conflict and the environment. I decided to explore whether violence inside poor countries could be traced to critical environmental problems. Many poor countries in the developing world suffer from severe pollution, scarcity of fresh water, erosion of cropland, deforestation, and depletion of fisheries. Could this environmental stress, I asked myself, increase the risk of insurgencies, ethnic clashes, urban riots, and coups d’état? For about seven years, with the help of a wonderfully talented group of researchers and advisers from fifteen countries, I worked to answer this question, with considerable success.13 But once I was deep into the issue, I found that environmental problems cannot, by themselves, cause violence. They must combine with other factors, usually the failure of economic institutions or government. Some societies, it turns out, adapt quite smoothly to environmental stress, while others succumb to confusion and deterioration. Why, I wondered, did some succeed and others fail?

Over time, I came to the conclusion that a central feature of societies that adapt well is their ability to produce and deliver sufficient ingenuity to meet the demands placed on them by worsening environmental problems. Basically, I proposed, societies that adapt well are those able to deliver the right kind of ingenuity, at the right time and place, to prevent environmental problems from causing severe hardship and, ultimately, violence.

Within this rudimentary theory, I defined ingenuity as ideas that can be applied to solve practical technical and social problems, such as the problems that arise from water pollution, cropland erosion, and the like. Ingenuity includes not only truly new ideas—often called “innovation”—but also ideas that though not fundamentally novel are nonetheless useful. Social theorists have long known that something like ingenuity is key to social well-being and economic prosperity. Experts in history, economics, organizational theory, and cognitive science recognize that an adequate flow of the right kind of ideas is vital, and that we need to understand the factors that govern this flow. For example, Paul Romer, a Stanford economist who pioneered the field of New Growth theory, argues that ideas are a factor of economic production just like labor and capital.14 For him and like-minded economists, ideas have intrinsic productive power and are responsible for a significant part of economic growth.

Taking Paul Romer’s argument as a starting point, I began to think of ingenuity as consisting of sets of instructions that tell us how to arrange the constituent parts of our social and physical worlds in ways that help us achieve our goals. We need copious ingenuity to address the commonplace challenges around us. Every day, for instance, an average city receives thousands of tons of food and fuel, tens of millions of liters of water, and hundreds of thousands of kilowatt hours of electricity. Huge quantities of wastes are removed, hospitals provide health services, knowledge is transmitted from adults to children in schools, police forces protect property and personal safety, and hundreds of committees and councils from the community to the city level deal with governance. The amount of ingenuity needed to run this system is, of course, not the same as the amount needed to create it, because at any one time an enormous array of routines and standard operating procedures guides people’s actions.15 But our urban system, with its countless elements, is the product of the incremental accretion of human ingenuity. It was created, over time, by millions of small ideas and a few big ones.

I soon realized that ingenuity comes in two distinct kinds: the kind used to create new technologies, like irrigation systems that conserve scarce water, or custom-engineered grains that grow in eroded soil, and the more crucial kind used to reform old institutions and social arrangements and build new ones, including efficient markets, competent and honest governments, and productive schools and universities. I called these two kinds technical and social ingenuity.

Technical ingenuity helps us solve problems in our physical world—such as requirements for shelter, food, and transportation. Social ingenuity helps us meet the challenges we face in our social world. It helps us arrange our economic, political, and social affairs and design our public and private institutions to achieve the level and kind of well-being we want. The crisis aboard United 232 nicely illustrates the difference between the two kinds of ingenuity. The captain initially used differential engine thrust to control the plane—an example of technical ingenuity, because differential thrust was a strictly technological solution to the problem. But he recognized that the load of tasks in the cockpit was simply too great for the three people there; a technological solution, by itself, was not enough. So he accepted the check airman’s unexpected offer of help and created a new allocation of tasks within the cockpit—an example of social ingenuity that allowed him to devote time to integrating the crew’s performance. It also helped him think farther into the future.

Social ingenuity, I came to understand, is a critical prerequisite to technical ingenuity. We need social ingenuity to design and set up well-functioning markets; and we need market incentives to produce an adequate flow of new technologies. Astute political leaders bargain, create coalitions, and use various inducements to put new institutional arrangements into place; competent bureaucrats plan and implement public policy; and people in communities, towns, and households build local institutions and change their behavior to solve the problems they face: they are all supplying social ingenuity.

I was making good progress, I thought, in understanding ingenuity’s role in our ability to adapt to environmental stress. But once I had grasped the fact that ingenuity was key, a host of new questions arose. Two in particular drew my attention, and would remain with me as I explored this issue in coming years. First: Is humanity’s requirement for ingenuity rising as its environmental problems increase, and if so, how fast and why? My research so far had strongly suggested that ingenuity requirement goes up as environmental problems worsen, because societies need more sophisticated technologies and institutions to reduce pollution and to conserve, replace, and share scarce natural resources.16 Second, can human societies supply enough ingenuity at the right times and places to meet this rising requirement, and if not, why not?

Our supply of ingenuity, I soon recognized, involves both the generation of good ideas and their implementation within society. It’s not enough for a scientist, community, or society simply to think up an idea to solve an environmental problem; the idea must also be put into practice—the hybrid corn must be planted, the new farming credit system must be set up and operated, the community must educate itself to change its behaviors—before the ingenuity can be said to be fully supplied. I soon discovered that many of the critical obstacles occur not when the ingenuity is generated (there is usually no shortage of good ideas) but when people try to implement new ideas. The biggest obstacle is often political competition among powerful groups, which stalls or prevents key institutional reform.

In 1995, I brought all these elements and questions together in an article I published in a leading academic journal.17 I suggested that many of the societies around the world that are currently experiencing severe environmental problems, from China and Pakistan to Egypt and Haiti, are locked in a race between their soaring requirement for ingenuity to solve these problems and their uncertain ability to deliver it. If a society loses this race—if, in other words, it cannot supply sufficient ingenuity to meet its needs—it develops an ingenuity gap between requirement and supply. Societies with severe ingenuity gaps can’t adapt to or mitigate environmental stress. And mass migrations, riots, insurgency, and other forms of social breakdown often result.
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About this time I had a conversation with a leading trader of financial instruments in Toronto, a conversation that told me something about the factors boosting our need for ingenuity in today’s world, and made me realize that I could extend my ingenuity argument beyond poor societies and their environmental problems—that indeed, our rich societies today face ingenuity gaps sometimes even more critical than those facing poor societies.

Over the previous dozen years the trader had climbed the corporate ladder, to his current pinnacle of success as head of a large bank’s derivatives trading group. The location of his office, at the apex of a skyscraper, reflected his group’s importance to the bank. The entire top floor of the building was packed with advanced computer workstations for the derivative, bond, and currency divisions. Floor-to-ceiling windows offered a spectacular 360-degree view across the city; massive air-conditioners worked frantically to remove the computers’ heat. It was an otherworldly scene: advanced technology and ingenuity from sky to sky.

The day had gone particularly badly for the trader. Over dinner, he poured himself another glass of wine. “It only took fifteen seconds,” he groaned. “For fifteen seconds my mind went blank, I just couldn’t focus, and I lost it.”

Five minutes before the close of a crucial trading window at noon, his mother-in-law had called for an update on her portfolio. “I like my mother-in-law, but she phones at the worst times, and she’s very insistent. I was keeping my eyes on the trading screens and trying to focus on her questions at the same time. I had a perfect set-up and was ready to move. But she kept talking and talking. When I finally got her off the phone, I had only fifteen seconds to make the calculations and trades. I could have done it—I’ve done it so many other times—but this time I froze. It cost me a quarter of a million dollars.”

Our unlucky trader had recently convinced his skeptical bosses that the bank needed a major upgrade of its analytical capability to stay one step ahead of its competitors in the cutthroat global derivatives markets. He had bought ranks of $25,000 computers and advanced software; and he had hired a clutch of Ph.D.’s in mathematics, some trained by the top institutions in the world, to generate models of trading strategies. They sat for hours in front of giant computer screens producing numerical models and three-dimensional graphic images that looked like weird topographies from another planet. The topographies, which changed their shape like plastic throughout the day, represented shifting profit opportunities on combinations of variables that gauged investment risk, such as foreign exchange rates, interest rates, and commodity values.

To me, the trader’s unfortunate experience with his mother-in-law—and his highly developed work environment in general—pointed to a key factor driving up the ingenuity requirement in our world, especially in rich countries. “When I started this business,” the trader said, “there was time to reflect, to think through our strategy. Now there’s never enough time. Things happen so fast, and I have to hire the smartest people in the world to help make the best decisions at lightning speed.” When things happen faster, in greater numbers, and with greater interactive complexity, we need more ingenuity to make the right decisions at the right time.

Only three lifetimes ago—about the year 1800—an average person met no more than a few hundred people in a lifetime. Almost everybody lived in rural areas, personal transport speed was equivalent to the speed of a horse or a sailing ship, and almost all information was communicated directly through speech. At the turn of the twenty-first century, a citizen of a technologically advanced society probably meets hundreds of thousands of people in a lifetime. Most people live in urban areas of extraordinary density by historical standards, they can reach the other side of the planet in less than a day, and they can transmit information instantly by the gigabyte. These changes have multiple effects on ingenuity requirement and supply.

On the requirement side, the advent of billions more people on the planet, each consuming more energy and materials and each with more technological power to produce, invent, communicate, travel, and destroy, has sharply increased the density, intensity, and pace of human interactions; it has helped shift power from states and governments to individuals and subgroups; and it has generated a multitude of environmental and epidemiological stresses, some of them global in scope. In response to this ever more intertwined, unpredictable, and urgent array of technical and social issues—from international financial crises and global climate change to the AIDS pandemic—we must continually make faster and more sophisticated decisions about technologies, policies, and institutional arrangements.

Many of the factors that thus raise our need for ingenuity can simultaneously boost its supply: for example, high population densities greatly increase the flow of useful ideas and thereby generate economic growth. In fact, large, crowded cities are the main engines of wealth production in most economies, because they provide dense and synergistic concentrations of capital, talent, and entrepreneurial opportunity. Increased international trade and faster personal transport speed allow the easier transfer of knowledge and ideas among societies. And many people argue that new information technologies, like the Internet, are unleashing immense creativity as untold millions interact electronically. Around the world, for instance, non-governmental organizations empowered by the Internet are actively working to reform our institutions and solve environmental, human-rights, and other problems.

But a variety of factors, including some of those mentioned above, can restrict our ability to respond with more ingenuity. As new communication technologies swamp us in information, we often devote more time to managing information and less to producing new, high-quality ideas. Subgroups empowered by the Internet and, in some societies, by increasingly lethal means of violence, can more easily block vital institutional reform. Most poor countries, especially in Africa, are desperately short of financial capital, while their human capital—their skilled technicians, educators, and civil servants—hemorrhages towards rich countries. Yet financial capital is essential to fund universities and research institutes and to grease the wheels of institutional reform; and human capital is needed for almost all social improvements. Similarly, despite humanity’s progress in reducing global hunger, hundreds of millions of children in poor countries remain malnourished. Many of them suffer cognitive stunting that puts them at a permanent disadvantage in our increasingly knowledge-intensive world. And in many poor countries, creeping scarcities of natural resources, such as water, cropland, and forests, result in political turmoil and violence, which derail the economic reforms needed to deal with these very scarcities.

So an adequate supply of ingenuity at all times and places is not assured; ingenuity does not always appear in the right amounts when and where it is needed. To one degree or another, all human societies are locked in a race between a soaring requirement for ingenuity and an uncertain supply. (The illustration opposite is no more than a very simple schematic representation of the ingenuity gap idea; it raises a variety of technical issues—including the question of how we measure ingenuity—that I will address later.) Some societies are doing better in this race than others: they are preventing their ingenuity gaps from opening too wide, which means they are adapting reasonably well to rapid change, either by keeping their requirement for ingenuity from rising too fast or by raising the rate at which they supply ingenuity. Other societies—mainly those that are very poor—are losing the race decisively. As they fall far behind the leaders, the already huge differentials and contrasts among human societies grow ever wider.

While poor countries are particularly vulnerable to crippling ingenuity gaps, rich countries and global society as a whole are by no means immune. Wherever and whenever they occur, ingenuity gaps tear the fabric of our societies, making them more polarized, intolerant, and unstable.
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The Ingenuity Gap

As I was exploring this idea through the mid-1990S, I realized that at its core it was not new. Writing in 1945 at the end of his long life, the novelist H. G. Wells (a man of extraordinary prescience) somberly reflected that “hard imaginative thinking has not increased so as to keep pace with the expansion and complications of human societies and organizations.” This was, Wells went on, “the darkest shadow upon the hopes of mankind.”18 In the mid-1980S, the famed historian William McNeill similarly commented that “intelligence and ingenuity … run a race with all the nasty eventualities that interfere with human hopes and purposes; it is far from clear which is winning.”19 And in 1997, a large group of scholars brought together to identify humanity’s major challenges concluded that “Today many believe it is possible to shape the future, rather than simply prepare for a future which is a linear extrapolation of the present or a product of chance or fate. [Yet the] complexity, number, and frequency of choices seem to grow beyond the ability to know and decide. Skills development in concept formulation and communications seems to be decreasing relative to the requirements of an increasingly complicated world.”20

Although my argument’s core idea wasn’t new, to my knowledge no one had developed it farther, at least not in a way that gave real insights into humanity’s situation. No one seemed to have clearly distinguished between, on the one hand, changes in the difficulty of the problems we face and on the other, changes in our delivery of ideas in response to these problems.21 Perhaps, I thought, the idea hadn’t been developed because it is utterly at odds with the prevailing wisdom in Western societies in the 1990S.

A statement I had recently come across seemed to epitomize this wisdom. In a book published by the Brookings Institution, a leading Washington think tank, the prominent Harvard economist Richard Cooper declared that “only two inputs are ultimately required to satisfy all man’s material needs on earth: brainpower and energy.” And “since energy is one resource with respect to which the earth is not a closed system, receiving from the sun vast amounts daily, both inputs will be in ample supply if society manages its affairs sensibly.”22

I was already familiar with and respected Richard Cooper’s thinking. I knew him to be an insightful commentator on international economic policy, who had been chairman of the Federal Reserve Bank of Boston in the early 1990S and Under-Secretary of State for Economic Affairs in the Carter administration. But here I found his ideas disturbing. His sweeping statement seemed simultaneously important, ill-informed, and evasive.

It was important, because it nicely summarizes the worldview widely shared by many economists and others who are resolutely optimistic about the human condition. Over the long term, everything will be fine, these optimists say, because human beings are ultimately smart enough to solve all of their societies’ problems. Yet Cooper’s statement also struck me as ill-informed, because it shows little grasp of certain basic physical realities, realities that can’t be changed no matter how smart we are. He suggests that solar energy could give us all the power we need, but the energy density of sunlight (that is, the amount of energy per square meter received on the surface of the planet from the sun) is so low that each modern city would require an immense sprawl of solar panels to supply its needs. Even with highly efficient solar panels that convert almost all the sunlight they receive to electricity, the sprawl would be many times larger than the city itself.23 It is true that the surface of Earth receives from the sun each day several thousand times the amount of energy consumed by human beings. But because of its distribution and relatively low intensity, this sunlight is often not a useful energy source for modern, energy-intensive cities and industries (a fact overlooked by most solar-energy enthusiasts).

Finally, I found Cooper’s remark evasive because it avoids the issue of “brainpower” entirely. He leaves a host of key questions unaddressed: What is the trajectory of humanity’s need for brainpower? Is this need rising, stable, or falling? Are brainpower and its products (including ingenuity) infinitely available on demand?24 Or are there critical obstacles to the delivery of enough of the right kinds of brainpower at the right places and times? Brainpower will be in ample supply, Cooper states, “if society manages its affairs sensibly.” But doesn’t this phrase beg the question? The sensible management of our societies is the very task that will require immense amounts of human brainpower in the future!

Cooper’s statement reveals an unalloyed faith in human ingenuity. He’s not alone in this faith: he is, in fact, a good representative of a broad group of scholars, analysts, and commentators who wield great influence in Western countries, especially the United States. These economic optimists, as I have come to call them, see the human experience as a grand story of exuberance, energy, and expansion—the surmounting of hardship and misery. They correctly point out that, on average, humans have never been so well off, and they generally go on to argue that given enough time, we can solve all our problems—that is, supply the ingenuity we need—through a combination of free markets, science, and liberal democracy. Markets provide incentives for entrepreneurs to solve economic problems; science builds an essential foundation of knowledge about our physical and natural worlds; and democracy broadens the range of people empowered to identify and address social and technical challenges. As markets, science, and democracy spread around the world, they say, the trend towards human betterment will continue indefinitely, and why not? In these circumstances, swift technological change is normal, and all humanity will eventually be brought within its ambit.

Economic optimists usually dismiss any less upbeat assessments of humanity’s prospects as little more than hand-wringing. Problems like global climate change or the social dislocations caused by markets might be serious, they concede, but they add that every generation feels it lives on the cusp of chaos. People invariably believe that change is too rapid and that the world is becoming too complex and unpredictable, but in the end they usually manage well. The past two centuries have been a period of astonishing material and social progress for much of humanity—why should the future be different from the past? As the late Julian Simon, one of the optimists’ standard-bearers, wrote in 1995, “Almost every absolute change, and the absolute component of almost every economic and social change or trend, points in a positive direction, as long as we view the matter over a reasonably long period of time. That is, all aspects of material human welfare are improving in the aggregate.”25

In light of humanity’s astonishing accomplishments in its short history, such faith in human ingenuity is entirely understandable. As I thought about how societies adapt to complex stresses, the optimists’ concepts and theories powerfully influenced me.26 I took these people very seriously; there was a great deal of prima facie evidence they were right—evidence about the past and present states of humanity and about the successes and failures of different forms of social organization. And I wanted to believe them. The elements of their worldview came together with an appealing simplicity and seamlessness that spoke to my fundamental hopefulness, my belief that we can improve our lives if we want to. It also spoke, less admirably, to my ethnocentrism: the social arrangements it trumpets as exemplars are precisely the economic, scientific, and political institutions of the Western civilization in which I live. All the same, I eventually decided that this untempered faith in human ingenuity was often grounded in a partial and selective reality.

Economic optimists usually draw on only a limited slice of today’s human experience. Theirs is the hermetic, manufactured world of urban malls, office buildings, and advanced technologies that we see all around us in rich countries. (Indeed, a disproportionate number seem to live and work in the megalopolis of the U.S. northeast, especially New York City.) When they do travel beyond their high-technology urban cocoons, they usually visit regions or enclaves of similar techno-dynamism. Their travels, the machines they use, the television they watch, the newspapers and magazines they read, and the Web sites they visit all reflect this artificial world.

Such partial exposure to the world can lead us to quite astonishing conclusions. I have heard eminent social scientists of this persuasion say that natural resources “aren’t important anymore.” Resource extraction industries and resource processing, they argue, make up an ever smaller fraction of the gross domestic products (GDP) of modern industrial countries. Prices of key non-renewable resources, such as metals and petroleum, have fallen over time. And human technical ingenuity has found adequate substitutes for many resources that have become critically scarce.

These assertions are correct as far as they go, but, once again, they capture only part of the reality. They neatly glide by the fact that about half the people on the planet—some three billion, all told—rely on agriculture for their main income, and that perhaps one billion of these agriculturalists are mainly subsistence farmers, which means they survive by eating what they grow. Over 40 percent of people on the planet—about 2.4 billion—use fuelwood, charcoal, straw, or cow dung as their main source of energy; 50 to 60 percent rely on these biomass fuels for at least some of their primary energy needs. Over 1.2 billion people lack access to clean drinking water; many are forced to walk kilometers to get what water they can find. And about a billion people depend directly on fishing for a large proportion of their animal protein.

These people live mainly in Asia, Africa, and Latin America. They depend on local natural resources for their day-to-day survival, and they have little access to the vast technical ingenuity so abundant in the rich countries of North America, Europe, and East Asia. Deforestation, polluted water, depleted fisheries and eroded cropland harshly affect their lives in countless immediate and intimate ways, and natural resources will remain critically important to their well-being for decades to come. Yet many of us manage to ignore the contradiction these people present to our rosy world-view, because we rarely see them or go to the places where they live.

Enclosed within a limited and selective reality, economic optimists tend to make a number of mistakes about the nature of the problems humanity faces and our capacity to solve them—four mistakes in particular, I concluded. First, they tend to take the truly extraordinary improvements in human well-being over the past two centuries and project them linearly into the future, without much questioning or reflection. Yet if we look back over a longer period of time, human affairs have been marked by many sharp changes in economic, social, and environmental conditions, some of which severely harmed our well-being. Linear extrapolation is a dangerous game: the last two centuries’ progress is not the only evidence we should use to predict our trajectory into the future. Second, they generally present only highly aggregated statistics about major trends in human well-being, usually statistics on things like life expectancy or per capita GDP averaged across whole societies or regions of the world. But when these statistics are disaggregated—that is, when the averages are broken into subsets—the story is less clear than they suggest. For example, although it is true that the number of hungry people in the world fell in the first half of the 1990S, the progress was concentrated in thirty-seven countries (including the world’s largest, in terms of population, China and India); but in nearly sixty countries the number of hungry people actually increased.27

Third, economic optimists usually downplay events and facts that raise serious questions about their worldview. Problems like global climate change are dismissed as scientifically groundless or, at worst, minor inconveniences that can and will be surmounted by human creativity. They are the annoying side effects of the explosive improvement in human well-being. Any region (like sub-Saharan Africa) that seems to be moving in a decidedly negative direction is declared an anomaly. Africa is, well, Africa. Attention instead shifts to the bounding economies of North America, Europe, and, until late 1997, East Asia. These regions represent the future of humanity.

Fourth, economic optimists tend to regard markets, science, and democracy as panaceas. But they are not. Most of today’s markets are riddled with market failures: the true costs and benefits of the goods and services traded are often not reflected in their prices, and so the ingenuity response of our economies is skewed. Moreover, although conservative commentators often assert that setting up well-functioning markets is a relatively straightforward matter of reducing government interference, modern markets are actually exceedingly complex institutions, and policymakers need enormous ingenuity to put them in place. Science faces serious practical constraints, including human cognitive limits, the varied rates of scientific progress in different domains, rising costs, and vulnerability to social turmoil. Finally, depending on a society’s character (that is, on its culture, ethnic cleavages, and the like) and the specific form of its political institutions, democracy can contribute to policy gridlock and even social disintegration.

These four mistakes lead economic optimists to underestimate how much ingenuity human societies need to maintain or raise their well-being, and to overestimate the ability of societies to supply this needed ingenuity. As a result, they are often oblivious to actual and potential gaps between ingenuity requirement and supply.
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Today’s overwhelming volume and variety of information makes it possible—by selecting and connecting data points carefully—to paint practically any picture of the world and make it seem accurate. So the pictures we paint are often more a reflection of our deepest personal orientation, especially of our basic optimism or pessimism, than of empirical evidence.28 All the same, amidst the welter of information that sometimes seems to point in every direction, certain facts about long-term trends around the world ultimately shift the balance of evidence, in my mind, against the economic optimists. These facts indicate that there are chronic and widening ingenuity gaps in a number of domains of human activity. Significant problems, some of them fundamentally new in their character and scope, remain unsolved or are getting worse, in part because we haven’t generated and delivered enough ingenuity to address them.

For instance, although average incomes and quality of life around the world are improving, these statistics—which are, again, highly aggregated—hide extreme and growing differences in wealth. Income per person, averaged globally, currently rises by about 0.8 percent per year, but in more than one hundred countries in the last fifteen years income has actually dropped. Some 1.3 billion people—about 30 percent of the population of the developing world—remain in absolute poverty, living on less than a dollar a day.29 And the gulf between the poorest and wealthiest people on the planet is widening very fast. In 1960, the income of the richest 20 percent of the world’s population was thirty times that of the poorest 20 percent; in 1998, it was eighty-two times greater. The combined wealth of the world’s richest 225 people (a total of $1 trillion) exceeds the annual income of the poorest 47 percent of the planet’s population, about 2.5 billion people. Indeed, the assets of the world’s three richest individuals or families—Microsoft’s Bill Gates, the Walton family of Wal-Mart stores, and renowned investor Warren Buffett—are now greater than the combined GDPS of the forty-eight poorest countries.30 Meanwhile, as the rich get richer in developed countries, average household consumption in Africa has plummeted 20 percent over the last twenty-five years. In India, an estimated 60 percent of all newborns are in such poor condition from malnutrition, low birth weight, and other causes that they would be immediately placed in intensive care were they born in California.31 Never in human history have we seen such differentials between rich and poor. And these differentials are the main cause of huge and often disruptive migrations of people around the world in search of a better life.

Partly as a result of these wealth gaps and migrations, we’re managing global medical threats badly. As health care and sanitation systems disintegrate in parts of Africa because of civil turmoil, and as they are stretched beyond their limit by megacities and government failure in South Asia and Latin America, we see sudden outbreaks of infectious disease like cholera, ebola, and the plague. Tuberculosis, the top killer among infectious diseases, has infected 1.75 billion people worldwide, nearly a third of the human population; it kills 3 million a year (a remarkable 5 percent of total deaths from all causes), and its incidence is growing fast. Although researchers in both rich and poor countries have made striking progress in campaigns to eradicate some diseases, including Guinea worm and river blindness, they are only a few steps ahead of potentially devastating strains of drug-resistant bacteria and malaria. Studies in the United States show a thousandfold jump in the resistance of pneumococci bacteria to penicillin in less than ten years. “We need novel antibacterial agents urgently,” says Dr. Alexander Tomasz of Rockefeller University. “The new numbers are astonishing.”32

Meanwhile, the international community has made scant progress developing the collective means to stop mass violence and major violations of human rights: in the Balkans, Iraq, Rwanda, Congo, Angola, Kashmir, Sri Lanka, and North Korea in recent years there have been hundreds of thousands of deaths. Nor has the international community developed the means to manage global flows of financial capital: daily trades on foreign-exchange markets have soared almost one-hundredfold, from $20 billion in the mid-1970S to about $1.5 trillion now. But fewer than 5 percent of transactions relate to materially productive economic exchange. As shown by the 1994–95 Mexican peso crisis and the 1997–98 Asian financial debacle, currency speculation—although often triggered by legitimate weaknesses in a country’s economic fundamentals—can overwhelm the stabilization efforts of national central banks. The herd behavior of money traders produces extreme currency volatility, which depresses economic growth and ultimately causes severe harm to the economies affected.

Global environmental problems probably provide the clearest evidence that we are generating challenges that we can barely understand, let alone adequately address. By transporting rock and soil, logging forests, damming rivers, and releasing chemicals into air and water, we are now producing enormous changes in Earth’s systems. The geographer Robert Kates and his colleagues note that “transformed, managed, and utilized ecosystems constitute about half of the ice-free earth; human-mobilized material and energy flows rival those of nature.”33

The results are sometimes quite surprising. When scientists discovered the hole in the stratospheric ozone layer over the Antarctic in the 1980S, they were shocked: they hadn’t anticipated it, and they didn’t understand the chemical processes that produced it. (Several years of hard investigation were needed to produce a full explanation.) The hole’s sudden appearance was a spectacular example of how complex natural systems can respond to relatively small human impacts by changing their behavior in sharp and unpredictable ways. Despite claims by some that the problem has been solved by international agreements to control the release of ozone-eating chlorofluorocarbons, the 1998 hole was the biggest on record (the 1999 hole was almost as large), and the current best estimates suggest that ozone concentrations around the planet will remain depleted for several decades.34

And how serious is the loss of ozone over the Antarctic and elsewhere? It’s believed to raise the amount of ultraviolet (UV) radiation that penetrates the atmosphere and reaches the surface of the planet. Relative to the 1970S, increases in surface erythemal (sunburning) UV are estimated to range from 4 percent in the Northern Hemisphere mid-latitudes, in the summer and autumn months, to 130 percent in the Antarctic spring. The biological effects are still uncertain, but probably include higher rates of human skin cancer; lower productivity of phytoplankton, macroalgae, and zooplankton in oceans; and changes in the cycles of carbon in aquatic ecosystems.35

Some research suggests that higher exposure to ultraviolet radiation is contributing to a sharp drop in the populations of many species of amphibians, especially frogs.36 From the rainforests of northern Queensland and Costa Rica to forested mountains in California and Oregon, frog populations are collapsing and some species have disappeared entirely.37 The causes probably include habitat destruction, climate change, higher exposure to ultraviolet radiation, and widespread contamination of breeding areas by agricultural and industrial chemicals, with all of these factors interacting to weaken amphibians and increase their vulnerability to infections by funguses and parasites.38

Numerous other forms of plant and animal species are declining because of human activities, and it is likely that in the next one hundred years at least 25 percent of the biodiversity on Earth will disappear.39 This will rank among the half-dozen greatest extinctions in the history of life on the planet. And we are living within it. On land, about one in eight plant species is in danger of vanishing.40 Well-known animals such as the jaguar, rhinoceros, and mountain gorilla may soon be largely eliminated from the wild. At sea, higher ocean temperatures, possibly caused by human-induced global warming, are contributing to the bleaching and death of tropical corals around the world; meanwhile, two-thirds of the world’s fisheries are already exploited up to or beyond their sustainable limit, and catches are falling in many of these areas.41

This is a grim list of economic, social, and environmental challenges. But our societies, especially the rich ones, will generate and deliver enough ingenuity to solve many of them. As for the problems that can’t be solved easily, we will often learn to live with the consequences. Usually this won’t be too difficult, because human beings are very good at adjusting to new conditions. Wealthy countries will build more secure frontiers to keep out poor migrants. Strict quarantine procedures will isolate patients who don’t respond to drugs. We will wear hats to protect us from the sun, modify our crops to survive in eroded soils, and grow fish in huge aquaculture ponds. Some problems, like the loss of biodiversity, won’t have much immediate effect on our quality of life: we will easily and comfortably adjust to a world without jaguars, frogs, gorillas, and many of the species alive today.

To me, though, there is little cause for optimism in these remedies. Nor do I think we have to accept such a future.
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By early 1997, I had decided that we might usefully think of human societies as “knowledge factories”—some more successful than others. And I thought that by looking at the ingenuity requirement-supply balance we could gain a new understanding of the problems our societies face. But as I tried to put together the pieces of this ingenuity puzzle, I foresaw a chorus of skeptics gathering round. The claim that humanity is facing serious ingenuity gaps is not proved, I heard them saying; history is a long litany of gloomy forecasts and predictions that did not come true because they underestimated humanity’s creative potential. In any case, it’s not lack of ingenuity that prevents us from solving our economic, social, and environmental problems, but political struggles over power and values—struggles over what we want, where we should go, and who should benefit. If we resolve these struggles, then the problems we face become largely technical, and are in most cases fairly easy to solve.

These were powerful objections. I knew that I had to tackle them, and many other tough questions, to solve the puzzle. How can we measure ingenuity, and how can we distinguish different types and qualities of ingenuity? How much ingenuity do societies actually need? What, precisely, drives this need? Who are ingenuity’s main suppliers? And what are the main obstacles to its supply? With enough time, research, and thought, I felt hopeful that I could answer these questions and concerns.

A good deal of my inspiration to continue came from a poster-sized photograph hanging on my office wall—a photograph of a little girl, no more than two years old. She is sitting in a dusty street, dressed in a plaid tunic, and holding a small clay pot in her lap. In the background, just behind her, a clutch of other pots glows in the sunlight. The photo shows little else. Yet there was something about the look in the girl’s eyes—at once sad, angry, and distant—that haunted me.

I had taken the photograph myself, a few years earlier in a street in Patna, the capital of the state of Bihar in India. After a long walk down a noisy, impossibly crowded, and garbage-strewn thoroughfare, I had spotted her on the other side of the road. I crossed over, knelt down beside her, and took five quick shots. The moment lasted no more than thirty seconds. Then I kept on walking.

Bihar, one of the most wretched states in India, is racked by crime, violence, and disease. Its politicians and elites are staggeringly corrupt, even by Indian standards; its pathetic infrastructure of roads, sewers, water pipelines, and electricity grids is collapsing; and its tired croplands must support some of the highest-density farming populations in the country. I went there to study the links among population growth, cropland scarcity, and what I soon understood was the utter ineffectiveness of the state’s institutions. I left with a wealth of information and ideas provided by the many extraordinary people I met; I also left with photographs of the little girl.
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The Little Girl in Patna

I enjoy taking photographs of children when I travel and have dozens of shots stacked in boxes around my office. A few of these shots, some almost twenty years old, have made it onto my walls. When I look at them, I often wonder who the children are. I wonder about their names, whether they have grown up healthy and happy, and what they are doing now. As I sat at my desk trying to make sense of my ingenuity puzzle, I asked myself these questions about the little girl in the photograph. After a while, I realized she was watching me too. She did not look happy: although she was less than two, her face already betrayed an immense weariness and distance. But I became convinced that she held some of the key pieces to my puzzle—that the story of her life would help me address the tough questions that remained and answer the skeptics.

I decided I would go back to Bihar and try to find her.

First, though, I had to visit other places. There were experts I needed to interview and things I needed to see in England, Canada, and the United States and across East Asia. Only after I had traveled to these places would it make sense to try to find the girl.

The adventure took shape. I wrote letters, lined up interviews, and laid out my itinerary. Colleagues and friends gave me helpful advice by phone, fax, and e-mail. On large sheets of butcher paper, I scribbled plans for my travel and outlines of my ingenuity argument. I tacked the sheets across the walls of my office, nearly obscuring the picture of the girl. Other sheets ended up scattered across the floor, mixed with hundreds of books, papers, and magazine articles.

Under the girl’s gaze, I began trying to put my puzzle pieces together: statistics and facts about global forces, historical trends, and huge populations. But it soon dawned on me that my perspective had become so sweeping that I risked losing her: in my mind she was starting to disappear in a vast and undifferentiated crowd of billions of faces. At that moment, she became more to me than simply an arbitrary end point for my adventure. She reminded me daily that while writing my larger story about ingenuity I should remember to see individual faces in the crowd, and make my ingenuity theory meaningful at the level of real people in the real world—farmers in Kansas, bond traders in London, and little girls in Patna.
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When United 232’s right landing gear hit the runway, it smashed through the concrete and gouged a half-meter hole in the ground. The tip of the right wing broke off, spilling aviation fuel that burst into flames as the plane skidded along the ground. Three times, the plane bounced on its nose, at one point becoming completely airborne again. With each successive impact the fuselage weakened, finally breaking into five separate pieces. By the time the severed cockpit tumbled to rest, it had been compressed into a waist-high piece of scrap metal. Thirty-five minutes passed before rescuers realized that crew members were still alive inside.42

Pandemonium reigned inside the main section of the fuselage. Surviving passengers found themselves strapped in their seats hanging upside down. The ceiling of the cabin was now their floor. “Even in the dim light and gathering smoke, the scene was shocking,” wrote one passenger later. “Some [people] were struggling to break free. Others were hanging limp and lifeless. From one dangling passenger, blood trickled to the floor. From another still body, it poured in a steady stream. And from yet another lifeless form, an arm hung by a thread while flames consumed the rest.”43

The crash of United 232 was a terrible accident. The passengers and crew of United 232 were tremendously unlucky that the plane’s fan disk disintegrated and wrecked all its hydraulic systems; experts put the odds of such a failure at a billion to one. But they were also amazingly lucky: subsequent analysis showed that nobody, let alone nearly two-thirds of the people on board, should have survived. The crash was one of those events in our world—and there are many of them—that can be interpreted either optimistically or pessimistically, depending on one’s starting point.

Nonetheless, at the beginning of my adventure in early 1997, I knew that many people would find my parallel between United 232’s experience and the human condition far too pessimistic. At the time, elite opinion in Western countries held that, for the most part, everything was going fabulously—democracy and capitalism were spreading, markets were booming, the Cold War was long in the past, and humanity’s future seemed extraordinarily bright. The idea that we were actually spinning around in circles, barely under control, would have seemed ludicrous.

As my travels and research unfolded over the next two years, though, the United 232 metaphor started to seem less absurd. Starting with the Asian financial crisis in mid-1997, a cascade of economic and political events revealed some of the shaky assumptions underpinning elite opinion. Country after country was thrown into recession, and the spread of democracy in places like Africa suddenly seemed less than inevitable. It became clear that, at the very least, humanity’s trajectory towards a bright future would not be simple and linear.

During this period, I was struck by other similarities, some of them almost uncanny, between United 232 and our broader situation. With its flight surfaces frozen, the damaged aircraft oscillated up and down through the air, much like a porpoise jumping over ocean waves—a phenomenon that aeronautical engineers call the “phugoid.” As a result, the plane responded to changes in engine thrust with a delay of twenty to forty seconds, making a precise landing impossible. Similarly, policy-makers in today’s world must often face excruciating delays between the time when important decisions are made and the eventual response of the slow, unwieldy political and economic systems they are trying to manipulate. Meanwhile, events within these systems race ahead. Moreover, because crew members weren’t sure which actions in the cockpit improved their situation and which were useless or worse, they faced a skyrocketing cognitive load. The same appears to be true for today’s policy-makers, who have available to them a wide range of policy tools, almost all of uncertain effectiveness. And finally, during United 232’s last forty-four minutes, the SAM experts on the ground could not help; likewise, one of the most disturbing things about our current world is that the people we anoint as experts constantly fall short of our expectations, especially in times of crisis.

It was only towards the end of my travels that I came to see how United 232’s experience also provides a host of positive lessons. Reflecting on the accident, the plane’s captain identified a number of factors—including luck, good communications, advance preparation, and close cooperation among crew members, passengers, and ground staff—that allowed them to salvage relative success from what looked like inescapable disaster. His conclusions and those of others convinced me that there are many things we can do to close our ingenuity gaps.
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OUR NEW WORLD
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ISTROLLED up a gently inclined street and emerged on a parade ground overlooking the sea. In front of me, the muscular arms of two huge points of land embraced a magnificent harbor. The view beyond the points out to the horizon was sparkling and clear. On this sunny and breezy September morning, tugs ushered small freighters past a breakwater, Navy vessels maneuvered their way out to sea, and tourists strolled across the broad, brilliant lawn in front of the Citadel.

I was in Plymouth, a relatively small city on England’s southern coast that has played a disproportionately large role on the world stage; its story is, in some ways, a synoptic history of the modern Western world. From this harbor sailed armies that conquered France in the fourteenth century, and a fleet that defended England against the Spanish Armada in the sixteenth. From this harbor, too, sailed Drake, Cook, and Darwin to explore the most distant reaches of the planet. Convicts were hustled off to Australia, and half a million emigrants—including those on the Mayflower in 1620—streamed past the two points to populate the New World. Napoleon was held prisoner here on his way to St. Helena. English troops departed from this harbor for the Crimea and the Falklands, and Americans for the beaches of Normandy on D-Day. During World War II, Hitler repeatedly bombed the city, starting firestorms that wrecked the downtown, destroyed half the schools and churches, and killed more than a thousand people.

I sat down on a bench to admire the view. In the center of the parade ground, called the Hoe, there is a grand old lighthouse.1 Largely untouched by the bombing and rebuilding of the city, it was originally constructed on Eddystone Reef, a treacherous shoal about twenty kilometers into the English Channel from Plymouth. Before the mid-eighteenth century this reef had claimed the lives of hundreds of sailors and fishermen on their way to and from the harbor. Local entrepreneurs and merchants had made several attempts to build a lighthouse there, but construction technologies were primitive and the circumstances under which construction had to take place—a reef underwater at high tide, often battered by ten-meter waves—were appalling: many died in the various attempts, and the early lighthouses were destroyed time and again by storms.
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Smeaton’s Tower, Plymouth, England (with the MBA building in the background)

Then in the 1750S John Smeaton, a leading English engineer, built a new kind of lighthouse. Large stone blocks were cut to dovetail together, which gave the whole structure much more strength. Standing almost twenty-five meters above high water, the Smeaton lighthouse had a flared base and a beautiful hyperbolic arc to its sides; its design was to become the standard for stone lighthouses around the world. This new tower was not dashed to pieces by storms, and about 120 years later, when the time came for a bigger and more powerful light, the tower’s upper portion was dismantled and rebuilt on a new base in the middle of the Hoe, where tourists admire it today.2

Climbing the tower’s narrow internal stairways, I came to an octagonal, glass-enclosed upper deck. From the ceiling hung the crude chandelier-like rack for the candles used in the original lighthouse. When Smeaton finished his gem in 1759, twenty-four tallow candles in the rack produced sixty-seven candlepower of light—a tiny, flickering beacon to sailors beating up towards the dangerous reef in a storm. Upgrades in 1810 and 1845 added oil lamps, reflectors, and lenses that increased the light flow to 3,216 candlepower. The replacement lighthouse built in 1882 at first produced 79,250 candlepower, and today the same tower generates 570,000 candlepower in two staggeringly powerful bursts of light every ten seconds. In other words, the passage of 250 years—only three and a half lifetimes—has seen a ten-thousandfold increase in the lighthouse’s power.

I’m fascinated by our progress in making and using light, but I had not come to Plymouth to admire Smeaton’s Tower. I was there, on the first leg of a European trip, to interview Professor Michael Whitfield, the director of the Marine Biological Association of the United Kingdom.3 The MBA was founded in 1884 and is currently housed in a sturdy stone building on the seaward side of the Citadel. Its first president was the renowned scientist and humanist Thomas Huxley, who in his early twenties had himself gone to sea as a young assistant surgeon on the H.M.S.Rattlesnake. Today, the institution remains one of the leading marine research centers in England, focusing on basic marine science, including the biology of invertebrates, the locomotion and feeding of zooplankton, the communication of schooling fish, and human impacts on ocean environments.

Mike Whitfield had come to my attention through a brief article he wrote in the scientific journal Nature.4 He had objected, with poetic vigor, to some remarks published in 1945 by the eminent Russian scientist Vladimir Vernadsky, who was one of the founders of modern geochemistry. Vernadsky’s thinking about the complex cycles of elements and energy within Earth’s biosphere was decades ahead of its time: he had warned that our impact on the planet’s ecology had become so large that it was time to think seriously about human management of the natural resources and cycles of the biosphere. Our impact, in his words, raises “the problem of the reconstruction of the biosphere in the interests of freely thinking humanity.”5 Like him, many people now believe that we can manage the biosphere and should do so in our own interests. Yet in his Nature article, Whitfield had been scathing about such grandiose notions: “I recoil from this vision!” he declared. “We should rather understand our dependence on [Earth’s] grand cycles, and learn to tread softly in their presence.”

I left the Hoe and the view across Plymouth’s harbor and walked to the utilitarian building that houses the MBA. A public aquarium occupied the ground floor, and demonstration tanks full of fish and sea anemones lined the upstairs corridor. I found Mike Whitfield’s office, and he greeted me at the door. A genial man of fifty-seven with bushy gray hair surrounding a bald pate, he welcomed me to morning tea at a large oak table covered with journals and scientific articles.

“The first thing people must grasp,” he said, after we had spent a few minutes getting acquainted with each other, “is that we must view Earth’s systems as a functioning whole. We must learn what makes them tick as a whole, not merely the mechanisms of their component parts.” There is a critical distinction, he asserted, between a narrow, analytical understanding of how the individual components of Earth’s systems work—the understanding pursued by most contemporary science—and the more holistic perspective that he believes scientists and laypeople need to adopt. Moreover, he stressed, “complex systems exhibit emergent properties: as elements are added, complex behavior emerges. And even advanced and sophisticated models of these systems cannot capture their inherent unpredictabilities. We often know that the system will operate within a certain envelope of behavior—but not exactly where it will be within that envelope.”

The key idea here, it seemed to me, was the emergence of new and unexpected properties as individual components are combined into increasingly complex systems. “Emergent properties” have long fascinated philosophers of science. They commonly use the wetness of water as a good example: wetness is a property of neither the hydrogen nor the oxygen that together make up water, but when these elements are combined, the resulting water has the entirely novel characteristic of wetness. (To use the common aphorism, the whole is more than the sum of its parts.) Moreover, water’s wetness, some philosophers claim, cannot be predicted. We cannot anticipate that the combination of hydrogen and oxygen will be wet, even if we have complete knowledge of these elements’ individual properties. Similarly, as Mike Whitfield explained to me, when the multitude of components of Earth’s biosphere—the forests, soils, atmosphere, oceans, and phytoplankton—are brought together into various interlinked systems, they interact to produce complex and often unanticipated properties and behavior.6

“Many of these complex systems,” he continued, “are governed by feedbacks, and if stressed too much they can move to radically new equilibria. The feedbacks often allow Earth’s biosphere to operate as a control, as a thermostat if you like, on interactions between the atmosphere, land, and oceans.”7 In other words, they provide stabilizing mechanisms, dampening negative interactions among system components and reinforcing positive interactions. But I would be very surprised if these systems didn’t have the capability to shift to entirely new equilibria if they are pushed too far.

“Take the Mediterranean, for example. A combination of factors—including reduced river runoff (especially from the Nile), salty brines coming in through the Suez, and perhaps climate change—has caused a large shift in circulation patterns. Whether this is an unusual occurrence is hard to say, and we don’t know what its potential consequences might be. But some researchers think that the higher salinity of deep Mediterranean water could affect the stability of water formation as far away as Iceland. Laypeople think that the Mediterranean is isolated from outside oceans, but it’s just not true: a huge amount of water pours through the Straits of Gibraltar. Great boluses or globs of this water—called Meddies by specialists—migrate along the continental shelf towards Iceland.”

“What do you mean,” I asked, remembering his comments on Vernadsky, “when you say that we should ‘tread softly in the presence’ of Earth’s grand cycles?”

“We really don’t know how many important features of Earth’s grand systems work,” he stressed. “For example, the MBA has begun a program to gather information on the impact of human beings on marine ecosystems along the English Channel. We’re asking: What is the assimilative capacity of the coastal sea? How much rubbish can we dump? And how much fish can we take out? But this is an almost impossible task because we don’t really know which species inhabit the waters of coastal Europe. We don’t have a proper count of the species there; of those species we have identified, we often don’t know what they do; and we therefore can’t possibly know how the whole coastal ecosystem operates. We do know, from our studies of other ecosystems, that some species aren’t essential to the overall functioning of the ecosystem. But others are keystone species, and if we remove them we will gravely damage the whole system. In the case of the English Channel, determining a particular species’ role is often staggeringly difficult.

“Our ignorance is compounded by the fact that human societies and many natural systems operate on radically different time scales. It takes countless millennia for nature to build up biological capital—to build up, for instance, the capital represented by the diversity of species in the English Channel—yet we can wipe out much of that capital in an extraordinarily short time. As we exploit these systems of natural resources at a very high rate, we don’t appreciate the length of time it took nature to create the resources in the first place.” As he spoke, I could see the Channel behind him through the windows of his office. He paused, pensively, before going on. “It takes between one hundred and one thousand years to create one to two centimeters of topsoil, yet we can strip that soil away in a few years. It can take tens of thousands of years for rainwater to fill water-bearing aquifers in the ground, yet we often deplete these aquifers in decades. Moreover, because many of Earth’s systems operate on time scales of hundreds, thousands, and millions of years, they are very slow to recover from human insults. Consequently, we don’t know how we are changing the long-term relationships between ourselves and our environment.”

We had talked for almost two hours, and soon I rose to leave. But before I went, Mike Whitfield wanted to emphasize a central point. “Fundamentally, humanity’s approach to the ecosystems on which it depends arises out of arrogance. We have a misplaced optimism about our abilities.” Global ecosystems, he noted, cannot be managed consciously, just as we can’t manage our own bodies consciously. “Inside our bodies, a lot of things are ticking over without much thought, and if we had to manage consciously all these things—the beating of our heart, the flows of hormones, the cellular repair processes—we would be utterly overwhelmed. The same is true of global ecosystems. The irony of the situation is that in the end we may actually be condemned to manage these ecosystems because we have perturbed and destabilized them so much. And I am certain that we won’t be any good at it.”

A few minutes later, I stood on the Hoe again, looking out across Plymouth harbor. Somehow, I was sure, Whitfield’s comments, the splendid yet inscrutable sea in front of me, the grand history of Plymouth and Smeaton’s lighthouse were all part of one story. Yet I wasn’t sure how these individual threads wove together to make that story, or even what the story said. It would be months before I knew.
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Over the next days, while I talked to other experts across England—economists, demographers, and specialists on the problems of poor countries—my mind returned again and again to that moment on the Hoe. I realized I had already grasped one of the Plymouth story’s threads: it had wound its way through Mike Whitfield’s comments.

Humankind is entering a fundamentally new world. Many changes have opened the door to this world. Some have been sharp and conspicuous—the demise of the Soviet empire, for example, or the widespread use of the World Wide Web. Other changes, most in fact, have been small and incremental. Individually they aren’t particularly novel or interesting; indeed, they are almost unnoticeable. Yet these countless small quantitative changes in the nature of our technologies, in the character of our societies, in the size of our population, and in our impact on the ecosystems around us add up, over time, to major qualitative changes in our lives, communities, and surroundings.

This new world has arrived insidiously, creeping up on us while we were distracted by day-to-day activities and passions. We gave it little thought or self-conscious reflection, because human beings adjust smoothly to incremental changes in their circumstances. We didn’t really notice that things had become vastly different from the way they were. Instead, we turned around and the new world was simply here, part of our lives, a fait accompli.

Nonetheless, taken together, these small changes have produced spectacular results: they have dramatically raised the complexity, unpredictability, and pace of events around us. These trends, in turn, have had a huge impact on our need for ingenuity and our ability to supply it. Moreover, because this new world is, in important respects, essentially different from the one we knew in the past, the signposts we used previously to guide our behavior will not necessarily be good signposts in the future.

A particularly important quantitative change behind this qualitative change has been the growth of the human population. During the twentieth century this population nearly quadrupled, from 1.65 billion to around 6 billion people. Never before have our numbers increased so fast in absolute terms, as the eight-century span in the illustration on the following page shows. In 1900, the annual growth of our population was about 10 million people; at the beginning of the twenty-first century, it is just under 80 million (it peaked in the late 1980S at 87 million).8 This growth has intimately influenced the lives of people and societies in every corner of the planet.

Yet beyond our vague intuition that 6 billion is a very large number, most of us can’t really grasp the statistic’s true meaning. Perhaps it’s easier if we imagine this population evenly distributed across the planet’s 60 million square kilometers of habitable land—across Earth’s prairies, rangelands, farms, and urban landscapes; across its coastal plains, terraced hillsides, and temperate forests. Spread out this way, each of us would nevertheless remain within easy calling distance of our neighbors: we would be dotted across the landscape barely one hundred meters from each other.
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World Population Soared in the Twentieth Century

The world has become a crowded place. But it will not become more crowded indefinitely; population growth will not last forever. In fact, as we can see in the illustration above, it’s already ending. In the last two decades, as education, economic development, and modern ideas have spread and the status of women has improved in poor countries, the average number of babies born to each woman (what demographers refer to as the fertility rate) has fallen very fast—indeed, much faster than even the most optimistic demographers predicted. Countries like Thailand, Bangladesh, and Kenya, where women used to have an average of six or more children, have seen that number drop to three and, in some cases, even two. Meanwhile, in many rich countries, especially in Europe, fertility rates have fallen far below the 2.1 births per woman required to replace the population (in Italy, the 1995 rate was 1.17).9

The 1998 United Nations’ “medium” projection suggests that world population will grow from the current 6 billion to 7.8 billion in 2025 and 8.9 billion in 2050. (Its “low” and “high” projections for 2050 are 7.3 and 10.7 billion respectively.10) But the medium projection doesn’t necessarily represent the most likely outcome.11 Given recent fertility data, and given the very real possibility of higher mortality rates in poor countries than the UN projections anticipate, my guess is that the 2050 population will be closer to the low end of the UN’s range—around 8 billion—than to the high end.12

Yet it is wildly and irresponsibly premature and simplistic to declare—as some commentators have—that “the population explosion is over” and that we should begin worrying about a global “birth dearth” or “population implosion.”13 These commentators are referring mainly to the situation in rich countries, where today’s below-replacement birth rates will lead to tomorrow’s rapidly aging societies, posing major challenges for economic and social policy.14 The global situation, however, is very different: the world’s total population will not level out, at the earliest, before the third decade of the twenty-first century. It will grow by about 720 million people in each of the next two decades (2000-2010 and 2010-2020), and about 95 percent of this increase will occur in poor countries. Around 50 percent of poor countries’ growth, in turn, will result from sheer demographic momentum: the large number of girls still to reach reproductive age—girls born during the 1980S and 1990S, when the biggest annual increments were added to the world’s population—guarantees further population growth even if the best family planning technologies are widely available, which usually they are not.15

Many countries’ underlying populations are now so large that even small annual growth rates, in percentage terms, still mean large increments in total population. For example, although India’s growth rate is now under 2 percent per year and China’s is under 1 percent, their respective populations still grow by 15 and 10 million people annually. We should also not forget that the drop in birth rates has not happened to the same degree in all poor countries; in some, birth rates remain very high: in 1997 thirty-three countries, including twenty-five in Africa, still had rates of six children per woman. At least seventy-four countries—including Nigeria, Syria, and Honduras—will likely double their populations in the next two or three decades.16 Whether we like it or not, therefore, within the lives of today’s children, Earth will almost certainly have a human population at least 25 percent and perhaps almost 100 percent larger than it is now.17

This population growth does not have to be a bad thing. As many economists rightly point out (and as I will explore more closely in the chapter “Ingenuity and Wealth”), larger populations can boost economic development by generating scarcities of goods, services, and natural resources—scarcities that, in turn, stimulate entrepreneurship and technological innovation. Larger populations also provide more labor to produce goods and services, bigger markets to buy those goods and services, and more heads to generate useful ingenuity.18 The twentieth century’s dramatic growth in human population has been accompanied by history’s most astonishing growth in human prosperity, and the two things are, undoubtedly, causally linked. And the causal links probably go in both directions, since larger populations often generate more wealth and more wealth supports larger populations.

Yet population growth is not always a good thing. Whether it contributes to economic prosperity depends on its institutional context—markets, governments, and laws. In combination with inefficient, incompetent, or corrupt institutions, population growth and large populations can harm social well-being. Within the individual family, a larger number of children can mean less investment per child in nutrition, medicine, and education. It can also mean that the pool of family resources—in rural communities, for example, the family’s plot of cropland—is divided into smaller and smaller parcels as it is passed to each successive generation of children. At the level of the society as a whole, high fertility rates can divert the economy’s savings away from investment towards consumption.19

When European populations grew rapidly in the nineteenth and early twentieth centuries, many people who could not find good jobs emigrated to the Americas and to colonies in Africa and Asia. But a similar escape valve is, for the most part, no longer available to today’s poor countries, and their extra population must be largely absorbed and employed at home. Many of these people are moving into cities. And combined with the natural growth of the population already living there, these cities are expanding so rapidly that water systems, roads, electrical grids, sewers, and other essential infrastructures of daily life are severely overtaxed.20

Data from the 1980S and 1990S suggest that population growth now markedly threatens the quality of urban life in poor countries.21 Megacities like Karachi in Pakistan have become largely ungovernable.22 Their potential political instability is magnified by the age structure of their populations: rapid growth has produced a “youth bulge,” which means there is a disproportionately large number of young people compared to other age groups. In Africa, for example, over 40 percent of the population is under fifteen years old. Underemployed, urbanized young men are an especially volatile group that can easily be drawn into organized crime or mobilized for violent political action.

Finally, larger human populations usually place a greater burden on the natural environment that surrounds them, and local effects can have global repercussions for the planet’s climate, its fisheries, and its supplies of fresh water, cropland, and forests. There are strong reasons to believe that some countries—like China, India, Pakistan, and Egypt—do not have enough high-quality environmental resources to sustain their enormous populations indefinitely. Total population size, however, is not the only thing that determines environmental burden: what the people in the population do is also important. Are they, on average, consuming a lot of natural resources, like petroleum, water, trees, and fish? And are they, on average, producing a lot of waste, such as sewage from houses, nutrients leaching from agricultural land, and heavy metals emitted from factories?

We can estimate, very roughly, the size of our impact on the environment by multiplying our population’s size by its per capita level of resource consumption and waste output.23 When we do this for the whole planet, the results are impressive. From 1900 to 1999, during a century that saw the advent of cars, air conditioners, and luxury vacations at Club Med, per capita annual resource consumption and waste output increased more than fourfold. Taking into account the concurrent fourfold growth in the world’s population, the total annual human impact on the planet’s environment at the end of the twentieth century was therefore nearly sixteen times that of 1900: the population was four times as large and each person consumed each year, on average, more than four times the natural resources and released more than four times the waste.24

Of course, responsibility for this outcome was highly unequal. By 1999, some people in rich countries were consuming thousands of times the 1900 average, while many in poor countries were consuming far less than that average. In countries like the United States, Germany, and the Netherlands, the production of goods and services today requires, for each person, over eighty metric tons of natural resources annually.25 Much of this resource requirement is hidden from us, as consumers: for instance, producing food causes about fifteen metric tons of soil erosion for each U.S. resident each year, while building roads and other infrastructure requires moving another fourteen tons of rock and soil.26

If we project these figures into the future, by 2050 the world’s population will probably have grown to about eight billion, a third larger than it is now. Even assuming only moderate economic growth in poor countries, we can also expect our per capita consumption of resources and our output of waste, averaged across all the people in the world, to at least double. Taking these two factors into account, by 2050 the total quantity of energy, resources, and waste moving through the world’s economy each year will have nearly tripled, and Earth’s environment will have to withstand nearly three times today’s annual impact.27

But the most striking fact of all emerges when we look at the entire century and a half between 1900 and 2050. In this period, barely two lifetimes long, our annual impact on the planet’s environment will have increased more than forty fold, and almost two-thirds of this increase will have occurred in the first five decades of the twenty-first century—that is, in the next fifty years.28 This analysis tells us that we have experienced, so far, only the earliest stages, just the leading edge, of the planet’s environmental crisis. Far, far greater environmental challenges are still to come.29
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The combined activities of our enormous population are already producing breathtaking effects.

Our planet is only 12,700 kilometers in diameter—about three times the distance between New York and Los Angeles—and we can easily travel halfway around it in less than a day. We have turned much of its land surface into a patchwork of cities, industrial parks, farms, and rangeland. We have laid on this land a web of roads, canals, and pipelines. We have dug out of it hundreds of billions of tons of material, moved this material around, processed it, and dumped it. Our factory ships and trawlers crisscross the world’s oceans to exploit every valuable fishery. Our planes and satellites weave themselves around its sphere.

We are moving so much rock and dirt, blocking and diverting so many rivers, converting so many forests to cropland, releasing such huge quantities of heavy metals and organic chemicals into air and water, and generating so much energy, carbon dioxide, methane, and nitrogen compounds that we are perturbing the deepest dynamics of our global ecosystems. Between one-third and one-half of the planet’s land area has been fundamentally transformed by our actions: row-crop agriculture, cities, and industrial areas occupy 10 to 15 percent of Earth’s land surface; 6 to 8 percent has been converted to pasture; and an area the size of France is now submerged under artificial reservoirs. We have driven to extinction a quarter of all bird species. We use more than half of all accessible fresh water. In regions of major human activity, large rivers typically carry three times as much sediment as they did in pre-human times, while small rivers carry eight times the sediment. Along the world’s tropical and subtropical coastlines, our activities—especially the construction of cities, industries, and aquaculture pens—have changed or destroyed 50 percent of mangrove ecosystems, which are vital to the health of coastal fisheries. And about two-thirds of the world’s marine fisheries are either overexploited, depleted, or at their limit of exploitation. The decline of global fish stocks has followed a predictable pattern: like roving predators, we have shifted from one major stock to another as each has reached its maximum productivity and then begun to decline.30
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Regional Fish Stocks Have Declined in Succession

But such a string of statistics and facts can numb the mind. By themselves they don’t give us a visceral understanding of how we have transformed the planet, subordinated it to our ends, and made it tiny in the process. They don’t really tell us how every corner of Earth is now our backyard.

In September 1997, the United States military gave us a sensational display of this human dominion. In a joint war game with Central Asian countries, five hundred U.S. paratroopers from the Eighty-second Airborne Division dropped out of the sky onto the deserts of Kazakhstan, in the farthest reaches of the former Soviet Union. American transport planes delivered these troops directly from North Carolina to the other side of the planet, refueling from air tankers along the way. Once the planes had disgorged their cargo, they returned to the U.S. as they had come, completing the longest military expeditionary flight in history. After this triumph, the commanding officer, General John Sheehan, exulted, “There is no nation on the face of the Earth we cannot get to.”31

If every corner of Earth is now our backyard, it’s also now our garbage dump. We produce a truly prodigious flow of waste. The largest humanmade structure on the planet is not an Egyptian pyramid or a hydroelectric dam but the Staten Island Fresh Kills landfill near New York City, which has a depth of one hundred meters and an area of nine square kilometers. Although each of us makes only a tiny quantitative contribution to the total flow of human waste, these contributions add up, once again, to produce a major qualitative difference in our world. The source of my own visceral understanding of this truth was not a gigantic garbage dump or a list of impressive facts and statistics but, ironically, a lowly plastic bottle.

The summer before my trip to Europe, a friend and I had visited a wild and isolated part of Canada’s Pacific coast—the Brooks Peninsula, a rectangular extrusion of mountains, forests, and beaches that juts out into the sea from northwestern Vancouver Island in British Columbia. We arrived by herring skiff and pitched camp at the junction of a long, sandy beach and a river tumbling out of the mountains. The setting was truly grand: in front of us stretched the open Pacific; behind us rose the steep, darkly forested peaks of the peninsula and Vancouver Island.

We expected such a remote place to be relatively pristine. As a child growing up on Vancouver Island thirty years before, I had spent many hours beachcombing with my parents along stretches of coast farther south and closer to major settlements. On these occasions, we had seen few signs of humanity.

But this time things were different. My friend and I found countless pieces of junk strewn across the beach. Everything plastic available in supermarkets was there, and much, much more. Bleach bottles, toys, light bulbs, fluorescent tubes, hard hats, car tires, bicycle tires, chunks of Styrofoam, foam coffee cups, yogurt containers, rubber thongs, plastic water pipe, storage containers, oil drums, plastic milk boxes, dishsoap bottles, disposable diapers, tampon applicators, and fishing floats. Torn and tangled wads of nylon fishing net wrapped themselves around logs tossed to the back of the beach by winter storms. Higher up the shore, in the underbrush of the coastal rainforest, plastic debris littered the forest floor, also blown there by storms. And everywhere there were thousands upon thousands of clear plastic water and soft-drink bottles. Plastic bottles of engine lubricant appeared in huge numbers too, all chucked off the decks of fishing boats, trawlers, and freighters. Plastic bottles were inescapable.

Jutting out into the Pacific as it does, the Brooks Peninsula is well positioned to catch debris from the North Pacific, Alaska, and California currents that cycle past Vancouver Island. The peninsula acts a bit like a net thrust into a stream full of garbage. Sometimes interesting things arrive in the stream, such as the old glass fishing floats from Japan that West Coast beachcombers prize. But we were unlikely to find any such treasures during our visit: each spring, after the big storms have passed, private helicopters now scour even the most distant shores of British Columbia for all valuables. And in contrast to thirty years ago, we were also unlikely to be alone. Human populations are now much larger and wealthier. Brooks is a long boat ride from the nearest launch point, and float planes are banned from the area, but lots of people (including my friend and me) now have the leisure time and modern wilderness technologies to reach the area. Every day we were greeted by a new round of happy kayakers paddling up the coast.

We had a wonderful holiday. We found that we could ignore the plastic on the beach and turn our attention easily to the glorious sea and mountains. And the adventurers paddling by were without exception pleasant people who respected the outdoors and our privacy.

After a few days, the herring skiff returned. Reluctantly, we started back to the city. Our skipper, Esmo, was a taciturn old Scandinavian who had come with his family in the 1920S to the northwest coast of Vancouver Island—a place that must have seemed, in those days, like the end of the world. During our long trip down the coast he loosened up a bit. Occasionally he pointed out a feature of the land or sea and told us a story about the local natives in the early days or about his life as a fisherman. He had a delightfully wry view of the coast and the diverse peoples who had settled there. We mentioned the amount of junk on our beach, and he agreed that the problem had become much worse. A few years before, he said, a freighter bound from Asia had lost a container of shoes off its deck. When the container broke apart, shoes washed ashore up and down the coast. People from isolated hamlets and villages rushed to pick them up, and a brisk trade in individual shoes began as the scavengers tried to create matching pairs.

We laughed at that story. But the sea and shore were sending poignant messages too. On our way home, we were reminded yet again how small the planet has become and how humanity has changed it. We passed dozens of small rocks and islands just offshore. At one time, Esmo told us, they had been covered with birds—puffins, gulls, cormorants, and other species. Now the islands were completely bald, with not a bird to be seen. “Minks, rats, or less feed,” he explained. Perhaps minks and rats were raiding the nests. But in the last few years Canadian and American overfishing had helped cause a collapse in fish stocks off the coast. It was hard to avoid the conclusion that the birds had gone, at least in part, because the fish had gone.32(In the single month of July 1918, just one of the dozens of fish traps strung along the southwest coast of Vancouver Island caught over thirty metric tons of spring salmon; eighty years later, sports fishermen in the same area were allowed to catch just one fish per day.)

Continuing southeast, we cruised by a chain of thousand-meter mountains that rose directly out of the sea and ran parallel to the coast. Soon we were opposite some of the world’s most notorious logging clear-cuts. Featured in major television documentaries and multiple-page photospreads in magazines like National Geographic, these clear-cuts must be seen to be believed. From the shoreline up to the mountain peaks, and for kilometers of coastline, every tree had been felled or burnt. Logging roads cut across the slope in long diagonal lines, like the slashes of a giant’s saber. When these side hills were originally logged, the timber company had followed standard practice and intentionally lit fires to clear away the remaining debris of stumps and broken branches. But the fires had escaped their boundaries and swept to the tops of the peaks. The resulting denuded mountainsides, easily visible from the sea, became a public relations disaster. Anti-logging crusaders sent photographs around the world, and the site became a potent symbol in a remarkably effective European campaign against British Columbia’s wood products.

Esmo told us that some of the people who caused the mess were fired. The logging company began an expensive reforestation and land restoration program, planting trees, obliterating logging roads, and rebuilding creekbeds. We could see that much of this work had succeeded: in the thirteen years since the catastrophe, the lower slopes had begun to go green with new Douglas firs, some more than seven meters tall. But there was irreparable damage too. The region receives some of the highest rainfalls in the world. With the trees gone and residual logging roads forming channels for storm runoff, thousands of tons of topsoil had washed directly into the sea. On a single side hill, I counted nine major erosion slides—including one that appeared to have carved off the whole corner of a mountain. Creeks and gullies were plugged with fallen rock and logging debris. And the upper quarter of the slopes showed little evidence of forest regeneration—there was hardly any soil left there to support the planted trees.33

The extreme anti-logging hyperbole of many environmentalists has always struck me as a bit hypocritical. Anti-logging activists often live in wood houses, and they all use reams of paper to disseminate their publicity. To support an adequate standard of living, humankind still needs huge quantities of wood and wood products, from planking and beams and fibreboard to paper. We need trees, lots of them, and we must therefore use a good fraction of Earth’s surface as cropland for tree farms. Indeed, British Columbia’s terrain and temperate climate are ideal for growing softwood suitable for construction. I know that we can grow and harvest trees sensibly: during his career in B.C., my father worked as a forester and built a reputation as an innovator of logging and reforestation techniques that cause minimal damage to the land. As a child and young man, I spent many hours watching his employees use these techniques, and for two summers I worked in the B.C. forest industry myself, surveying tracts of timber for logging.

But on that sunny afternoon, the clear-cuts southeast of Brooks looked less like tree farming and more like pillage. Along with the vanished fish and birds and the endless plastic junk on the beach, they told us more clearly than any statistic that humankind has seized this tiny planet in its grip and made the whole of it its own. What we saw in that little patch of western Canada was not unusual: similar things are happening practically everywhere, from the Baltic to Siberia, the Amazon, and Indonesia.

What we saw there also reinforced something I’d seen on every continent in my travels: humanity can no longer escape from itself and its doings. There was a time when the adventurous and pioneering could go to a new land, open up a frontier, and try again. In many of these frontier lands in Canada, Australia, Latin America, Africa, and elsewhere, the population densities, including both indigenous peoples and the first waves of colonists, were extremely low. As recently as the middle of the twentieth century, the planet seemed large enough to offer room for such escape. In the last few decades, however, the global frontier has closed. There is nowhere new, untrammeled, and unexplored to go. There is nowhere that loggers, American paratroopers, or happy kayakers can’t reach. We are trapped with each other in Earth’s biosphere, a life-supporting layer no thicker, proportionately, than the skin of an apple. But we are still treating this world as if it were endless.
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Along the coast of Vancouver Island, my friend and I saw a few of the changes human beings are producing in their physical world. The sights had a palpable emotional effect: we were thrilled by the beauty of the mountains and sea, alarmed by the now-bare rookeries, and appalled by the ugliness of the clear-cut mountains. But our Vancouver Island experience, by itself, could not give us a full appreciation of the scale, multiplicity, and gathering speed of environmental changes around the planet.

If it were possible to compare satellite photographs of Earth taken before large-scale human activity with photographs taken today, several differences would be immediately obvious. One would be the astonishing amount of light humanity emits at night—something I will explore later. Another would be the extent of deforestation. This deforestation has occurred through logging (as on Vancouver Island) and more significantly, through the conversion of forested land into cities, cropland, and pasture for cattle, sheep, and goats. Forest fires started by human beings have also taken a huge toll. The earlier photos would show woodlands and closed forests covering about six billion hectares—about 40 percent of Earth’s land surface, or over six times the total area of the United States.34 Today’s photos would show that about a third of this forest cover has disappeared.35

This aggregate figure, however, is misleading. Up to the middle part of the twentieth century, most forest loss occurred in the temperate zones of North America and Europe, and in some parts of Asia, especially China and India. In the last several decades, replanting, natural regeneration, and more efficient use of wood have reversed this trend in North America and Europe. (Standing timber volume in the United States has actually increased 30 percent since the mid-twentieth century, thanks in large part to plantations of fast-growing trees in the southern states.36) But, at the same time, deforestation has skyrocketed in tropical developing countries, as rural populations in those regions exploded and worldwide demand soared for mahogany, teak, sandalwood, and other exotic woods. In the thirty years between 1960 and 1990, Asia lost nearly a third of its tropical forests, while Latin America and Africa lost almost a fifth.37 During the single decade of the 1980S, an area of tropical forest nearly three times the size of France (more than one and a half million square kilometers) was converted to other uses.38 Although the rate of deforestation then declined a bit, a swath of tropical forest larger than New York State (121,898S quare kilometers) nevertheless disappeared each year between 1990 and 1995.39

Satellites take photographs from space that show the depletion of forests around the planet. On the ground, this loss of trees causes visible changes in people’s surroundings and has direct effects on the quality of their lives. People who depend on trees for their well-being can see that forests are gone, that soil erosion and flash floods are worse as a result, and that fuelwood can’t be found.

But humanity is producing other slow and incremental changes in Earth’s natural systems that are far less visible and that have far less obvious consequences. Especially important are changes in the amount of certain trace gases in the planet’s atmosphere—gases such as carbon dioxide, methane, and nitrous oxide. These gases occur naturally, but in very low concentrations of parts per million or parts per billion. Human activities, however, are sharply raising these concentrations. Carbon dioxide is released when we burn fossil fuels, cut down forests, and manufacture cement. Methane is released by rice fields, petroleum production, termites eating wood waste in recently logged regions, and a billion flatulent cattle. And nitrous oxide is released when soil bacteria consume nitrogen-based fertilizers.

These gases are important, in part, because they affect the transparency of the atmosphere to various wavelengths of light. Even in very low concentrations, each helps make the atmosphere opaque to long-wave infrared radiation, which means that heat radiated from the surface of the planet has greater difficulty escaping into space. This is the notorious greenhouse effect: Earth’s atmosphere acts like a blanket that traps heat and warms the surface of the planet.40 In fact, if it weren’t for the naturally occurring greenhouse effect (caused largely by water vapor), the average temperature of the planet would be about 33 degrees Celsius lower than it is now, and most of the life we see around us could not survive.

The release of extra amounts of trace gases—like carbon dioxide and nitrous oxide—makes the warming stronger than it would be otherwise. Many scientists believe that this enhanced greenhouse effect will significantly change Earth’s climate in coming decades and produce more frequent droughts, floods, and perhaps major storms, which could disrupt our economies and societies. But our planet’s climate is an extraordinarily complicated phenomenon and our understanding of it is seriously incomplete. Scientists don’t know, for instance, exactly how oceans and clouds affect the global warming process.

Over the last few years, though, a consensus has developed among the experts: assuming no major changes in the trend of human emission of greenhouse gases, we will likely see the atmosphere warm between 1 and 3.5 degrees Celsius by 2100, with a “best estimate” of a 2 degree increase.41 This may not seem like much—after all, on an average day we hardly notice a couple of degrees difference in temperature—but even a small increase could have major consequences for the behavior of Earth’s climate. For example, the difference between today’s climate, which is very warm by historical standards, and the coldest period of the last ice age, around eighteen thousand years ago, is only about five degrees.

Climate modelers also predict that the warming of the next hundred years will probably happen faster than any warming of the last ten thousand years.42 Already, the average air temperature at the planet’s surface has risen between 0.3 and 0.6 degree Celsius since the late nineteenth century, and the last decade has seen a number of the hottest years on record, with 1997 and 1998 possibly the hottest of the millennium.43 Evidence of warming comes from many quarters: in temperate zones, nights are becoming warmer relative to days and spring is arriving earlier, while in the Arctic, sea ice is rapidly thinning—by almost 40 percent over the last four decades.44

Most climate experts now believe that a global warming “signal” has emerged from the “noise” of natural climate variation. Although these experts still debate whether this warming is caused by human activity (it could, for instance, be caused by changes in the intensity of the sun’s radiation), many have decided that, on balance, the evidence indicates we are influencing the global climate.

Data gathered near the South Pole show, in particularly dramatic fashion, how far and fast humankind has pushed up the atmosphere’s levels of carbon dioxide. In the 1970S and 1980S at the Vostok station in East Antarctica, Soviet and French scientists drilled down into one of the ice sheets that cover much of the southern continent. They extracted a two-kilometer-long cylinder or “core” of ice that represented a record of Antarctic snowfalls going back more than 160 thousand years. Recently, an international team extended the drilling to 3.6 kilometers, for a record of the last 420 thousand years. Over this immense period of time, each new snowfall compressed the previous one beneath it, and the layers upon layers of snow accumulated into the vast ice sheets we find in Antarctica today. By analyzing the ancient snowfalls in the ice cores, including the air bubbles trapped in the snow, scientists were able to determine both the atmosphere’s carbon dioxide concentration and its average temperature over Antarctica at the time the snow fell.45

The scientists’ findings were disturbing: they had unlocked from the ice evidence that humankind might be throwing the planet’s climate completely out of kilter (shown in illustration on following page). During the 420 thousand years registered in the ice cores, the concentrations of carbon dioxide in the snowfalls had varied up and down, between a low of 180 and a high of 280 parts per million (ppm). Four 280 ppm peaks occurred 420, 330, 240, and 130 thousand years ago; a slightly lower fifth peak of about 275 ppm occurred in the ice at the top of the core, closest to the present. Ambient air temperature varied almost in lockstep: as the carbon dioxide concentration rose, the temperature rose; as the carbon dioxide concentration fell, the temperature fell. The scientists knew that this close correlation between carbon dioxide levels and temperature didn’t necessarily mean that changes in carbon dioxide levels caused the changes in temperature—it was conceivable that causation worked in the reverse direction, or that both changes in carbon dioxide level and temperature were produced simultaneously by an unknown, third factor. But the cores provided impressive prima facie evidence of the link between carbon dioxide concentration and temperature.46

In some ways, however, what made these ice cores most disturbing was an item of information that they didn’t contain. As it happens, it takes centuries for accumulating snow to seal off air bubbles, so the bubbles trapped at the top of the cores, and therefore closest to the present, were still about seventeen hundred years old. They didn’t show carbon dioxide levels for the most recent centuries or decades. Yet in the mid-1980S, when scientists first analyzed the cores, they knew that human industrial and other activities had already pushed the atmosphere’s carbon dioxide concentration to about 350 ppm—far above the range of fluctuation of the last 420 thousand years. Today, this concentration is about 370 ppm and is rising steadily by 1 to 2 ppm each year. Most experts believe that in the next one to two centuries we will see at least a doubling, and perhaps a quadrupling, of concentrations from preindustrial levels. Since this increase is happening in the blink of an eye—relative to the time span of 420 thousand years—the projected level of atmospheric carbon dioxide shown in the illustration opposite rises almost vertically.47
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CO2 Concentrations and Temperature Have Varied in Lockstep

Note: The zero-degree point of the temperature scale (left axis) represents the present ice-core temperature of minus 55.5 degrees Celsius.

Experts can’t say for sure what effect this increase in carbon dioxide concentration will have on the planet’s average temperature. But the Vostok ice cores suggest temperature will rise, and perhaps rise fast. And one thing is certain: with each incremental ton of carbon we emit from our cars, power plants, and logging operations, we are producing, inexorably, an atmosphere that is significantly different from the one that influenced human civilizations in the past. In fact, in the next two hundred years we may produce an atmosphere with carbon dioxide levels that Earth hasn’t seen in hundreds of millions of years.48
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Since 1988, when a brutally hot North American summer pushed the issue into newspaper headlines and onto the agenda of the U.S. Congress, greenhouse warming has been in the news a lot. The public in rich countries has, for the most part, heard about carbon dioxide’s role as a contributor to warming and about the potential consequences for the world’s climate. They may have only a vague and fragmented understanding of the issue, but they have some understanding, nonetheless. Unfortunately, people are far less aware of many other changes we are producing in our global ecosystem—changes that may affect our future as much as, or even more than, greenhouse warming. One such change is the rapid accumulation of nitrogen compounds in our environment.49

Nitrogen is the sixth most common element in nature, the principal constituent of air, and the fourth most common element in living matter (behind oxygen, carbon, and hydrogen). It is a crucial constituent of DNA, RNA, and the proteins on which life depends. But in its most common form, two nitrogen atoms combine to form a nitrogen molecule (N2) that is quite stable and cannot be absorbed or used by most plants and animals. Various natural processes, including lightning and the actions of bacteria in soil and on the roots of leguminous plants, break this molecule apart and incorporate the separated atoms into ammonia (a process called nitrogen fixation), and other bacteria convert ammonia into nitrates. Plants then extract the nitrogen from these compounds to make proteins, and the vital element is passed through the food chain to animals. Nitrogen fixation is essential to all higher life. It is key to Earth’s grand cycle of nitrogen from the atmosphere, through the soil, into plants and animals, and eventually back to the atmosphere via the decomposition of these organisms and their wastes.

Although there is a lot of nitrogen around us, those natural processes fix only a limited amount. Farmers have found that insufficient nitrogen often restricts crop output, and they have developed various methods to add more to their fields. They have used human and animal waste as manure, and they have grown legumes and plowed them back into the soil. But these methods of organic recycling—employed widely by all traditional agricultures, and particularly by those in Europe and East Asia—limit the amount of plant protein that one hectare of land can produce. This limit means that a hectare can feed, for all practical purposes, a maximum of about five people.

During the nineteenth century, entrepreneurs started looking far afield for other sources of fixed nitrogen: they excavated deposits of saltpeter in Chile and guano in Peru, and they recovered ammonium sulfates from ovens used to produce metallurgical coke. But it was the work of two German scientists that finally removed the natural nitrogen constraint. In 1909, Fritz Haber, a university chemist, developed a method to synthesize ammonia (NH3) out of nitrogen and hydrogen, and Carl Bosch, an industrial chemist, transformed the laboratory process into an industrial one. The first commercial ammonia factory began production in Oppau, Germany, in 1913.

Following World War I, and especially following World War II, the Haber-Bosch synthesis was widely adopted to produce chemically useful nitrogen, mainly for fertilizer. As the world’s population soared, production of fixed nitrogen also soared, from under 5 million metric tons in the late 1940S, to 10 million tons in the 1950S, and to more than 100 million tons in the late 1990S. Growth in fertilizer output was similarly astonishing: in fact, between 1984 and 1996 alone, the world’s farmers applied as much synthetic nitrogen fertilizer as they had applied in all prior years.50 Today, the amount of nitrogen fixed by humans rivals that fixed by nature: natural processes fix between 90 and 150 million metric tons each year, while human activities fix another 130 to 150 million tons. (The remainder of the nitrogen fixed by humans, above the 95 million tons produced industrially, comes from planting legumes and recycling crop residues and manures.51)

The Haber-Bosch process is a wonderful example of human technical ingenuity—ingenuity that has brought huge benefits to us all. Vaclav Smil, a geographer at the University of Manitoba, has calculated that about 40 percent of all protein in humanity’s diet depends on synthetic nitrogen fertilizer.52 Put another way, nearly two and a half billion people are alive today because “the proteins in their bodies are built with nitrogen that came from a factory” using the Haber-Bosch process.53 Smil also points out that many land-scarce countries with large populations are utterly dependent on nitrogen fertilizer for their existence. “As they exhaust new areas to cultivate, and as traditional agricultural practices reach their limits, people in these countries must turn to ever greater applications of nitrogen fertilizer.”54

But there have been costs too. We have doubled the flow of chemically reactive nitrogen in the global ecosystem, with many unanticipated effects. Nitrogen fertilizers contribute to soil acidity and loss of vital soil nutrients. Soil bacteria acting on these fertilizers release a small fraction of their nitrogen as nitrous oxide into the atmosphere, which depletes the ozone layer and enhances global warming (a molecule of nitrous oxide is about two hundred times more powerful as a contributor to global warming than a molecule of carbon dioxide). Moreover, nitrates leach out of fields into nearby bodies of water and aquifers. Groundwater contamination is now widespread in the U.S. corn belt and Western Europe.

Nitrogen compounds that leach into lakes, rivers, and the sea often cause eutrophication—an increase in the water’s nutrient levels that leads to excessive plant growth. Algae blooms appear, blocking sunlight, and their decomposition sucks oxygen from the water, killing fish and other organisms. Such effects can be seen everywhere, from New York’s Long Island Sound to the Baltic Sea and the Great Barrier Reef of Australia. Nutrient flows off coastal lands may also be responsible for an apparent upsurge of red tides and toxic blooms of protozoa around the world that make people sick and kill fish and marine mammals.

Each spring and summer in the Gulf of Mexico, populations of phytoplankton and zooplankton explode, and oxygen levels collapse along the Louisiana coast. In a swath of ocean that sometimes reaches a total area of 20 thousand square kilometers (about the size of the state of New Jersey), fish populations plummet and most bottom-dwelling creatures, including crustaceans and starfish, move away or die.55 The bottom sediments turn black and are covered with mats of sulfur-oxidizing bacteria. The region becomes so devoid of fish and other large life forms that scientists and ecologists now call it “the dead zone,” and fishermen worry about the threat to the Gulf’s $26 billion annual catch (see illustration above). The disaster’s cause is clear: the Mississippi River, which drains 40 percent of the area of the contiguous forty-eight states, pumps thousands of tons of nitrogen and phosphorus into the Gulf from upstream farms and cities. Experts estimate that nearly 60 percent of this excess nitrogen is due to fertilizer runoff, especially from the upper Midwest and the basin of the Illinois River, over one thousand kilometers away.
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Each Spring and Summer, a “Dead Zone” Appears off Louisiana

As we add billions more people to the world’s population, and as these people—quite reasonably—strive for a higher standard of living that includes a protein-rich diet, the global output of synthetic nitrogen will far surpass today’s already huge output. Bioengineering breakthroughs may be of great importance, but we cannot predict with any confidence how soon they will come and how much difference they will make. Nitrogen is essential for crops and for the growth and survival of human bodies. Although biotechnologists are working to develop grains that harbor their own nitrogen-fixing bacteria, their widespread use is probably decades in the future.56 Meanwhile, a huge flux of human-produced reactive nitrogen is seeping into every corner of the biosphere, with consequences we only barely understand.57 This massive release of nitrogen, the geographer Vaclav Smil notes, “amounts to an immense—and dangerous—geochemical experiment.” In the span of just one lifetime, he concludes, humanity itself has developed a profound chemical dependence.58
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High output of reactive nitrogen. Soaring levels of carbon dioxide. Relentless tropical deforestation. Distant beaches covered with plastic bottles. These are all aspects of the new world we have created for ourselves, one step—one more baby, one new car, one additional paper factory, one extra Coke bottle—at a time. After talking to Mike Whitfield, in his office overlooking the English Channel, I had teased out for myself an important thread of his story: these small, almost imperceptible changes, when taken together, fundamentally alter key relationships in the complex ecological and physical systems surrounding us. Cumulatively, our demands on our environment have never been so great, and they are escalating fast.

But when large changes happen in increments we don’t see them as readily, and so we often don’t recognize their importance. In some respects, our brains adjust too easily to the incremental evolution of our surroundings.59 And even when we are aware of such change, we usually remain deeply ignorant of its possible consequences. We have only a rudimentary understanding of how the ecological systems around us work and of how our actions affect them. In particular, we are rarely able to predict the sharp shifts in the behavior of complex systems—shifts like sudden algal blooms, forest blights, and extreme climate events—that can arise when many small pressures accumulate over time. These threshold events, as experts call them, are much like the explosion of United 232’s fan disk. Everything seems to be fine and progressing normally until, out of the blue, a major shift in the system’s behavior occurs that requires huge amounts of ingenuity in response.

We will need a far better understanding of our planet’s complex systems, and much more sophisticated technologies and institutions, if we are to achieve a relationship with our surrounding natural environment that is economically and socially sustainable. Ever greater amounts of ingenuity will be required; we will have to be, in other words, increasingly smart, indefinitely into the future.

But we have not yet shown that we can supply even a small fraction of the ingenuity we need to understand and manage the forces we have unleashed across the surface of Earth. In many respects, we really don’t have a clue what we’re doing. The relationships in complex, evolving ecosystems—systems seriously perturbed by human activities—may be too numerous and intricate to be fathomed, much less manipulated, by the human brain.60 Using the brain for such ends, suggests the renowned entomologist Edward O. Wilson, is a bit like trying to unscramble an egg “with a pair of spoons.” He points out that it is impossible for today’s scientists to reconstruct and manage even fairly limited ecosystems. “ To move ahead as though scientific and entrepreneurial genius will solve each crisis that arises implies that the declining biosphere can be similarly manipulated,” he writes. “But the world is too complicated to be turned into a garden. There is no biological homeostat that can be worked by humanity; to believe otherwise is to risk reducing a large part of Earth to a wasteland.”61
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THE BIG I
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ON A WARM mid-September evening in 1997, not long after my trip to Plymouth, I took a walk through the Isle of Dogs. I went there strictly on intuition: somehow, I thought, the place might give me insights into the forces changing our world.

Just over a decade before, this isolated tract of East London had been a wasteland of derelict wharves, warehouses, and run-down housing tight by the Thames. Now it was erupting with office buildings, high-tech industry, light manufacturing, and expensive new housing. It aspired to be one of the preeminent symbols of the new England, representing the drive and dynamism of modern capitalism, with its capacity to reclaim and reinvent the world, to create jewels out of dross.

Lying in the heart of the old Port of London, in a part of the city now known as Docklands, the Isle of Dogs (so called because more than six hundred years ago, Edward III made the marshland the burying place of his greyhounds) is a large peninsula formed by the meandering Thames. In the nineteenth and twentieth centuries, engineers cleaved the peninsula with immense enclosed docks and quays for the loading, unloading, construction, and repair of ships. The Isle became a hub of the British Empire, and continued to bustle with trade from around the world till the 1960S and 1970S. 1 But its fate was sealed by intense competition from other ports and by the advent of roll-on/roll-off container ships with drafts too deep to make it up the Thames. One after another the docks were closed and abandoned, the Port of London went into irreversible decline, and 150 thousand jobs vanished.

When she came to power, Margaret Thatcher could not abide the blight of the rotting, impoverished former Port: for Conservatives, it was a reminder of the lost British Imperium, of the grandeur that seemed forever gone. The London docks had been, for centuries, a place of commotion and energy, where the greatest trading ships had brought the world’s commerce to the city’s very door; Thatcher resolved that the Docklands would be reborn. Over the objections of local activists and the Labor Party, she created a development corporation empowered to attract business to the area by offering tax concessions and cheap land.

But despite the incentives, and the stratospheric office rents in the City only a few kilometers away, business was slow to come. The Isle of Dogs and other parts of the Docklands farther east were too distant from London’s bustle. The Isle in particular had no subway or passenger train links to the rest of London, and it needed immense infrastructural investment—including completely renovated electricity, sewer, and road systems—before it could support high-density office towers. Developers also had to overcome the East End’s deeply entrenched reputation as a zone of intractable unseemliness, crime, and poverty, where as recently as the nineteenth century the bodies of executed pirates and sea rovers had been left to hang in the water until “three tides” had washed over them. As a result, when an American developer proposed a sprawling complex of towers, tenants were unwilling to sign leases in advance, and the scheme didn’t get off the ground.

Enter the Reichmanns, the famous Canadian family of real estate developers. In 1987, Paul and Albert Reichmann arrived in London, fresh from building the World Financial Center near Battery Park at the southern tip of Manhattan. The project had been a great success; many thought the complex comparable in importance and vision to Rockefeller Center in midtown. The Reichmanns seized upon the Docklands as a suitable stage for their next grand performance. They persuaded Thatcher and the London authorities to let them build a new financial center for London at Canary Wharf, smack in the center of the Isle of Dogs. Their plan included a cluster of office towers tall enough to stand above the rest of the zone and, for that matter, above the rest of London.

What happened next is well known. The tale of the Reichmanns and Canary Wharf is one of hubris, even megalomania, and of the spectacular collapse of the world’s preeminent real estate empire—a $10-billion implosion that shattered the Reichmanns’ fortune and forced their departure from the Docklands in disgrace.2

But ten years later, by the time of my evening stroll in September 1997, most of the complex’s first stage had been completed, and Canary Wharf and the Isle of Dogs were alive with business. The Reichmanns had regained control of the development, and Paul Reichmann had justifiably been labeled “one of the most resilient and tenacious entrepreneurs of the twentieth century.”3 As I walked past the towers and looked upon the project’s apparent success, I found it hard to grasp the audacity of the Reichmanns’ gamble ten years before. Such monumental daring often seems sensible in retrospect, with all the dangers and risks hidden under well-crafted masonry.

I walked south from Canary Wharf: away from the glass-and-chrome foyer and transit station, through a construction site, and across a futuristic pedestrian bridge that spanned a wide stretch of water—a bridge constructed in a long horizontal spiral like a writhing snake. I arrived in a light industrial zone and then passed row upon row of new buildings. “A secure managed office environment,” shouted a hoarding on a fresh low-rise office complex next to Millwall Dock. Secure from what I wondered. But as I looked around, it was clear. Hemmed in on each side by the new development was a redoubt of low-income housing, perhaps four or five streets of row houses and municipal apartment buildings, surrounded by fences and walls. On one side, the redoubt abutted the new printing plant of the Daily Telegraph, Financial Times, and Guardian newspapers, plants moved to the Docklands in the 1980S in an effort to break the crippling power of British printing unions. The walls between the houses and the printing plants were topped with rolls of barbed wire.

Here on the Isle of Dogs was a microcosm of the new postindustrial economy—of the two new economies, in fact. One comprised the workers in the fast-moving knowledge industries: the information and symbol analysts of the banks, investment houses, law firms, accountancies, advertising companies, and design studios that had moved into the new buildings around me. Through the windows of their offices, I could see people working, faces illuminated in the dusk by the light of their computer screens. They worked here, and for the most part lived elsewhere. The other economy comprised the laborers and low-paid service employees in the nearby houses. They lived here, and for the most part worked (if they worked) elsewhere—in stores and at lunch counters and on construction sites throughout the city, as cashiers, laborers, guards, and cleaning staff. Before Thatcher and the Reichmanns arrived, it turns out, the Isle of Dogs was not exactly a decrepit wasteland. It was a populated and vigorous community—poor, no doubt; run-down, yes; but nonetheless animated with people and families, and home to many thousands.

I walked away from the working-class redoubt, and along the edge of the many renovated waterways. A row of abandoned loading cranes had been restored and repainted as sculptures; in the gloom, they resembled enormous black praying mantises hovering over the water. I turned back to look at the buildings of Canary Wharf. Standing above everything else, bathed in floodlight against the night sky and topped with pulsing aviation lights, the central tower and surrounding buildings hardly looked real. They were too monumental, and there were simply too many floors and windows, piled one on top of the other.

Canary Wharf represents a weird combination of architectural styles that seem to have only one central theme—grandiosity. The central tower dominates everything else. Clad in stainless steel, its fifty stories are as brutal, sheer, and modernistic as any New York skyscraper, but the tower lacks the context of the rest of New York’s skyline. It stands by itself: a blunt chisel pointing into space. Improbable, arrogant, almost absurd. Near its base rests a more elegant neoclassical building with rounded corners; it, too, is colossal, but next to the tower it seems small. Nonetheless it startled me: it looked as if it had been cut by a knife and pulled into two sections. The Docklands’ elevated railway runs through the gap between the sections. As my eye followed this rail line into the heart of the Canary Wharf complex, the building’s separated halves seemed like two sides of a great door that had been slid open, ever so slightly, to reveal a glimpse of the power inside.

The sight was impressive, and I knew I was supposed to be impressed. But it was also discomforting. The Reichmanns had laid out a detailed master plan for Canary Wharf, but the complex seemed nonetheless entirely ununified. Architectural themes and ideas are jumbled together: the modernist central tower stands against the lower neoclassical office blocks, and all Canary Wharf’s buildings are laid out along a treed avenue that resembles a grand, Haussmann-like Parisian boulevard. As my eyes scanned the broader Docklands landscape, I realized that all the renovated zones of the Isle of Dogs are a similar architectural jumble. Here a futuristic printing plant, there an apartment building that looks like a ship’s bow, all around glass-sheathed office blocks. The place has the appearance of a frontier land, where each architectural ego has staked a claim and raised a meretricious monument to itself. Thatcher’s development corporation imposed on developers only minimal common requirements. Before me, in consequence, was the urban design of economic deregulation: exciting and vigorous, but also raw and full of jarring contrasts and transitions.4 It gave no comfort or sense of place.
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Canary Wharf

My eyes were drawn back to the central tower, crowned with a four-sided pyramid, red beacons flashing to warn passing planes. I noticed that there were pyramid-like peaks and structures on top of other new buildings nearby. I had seen similar devices on modern buildings elsewhere too. But where? Then I realized that an almost identical pyramid caps the World Financial Center’s main tower in New York.

Both buildings, I later learned, were designed by Cesar Pelli, the prize-winning Argentine-born architect who was Dean of the Yale School of Architecture from 1977 to 1984. The Reichmanns’ success with the World Financial Center led them to hire Pelli’s firm again for the main building at Canary Wharf. But on seeing Pelli’s plan, many Londoners thought that the tower’s form and dimensions were unsuited to the city. They criticized in particular its height relative to St. Paul’s Cathedral four kilometers away. But Pelli remained unabashed: “The important buildings,” he proclaimed, “are not in the scale of the body of man, but in the scale of his ideas. St. Paul’s was like that, and, I hope in its own way, the tower will be as well.”5

As I walked back to Canary Wharf—across the writhing bridge, through the construction site, and towards Pelli’s tower—the image of pyramids remained in my mind. What were the architects trying to do here? Taken together, the architecture on the Isle of Dogs is less than the sum of its parts. It is a cacophony of competing styles and themes, each with a different historical lineage, each carrying its own world of associations and meanings, and each exhibiting no sense of responsibility to nearby style. In this cacophony, nothing prevails, and the rich histories and meanings of each style tend to cancel each other out. The viewer is left with a muddle of motifs—an anarchy of columns, angles, arches, soaring glass walls, and thrusting towers that is simultaneously stimulating and senseless.

The architecture around me seemed to exemplify postmodernism, that reaction against the eighteenth-century Enlightenment’s effort to privilege human reason and to reveal the underlying mechanisms of the natural and social worlds. In his brilliant book The Condition of Postmodernity, the geographer David Harvey cuts to its core. Postmodernism, he notes, rejects all efforts to identify objective truths, universal and enduring patterns in nature and human history, and ideal forms of social order. Its hallmarks are “fragmentation, indeterminacy, and intense distrust of all universal or ‘totalizing’ discourses (to use the favored phrase).” Postmodernism extols the ephemeral, the fragmented, the discontinuous, and the chaotic: it “swims, even wallows, in the fragmentary and the chaotic currents of changes as if that is all there is.” As a result, it “abandons all sense of historical continuity and memory, while simultaneously developing an incredible ability to plunder history and absorb whatever it finds there as some aspect of the present.”6

Looking at the clutter of architecture around me on the Isle of Dogs, I felt the force of Harvey’s metaphor: history had been plundered, and I was walking through a vast dumping ground of trophies seized from the past. But there was a rich irony in this chaos too. Capitalism ruled in the Isle of Dogs that evening, and the tract around me was a full-throated chorus of its energies. Yet fragmentation and disorder are not, in general, what individual capitalists want, at least not in the degree I saw on my walk. The maximization of profits generally requires considerable control, order, and predictability; chief executives want, for example, controlled (even restricted) competition, ordered markets, and predictable supplier and production costs. Successful capitalists also privilege human reason: they are calculating and rational in pursuit of material ends. They usually believe that the market is—objectively and universally—a good thing. The market’s “totalizing discourse” surrounds, penetrates, and saturates capitalism; and it gives people within this economic system a set of lenses through which they can interpret and evaluate all human interactions.

How could contemporary capitalism, I wondered, with its desire for order and predictability, produce such a world of fragments? David Harvey provides a plausible answer. First, he argues, contemporary capitalism’s hyperflexible methods of producing wealth have sharply compressed our conceptions of time and space: we expect things to happen faster, and we perceive our reach across geographic space as greatly extended. Second, capitalism is simultaneously caught in a recurring crisis of overaccumulation: it generates wealth so successfully that it tends to produce too much stuff for the economy’s level of demand.

But, Harvey goes on, the first of these processes can help solve the problems created by the second. As time is compressed, the turnover rate of capital rises, and new tastes and consumption patterns arise and disappear more quickly, which boosts demand.7 Similarly, as space is compressed, new markets become available, and excess capital can be spread across larger regions. Capitalism thus solves the problem of overaccumulation by creating an ever more quickly shifting kaleidoscope of wants and needs across an ever wider geographical space. But this hyperactivity produces fragments and ephemera. Time compression rams together the past, present, and future; and it chops our temporal reality into small segments, as one orchestrated consumer fad follows another in ever more rapid succession. Space compression jumbles together the world’s diverse cultures; they bump against and overlap one another in bewildering confusion. Since many of these cultures can’t easily coexist in the world marketplace, capitalism tends to strip away their essential characteristics, leaving only the faintest and most innocuous cultural afterimages. The result can easily be an endlessly changing postmodernist collage of production and consumption, of rootless images and motifs.

Pelli’s pyramid was, for me, as I stared up at it, just such a fragmented symbol or rootless motif. Yet it also revealed something about the underlying insecurities of the system that was busily re-creating the Isle of Dogs.

Thanks to the ancient Egyptians, the pyramid is the ultimate humanmade symbol of timelessness, of permanence, and of the authority that comes with durability. It is also a symbol of undemocratic power and immense wealth. Whether they were conscious of their motives or not, I felt that Pelli and the Reichmanns had seized upon this symbol, and elevated it to the pinnacle of the highest building in the land, in a vain effort to assert authority over the welter of fragments and contradictions below: not only did the pyramid celebrate capitalism’s wealth, it also provided a serene image of eternity set against capitalism’s corrosiveness. It was a reaction to the system’s tendency to overturn, jumble, and render mundane and temporary everything it produces—an attempt to assert order and immortality in a land of fragments and ephemera. Capped by the pyramid, the whole Canary Wharf complex reflected not only its creators’ arrogance but also their darkest fears. Those fears had helped make the complex’s architecture grotesque; the buildings were almost fascistic in their boldness, lack of subtlety, and relentless striving.

Back in Canary Wharf’s heart, I sat in a café near the base of the central tower. It was now about 8 p.m., and I watched the “knowledge workers” and “symbol analysts” leave at the end of their long day. Many were only in their twenties and thirties. It was clear that they came from every country of Europe and often from countries far beyond. I assumed that most of them spoke several languages and were worldly, interesting, and conscientious people. I wondered how many had a strong attachment to a particular land or culture. They seemed exemplary citizens of the postmodern world: so multicultural as to be almost non-cultural. In a zone of London that pell-mell development had made rootless and ahistorical, they too seemed rootless and ahistorical. Some of them, at least, belonged to an endlessly fungible international super elite of investment bankers, corporate lawyers, and equity traders whose members are equally comfortable working anywhere on the planet, as long as they have the right computers, software, and communications equipment.

They were going home, I imagined. Going home to places like Butler’s Wharf, a set of renovated warehouses overlooking London’s Tower Bridge. After changing out of their suits, they would fan out to the city’s most expensive restaurants, to choose their dinners from menus offering uncommon and delicate combinations of flavors, textures, and colors. They would have meats, fish, fruits, and vegetables brought to their tables from around the planet; they would know and drink the very best wines; and they would discuss the day’s trades and their vacations in the Seychelles and Maldives. For this super elite, the exceptional and exotic are now daily fare. For them, everything is possible; everything is available. I wondered if, away from the competitive thrill of their eighty-hour-a-week jobs, they would fall prey to ennui.

I was jolted out of this speculation: Paul Reichmann had just walked into the café. He stayed only a moment—just long enough to buy a takeout coffee—before returning to his waiting car, but I was struck by how old and stooped he seemed. Here was one of the world’s great entrepreneurs, a person who had single-handedly changed the face of London by erecting a mighty pyramid-capped tower in the middle of an industrial wasteland. Yet, in the end, he appeared to be little more than an old man drained of vigor by age and financial calamity. All the pyramids he could construct seemed feeble in light of his obvious mortality.

What was I to make of all this? Was this place telling me anything relevant to my investigations?

I felt it was. In Canary Wharf and the Isle of Dogs, capitalism has created a bewildering nightmare-scape of contradictions and mixed symbols that seem designed to distract people’s senses and prevent reflection—designed, in other words, to substitute adrenaline, giantism, and raw audacity for subtlety, care, and reflection. And as hyperkinetic capitalism compresses time and space and pillages history for motifs, and as it relentlessly fragments reality and makes ephemera of the fragments, it blurs the line between reality and illusion, making it ever harder to discriminate fact from fantasy. Because, while the architecture of Canary Wharf is in some ways grotesque and fascistic, it is simultaneously fantastic. The place resembles a Disney theme park. Closing my eyes I could imagine a medieval castle here, Aladdin’s cave there and, just around the corner, a spaceship waiting to leave for the stars.

Inside the fantasyland, an increasingly homogenized, transnational super elite is at work, earning an ever-larger slice of the global economic product. As some of the best and brightest of their generation, these men and women must play a leading role supplying the ingenuity we need to solve our problems. Yet the world in which they work is unlikely to give them a firm grip on the reality of those problems: in countless ways, they are separated from reality, isolated in a land of human construction and human ideas, where reality and illusion are intermingled.

I got up to leave the café, thinking about the stooped old man I had just seen. He was so palpably mortal. No matter how much we try to isolate or distract ourselves from reality, it has a way of intruding into the lives of even the smartest and most powerful among us.
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The train surged up from under the English Channel and sped on through the Artois countryside of northwest France. I was on my way from London to Paris to visit friends. A few minutes later, a conductor announced that we’d reached our maximum speed of three hundred kilometers per hour—we would be in the Gare du Nord in less than an hour.

The farms and towns stretched like rubber streaks as they flashed by the windows. Cars traveling in the same direction as our train on a parallel expressway seemed as if they were crawling. Occasionally I glimpsed a person in a field or a street, but only for a millisecond. They didn’t even look up to see us pass.

The machine that encapsulated me, the new Chunnel train, was marvelous in every respect. The seat design, the ergonomics of the washrooms, the public address system—all bespoke thousands of hours of thought, inventiveness, and ingenuity. I wondered at it all. Then I watched the countryside.

There was haze in the air. It was everywhere outside the train. I had seen it before—most of us see it, most of the time, but we don’t notice it anymore, if we ever did.

It’s the haze of industry, of modern life. It rises from our power plants, factories, cars, and sometimes from our burning forests and fields. As I flashed by in the train, it sat between me and the ever-so-brief reality of the French countryside. It bled the life out of the landscape. Greens and blues and reds were a deadened and dull brown, as if they’d been mushed together on a painter’s palette. Edges were indistinct. The scene before me was not only temporary in the extreme—each image of the countryside passed in front of my retinas barely long enough to register in my brain—it was also flat, insipid, and weary.

In the last days of the summer of 1997, haze was a problem in that part of Europe; a combination of weather conditions had locked pollution close to the ground across much of France, the Low Countries, and Germany. But the problem wasn’t peculiar to that time or place. A large fraction of the world’s population now finds it difficult to escape such haze. It’s distinct from the localized air pollution, or smog, that we’re familiar with in cities. Haze covers whole continents, stretching from urban and industrialized areas out across the countryside, and often deep into what we normally regard as wilderness regions, like the northern Canadian tundra and Arctic.

Global haze has become something of an obsession of mine. I first noticed it on a flight from Europe to Boston in the summer of 1986. Sitting by the plane’s window as we approached North America, I admired the forested ruggedness of the Labrador coastline and the crystal blue sky above. We flew across northern Quebec and turned southwest to follow the Saint Lawrence River. A few minutes later we were directly over Quebec City. For a moment, instead of looking down at the old walled city that I love, I looked horizontally out of the plane. There, in front of me, pointing lazily northwards at ten thousand meters, was a brown tongue of airborne sludge, the leading edge of the cloud of North American haze that sits over much of the continent. As we penetrated farther into the heavily populated regions of the northeast, the cloud stretched out to the horizon in all directions and the crystal blue sky disappeared entirely. It became a sickly brown.

At the time I forgot about the matter. But a few weeks later, on the Fourth of July weekend, I happened to be sailing with some friends off Shelter Island, between the eastern jaws of Long Island. It was a sunny day, and there were dozens of boats on the water, making a cheerful scene of colorful sails and happy families enjoying the holiday. But the water was brown from an ongoing red tide in Long Island Sound, and the sky, I noticed, was tinged with brown too. It wasn’t the vivid blue sky that should accompany a sunny day; it was half blue—a pallid, feeble approximation of a blue sky. We were, I realized, sandwiched between brown and brown: an ocean made brown by nitrogen overloading from coastal runoff (or so I assumed), and a sky made brown by the industrial emissions of North America’s population, blown by prevailing winds across the continent and over our heads.

Could anybody on the water with me that day remember what a really blue sky was like? I stretched my mind and tried to recall the clear skies of my childhood on Vancouver Island, skies swept clean by fresh winds arriving from the endless Pacific Ocean. Most of us on the boats had lost touch with such memories, if we had ever had them. The natural world was now always behind a veil, always less vivid and vital than it could be.

Since that time, I have become acutely aware of haze. Traveling across the broad plain of northern China, I have found it so thick that I could barely distinguish the gushing smokestacks of factories and power plants only a kilometer away. Along the heavily populated and industrialized flat-land around the River Ganges in northern India, rice fields, villages, cities, and sky all blended into each other with a seamless grayness. And in my favorite wilderness parks in eastern Canada and the United States, once splendid landscapes often appeared washed out and dull.8

Our industrial activities spew a host of substances into the atmosphere, including sulfur dioxide, nitric oxide, nitrogen dioxide, volatile organic compounds, and soot. Some of these substances, such as soot, scatter or absorb light directly. Others, most importantly gaseous sulfur dioxide and nitrogen compounds, are transformed by complex chemical processes into tiny particles and droplets (commonly called aerosols) that remain suspended in the air for days and that are almost the ideal size to scatter and weaken the sky’s light.9 When they scatter light, these aerosols tend to make the sky appear white when viewed horizontally from the ground; when they absorb light, they give the sky the brownish hue that is especially common in cities. There is a certain irony in the fact that sulfate aerosols, because they reflect some sunlight back into space, actually help counteract the effects of global warming in heavily industrialized regions.10

Most of us in rich countries don’t have the faintest idea how widespread human-generated haze has become or how much it affects visibility. Yet it is now omnipresent in most of the industrialized world. “Much of the time,” says Glen Cass, an air-pollution specialist at the California Institute of Technology, “a widespread mass of haze-producing airborne particles sits over the entire eastern United States.”11 The U.S. National Research Council reports that “the average visual range in most of the western United States, including national parks and wilderness areas, is 100 to 150 kilometers, or about one-half to two-thirds of the natural visual range that would exist in the absence of air pollution. In most of the East, including parklands, the average visual range is less than thirty kilometers, or about one-fifth the natural visual range.”12 Since 1988, pollution control efforts in the U.S. have cut sulfur dioxide emissions by 12 percent and have greatly reduced smog in many urban areas, such as the Los Angeles basin. But, in general, the rural haze in the United States, especially in the east, has either stayed the same or diminished only slightly.13

The problem is not limited to the United States and Europe, although elsewhere its causes may be different. In poor tropical countries, widespread burning of forests and rangeland creates smoke clouds that sometimes blanket whole sections of the planet; fires in Indonesia in 1997 and 1998 burned some 4 million hectares of timber and generated a pall of smoke that stretched across Southeast Asia.14 Even in remote parts of the globe, human-made aerosols—including smoke, soot, and sulfate and nitrate particles—at concentrations of only a few micrograms per cubic meter “can shorten visual range by tens of kilometers.”15

Why am I so concerned about haze? To me, it signifies something more general than just pollution or atmospheric processes. As haze cuts us off from vivid skies and landscapes, it attenuates our ties to the wider, external reality in which we are embedded. It is just one of the many ways we are constructing—inside that wider reality—an artificial and self-referential world.

Increasingly, only the collective human ego—what I call “the Big I”—bounds and defines this constructed world. We subordinate, alter, and reinvent almost everything around us according to our own interests, from the mountains of Vancouver Island to the Isle of Dogs and the very sky overhead. Seduced by our extraordinary technological prowess, many of us come to believe that external reality—the reality outside our constructed world—is unimportant and needs little attention because, if we ever have to, we can manage any problem that might arise there. And, in any case, as the pace of our lives accelerates, we have less time to reflect on these broader circumstances. All these trends can push us into narcissism, as they weaken our sense of awe at the universe beyond our human ego; and what is perhaps more important, they also weaken our receptivity to critical signals from the external reality that might awaken us to our deep ignorance of the potential consequences of our actions, and warn us against hubris. Without this awareness we have a less accurate understanding of how much and what types of ingenuity we will need to meet the future’s challenges.

[image: ]

The incremental changes we have produced in our natural environment—from the depletion of our forests, to soaring levels of carbon dioxide and reactive nitrogen, to creeping haze in our atmosphere—are paralleled by, and often partly caused by, incremental changes in our technology.

We forget how different today’s technological world is from that of the past. Just as we easily adjust to the hazy skies above us, we easily adjust to—and soon take for granted—the stupendous array of manufacturing, transportation, medical, office, communication, and household technologies around us. Many of these technologies could not even have been imagined by previous generations. At the turn of the twentieth century, barely one and a half lifetimes ago, the horse and buggy was still standard transportation, household food was cooled with blocks of ice, a severe septic wound in an arm or a leg often meant amputation, and transoceanic communication was by telegraph. Today, only a hundred years later, our daily life includes cars, jets, refrigerators, antibiotics, and multimedia presentations carried by fiber-optic cables. None of these technologies seems particularly unusual or worthy of note; after an initial sense of surprise and sometimes delight when they were first introduced, we adopted them smoothly into our lives without further remark. The miraculous quickly becomes commonplace; the extraordinary is normalized.

The sweep of technological change, however, is the most tangible evidence of the fabulous power of human ingenuity. And I have always thought that a particularly good example of technological change is humankind’s progress in making light, which was why I found Smeaton’s Lighthouse in Plymouth fascinating.

Over thousands of years, humans and their ancestors have produced countless small improvements—and some big ones—in light-making technology. Around half a million years ago, the hominid Peking man (Homo erectus) generated light with open fires. During the Paleolithic period, about 40 thousand years ago, fat-burning stone lamps appeared; then, around 2000 B.C., Babylonians used sesame oil lamps; and in the Middle Ages in Europe tallow candles became widespread. After the late eighteenth century, the means for making light developed rapidly: first with coal-gas lamps in homes and streets, later with incandescent bulbs, and by the 1930S, with fluorescent tubes and sodium vapor lamps. The 1980S and 1990S, in turn, brought compact fluorescent bulbs and halogen lamps.

As we moved from open fires to tallow candles and then to compact fluorescent bulbs, the efficiency of light-making rose steadily. William Nordhaus, an economist at Yale, has studied this trend.16 The model of an enterprising academic, he couldn’t find published information on the light Milestones in the History of Lighting produced by open fires and sesame oil lamps, so he built his own fire, obtained his own Roman lamp (similar to a Babylonian lamp), and made his own light measurements with a Minolta illuminance meter. He concluded that the efficiency of light production—measured in terms of light output per unit of energy input—has improved by a factor of thirty thousand from the cave-dwellers’ open fire to today’s compact fluorescent light bulb. Since the time of the Babylonian sesame-oil lamp, efficiency has improved twelve-hundredfold. And the rate of improvement appears to have accelerated. “The overall improvements in lighting efficiency are nothing short of phenomenal,” he writes.17

Milestones in the History of Lighting



	1,420,000 B.C.    
	Fire used by Australopithecus



	500,000 B.C.    
	Fire used in caves by Peking man



	38,000-9000 B.C.    
	Stone fat-burning lamps with wicks used in southern Europe



	3000 B.C.    
	Candlesticks recovered from Egypt and Crete



	2000 B.C.    
	Babylonian market for lighting fuel (sesame oil)



	1292    
	Paris tax rolls list 72 chandlers (candle makers)



	Middle Ages    
	Tallow candles in wide use in western Europe



	1784    
	Discovery of Argand oil lamp



	1792    
	William Murdock uses coal-gas illumination in his Cornwall home



	1798    
	William Murdock uses coal-gas illumination in Birmingham offices



	1800    
	Candle technology improved by the use of stearic acid, spermaceti, and paraffin wax



	1820    
	Gas street lighting installed in Pall Mall, London



	1855    
	Benjamin Silliman, Jr., experiments with rock “oil”



	1860    
	Demonstration of electric-discharge lamp by the Royal Society of London



	1876    
	William Wallace’s 500-candlepower arc lights, displayed at the Centennial Exposition in Philadelphia



	1879    
	Swan and Edison invent carbon-filament incandescent lamp



	1880s    
	Welsbach gas mantle



	1882    
	Pearl Street station (New York) opens with first electrical service



	1920s    
	High-pressure mercury-vapor-discharge and sodium-discharge lamps



	1930s    
	Development of mercury-vapor-filled fluorescent tube



	1931    
	Development of sodium-vapor lamp



	1980s    
	Marketing of compact fluorescent bulb




He also gauged changes in light’s cost, measured in terms of the number of hours of work required to produce or buy a given amount of light. His own experiments with fires and lamps “provide evidence that an hour’s work today will buy about 350 thousand times as much illumination as could be bought in early Babylonia.”18 He continues: “One modern one-hundred-watt incandescent bulb burning for three hours each night would produce 1.5 million lumen-hours of light per year. At the beginning of the [nineteenth] century, obtaining this amount of light would have required burning seventeen thousand candles, and the average worker would have had to toil almost one thousand hours to earn the dollars to buy the candles.”19

These technological changes have brought huge improvements to our lives. Not so long ago, our existence was strictly governed by the cycles of day and night. Candles and oil for lamps, if available at all, were expensive and carefully rationed. They could perhaps extend the day by an hour or two after sunset, but then economic prudence demanded that the flame be extinguished and everyone go to sleep. Technologies for making cheap and abundant light have therefore been one of history’s great liberators. They have opened up vast numbers of hours for work, family, and leisure activities; for invention and idleness; and for developing one’s full potential as a human being. Indeed, since Roman times, light (lux) has been closely associated with luxury (luxe).20

But there have also been costs, many of them unanticipated. As light became easier to produce and far cheaper, we flooded our world with it. Not only are our houses ablaze—so are our streets, parking lots, playing fields, highways, office buildings, factories, shopping malls, racetracks, and construction sites. We now produce so much light that a photograph of the night-side of Earth from space shows the outlines of the continental U.S., Europe, Japan, and China clearly delineated by the light of coastal cities.
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Nighttime Lights of the USA (top) and Europe (bottom)

The megalopolis of New York City forms a huge white blob on the photograph, as do London, Paris, the Rhine Valley, the California coast from Los Angeles to San Diego, and the eastern coast of Japan.

So much light now pours from our bulbs, lamps, and headlights that our urban night skies are no longer black but a dingy gray or orange. Most stars have become invisible. The growing slice of the human population that lives in the world’s cities thus has little or no exposure to the glory of a cloudless night sky with its sweep of stars. Ironically, the light that we use to see our world blinds us to the universe.

More prosaically, our use of modern technologies for producing light conflicts with our fundamental biological nature. Human bodies and brains evolved over millennia, probably in Africa, in a natural-light regime of days and nights of roughly the same length. The lives of our distant hominid ancestors moved according to the cycle of sunrise and sunset, and over untold generations the human species genetically adapted to this light environment. Compared with the speed of genetic evolution, artificial light has arrived in the blink of an eye, disrupting, in the process, those ancient and biologically rooted circadian rhythms and sleep patterns. In combination with technologies like television and the Internet, the result is now chronic sleep deprivation and sub-optimal cognitive performance for a large proportion of the population of industrialized countries.21(An average American accumulates a five-hundred-hour sleep deficit each year. A third of U.S. adults say that lack of sleep interferes with daily activities, and nearly a quarter admit to falling asleep while driving at least once in the previous year.22)

This qualitative change in our world—the fact that it is now flooded with light—has multiple effects on ingenuity supply. Since our societies can now work, and think, twenty-four hours a day, we can supply vastly more ingenuity to deal with the challenges around us.23 Those lighted office buildings, construction sites, and factories are full of people—knowledge workers—producing, implementing, and delivering practical ideas. The lighted streets, highways, and airports allow the exchange of ingenuity, and of the products of ingenuity, around the clock.

One has to wonder, however, about the quality of some of this ingenuity. Our sleep-deprived and cognitively addled brains may simply be generating and delivering ever larger quantities of stale, mediocre ideas. And the creeping, insidious occultation of the stars is but one more contributor, like the dulling of the sky by atmospheric haze, to that broader and more fundamental qualitative shift in the character of our lives: the loss of reference points beyond the human-created world.
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The technology of making light was not on my mind as the train pulled into Paris’s Gare du Nord in the early evening. Rather, I was thinking about all the places I treasure in Paris. I hadn’t been back in many years. During my early twenties, I rented a tiny room in the Neuvième Arrondissement, only a few hundred meters from the Opéra and not much more than a kilometer from the Louvre. It was one of the best times of my life—a chance to make friends from all over Europe, to wander late into the night through the Latin Quarter and, only incidentally, to work on my French. As an unsophisticated Anglo-Canadian, I have always envied Parisian passions for food, love, art, and politics. There is a depth of history and culture in Paris, and an aesthetic sensibility, far greater than one easily finds in North America.

A friend met me on the platform, and we caught a cab to a hotel. Dusk came, and bulbs and lamps across the city were turned on; viewed from space Paris emerged as one of Europe’s big blobs of light. Our taxi wound through the heavy evening traffic towards the Place de la République. I was thrilled to be there, but I have always found cities a bit claustrophobic. When I was young, my parents and I entertained ourselves mostly outdoors—fishing, hunting, camping, and playing in western Canada’s magnificent rural areas. I have spent most of my adult life, though, in large cities in North America, Europe, and Asia, and my attitude towards them has always been ambivalent. They energize part of me, but they suffocate another part.

Cities are the source of countless good things in our lives. They are where we generate most of our creativity and wealth; they are the location of most of our greatest art and architecture; and they are full of diversity, adrenaline, and excitement. They are embodiments of our social nature and monuments to our ingenuity.24 We go to cities to meet people, make money, and gain knowledge; cities are where we have things manufactured and sell our products, and where we go to be inspired and entertained. For these and many more reasons, most of us now prefer to live in cities. In rich societies, 80 to 90 percent of the population lives in urban areas, and in poor countries the urbanized percentage is quickly rising to the same level, with hundreds of millions of people moving from the countryside.

Today’s cities also represent, in many ways, the apex of human egocentrism, the most elaborate and potent expression of the Big I. Our cities are made to human scale—even the huge skyscrapers of Canary Wharf or La Défense in the outskirts of Paris are examples of monumentalism on a purely human scale—and everything is designed for or shaped to our interests. Things that get in the way of our interests, like bad weather, are resolutely shut out of our lives. As a result, as urban dwellers we inhabit an entirely meso-scale world, a world constructed entirely in the middle range of nature’s space and time scales. Because this middle range best suits the physical needs of human beings, the upper and lower ranges—the micro and macro ends of the space and time scales—are lopped off. We no longer experience them. For all intents and purposes, micro and macro phenomena no longer exist, and the meso scale becomes the only real world. This leaves us with an astoundingly impoverished awareness of the small and large systems that intimately affect our lives.

Take, for instance, soil. Few urbanites can appreciate this complex, fragile ecological system, but it is crucial to our well-being. Soil’s realities are micro-phenomena, and to the urban consciousness they are, quite simply, nonexistent. We see little soil in cities like Paris, London, New York, or Toronto. Asphalt, concrete, and cobblestones cover the ground and surround our trees right up to their trunks; flowerbeds are usually small and their soil obscured; even in North America’s suburbs, soil is resolutely buried beneath turf. When we pass fields of grains and vegetables on our visits to rural areas, the soil in the distance is, to us, little more than the stuff that plants must stick their roots into to hold themselves upright. We have a vague notion that anything else soil provides is no longer particularly essential, because farmers can easily use fertilizer to substitute for its nitrogen, potassium, and other nutrients. Soil is dirt. It’s the brown stuff that has to be washed out of our children’s clothes. It’s not particularly interesting. More often than not, it’s a nuisance.

But if we could break out of our urban cocoons, we would learn that healthy soil is more than dirt and that it provides plants with much more than a place to put their roots. As the Dutch professor of soil biology Lijbert Brussaard and his colleagues write, “soil provides the physical substratum for virtually all human activities, [for example] agriculture, buildings, transport; it provides resources for industrial use and waste management; and it is central in elemental cycles, without which agriculture would not be possible.”25

The creation of soil begins with the inorganic grindings of rock generated over millions of years of weathering and chemical action by the elements. Time and life contribute organic, rotted debris from plants. But in addition—and this is often the most surprising fact to the average urbanite who regards soil as inert and lifeless—a cubic meter of good soil is also a vibrant, living ensemble of billions of interdependent organisms linked together by unbelievably complex flows of energy, water, carbon, sulphur, oxygen, and nitrogen.26

Bacteria that live in the film of water around soil particles are at work decomposing plant litter and promoting vital chemical processes. Other bacteria form nodules on the roots of legumes and fix the atmosphere’s nitrogen so that it can be used by plants. Fungi produce webs of filaments that enhance soil structure. Protozoa feed on bacteria and fungi; and nematodes—tiny unsegmented worms—in turn eat bacteria, protozoa, and plant debris. The busy routines of mites, millipedes, centipedes, and termites help mix and aerate the soil. Earthworms chew through tons of organic matter a year, leaving in their wake casts that improve soil tilth. Slugs, snails, beetles, insect larvae, and moles consume these smaller creatures, thereby producing nutrient-rich wastes.

Healthy soil teems with these animals: a single gram of soil may contain between a million and a billion bacteria; a square meter of grassland soil can harbor two hundred thousand arthropods (a category that includes mites, millipedes, and termites) and close to a thousand earthworms.27 Together they help ensure that plants have the things they need to grow—that air penetrates deeply, that water doesn’t drain away or evaporate too quickly, and that an adequate range of nutrients clings to the immense surface area provided by the soil’s countless particles.

Scientists know a great deal about the chemical and physical properties of various soils, but they know much less about the types and functions of soil organisms. As Lijbert Brussaard says: “The number of existing species is vastly higher than the number described.”28 We do know that many human agricultural practices, especially the heavy use of pesticides, herbicides, and artificial fertilizers, harm this vital riot of life. We also know that most of these agricultural chemicals give us, at best, only rudimentary substitutes for the essential services that soil creatures provide.

In cities, we don’t see or think about soil, how it works, how our actions affect it, or how little we understand it. Nor, usually, do we think about anything else in the external world that is really small or really large. This is one reason that people like the kayakers my friend and I met at the Brooks Peninsula head for the outdoors. For these adventurers, modern technologies and wealth haven’t reinforced the self-referential, human-constructed world, but have instead allowed them to move beyond it.

When outdoors, they escape a bit from the Big I. They will not find true wilderness, because human activities have fundamentally altered, either directly or indirectly, all regions of the planet. There is no true wilderness, in the sense of pristine nature, left.29 But outdoor adventurers do become more aware of their micro and macro surroundings, as space and time scales are briefly restored to their full dimensions.30

In the city, for instance, we aren’t confronted by the micro-reality that frog populations are declining across much of the world. This reality becomes clearer only if we regularly observe life outdoors—we are then more likely to encounter the tangible reality that there are fewer frogs around. Similarly, in the city most people don’t notice the macro-reality of weather very much, except when a severe heat wave or storm arrives. As urbanites, we spend almost all our time indoors. We encounter the elements for only brief intervals between car and office or between buildings. But in the rural outdoors, sky and clouds take on new meaning. We become acutely aware of how they unfold during the day: Is that smoldering line of thunderheads moving our way? Do those threads of high cirrus clouds herald a storm? Will that patch of clear sky grow to give us sun?

When I’m outdoors and a long way from the city, I often sit in one place for an hour or more, consciously focusing on small and large things around me, such as a hawk circling for its prey or water lapping along the shore of a lake. After the sun sets in the evening, I sometimes use a star chart to find the constellations and the solar system’s visible planets—Jupiter, Venus, Mars, Saturn, and occasionally Mercury. I hope, above all, to find the planets, because I can use them to shift my mind to a less anthropocentric view of Earth’s position in the universe.31

I start by building a three-dimensional image in my mind. Earth and the planets orbit the sun along roughly the same plane, which slices through Earth roughly at the equator. I face south (the direction of the equator from Canada) and imagine that I can see this plane, stretching from the point in the east where the sun rises to the point in the west where it sets, and sweeping across the southern sky. It intersects the dome of the night sky along a line astronomers call the ecliptic. Since the visible planets all lie on this same plane, by linking them together across the night sky I can identify the line of the ecliptic, and along that line I imagine Earth’s orbital plane vanishing to infinity. Once I have found the planets and the ecliptic, I bring the sun into this three-dimensional mental image: it’s somewhere below the western horizon to my right, a position usually indicated by the residual glow of the sunset in that direction. Since the sun is the pivot around which everything in the solar system rotates, it’s on the same plane as Earth and the rest of the planets.

With all these elements firmly in mind, I take a mental leap. Instead of taking Earth as a stable reference point for observing everything else, as we all usually do, I mentally place the sun in a fixed position below the horizon, and then envision Earth and the planets above me turning counterclockwise around it, as though they and I were embedded in a giant disc that cuts the heavens in two and revolves around the sun at its center.32 It usually takes a while to build this image correctly. But once all the elements fall into place, I am rewarded with a surge of vertigo, because the new image dramatically overrules my everyday “folk” intuition about the world. I become abruptly aware that I am not firmly planted on stationary ground but am actually flying through space on my small vehicle, the Earth, at thirty kilometers a second, in a huge arc around the sun.33

Our everyday intuition about the relationship of Earth to the planets and to the rest of the universe is pre-Copernican: we know rationally that Earth orbits the sun, but to our senses and our intuition, the ground beneath our feet is stationary.34 It’s jarring to be reminded that Earth is actually in motion. Not only does my mind-game induce vertigo, it extends my spatial dimension outwards from the narrow human-made world. Suddenly, the stars and planets are no longer simply points of light on the two-dimensional surface of the night sky; they become, instead, our neighbors in three-dimensional space.

This neighborhood is unimaginably vast, and within it Earth is absurdly minuscule. Beyond the planets, and within the volume of space visible to astronomers, are, at latest estimate, 125 billion galaxies, each containing perhaps 50 billion stars.35(Such stupendous numbers are almost impossible to grasp, but a person counting the stars in the currently visible universe would need about five thousand times the estimated age of the universe to enumerate them all.36) If we could shoot into space and watch our planet as it recedes from us, we would find that Earth and the solar system inhabit the outer edge of a spiral galaxy, the Milky Way. We would see that this galaxy is a member of a gravitationally bound group of twenty-six galaxies, known as the Local Group, that sits on the periphery of a far larger cloud of galaxies. This cloud itself lies near the edge of the Local Supercluster, a macro-structure in space encompassing some ten thousand galaxies. Light, the fastest thing in the known universe, takes hundreds of millions of years—literally millions of human lifetimes—to cross this supercluster.37

There is weirdness and wonder at both ends of nature’s spatial spectrum, from the sky overhead to the soil below our feet. But in our modern cities we obscure the sky behind haze and light, and we pave over the soil. A wall of technology and its products now cuts us off from much of the universe around us. At the same time that we are altering our natural world one increment at a time, we are separating ourselves from this world. As a result, it seems less and less real, and we are less able to pick up the signals from our environment that could warn us of trouble; oblivious, we become yet more arrogant and sure of our powers. Arrogance distorts our ability to see which challenges around us really need our attention; and that, in turn, distorts the amount and kinds of ingenuity we supply.
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Some skeptics might respond that it is simply not true that our ties to external reality are increasingly attenuated. Modern science and technology provide us with innumerable devices that allow us to probe and understand that external reality as never before and to communicate the results to specialists and the public. The Hubble space telescope extends our vision far into the universe, and electron microscopes allow us to investigate the biochemistry of soils. The Internet permits faster and more intensive dialogue among scientists about emerging ecological problems—like the disappearance of frogs. And the World Wide Web makes all this information far more accessible to the interested layperson. In fact, these skeptics might conclude, humankind is more connected with non-human reality than ever before.

In many respects, these arguments are correct. But, while our knowledge about the external world is undeniably greater and more widely available than ever before, it is still not reaching very many of us. Most of it is known only to particular interest groups and communities of specialists. And when it dribbles out of these communities, it usually goes no farther than the intellectual elites of the wealthiest countries in the world, or is lost in the torrent of factoids distributed by popular media (something I explore in the chapter “Vegas”). The everyday experience of a person living in industrialized countries or, more generally, in the planet’s mega-cities, barely touches on the natural world. On a day-to-day basis, most of us in rich countries are increasingly sealed within the hermetic and sometimes illusory world of the human-made, the human-scaled, and the human-imagined.

We are losing a sense of our place in the scheme of things; a sense of how strange the world is, and of the limits, ultimately, of our knowledge and control. We are losing the awe, the respect, and the recognition of mystery that remind us to be prudent.

On a few occasions in my life I’ve had such a feeling, and I realized I was deeply fortunate, as we all do at such moments. Sometimes it has been evoked by nature’s straightforward grandeur—by an enormous waterfall in a jungle or by a range of mountains at dawn. Other times, outright intimidation has done the job. A friend and I were once trapped all night in the middle of a herd of wild African elephants. As we sat in the dark in a two-person tent, a bull elephant ripped branches out of a tree a few meters away. Without weapons, adequate shelter, or any way to escape, we felt puny. In an age when humans seek to subordinate every intrusive aspect of nature, the tables were briefly turned and raw nature was, once again, clearly the master. (The tables were soon turned back: most of the elephants around us that night were eventually slaughtered by gangs of poachers using military rifles and submachine guns.)

But sometimes something more subtle—an encounter with something small, easily missed or ignored—can trigger the feeling. I remember one occasion particularly well. It was a brilliant fall day, and I was hiking along an uninhabited part of the north shore of Lake Ontario. The afternoon was warm, so I stopped and stretched out on a large rock to enjoy the sun. As I watched the sky and clouds, a butterfly flittered across my field of vision. A few minutes later, another zigzagged by. Then another and another. Curious, I sat up and looked around. The milkweed on the shore of the lake behind me was alive with monarchs, their distinctive orange-and-black-veined wings gently fanning the afternoon breeze. They were gorging themselves. Then, one by one, they ascended hundreds of meters into the sky to begin their long and perilous trek across the lake.

Quite by accident, I was in the middle of one of nature’s most extraordinary spectacles—the migration of monarch butterflies. It’s not noisy, grand, or intimidating. Actually, it’s very easy to miss: at any given place along the migration route, it occurs for only a few days. But each year, from August to October, millions of these butterflies begin their journey to southern wintering grounds. West of the Rockies they move to sites along the Pacific coast from Monterey to Los Angeles. From eastern North America, they converge on a few clumps of fir trees in the highlands of central Mexico. In the process, some of these half-gram animals travel up to four thousand kilometers—roughly equivalent, in human terms, to walking one and a half times around the planet.38

But the distance they cover is not their most astounding accomplishment: even more remarkable is the fact that the monarchs arriving back in the north the following spring are not those that went south the previous fall. In fact, more than once during their return trip in the spring, the migrants will reproduce, the old ones die, and the newborns continue the journey northwards—as if each butterfly’s life is just one segment of an endless relay race. A full migratory cycle involves from three to five generations. Somehow, each generation knows where it is in the cycle, whether or not to migrate, and if it must migrate, in which direction it should go. And somehow those that migrate are able to navigate across lakes, bogs, forests, fields, freeways, suburban tracts, and cities to get to their destination.

Recent research shows that, on sunny days, monarchs choose their direction by combining signals from an internal clock that measures the time of day with visual cues regarding the sun’s changing azimuth—its changing position along the horizon.39 Combining these two measurements into a workable indicator of orientation is not a trivial task, especially since the sun’s position in the sky, at any given time in the day, changes as the seasons progress. Moreover, on cloudy days monarchs can still navigate effectively, which suggests their sun compass is supplemented by something else, perhaps a sensor that detects changes in their orientation to Earth’s magnetic field.

For a moment, as I watched those tiny, fragile creatures begin their journey across Lake Ontario, I felt I was in the presence of something infinitely larger and more impressive than all human accomplishment and all the postmodern pyramids and dazzling light technologies we can muster. Those insects were following a pattern of behavior that was visibly linked to hundreds of millions of years of evolution. A window into those past eons opened in front of me. There, in their barely potent but ardent flitterings over the lake, I could see real power and timelessness, unlike anything humanity could ever hope to match.

But who sees the monarch migration anymore?
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My European travels had nearly ended. After Paris, I returned to London for a conference of specialists on population growth. Over dinner at a posh hotel, I had a fascinating, wide-ranging conversation about humankind’s future with John Bongaarts, vice president of policy research at the Population Council in New York.

John Bongaarts is one of the world’s leading demographers. Currently, he is noted for research in which he differentiates the fraction of future human population growth that could be prevented by wide distribution of contraceptives from the fraction that is more or less “locked in” because of the large number of girls still to reach their reproductive years (the problem of “demographic momentum” that I mentioned in the last chapter and that will account for about 50 percent of population growth in poor countries over the next two decades). He is an attractive fifty-five-year-old Dutchman, with well-groomed white hair and, despite his three decades in the United States, a slight Dutch accent.

“The next twenty-five years will be very difficult,” he stressed. “We’ll see continued rapid population growth, about seven hundred million people per decade for the next two decades. We’re also going to see many simultaneous changes in the global ecosystem—things like deforestation, soil erosion, dying coral reefs, climate change, and pollution of coastal zones with nitrogen. What’s worse, most of these changes occur slowly and so won’t be noticed: we’re gradually drifting into a world where we’ve lost many valuable things. On the global scale, we can expect big differences between winners and losers—a patchiness, I would say, of the global landscape—and perhaps some big local catastrophes, like droughts, famines, and genocides.”

“I agree,” I replied, “but there’s also the likelihood of sudden changes in the economic, political, and ecological systems that we live within. After long periods of slow change, those systems can flip to radically different states or equilibria if pushed far enough. And we’re now so interlinked on the planet that a shock or flip in a key system in one part of the planet can propagate to every other part in the blink of an eye.”

Bongaarts wasn’t convinced. “Well, we saw an interesting example only a few years ago,” I suggested. “The 1994 Zapatista rebellion in Chiapas, Mexico, helped trigger a collapse of the Mexican peso. It’s true the peso was very vulnerable because of the country’s huge current-account deficit. But the rebellion reminded the world that Mexico wasn’t the next economic tiger, and the peso collapse ricocheted around the world, forcing currencies down from Canada to Southeast Asia.”

“But the density of connections in these systems—their very complexity—produces resilience,” he argued. “In a highly complex, networked system like the world financial system, chunks can be damaged, removed, and even destroyed, yet the rest of the system can often step in to contain and repair that damage. Even if, God forbid, New York City were destroyed or simply disappeared, the loss would certainly have a staggering effect on the world, especially its financial management, but human civilization wouldn’t collapse. The rest of the human system would move in to repair the damage and replace the loss.”40

He paused and thought for a moment. “Nonetheless, we aren’t currently seeing sharp, dramatically visible changes in our systems, and their seeming stability is probably lulling us into complacency. These systems aren’t giving us clear negative signals. So people aren’t being given the information and incentives to reflect properly on the challenges we’ll face in the future. And we can be certain of one thing: the golden future proposed by certain economists and techno-optimists will not come to pass. The ecological stress we’re putting on the planet and the trend towards widening gaps between rich and poor ensure we’ll see a future altogether more mixed and ambiguous.”

Back in my hotel room, I decided Bongaarts was probably right, at least in part: we weren’t getting strong enough signals from the complex systems we depend upon. But as it turned out, we didn’t have long to wait. It was only September 1997; the Asian financial crisis had just begun. Within a year, the signals, at least those from the international economic system, would be dramatic enough for everyone to see.



PART TWO
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Do We Need



More Ingenuity
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Problems of



the Future?
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COMPLEXITIES
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WHEN I RETURNED to North America, Mike Whitfield’s world of zooplankton, emergent properties, keystone species, and the ecology of the English Channel seemed far away. But I knew that many of his points were relevant to our daily lives. They were also important pieces of the ingenuity puzzle, although I wasn’t yet sure how to put them together.

Mike Whitfield had spoken of the intrinsic complexity of the ecosystems we depend upon and of characteristics common to complex systems in general. In our daily lives, we often shut ourselves off from the natural world (as I suggested in the last chapter), but most of us are at least intuitively aware that we are surrounded by a multitude of other complex systems—economic, technological, and social—created by human beings. Most of us also have the impression that these human-made systems are becoming immensely more complex over time. Yet it’s hard to put our finger on exactly how or why.

One factor that increases complexity in our lives is the relentless march of technology.1 The ferocious competition of modern capitalism—its inexorable “creative destruction,” as the economist Joseph Schumpeter once labeled it—propels technology’s development and generates the wealth that allows new technology to be used by more and more people. When taken individually, the new devices that surround us seem reasonable and helpful: microwave ovens, voice-mail systems, and jet planes help us get more done, save time, communicate with friends and colleagues more easily, and get where we want to go faster. But when taken together, and when used not just by ourselves but also by everybody else in our society, these devices sometimes make our lives more complex and, surprisingly, more difficult. In Whitfield’s terms, increased complexity is an emergent property that arises when discrete elements—in this case, individual new technologies—combine and produce unanticipated effects.

These effects are insidious, creeping in from the edges of our reality in ways we don’t immediately notice. For example, new communication technologies steadily widen the circle of people each of us can contact: today we can reach out to a far larger number of people than we could even twenty years ago, and a far larger number of people can easily reach us. As a result, we find ourselves more rushed and facing an expanding range of obligations and responsibilities, because it is easier for other people to make demands on our time. Voice-mail messages, e-mail letters, and faxes pile up. Meetings proliferate. Scheduling calendars and Palm Pilots are crammed with appointments and conference calls. And when these new communication technologies are combined with new technologies of travel and production, everybody moves more, makes more things, and communicates more in interaction with more people. Since we can all do more, we feel we must do more, because if we don’t we will be left behind by our colleagues, neighbors, and competitors. Thus the technologies that save us time and labor individually—that empower each of us—bind us collectively into a frenetic, mad race in which we often feel more caged by obligations and demands than before. The tools of our liberation often seem to imprison us. Harvard economist Juliet Schor, author of The Overworked American, makes a similar point. “Technology,” she says, “reduces the amount of time it takes to do any one task, but it also leads to the expansion of tasks that people are expected to do. This is what happened to American housewives over the twentieth century as they got new appliances. They didn’t actually do less work—they did more things. It’s what happens to people when they get computers and faxes and cellular telephones and all of the new technologies that are coming out today.”2

The people who succeed in this new, technologically hypercharged environment make up a narrow elite that thrives on constant stimulus. They tend to be young, urban, aggressive, and highly competent, like the people I saw at Canary Wharf. But, like most of us, they usually don’t think a lot about who they are, about what their ultimate aims are, or about the broader consequences of what they are doing. Instead, they thrive on the competition and change of the moment, on the mad race that is the essence of today’s world. Even if they want to ponder bigger issues, the compressed and complex conditions of our modern lives don’t give them much room to do so.

But one fact is clear: as our lives and our world become faster-paced and more complex, our need for ingenuity rises. Both as individuals and as societies, we must deal with more issues simultaneously and make decisions faster. We must deliver an ever greater range of problem-solving ideas at an ever higher rate, and to accomplish this task we must rely on increasingly sophisticated time-and decision-management tools.
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The march of technology is the most obvious, immediate cause of the greater complexity of our lives. But the ultimate answer to the question, What produces increasing complexity? is both deeper and more general. We can’t answer this question, though, without taking a short detour into the rapidly developing field of complexity theory. Much of the pioneering work in this new field is taking place at the Santa Fe Institute in Santa Fe, New Mexico, an organization that has developed a worldwide reputation for bringing together top thinkers from diverse disciplines to study how complex systems, from economies to ecosystems, work.

The institute has a number of resident thinkers, and one of them, the economist W. Brian Arthur, has studied the sources of complexity with great subtlety. In a path-breaking article, he identifies three critical processes that make systems more complex.3

We can think of a system as a group of things or “entities,” as Arthur calls them, interacting with each other over time.4 These entities might be, for example, individual species in an ecological system like Whitfield’s English Channel, or specific communication technologies in an information system such as the Internet, or corporations in an economic system. Arthur argues, first, that such systems become more complex through a process he calls growth in coevolutionary diversity. In a “coevolutionary” system, the entities that make up the system—organisms, corporations, or whatever—compete fiercely. Those entities that don’t do well in this competition don’t survive. At the same time, though, competition isn’t simply a “war of all against all.” Over time, the system’s entities can also develop webs of interdependence: corporations learn to work together and use each other’s products, for example, and some species of fish in the English Channel will have symbiotic (or mutually beneficial) rather than predator-prey relationships. As these interactions proliferate—whether they are competitive, cooperative, or symbiotic—new opportunities or niches emerge among the existing entities. (The image that comes to my mind is of a row of children’s building blocks on a table, each block spaced slightly apart from its neighbors; every time a new block is added to the row, a new space is created too, and this space is analogous to a new niche in the system.) As new niches emerge, new entities evolve to exploit them. “By this means,” Brian Arthur writes, “complexity, in the form of greater diversity and a more intricate web of interactions, tends to bootstrap itself upward over time…. With entities providing niches and niches making possible new entities, it may feed upon itself; so that diversity itself provides the fuel for further diversity.”5

He uses the apt example of the modern computer industry. Here, the entities in the coevolving system are discrete computer technologies. The arrival of microprocessors—that is, computer chips—produced niches “for devices such as memory systems, screen monitors, and bus interfaces that could be connected with [microprocessors] to form useful hardware—computing devices.” Computers in turn created needs for operating systems, programming languages, and software. The interaction of hardware and software then permitted the development of technologies from desktop publishing to computer-aided design. And all these developments fed back to stimulate improvements in microprocessor technology.

Brian Arthur stresses that the potential for new entities to develop is often a function, not so much of the number of other entities in the system, as of the possibilities for interaction among them. For instance, only the conjunction of lasers, xerography, and computers made possible the invention of laser printer technology. He also argues that some types of coevolutionary system can generate an explosion of niches; in other words, the number of possible interactions and, consequently, the number of niches can multiply stunningly fast. This increase, in turn, boosts the diversity of entities within the system and the complexity of the system as a whole. In short, diversity begets diversity, and complexity begets complexity.6

What does all this mean for the ingenuity gap? This first process described by Arthur tells us that virtuous circles may take hold in some societies, in which these societies experience an explosion of creativity, ingenuity, complexity, and diversity. At the same time, those societies that never reach a critical rate of development of new entities—whether they be technologies, corporations, or forms of social organization—and that therefore do not develop new niches rapidly either, will remain quiescent indefinitely. Arthur’s first mechanism implies that we will see a widening gap between highly adaptive societies able to generate immense amounts of ingenuity and those that remain poor backwaters.7

Although coevolving systems tend to become more diverse and complex as time passes, Brian Arthur also notes that there are fluctuations around the upward trend. On occasion, a new entity replaces another more basic or fundamental one within a system, and this change eliminates the niches linked to that more basic entity. A century and a half ago, for instance, the bureaucracies of corporations and governments were sustained by elaborate systems of copiers and scribes. They wrote and rewrote important documents, such as contracts and correspondence, by hand. But the development of typewriters and carbon paper eliminated this entire interdependent edifice of institutions, technology, and personnel—a change that produced, in turn, a sharp but temporary drop in the system’s complexity.

Arthur’s second process that increases complexity, which he calls structural deepening, occurs not within whole systems but within single entities. An entity like an organism, technology, or corporation becomes steadily more sophisticated in order to improve its performance; this trend is driven by fierce competition with other entities in the ecological, economic, or social system. “The steady pressure of competition,” he argues, “causes complexity to increase as functions and modifications are added to a system to break through limitations, to handle exceptional circumstances, or to adapt to an environment itself more complex.”8

The introduction of radically new, simple systems can sometimes sweep away complex earlier systems that have become encrusted with additions and complications. By the 1930S, for example, the piston engine in airplanes had become hugely complicated: engineers were trying to make these engines operate effectively at high speed in the thin air of high altitudes. The revolutionary Whittle jet engine, in contrast, had one moving part. So, eventually, as the performance advantages of jet engines became obvious, they supplanted piston engines in planes. But the desire to make jet engines perform even better inevitably led to the addition of further subsystems and sub-subsystems, including cooling devices, airflow control, extra compressors, and afterburners. Today’s advanced jet engines have over twenty thousand parts. Brian Arthur sums up: “In evolving systems, bursts of simplicity often cut through growing complexity and establish a new basis upon which complication can again grow. In this back-and-forth dance between complexity and simplicity, complication usually gains a net edge over time.”9

Arthur’s third process—capturing software—is completely different from the previous two. Sometimes, he contends, systems take over or “task” simpler systems, exploiting the entities that make up these systems and also the set of rules or “grammar” that governs interaction among the entities.10 This process is less obscure than it sounds. Arthur uses the example of human societies and electricity: we have learned to task electrons by understanding the physical rules (or grammar) that govern electricity. Humans exploit electrons and their grammar of electromagnetism as “programmable software” for an ever-broadening array of technologies.

He extends this idea to the immensely complex social systems we have constructed around us. National and international securities markets, for instance, have invented a grammar of options, indexes, and futures that can be applied to different objects of underlying value (often called “underlyings”). At first, these underlyings might be straightforward things like pork bellies, U.S. dollars, or shares of IBM. But when securities markets apply their grammar of options, indexes, and futures to them, new objects of value, often called “derivatives,” are created. The markets can then again apply the same grammar to these derivatives to create further objects of value in a progressively thickening hierarchy of complexity. In other words, markets recursively apply the same set of rules, over and over again, to the very things that they have produced through those rules. Some derivatives become so remote from their original underlyings that only the most analytically astute financial managers have any grasp of what they are or mean.

So three processes produce greater complexity in our world: competition and interdependence among entities creates niches that new entities can fill; this competitive environment also encourages individual entities to breach performance limits by adding new subsystems; and large systems of entities can capture or task simpler systems, adapting and building on the grammar of these simpler systems to boost performance.

These processes are constantly at work in the technological, political, and economic systems around us. We see them operating simultaneously in local communities, the domestic market, and the international system of states. The results are often new and performance-enhanced technologies and institutions. When taken individually, these technologies and institutions can be very useful. But when taken together, the combined effect is a faster-paced, more densely linked, increasingly interactive, and often overwhelmingly complex world. Produced by our ingenuity, it is a world that often demands from us ever greater amounts of ingenuity. It is also a world where, increasingly, most of us have handed over control to specialists who are able to supply this ingenuity.

Evidence is nearby—in fact, it’s under the hood of our cars.
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When I was a teenager in the early seventies, I had a boy’s fascination with cars. I lived in a rural area on Vancouver Island, where friends and parties were widely dispersed. Social life and the pursuit of girls demanded a good set of wheels. On turning sixteen, I got my driver’s license and inherited my parents’ 1952 Oldsmobile—a car with a powerful (for the early fifties) V-8 engine and a four-barrel carburetor. The engine, or “mill,” as we called it, was hardly compact: it weighed perhaps 150 kilograms and stood almost a meter high from oil pan to air filter.

As a budding mechanic, I cut my teeth on that car. Over a period of months, I busied myself grinding its valves, reboring its cylinders, rebuilding its carburetor, and fitting new rings on its pistons. I rebuilt the suspension system, sandblasted and bolted on new fenders, and rechromed the ornaments. That was happiness!

As part of this project, I found a derelict ’52 Oldsmobile and ripped it to pieces for parts. Eventually the derelict’s engine found a home in the middle of my father’s carport, wrapped in a chain and rigged to a block and tackle connected to a beam. As I unbolted the machine heads and broke the engine into pieces, oil and sludge pooled on the plywood underneath and seeped across the floor. My father was hardly pleased with the hideous mess, but I was determined to understand this greasy chunk of hardware. I can remember my epiphany when I realized, in a flash, how all the pieces functioned together: the pistons, the crankshaft, the timing chain and gear, the camshaft, hydraulic lifters, and valves. I stared at the engine sitting in its brown pool of muck. I was astonished by its ingenuity, by the extraordinarily clever way the pieces were integrated into a whole to convert chemical energy into mechanical energy.

From that moment on, the mechanistic metaphor of how things work in the universe—a metaphor of deterministic cause and effect, of the functionality of the individual parts making up the whole—was firmly rooted in my mind. To be sure, it was only one metaphor among many at my disposal, one whose usefulness varied according to the task at hand, but I am still impressed by its intuitive power.

I later learned that this metaphor had its origins in our great intellectual transition from medievalism to modernity. This transition began with Copernicus in the sixteenth century, gathered momentum through Galileo, Descartes, and Spinoza, and culminated in Newton’s grand synthesis in the late seventeenth century. The new view emphasized the simplicity of nature, the interpretation and representation of natural phenomena by mathematical law, and, most fundamentally, the machinelike character of the natural world.11(In those days, the paradigmatic machine was the clock and not, of course, the internal combustion engine!) Although this revolution reached its apogee with Newton, René Descartes was its earliest clear exponent. “Give me extension and motion, and I will construct the universe,” he proclaimed. As John Herman Randall Jr., one of the preeminent intellectual historians of the middle twentieth century, writes, “ To Descartes thenceforth space or extension became the fundamental reality in the world, motion the source of all change, and mathematics the only relation between its parts…. He had made of nature a machine and nothing but a machine; purposes and spiritual significance had alike been banished.”12

But dismantling that Oldsmobile engine was more, for me, than a greasy introduction to the Cartesian revolution. It also taught me that it was possible to analyze machines and the other things in our world; to break them apart, piece by piece, and grasp their inner workings; and to reduce complexity to simpler building blocks.

Today, however, such an enterprise wouldn’t be so easy, or so satisfying, at least when it comes to cars. Look under the hood of any modern car, and you’ll see why: Brian Arthur’s structural deepening is at work. In order to breach performance limits, the complexity of the modern automobile engine has soared. Automotive engineers have generated a never-ending accretion of additional features, ranging from pollution-control devices to computer-controlled fuel-injection systems. As a result, today’s cars are far quieter, safer, more comfortable, and more efficient than those of the early fifties. But there have been costs too. As a teenager I could easily identify and reach the main engine, steering, and brake components under the hood of my Oldsmobile. Today, the engine compartment is a sinister tangle of hoses, wires, and tubing, a proliferation of electronic devices and computers, all incomprehensible to the amateur.

In fact, even most professional mechanics are little more than diagnosticians now. The modern car is trundled into the shop and hooked to computerized diagnostic systems, and faulty engine modules are replaced in their entirety. If the faulty modules are repaired at all—rather than simply junked—they are rarely fixed in the shop but instead shipped to specialized facilities with the specific expertise needed. As the complexity and sophistication of our cars have increased, we can no longer repair them in our backyards or in our garage grease pits. Instead, we increasingly rely on distant expertise and knowledge. In short, the rising complexity of our machines has reduced our independence and self-sufficiency. It’s ironic that as technology does its job better and empowers us in various ways, it leaves us with less control, power, and freedom in other ways.13

Sometimes structural deepening can lead to truly perverse and counterproductive results. Several years ago, I came across a pithy example. I often travel from Canada to the United States to speak at conferences and workshops, and occasionally I am reimbursed for my time. More often than not, though, my hosts and I end up entangled in cumbersome Internal Revenue Service rules covering fees to foreigners. After one excursion, my hosts asked me to fill out IRS Form 1001, which was titled “Ownership, Exemption, or Reduced Rate Certificate.” I had never seen this form before (although I gathered that it was widely used), and I really didn’t know what to do with it, especially since none of the boxes I was supposed to fill in had any relevance to my situation. I was asked to indicate, for instance, whether my income came from rent or royalties on natural resources and patents; I was asked for detailed information on bonds that might pay me interest; and finally I was asked to sign as the “beneficial owner, fiduciary, trustee, or agent.” The form’s reverse side was densely packed with incomprehensible instructions.

As I looked over this curious document, I was particularly struck by a band of text across the bottom. It bore the title “Paperwork Reduction Act Notice” and read:

The time needed to complete and file this form will vary depending on individual circumstances. The estimated average time is:



	Recordkeeping:     
	4 hr., 32 min.



	Learning about the law or the form:     
	1 hr.



	Preparing and sending the form:     
	1 hr., 7 min.




The text then cheerfully concluded with a note that if I had comments “concerning the accuracy of these time estimates or suggestions for making this form simpler” the IRS would be happy to hear from me. It provided an address in Washington, D.C., where I could send my comments.

The Paperwork Reduction Act, passed in 1980 in the waning days of the Carter administration and amended in 1995, is a classic example of structural deepening gone awry. The law was supposed to improve the efficiency of the U.S. federal government and lighten the burden of paperwork on citizens. In Brian Arthur’s terms, the additional complexity introduced by the law was supposed to improve government performance. But it has not worked. Although the U.S. Office of Management and Budget hired a special staff to review and approve every form and information request of every agency of the federal government, the estimated total time that the U.S. public invested each year fulfilling federal paperwork requirements rose from 4.7 billion hours in 1980 to 6.7 billion hours in 1996.14

More perversely, Form 1001 showed how the law makes government more inefficient and confusing to the average person. My first reaction to the notice at the bottom was to add up the time allotments. Was I really supposed to spend over six and a half hours on this form? The suggested times seemed so precise, and the total amount so daunting, that Form 1001 practically leapt at me with self-importance. And what records, exactly, was I supposed to spend four hours and thirty-two minutes keeping? I hadn’t a clue. In its entirety, Form 1001 resembled the jumble of hoses and wiring under the hood of a modern car, and the “Paperwork Reduction Act Notice” at the bottom was a particularly forbidding clump of complexity.

I imagined that most law-abiding U.S. citizens confronted with Form 1001 would simply hand it over to a tax expert. In other words, they would deal with the matter just as they would deal with the complexity of their modern cars: they would have it fixed by someone with specialized knowledge.

Instead, I just ignored it. There were advantages, I decided, to being Canadian.
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But even if we can identify the processes that make the world more complex over time, we still don’t have a good grasp of what complexity is. How do we know complexity when we see it? What are its key features? Again, the field of complexity theory can help: thinkers there have identified a number of important features shared by complex systems. Some are already familiar to us from Mike Whitfield’s remarks in Plymouth and Brian Arthur’s analysis above. But we need a better grasp of these key features—six of them, in all—if we want to understand how complexity drives up our need for ingenuity or, indeed, if we want to understand many of the confusing events in our new world.

An obvious feature of complex systems is that they are composed of a multiplicity of things; they are made up of a large number of entities, components, or parts. And systems with more components are generally more complex than those with fewer. A square kilometer of an Amazonian jungle has vastly more species, and is therefore a far more complex ecosystem, than an equivalent patch of Sahara desert. A 1999 Oldsmobile engine, with its computerized control and advanced fuel, cooling, and pollution abatement systems, has far more parts, and is therefore far more complex, than my 1952 Rocket 88. Over time, as Brian Arthur shows, a coevolutionary dynamic within a system can boost the number of components and, in turn, the system’s complexity. So the great range of coevolving species in the Amazonian jungle creates niches and opportunities for the evolution of yet more species; and the accretion of subsystems to the Oldsmobile engine generates needs for further subsystems to optimize performance.

The second feature common to complex systems is the dense web of causal connections among their components; in other words, their components have so many links to each other that they affect each other in many ways. The more causal connections, in general, the greater the system’s complexity. As Mike Whitfield indicated, a particularly important result of all this dense connectivity is causal feedback, in which a change in one component affects others in a way that eventually loops back to affect the original component.

Feedback can be positive or negative. By “positive” feedback, complexity theorists don’t mean that the feedback is always a “good” thing. Instead, they mean that the feedback reinforces or amplifies the initial change, and in the process it creates a virtuous or vicious circle. Stock markets, for example, are often driven by positive feedbacks: in a bull market, rising stock prices reinforce the confidence of investors, which causes them to buy more stocks, which further boosts prices; more begets more. This interaction is a virtuous circle, since most people become wealthier. In a bear market, falling prices undermine investors’ confidence, which causes them to sell stocks and further drives down prices; less begets less—a vicious circle, since most people become poorer. Because the crowd psychology that governs short-term stock prices can sometimes get out of control, the institutions that oversee many stock markets have introduced mechanisms that interrupt the positive feedback in a bear market (including “circuit breakers,” which halt trading when prices drop too far too fast). The important thing about positive feedbacks is that they are inherently unstable: they create self-reinforcing spirals of behavior, and can cause systems to become overextended or unbalanced.

Negative feedbacks, on the other hand, help maintain the stability or equilibrium of a system by counteracting the initial change: more is balanced by less, or vice versa. When stock prices fall, investors often seize the opportunity to buy newly cheaper stocks, which can counteract the drop in prices. Conversely, when stock prices rise, investors often sell to take their profits, which can slow the increase in prices.

Sometimes components in a highly connected system are tightly coupled. This means that a change in one component has rapid, multiple effects on other components of the system. The change branches out through the web of components, producing distant and often unexpected results.15 There is little natural buffering capacity in the system to prevent the original change from affecting other components. A great example is available in our everyday urban lives: when drivers tailgate at high speed on a freeway, they create a tightly coupled system. A mistake by one driver, or a sudden shock coming from outside the system, such as a deer running across the road, can cause a multi-car accident. None of the drivers in the system has enough space in front of his or her car to avoid rear-ending the preceding car should it stop suddenly. But if all the drivers open up more space in front of their cars, the entire system’s buffering capacity increases as it becomes more loosely coupled.

A third key feature of complex systems is the interdependence of their components. A good way of measuring interdependence is to divide a system into pieces and then see how the change affects the properties and behavior of the pieces. The human body is an excellent example of a highly interdependent complex system. Cutting it into pieces—severing its limbs from the torso, for instance—dramatically changes the behavior of the resulting pieces and their ability to function. It changes their very nature. Speaking generally, the larger the part that can be removed from a complex system without affecting the overall system’s behavior, the more resilient the system.16 During our dinner in London, John Bongaarts argued that the world’s complex social and financial systems are relatively resilient, because large pieces can be removed or destroyed without causing entire systems to collapse.

The fourth feature of complex systems is their openness to their outside environments: they are not self-contained, but are affected, sometimes profoundly, by outside events. As a result, it’s often hard to locate a complex system’s boundary—that is, the point where the system ends and the outside world starts.17 Where, for instance, do we draw the line between a human society and its encompassing, vitally important ecosystem of other living things, like the soils in which it grows its food and the forests that help recycle water through its environment? When we study or work with complex systems, the boundaries we draw around them are often arbitrary, so we tend to neglect important factors that affect the way they function.

Complex systems normally show a high degree of synergy among their components—a fifth common feature. Synergy means, in everyday language, that the whole is more than the sum of its parts.18 Likewise, when we talk about complex systems, synergy means that the combined effect of changes in two or more of a system’s components differs from the sum of their individual effects. We find many good examples in ecological systems.19 Severe erosion of cropland caused by the action of wind or water, as is happening in many parts of Africa and Asia, reduces the depth of soil available for the roots of plants (what experts usually call “rooting depth”). This change can lower the yields of wheat, corn, and other grains. Inadequate rainfall can also lower yields. But because the loss of rooting depth makes crops particularly vulnerable to reduced rainfall, the combined or “synergistic” effect of these changes, if they occur at the same time, is much larger than the sum of their independent effects. Put another way, loss of rooting depth multiplies the effect of drought on crop output, and drought multiplies the effect of loss of rooting depth. Similarly, the rising prevalence of deformed and missing legs in some frog populations around the world has almost certainly been caused by a synergistic combination of factors. Biologists have proposed, for instance, that higher levels of ultraviolet radiation, due to ozone depletion, can make some otherwise innocuous chemical pollutants in the environment extremely toxic to frogs.20

Sixth and finally, complex systems exhibit nonlinear behavior—we can’t count on things developing in tidy, straight lines. Nonlinearity is a notoriously difficult concept that even complexity specialists have difficulty explaining, but in the simplest terms it means that a change in a system can produce an effect that is not proportional to its size: small changes can produce large effects, and large changes can produce small effects.21 Nonlinearity is important and has practical consequences, because experts in many fields commonly base their predictions of future developments on the linear projection of past developments. For instance, the economic optimists we encountered in the first chapter assume that the steady improvements in human well-being seen in the past two centuries will continue indefinitely into the future. But complex systems, like our national and international economies, are nonlinear, which means they can alter their behavior quite unpredictably. They might evolve slowly over time, with no more than incremental changes in their key components and variables, and then suddenly exhibit a sharp shift in behavior as they cross a critical threshold. In lay terms, we might say that the last incremental change was “the straw that broke the camel’s back.” Since many complex systems exhibit such threshold effects, it’s risky to use straight-line extrapolations to predict their future behavior. (As a physicist friend of mine said, when he was explaining nonlinearity to me, “the world looks flat till you step off the edge.”)

During our conversation in Plymouth, Mike Whitfield referred to threshold effects in nonlinear systems when he talked about Earth’s grand ecosystems flipping from one equilibrium to another. In the 1970S, we got a dramatic demonstration of such behavior when the Peruvian anchovy fishery—one of the world’s richest—abruptly collapsed because of the combined effect of many factors, including overfishing and changes in Pacific currents due to El Niño.22 A similar flip happened in the late 1980S and early 1990S when the cod stocks off the northeast coast of North America were suddenly and massively depleted.

But perhaps the most striking evidence of how we can push the natural environment across a critical threshold was the hole in the stratospheric ozone layer that appeared over the Antarctic in the mid-1970S. 23 At that time, scientific models of ozone depletion, for the most part, assumed a roughly linear relationship between chlorofluorocarbon (CFC) emissions and stratospheric ozone depletion. In other words, atmospheric scientists assumed that an increase in CFC emissions would produce a roughly proportional decrease in ozone concentrations. They simply did not anticipate that ozone destruction could occur on the surface of ice crystals in the stratosphere when certain temperature and light conditions combined with particular concentrations of water, nitrogen compounds, and CFCS.

As a result, scientists did not identify Antarctica’s sudden and severe weakening of its ozone layer until the mid-1980S—nearly ten years after the hole first opened up. Despite having abundant data on ozone concentrations from satellites orbiting over the South Pole, scientists had programmed the computers that analyzed these data to assume the linearity of ozone depletion—that is, that the ozone layer would only be depleted in proportion to the amount of CFCS we had pumped into our environment. The computers therefore automatically discarded all anomalous results, including measurements indicating a dramatic fall in ozone concentrations.24 But, as it turned out, if conditions are right, ozone destruction occurs at lightning speed, stripping the gas from thick layers of the Antarctic’s high atmosphere in a matter of weeks.25
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What does it mean to say that a given ecological, social, or technological system is more complex than another? We understand some of the key features of complex systems and some of the forces that seem to be making our world more complex, but we still need a good measuring stick for complexity. Then we’ll be better able to gauge how much more complex our world is becoming and how much more ingenuity we’ll need to meet this new world’s challenges.

We might be able to use information theory to develop a measuring stick. This theory has been around for over fifty years, but it has received lots of attention lately because of the explosion of new communications technologies. Information, in the context of this theory, has a very specific definition, so the amount of information communicated by a message or an event can be precisely measured. Roughly speaking, the information content of an event varies inversely with the probability of that event occurring; in other words, the more unexpected the event, the greater its information content.26 The “message from the Sahara” is a well-known example: a message telling us that there have been heavy rains in the Sahara desert communicates much more information than one telling us that there have been no rains, because the probability of rain in the Sahara is very low.27

Using this theory, we can estimate a system’s complexity by looking at the minimum amount of information needed (or the minimum length of the statement needed) to fully describe the system.28 The more information or the longer the statement, the greater the system’s complexity. But it’s hard to turn this appealing idea into a practical measuring stick.29 So researchers have proposed various alternative approaches: some estimate the length of the underlying set of rules or “grammar” that would describe a complex system’s behavior, and others focus on how the features of complex systems vary when observed at different distances or scales. Each of these approaches, though, has weaknesses.30

Another way to estimate a system’s complexity is to measure the difficulty of creating a mathematical model of it. Such a model is, in part, a set of equations that describes all the system’s main components and the causal links among them. Some systems are extremely difficult to model because they have so many components; to use the specialists’ awkward phrase, they are “mathematically intractable.” As the number of components, variables, or “dimensions” in the equations goes up, the length of time it takes to work out, or solve, the equations rises even faster. This is vividly known as the “curse of dimension,” and the curse resonates wickedly through many areas of scientific research crucial to our well-being, from climate modeling to medicine.31 Although modern supercomputers can help solve this problem, even the fastest computers are often quickly overwhelmed. As two top experts, Joseph Traub and Henryk Wozniakowski, say, “the curse of dimension can elevate tasks to a level of difficulty at which they become intractable…. Even though scientists have computers at their disposal, problems can have so many variables that no future computer speed will make it possible to solve them in a reasonable amount of time.”32

But the “curse of dimension,” besides providing us with a rough indication of degrees of complexity, also tells us something about how much ingenuity we must have to manage the complex systems around us. These systems have so many components and so many different potential behaviors that we often require huge amounts of ingenuity to understand how they work and to predict what they will do in the future.

Modern biology gives us a good illustration. To cure and manage human disease, we frequently need very accurate knowledge of how our bodies produce key molecules, such as proteins; we also need to know how these molecules behave and function. We might assume that all this information about proteins is contained in our DNA—since DNA provides the basic template from which proteins are made—and that as molecular biologists better understand human DNA, we will develop a complete blueprint of the way our proteins are made and the way they work, biologically and chemically. Unfortunately, knowledge of our DNA is only a first small step in such understanding.
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The Folded Hemoglobin Molecule is Extraordinarily Complex

When a protein molecule such as hemoglobin is manufactured in a cell, it only briefly remains a long, linear chain of atoms. Quickly, it folds itself into a characteristic shape or bundle (shown in the illustration above), and it is this shape that determines the protein’s biochemical function—in the case of hemoglobin, the ability to carry oxygen in our blood and release it to cells throughout the body. The folding process is not well understood.33 But we do know that as the number of amino acids in the protein increases, the complexity of the folding skyrockets. Even today’s fastest computers are not remotely up to the task of figuring out which, of all the different folding possibilities, is the right one for the molecule to function properly. Relatively simple proteins can fold in many places along the chain of atoms, and each fold can occur in many different directions. An average protein of about one hundred amino acids presents an unimaginable number of folding possibilities, and a supercomputer would need a billion billion billion years to test every one.34 Nonetheless, nature doesS uccessfully fold these proteins into useful shapes, often in only a few seconds. While the mathematical problem of modeling protein folding is intractable, clearly the physical problem in the real world is not. We just don’t know how nature solves the physical problem.
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Can we use any of these rudimentary measures of complexity—a system’s information content, the length of its underlying grammar, or its mathematical intractability—to tell us whether our world is really becoming more complex? Some experts believe we can.

We should keep in mind, though, that human beings have always been surrounded by great complexity: the planet’s weather and climate systems and the natural ecologies around us, for instance, are intrinsically complex. And anthropologists have learned that our social interactions, even among our hunter-gatherer ancestors, have also always been complex. Some experts have even proposed that the human brain grew rapidly over the last two million years precisely because we needed to understand and manage the social complexities of our communities (success at social intrigue, it turns out, takes a lot of brainpower).

But our common feeling today that things are becoming far more complex, and our common preoccupation with complexity in general, are new phenomena. Langdon Winner, a wonderfully insightful theorist of politics and technology, argues that the world has changed in some fundamental ways to provoke these concerns. “If there is a unique quality to the modern era,” Winner writes, “it is that the conditions of existence have changed to such a degree that something explicitly recognized as ‘complexity’ now continually forces itself into our awareness.”35

Most of the changes Winner refers to have occurred incrementally (as I argued in the “New World” chapter); sometimes, as a result, they have gone almost unnoticed. One change is simply the steady growth of the human population: as our numbers and population densities have risen, our interactions have become more numerous and more complicated. In addition, as I suggested at the beginning of this chapter, new technologies have also boosted the complexity of our lives. Brian Arthur’s processes of coevolution and structural deepening have created an ever-widening array of lighter, cheaper, easier-to-use, and more powerful technologies. These new technologies extend our power and options as individuals, communities, and societies. They allow us to live longer and healthier lives; travel farther and faster; control the world around us more completely; and send more information to more people, faster, over greater distances. In other words, they extend our agency horizon, as I call it, which is our reach in both time and space.36

In combination, these changes have sharply raised the density, intensity, and pace of our interactions with each other and with our environment. The density of interactions has increased, because our systems now have many more entities—including people, groups, organizations, and technologies—and these entities have more links to each other. The intensity and pace of interactions have also increased, because these entities are more powerful, and because they pass materials, energy, and information among themselves in greater quantities and more quickly.37

Nearly every statistic that gauges the degree of connectivity among human beings or the movement of information, people, and things shows exponential growth. When I first used e-mail at MIT in the mid-1980S, the whole world contained only a few thousand host computers for the Internet; by 1999, the number had soared to nearly 50 million.38 In 1977, about $18 billion worth of foreign exchange was traded every day in the world’s financial markets; today the figure is $1.5 trillion—a nearly hundredfold increase in less that twenty-five years.39 Between 1960 and 2000, a period during which the planet’s population doubled, worldwide traffic volume—that is, the total number of kilometers traveled by people in cars, buses, trains, and planes—increased more than five times; and between 1950 and 1988, worldwide volume of air transport alone increased almost one hundred times.40

These trends have in turn boosted the complexity of our social and economic systems. Greater complexity isn’t necessarily a bad thing, though. In many cases, as Brian Arthur shows, we deliberately make our systems more complex in order to make them perform better. And higher connectivity among a system’s components, as John Bongaarts suggests, can make it more shock-resistant. But the steep and seemingly endless rise in the connectivity and in the level of kinetic activity in our world generally makes the social and economic systems we depend on more tightly coupled, synergistic, and likely to exhibit abrupt and unexpected nonlinearities.41

This rising complexity may already be having a profound effect on the way we organize ourselves. The American theorist Yaneer Bar-Yam, one of the most thoughtful people working on these issues, argues that higher complexity is making many of our social and economic hierarchies unworkable. As a result, it is catalyzing a worldwide shift towards cooperative networks and weblike arrangements. He estimates that the complexity of large, modern societies now exceeds that of any one individual (as measured by the information content of a person’s DNA and brain), making it impossible for a single person or small group of people to control these societies effectively. Instead, we see hierarchies collapse; he points to the examples of the Soviet Union and of large, private corporations in the West that decide to downsize. Often, networks of cooperating units take their place. This “complexity transition,” he asserts, “implies that various collectives of human beings are now behaving in a manner that is more complex than an individual. This statement could not be made tens or hundreds of years ago.”42

So there’s a lot of evidence that our world is becoming enormously more complex, and fast. This change is fundamentally shifting the way we organize ourselves, the way we solve problems, and the way we perceive ourselves and the world around us. Whether, on balance, it’s a problem or a good thing remains to be seen. But, at the very least, we can say that humanity must now make more and better decisions faster than ever before. The rising complexity and pace of our world demands more ingenuity from us of all kinds.
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AN ANGRY BEAST
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THE ULTIMATE CONSEQUENCES of complexity are hard to fathom, and sometimes more than a bit disturbing. For this reason, most of us remain avid captives of the Cartesian model of the world as a relatively simple, mathematically tractable, and predictable machine. As I stood over the rusty old V-8 in my father’s carport, I found this model—this theory of reality—vivid and sweet. It stayed with me for many years. In fact, it grew stronger as time passed.

In the mid-1970S, I worked intermittently in resource industries in Western Canada, as a compassman on a crew of forest surveyors, and as a roughneck on oil and gas drilling rigs in northern British Columbia and Alberta. By the summer of 1978, I had found my way to the little town of Swan Hills, two hundred kilometers northwest of Edmonton. During the day I was part of a team of men stringing kilometers of natural gas pipeline across the swamps and scrub of the Canadian wilderness.

During the evenings I stretched out on the bed in a tiny, grubby room in a trailer. There was nothing to do in town except drink oneself silly in beer parlors, so my main entertainment was a never-ending stack of novels and popular science books.

As we cut a path through the bush and forest, dropping tons of tubular steel into the earth, our work was forceful, managed, and directed; it was clearly grounded in the common-sense notion that observable causes produce, deterministically, observable and predictable effects. And it was satisfyingly in keeping with the mechanistic model of how the world works that had dominated my mind for years.

One evening I had an insight. Perhaps it arose from the brute prowess of our pipeline work. As I lay on my narrow bed, it occurred to me that if at one precise moment in time—say, midnight of January 1, 1979—humankind were to have complete knowledge of the position, direction, and velocity of all the objects in the universe and all the fluxes of energy, and if we also had highly accurate theories about how these objects and fluxes were interacting at that instant and could interact, and what the results of these interactions would be, we would be able to predict all events in the universe, both forwards and backwards, from that one specific moment. Of course I knew that we would never have such finely detailed knowledge, but I was still struck by the theoretical possibility that if we did, we could produce a complete map of the entire history and future of the universe.

It was only many years later that I learned that I had stumbled upon an idea, first proposed by the eighteenth-century French mathematician Pierre-Simon de Laplace, of a fully deterministic world. The son of a peasant farmer in Normandy, Laplace left behind his humble origins and rose to be one of the great mathematicians of his time. Often called the Newton of France, Laplace pioneered probability theory and used Newton’s theory of gravitation to account for the planets’ deviations from their predicted orbits. In 1773, he wrote, “The present state of the system of nature is evidently a consequence of what it was in the preceding moment, and if we conceive of an intelligence which at a given instant comprehends all the relations of the entities of this universe, it could state the respective position, motions, and general affects of all these entities at any time in the past or future.”1

Laplace’s vision was entirely at one with René Descartes’s mechanistic worldview. But within decades the fabric of this worldview began to fray. As scientists searched for patterns and laws governing the workings of the natural world, they learned to rely less on rigid, logical deduction from mathematical axiom and more on careful experimentation and gathering of real-world data. Also, Charles Darwin’s theory of evolution suggested that things in the natural world could adapt and change their essential character over time—something that simple, clocklike machines, with their endlessly repeated cycles, cannot do. And the new physics of the early twentieth century brought with it the theories of relativity and quantum indeterminism, which radically undermined earlier ideas of time, space, and causation.

In the late nineteenth and early twentieth centuries, a key contributor to these intellectual shifts was another Frenchman, Henri Poincaré. A man of truly prodigious intellect who was widely thought to be the greatest living mathematician of his day, Poincaré not only made major contributions to celestial mechanics, topology, and number theory, he also produced many of the basic results of the special theory of relativity quite independently of Einstein. Moreover, he was a fine writer and was keen to communicate the value and methods of mathematics and science to popular audiences.

In 1903, Poincaré proposed a critical revision to Laplace’s deterministic view of nature:


A very small cause which escapes our notice determines a considerable effect that we cannot fail to see, and then we say that the effect is due to chance. If we knew exactly the laws of nature and the situation of the universe at the initial moment, we could predict exactly the situation of that same universe at a succeeding moment. But even if it were the case that the natural laws had no longer any secret for us, we could still only know the initial situation approximately. If that enabled us to predict the succeeding situation with the same approximation, that is all we require, and we should say that the phenomenon had been predicted, that it is governed by laws. But it is not always so; it may happen that small differences in the initial conditions produce very great ones in the final phenomena. A small error in the former will produce an enormous error in the latter. Prediction becomes impossible, and we have the fortuitous phenomenon.2



Poincaré’s suggestion in this passage is of monumental importance: some natural systems, he points out, magnify small changes in starting conditions, which makes it very difficult to predict accurately how they will behave over time. As a graduate student at MIT in the mid-1980S, I was fascinated when I came across Poincaré’s argument in a tight twelve-page article titled “Chaos” in the magazine Scientific American.3 Written by the leading theorists James Crutchfield, J. Doyne Farmer, and Norman Packard, it was among the first in a wave of articles and books that popularized the technical concept of chaos, and it is still among the finest summaries of this idea.4 Although the concept has been widely taken up by today’s media, it is often misunderstood and misused. But for scientists, engineers, and theorists, chaos has a very precise meaning and refers to specific behavior in the natural and social worlds. It is also a concept vital to our purposes in this book: I argue here that we generally need more sophisticated technologies and institutions—that is, more ingenuity—if the economic, social, technological, and ecological systems we critically depend upon sometimes behave chaotically.

Chaotic systems are not always complex (in fact, chaos can be observed in some very simple systems), and complex systems are not always chaotic. Nonetheless, the phenomenon is common in complex systems. Chaotic behavior arises from a conjunction of some of the key characteristics of complex systems I identified in the previous chapter: multiple components, dense causal connections among these components, feedback loops, synergy, and nonlinear dynamics.

A chaotic system magnifies the effect of small perturbations: as a result, the way the system develops over time is highly sensitive to minute differences in initial conditions, just as Poincaré proposed at the turn of the last century. The further one tries to project the system’s behavior into the future, the harder accurate prediction becomes. But chaos should not be confused with randomness—that is, with events and behavior that have no specific cause. In chaotic systems, the basic processes of cause and effect still operate among the system’s components. But how the interactions of these components unfold over time and what kinds of large-scale behavior these interactions produce are nevertheless, in important respects, unpredictable.5

Crutchfield and his colleagues gave a vivid example of how a system can magnify tiny perturbations. Suppose, they suggest, we play a game of billiards on a standard table with standard balls. But this game has an unusual feature: the interaction of the balls with one another and with the table is frictionless. Once set in motion, the balls continue their merry paths around the table, bouncing off each other and off the sides of the table indefinitely. If we follow the impacts and trajectories of the balls after the initial break of the rack, the authors ask, “For how long could a player with perfect control over his or her stroke predict the cue ball’s trajectory?” Not very long, it turns out: “If the player ignored an effect even as minuscule as the gravitational attraction of an electron at the edge of the galaxy, the prediction would become wrong after one minute!”6

In the daily world around us, chaos is most noticeable in the vagaries and unpredictabilities of the weather. In a famous paper in 1963, the meteorologist Edward Lorenz showed that an astonishingly simple mathematical model of Earth’s atmosphere—a model consisting of only three calculus equations—produces chaotic behavior.7 After studying the implications of such models, Lorenz introduced his now famous “butterfly metaphor”: the global atmosphere is so sensitive to small perturbations, he suggested, that the flap of the wings of a butterfly in Brazil might cause a chain of events eventually culminating in a tornado in Texas.

Meteorologists now recognize that chaos in the atmosphere severely limits their ability to predict the weather (although it may not impose such severe limits on prediction of the more general phenomenon of climate8). Despite the advent of extremely powerful, high-speed computers for modeling changes in the atmosphere, meteorologists remain conservative in their estimates of how many days into the future they can forecast the weather. Even under the best circumstances, the theoretical limit of detailed weather forecasts is about eighteen days.9 Forecasts of average weather conditions might be extended to thirty days. Beyond that limit, useful weather prediction is, and will probably remain, impossible.

As the wave of books and articles about chaos and complexity has moved through popular consciousness in the last decade, many commentators—and even some scholars—have jumped to the conclusion that chaotic processes operate in human society too. Markets, crowds, popular protests, and the international system have all been declared to exhibit chaotic behavior. But we should be cautious about applying chaos theory to human society. Unlike natural systems, humans can learn, so they can change their behavior to avoid chaos. Although it is true that many social systems are extraordinarily complex and nonlinear, they are not wholly disorganized systems; rather, they exhibit at least partial self-organization. As we will see later in the chapter “White-Hot Landscapes,” human social systems do learn and, as a result, are often able to keep themselves at the fecund boundary between chaos and order.10
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Some systems flip back and forth between chaos and order. And a system’s shift between these modes can be a good example of a nonlinear or threshold response to small outside perturbations.

The phenomenon is visible in your kitchen. Remove the screen from the nozzle of your kitchen tap and turn on the water to low volume. The water will drop into the sink in a smooth stream that flares near the tap and tapers as it falls away. This is called “laminar” flow, since the currents of water inside the stream are all aligned in roughly the same direction. Slowly increase the volume of water coming out of the tap, and the stream will suddenly twist into a sinuous, ropelike form as the flow becomes turbulent. Whereas the behavior of laminar flow is largely predictable, that of turbulent flow often is not.

Turbulence—the apparently random eddying and twisting of the flow—is now regarded as a special case of chaotic behavior. Laminar flow occurs when a fluid’s viscous forces dampen its chaotic behavior. But as the speed of flow passes a key threshold, these forces are no longer strong enough, and turbulence appears.11 This is not necessarily a bad thing; in the cylinders of a gasoline-powered car, turbulence helps gasoline vapor mix with air (both of which are, technically, fluids). And the dimples on a flying golf ball produce turbulence around its skin, which shrinks the volume of low-pressure air behind the ball. A dimpled ball travels more than twice as far as a smooth sphere of the same size and weight.

Nevertheless, engineers often want to reduce, eliminate, or at least better understand turbulence. Around the hull of a boat or over the surface of an airplane, it produces drag that raises fuel consumption. Turbulence must also be managed to improve the combustion efficiency of our automobile, train, jet, and rocket engines. As engineers Parviz Moin and John Kim write: “Many of the environmental or energy-related issues we face today cannot possibly be confronted without detailed knowledge of the mechanics of fluids.”12 As we will see, our ability to understand and control turbulence becomes more important as humanity’s environmental situation becomes more complicated.

The first step in controlling turbulence is to predict where it will appear and how it will behave. This is not an easy task; in fact, it has long been regarded as one of the most difficult problems in classical physics. Experts in fluid dynamics start with a set of equations discovered independently in the nineteenth century by a French engineer, Claude Navier, and an Irish mathematician, George Stokes. Based on Newton’s laws of motion, the Navier-Stokes equations should (at least in theory) allow engineers to calculate the velocity and pressure of a moving fluid, such as the air passing over an aircraft’s wing.

To do this, engineers represent the space through which the fluid is moving, in this case the space over the wing, using a three-dimensional grid of points. The Navier-Stokes equations generate data on the air’s velocity and pressure for each point during a sequence of moments in time.13 In this way, engineers create a picture of the flow of air across the wing as a step-by-step stream of data for each point, then use this information to calculate the lift and drag forces affecting the plane.

Modern supercomputers greatly aid in the calculation of these forces for complex surfaces, like those of a plane. The size of eddies in turbulent flow can vary by a factor of a thousand, and aerodynamic engineers need a grid of high enough resolution to capture both the smallest and largest eddies in the boundary layer between the plane’s skin and the air rushing over its surface. The higher the density of grid points—that is, the closer they are to each other—and the shorter the simulated period of time between each moment in the sequence, the more accurate the data provided by the calculations. But as the total number of points goes up and the length of the time interval goes down, the computational burden rises very fast (much as we saw with the protein-folding problem in the last chapter).14

The total number of grid points depends on a number of factors, including the density and viscosity of the air moving over the plane and the size of the plane itself. When all these factors are taken into account for a modern aircraft, the results can be astonishing. For example, a standard transport plane with a fifty-meter fuselage cruising at 250 meters per second at ten thousand meters altitude would require a grid of about ten quadrillion points (that is, ten million billion points). Even the most advanced supercomputers available today—computers capable of trillions of calculations a second—would have to work for thousands of years to simulate the air’s flow for only one second of flight.15

This is clearly an impossible task. It will probably remain impossible for many years, if not decades. So engineers, being eminently pragmatic, take various shortcuts: for example, they focus on only a portion of the aircraft, and they use experimental data and ad hoc models to estimate the effects of small eddies. These techniques have allowed major advances in the precision and speed of aircraft design, permitting much less trial-and-error and expensive wind-tunnel testing.

All the same, there is a salutary lesson here. Scientists and engineers have major difficulty dealing with the fluid turbulence in our daily lives—the turbulence around our planes, in our car engines, and even in our blood vessels. In their designs for new technology, they need extraordinary ingenuity to predict and manage the behavior of these relatively small-scale phenomena; and even with extraordinary ingenuity, they often don’t do it well. Yet some technological optimists, dating back to the Russian geochemist Vladimir Vernadsky, whose “vision” Mike Whitfield scorned when I met him in Plymouth, argue that we can manage the vastly larger, infinitely more complex, and often highly turbulent cycles of energy, materials, and life surrounding us on Earth. Commenting on our capacity to manipulate Earth’s climate, the American physicist and well-known science-fiction writer Gregory Benford says that “now is precisely the time to take seriously the concept of geoengineering, of consciously altering atmospheric chemistry and conditions, of mitigating the effects of greenhouse gases rather than simply calling for their reduction or outright prohibition.”16 Such plans are, surprisingly, already afoot: some private firms have announced their intention to fertilize large areas of ocean to create phytoplankton blooms that absorb atmospheric carbon dioxide and boost fish production.17

We should hope that the optimists are right—that we can, if we want, geoengineer the planet. As Whitfield told me, we may discover that we’ve perturbed and destabilized Earth’s systems so much that we have no choice but to take on the task of managing them. And, adds Benford, “as we begin correcting for our inadvertent insults to Mother Earth, we should realize that it’s forever…. Once we become caretakers, we cannot stop.”18

But in light of what we now know about complexity, chaos, and turbulence, grand plans for geoengineering would seem audacious at best and folly at worst. The requirement for technical and social ingenuity would be enormous, and perhaps far beyond anything humankind can hope to supply.
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Once we begin to look at the world around us using our new understanding of chaos and nonlinearity, we find many examples of systems whose behavior we cannot accurately predict or manage.19 For instance, until the mid-1980S seismologists were reasonably confident that earthquake prediction was possible. They believed that if we invested in good science and adequate time for research, experts would eventually be able to warn of major earthquakes, giving public officials the chance to evacuate regions at risk and launch emergency plans.20

At the time, a dominant explanation of earthquakes—an explanation still popularly accepted today—was the “seismic gap” hypothesis. According to this idea, geological stresses accumulate along fault lines between two giant tectonic plates moving in different directions. When the pressure between the plates reaches a critical level, it is released in an earthquake; the plates slip into a new position, and the pressure between them temporarily eases. In the 1970S and early 1980S, some seismologists used this idea to suggest that major earthquakes would occur along certain sections of the San Andreas Fault, which runs through heavily populated areas of California (slippage along this fault caused the disastrous 1906 San Francisco earthquake).

But major California quakes have not occurred as expected; and careful measurements using instruments buried deep in California faults show that stresses prior to earthquakes are actually quite weak. Although the seismic gap hypothesis did take account of the fundamentally nonlinear character of earthquakes (earthquakes are, in many ways, the paradigmatic nonlinear event, because they involve a sharp and sudden change in a system’s behavior), it did not allow for the underlying chaos of the process. Each year, tens of thousands of tiny earthquakes do affect a heavily faulted region such as California. Sometimes, it appears, a cascade of events can turn one of these tiny quakes into a major one. As Thomas Heaton of the U.S. Geological Survey says, “A big earthquake is simply a small one that ran away.”21 Whether or not such a cascade of events occurs depends on local geological conditions: the type and porosity of the rock, the density and orientation of cracks, the prevalence of water in the rock, and the types of substances dissolved in the water.22 Ever so slight, unknowable variations in these initial conditions can make the difference, according to this new way of thinking, between an unnoticeable tremor and a building-shattering catastrophe.23

If this new hypothesis about earthquakes is right, it raises insurmountable problems for earthquake prediction. We may be able to generate rough probability estimates of when and where major quakes will occur, but we probably won’t ever be able to judge which of the countless small quakes in a region will cascade into a large one.24 Yet there’s still a widespread public belief, often promoted by uninformed non-scientists, that precise prediction is possible. One of the strongest critics of this misplaced faith is Robert Geller, an American professor of earth and planetary physics at the University of Tokyo. “The public, media, and government authorities must be clearly informed,” Geller insists, “that earthquake prediction in its popularly understood sense is impossible at present, that all attempts to predict earthquakes to date have been failures, and that there are no reasonable prospects for prediction in the near future.”25

Chaos and nonlinearities also make prediction exceedingly hard in the field of ecology, which deals with relations between the world’s diverse organisms and their natural environments. Studies of wild grass on the prairies, and mathematical analyses of Dungeness crab populations, show unexpected booms and crashes in population.26 In recent years, scientists have found similar behavior in a wide range of natural systems: coral reefs in the Caribbean, fisheries along the East coast of North America, and predator-prey populations in Africa all exhibit highly synergistic, nonlinear, and often chaotic behavior.

When they analyze the dynamics of complex ecosystems, most ecologists now reject traditional ideas of balance and stability—like the idea that, over time, populations of predator and prey in an ecosystem (for example, the numbers of caribou and wolves in the Alaskan wilderness) will achieve a rough balance with each other.27 They have developed a new understanding of ecological complexity that recognizes that such systems are in constant flux and have many possible stable states—in other words, that these systems have, as ecologists say, multiple equilibria. We often can’t predict the direction and character of such systems’ behavior, which makes efficient management of them exceptionally difficult. This new understanding—if it accurately reflects the underlying ecological reality—has staggering implications for our ability to govern our relationship with our natural environment.28

Over several decades, one of the trailblazers of this new ecological thinking has been the Canadian ecologist C. S. “Buzz” Holling, currently at the University of Florida. Holling makes a key distinction between our approach to understanding how complex natural systems work—our epistemology as philosophers of science would call it—and our simple mental models of the systems themselves. Our epistemology is distinct from, but nonetheless often subtly related to, our simple mental models of nature.

Echoing Mike Whitfield’s remarks in Plymouth, Buzz Holling contrasts two dominant epistemologies, or “streams of science.” These streams are most obvious and distinct in biology. The first, exemplified by molecular biology, is a “science of parts.” It stresses careful analysis and data collection and the precise statement and rigorous testing of theories; it is, as Holling says, “essentially experimental, reductionist, and narrowly disciplined in character.” The second, exemplified by evolutionary biology and ecology, is a science of the integration of these parts. It builds on the products of the first kind of science, but it is less interested in the properties of the individual parts than in what happens—what emergent properties can be identified—when these parts are combined into a whole system. This second stream of science is more pluralistic, more comfortable with and interested in gaps in knowledge, and more accepting of uncertainty and surprise. It is fundamentally interdisciplinary, in that it draws on many fields and many approaches—historical, comparative, and experimental—to understanding the natural world. The premise of this second stream, Holling stresses, “is that knowledge of the system we deal with is always incomplete. Surprise is inevitable.”29

When scientists are dealing with complex natural systems, they need to have a high comfort level with surprise and uncertainty. They need to be comfortable using a variety of theories and research methods, and they need to accept—and maybe even delight in—the possibility that they will never fully answer some of their deepest scientific questions. Holling believes that this attitude is possible only for scientists who have in their minds a certain model of nature and of the relationship between nature and humankind.

According to Holling, four models of nature roughly mark the chronological stages of ecologists’ advancing understanding. The model he calls Nature Balanced prevailed early in the twentieth century. It assumed a tendency on the part of natural systems to evolve towards a stable equilibrium: “It was an image of self-regulated populations in ‘balance’ with themselves and their environment, an image whose simplicity and ordering power provided the directions for a flood of research in field and laboratory.”30 This mechanistic, Cartesian-like model was widely embraced by governments and corporations. It provided the intellectual backbone for widespread policies in Western countries to extract “maximum sustainable yields” from fisheries, forests, and other renewable resources.

Inevitably, the intellectual dominance of Nature Balanced, combined with its failure to accurately predict many phenomena in the real world, provoked a backlash among experts. An alternative view emerged, which Holling calls Nature Anarchic. This view holds that organisms within ecosystems are highly diverse and don’t maintain a self-regulating balance among themselves; instead, pressures coming from outside the ecosystem, for instance changes in climate or intrusions of foreign plants and animals, can produce wide fluctuations in the relationships among its organisms.31

But this theoretical framework too was eventually found wanting: the concept of anarchy implies disorder, but nature exhibits many kinds of order, and variations in populations and ecosystems clearly arise from internal as well as external forces.

Nature Resilient was the next mental model—one that, Holling argues, dominates ecology today and represents a major step forward. An ecosystem is resilient, in this view, if the relationships among its organisms persist even in the face of sharp shocks from outside.32 It hasn’t been easy, though, for ecologists to adopt this new view: they have had to shift to the second epistemology mentioned above—that is, to an approach that allows for uncertainty and emphasizes the integration of a system’s parts. In Nature Resilient, complex ecosystems are understood to consist of many intimately interlinked and “nested” subsystems. In other words, a large ecosystem, such as a region of Amazonian rainforest, has embedded within it smaller systems, such as the cycles of energy and life operating on a specific hillside or along a specific portion of riverbank. In turn, these subsystems incorporate ever smaller sub-subsystems, all the way down to soil bacteria. Nested systems thus contain everything from sweeping macrosystems to the minutest microsystems, and they are structured and controlled by a range of factors, including “keystone” species (that is, species that are crucial to the whole system’s operation), periodic outbreaks of insects and wildfires, and the underlying decade-and century-long geophysical cycles of elements like carbon, nitrogen, and sulfur.

With Nature Resilient, the essential characteristics of complex natural systems—uncertainty, surprise, and constant change—emerge front and center once again. Holling writes, “Any of the realistic representations of the key processes [governing biological populations and systems] show the existence of thresholds, limits, and other nonlinearities…. Once the models incorporate three or more population variables or species, together with realistic representations of the key processes, a very wide range of complex population behaviors is produced. Even in the simplest models, multiple stable states are the rule, not the exception, and behavior can range from extinctions, to stable limit cycles, to boom-and-bust flips between stability regions, even to chaotic behavior…. ”33

Although complex ecosystems can have multiple stable states or equilibria, these equilibria are often surprisingly robust. The very complexity of ecosystems often makes it harder for them to flip from one equilibrium to another.34 So, if a forest ecosystem has lots of redundancy in keystone species—such as birds that prey on harmful insects—it will be much less likely to collapse if some of these species are lost through logging. Similarly, if the organisms making up a prairie ecosystem vary substantially from one part of the landscape to another, then a blight or pest that harms certain organisms won’t spread as quickly or as far.

Unfortunately, the very resilience of nature may be a trap for us. It may lull us into believing that our natural environment is infinitely robust and endlessly abundant and that we don’t need to limit our plunder of forests, fields, rivers, and fisheries. “Therein lies the irony of ecological resilience,” Holling asserts. “On the one hand, it provides the buffer for incomplete knowledge, therefore allowing experiment and recovery; but on the other, it also exacts few penalties fast enough on the greedy or stupid.”35

It’s also important to realize that the resilience of natural systems is not unlimited. We have ordered our landscape and simplified the ecosystems around us since time immemorial, but today our huge populations and extraordinary rates of resource consumption are reducing ecosystem redundancy and diversity as never before. We are, in fact, homogenizing ecosystems on a planetary scale, turning forests and prairies into monocrops of trees and grain, paving across wetlands for subdivisions and malls, and replacing our depleted fisheries with aquaculture pens. “For the first time,” Holling writes, “humanity and nature are transforming each other on the whole planet, are beginning a co-evolutionary experiment on a planetary scale.”36

So Buzz Holling gives a fourth and final model: Nature Evolving. This model doesn’t deny the idea of ecosystem resilience, but it suggests that we have entered a new era—an era marked by the mutual, almost dialectical evolution of nature and humanity. Although our impacts on Earth’s ecosystems have increased incrementally over a long period of time, these impacts are now so large that they are changing, and often compromising, our ecosystems’ underlying functions and processes. In turn, these altered ecosystem processes—such as collapsed fisheries and a warmer climate—force us to change our behavior. We cannot say how this dance between nature and humanity will evolve, or where it will take us, because we don’t have a good enough grasp of the natural systems in which we are embedded. As Holling concludes, “not only is the science incomplete, the system itself is a moving target.”37
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Biosphere 2 Taught Us a Lesson about Managing Complex Ecosystems

In the early 1990S, humanity learned a lesson—a practical and profoundly revealing lesson—in the difficulty of constructing and managing complex ecosystems. It unfolded at Biosphere 2, an ensemble of buildings resembling a huge, futuristic greenhouse in the Sonora Desert of Arizona (shown in the illustration above). Built with $200 million from the Texas billionaire Edward Bass, the structure covered 1.3 hectares and enclosed a volume of more than 200,000 cubic meters. Biosphere 2’s designers wanted to create within this space an artificial and materially closed ecosystem—a miniature version of the material and life cycles of Earth (which they labeled Biosphere 1).

A team of ecologists and engineers collaborated with experts from the Smithsonian Institution, the New York Botanical Garden, and the University of Arizona to predict the synergies among the enclosure’s 3,800 species of plants and animals and its air, water, and soils. Thirty thousand tons of dirt were moved in from a nearby pond; workers created a little rainforest, marshland, desert, ocean, and farm; and on September 26, 1991, with great fanfare, four men and four women, who called themselves “Biospherians,” were sealed inside for a two-year period.

Things did not go well. Temperatures in the upper reaches of the eight-story structure were much higher than planned, while light levels throughout were much lower. For reasons no one could figure out, oxygen concentrations plummeted; by January 1993, they had dropped from a normal level of 21 percent of the atmosphere to a potentially debilitating 14 percent, a concentration normally found at an altitude of 5,300 meters, or nearly nine-tenths the height of Mount McKinley, the tallest peak in North America. To avoid a medical emergency, Biosphere 2’s external managers pumped into the building a total of twenty-three tons of pure oxygen in January, August, and September 1993. Carbon dioxide levels oscillated wildly from day to day and season to season. Nitrous oxide in the atmosphere soared to concentrations that could reduce the Biospherians’ synthesis of vitamin B12 and damage their brains.38

Excessive artificial rain turned the desert into grassland; aquatic habitats were polluted with nutrients that caused algal blooms; and soils became infested with pathogenic nematodes that destroyed the roots of crops, causing Arizona authorities to place Biosphere 2 under quarantine.39 Morning glory vines, with their lovely, startlingly blue flowers, originally introduced to absorb carbon dioxide, ran amok in the carbon-rich environment; the Biospherians had to weed constantly to maintain space for their food plants. Trunks and limbs of trees became brittle and apt to break suddenly. Nineteen of twenty-five vertebrate species went extinct, as did all pollinators, which meant that most of the complex’s plant species could not reproduce. Almost all species of insects, including crickets and grasshoppers, disappeared. Cockroaches filled the void, along with teeming numbers of crazy ants (Paratrechina longicornus), which swarmed over Biosphere 2’s vegetation.

Some of these failures were later attributed to the zealotry of project planners. Researchers at the University of Arizona had used powerful computers to mathematically model the interactions among the installation’s organisms and materials, but they had assumed in their calculations that Biosphere 2’s soil would contain no more than 4 to 5 percent organic matter—about the standard level of enrichment in the external world. As it turned out, though, Biosphere 2’s leaders fervently believed in principles of organic farming and therefore promoted the ecological value of soils rich in compost; the dirt they had extracted from the local pond and brought into the Biosphere contained 30 percent organic matter—between five and ten times the normal level.40

The results were horrendous. Bacteria and microbes flourished in the highly fertile soil. As these bugs broke down the soil’s carbon compounds, they sucked up oxygen from the surrounding atmosphere and released large amounts of carbon dioxide. This process explained the plummeting oxygen levels, but it left project managers with a puzzle: concentrations of carbon dioxide in Biosphere 2’s atmosphere should have been much higher than those actually measured. Only after much debate and contention did researchers realize that the extra carbon dioxide was reacting with calcium in the building’s ten thousand square meters of exposed concrete to form calcium carbonate. As two expert, external evaluators later reported, “The original atmospheric oxygen, in effect, became locked up in the walls of the structure.”41 To cap it all, this reaction raised the concrete’s acidity, which threatened to corrode internal reinforcing bars and eventually weaken the entire building.

The original eight Biospherians, hardy, healthy, but considerably thinner, emerged from Biosphere 2 in September 1993. They were greeted by recriminations among project staff, officials, and outside experts. Eventually, New York’s Columbia University took over the complex and implemented a series of more cautious and controlled ecological experiments. But despite the spectacular failure of the original plan, most knowledgeable commentators were charitable. They recognized that the Biospherians had tried heroically to keep their world liveable. They also noted that mistakes were inevitable. As a leading geochemist said, “Anybody else would have made equally bad blunders, but different ones.”42

Nevertheless, Biosphere 2 had revealed some sobering truths about the limits of our understanding of complex ecosystems. “Despite the enormous resources invested in the original design and construction … and despite a multimillion-dollar operating budget,” the two outside evaluators finally wrote, “it proved impossible to create a materially closed system that could support eight human beings with adequate food, water and air for two years. The management of Biosphere 2 encountered numerous unexpected problems and surprises, even though almost unlimited energy and technology were available to support Biosphere 2 from outside.” They concluded: “At present there is no demonstrated alternative to maintaining the viability of Earth. No one yet knows how to engineer systems that provide humans with the life-supporting services that natural ecosystems produce for free.”43
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Our inability to accurately predict and manage the behavior of complex natural systems has immense consequences for our well-being. These consequences are potentially most ominous in the case of Earth’s grand ecological, biophysical, and geochemical systems.44 As I learned during my travels in Europe, just as we are recognizing our interdependence with these systems and our deep ignorance of how they work, we are altering their basic dynamics in ways that could, in time, seriously hurt us.

Take, for example, ocean currents. Most people don’t realize how their lives are intimately affected by the ocean currents and their accompanying atmospheric systems. They may have a vague awareness—based on press reports—that El Niño events in the South Pacific cause havoc around the world, but awareness ends there. Nor do most people realize just how little we actually know about these systems. Yet a quick review of a few issues of leading scientific journals such as Nature and Science shows that the debate about currents is vigorous and that the stakes are enormous.

For nearly twenty years, a key figure in this debate has been the eminent geochemist Wally Broecker, currently the Newberry Professor of Geology at Columbia University in New York. He pioneered the study of nonlinear behavior in ocean currents and is now one of the world’s leading specialists on the subject.45 In 1984, while listening to a lecture by a German scientist, he had an important insight. The lecturer was discussing ice cores extracted from deep in Greenland’s ice sheet—cores similar to those extracted by the Soviet scientists at the Vostok base in Antarctica. He explained how close analysis of the ancient and stratified ice in these cores showed that Earth’s historical climate had often jumped or “flipped” from one relatively stable state to another. These jumps were sometimes remarkably fast and dramatic: for example, at the end of what is called the Younger Dryas cold event, which occurred around 11,500 years ago, the average temperature of the region stretching from North America across the North Atlantic to central Europe warmed by seven degrees Celsius in just thirty years (shown in the illustration on the following page).46 Broecker was intrigued. He asked himself what might cause these abrupt changes. After reflecting on the question for a while, he realized that they could be related to abrupt changes in another of Earth’s major systems—the mighty cycle of water in the Atlantic Ocean that operates between the surface and deep sea. Eventually, he and another scientist, Arnold Gordon, dubbed this cycle the “conveyor belt.”
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The Atmosphere’s Temperature Rose Abruptly at the End of the Younger Dryas Cold Event

Note: Ice accumulation rates correlate with ambient atmospheric temperature. Because warmer air holds more water vapor, the warmer the atmosphere’s temperature over Greenland, the greater the precipitation in the form of snow, and the faster the rate of ice accumulation.

The conveyor belt works in the following way. Water warmed in the equatorial region of the Atlantic Ocean flows northward in the upper part of the ocean towards Iceland and Greenland. There, it is cooled by winter air from Canada and Greenland. As the water’s temperature drops from about 12 degrees Celsius to between 2 and 4 degrees, it becomes increasingly dense and sinks in vertical plumes to the bottom of the ocean thousands of meters below. It then flows southward again, in a slow but prodigious stream, all the way to the Southern Atlantic, where it joins the current that flows west to east around the Antarctic continent. Pushed around the Cape of Good Hope, across the southern Indian Ocean and around southern Australia, the water eventually moves north into the Pacific basin and returns to the surface in a massive upwelling. Now on the surface of the Pacific Ocean, the same water follows a return trip north of Australia, around Southern Africa, and back into the Atlantic to begin the cycle once more.

The sheer size of this grand, continuous movement of water is hard to grasp. The deep flow from North to South Atlantic consists of 20 million cubic meters of water per second, which is roughly the same as the planet’s total rainfall at any given moment or, using a different measuring stick, to one hundred Amazon Rivers. The flow of water is also slow, often taking many decades to move from one part of the Atlantic basin to another. In fact, the conveyor needs 180 years to replace the Atlantic basin’s water completely.

From the point of view of our well-being, the most important fact about this flow is its effect on climate. As the conveyor’s warm southern water drops into the depths of the North Atlantic, it releases a huge amount of heat into the atmosphere—an amount roughly equal to 25 percent of the solar energy that falls on the North Atlantic. This heat raises average annual temperatures in Europe by five to ten degrees Celsius. In other words, if the North Atlantic conveyor were to stop operation, Europe would be thrown into a climate crisis: a city like Dublin would experience the temperatures of the desolate islands of Spitsbergen, far north of the Arctic Circle, and agricultural production would plummet across Europe.

Other than the North Atlantic, there are only a few places on the planet where deep ocean water is created (another is the sea around the perimeter of the Antarctic continent). Since these regions are critical to the operation of the conveyor belt girdling Earth, they are also critical to the global movement of heat energy, especially from the tropics to the poles. Moreover, since the descending water is rich in carbon dioxide absorbed from the air, these vertical flows powerfully influence the amount of carbon in the Earth’s atmosphere; they act like huge pumps sucking carbon out of the air and delivering it to the deep sea.

Experts such as Wally Broecker call the movement of water between the upper and deep ocean the thermohaline circulation. It depends, as I mentioned above, on the heating and cooling of the ocean’s waters, because changes in water temperature change its density, and because relatively dense water sinks, while less dense water rises. It also depends on salinity, because as water’s salinity increases its density increases.

The interaction of water temperature and salinity can be complicated. In the North Atlantic, for example, rain falling in Siberia and the Canadian Arctic drains down innumerable rivers and streams into the Arctic Ocean. It then combines with rain that falls directly on the Arctic Ocean itself to make the water in the polar basin relatively low in concentrations of salt. This low-salinity water, in turn, gushes through the basin’s constricted outlets to southern oceans—the Bering Strait between Alaska and Eastern Siberia, and the gaps between Canada, Greenland, and Scandinavia. As it floods into the North Atlantic, it mixes with water arriving from the Atlantic’s equatorial region and lowers the overall density of water in the North Atlantic. This tends to counteract the effect produced by the cooling of the southern water, which is to raise the water’s density. Luckily for the climate in Europe, the cooling effect prevails, and the combined waters from the Arctic and the south become sufficiently dense to sink to the bottom of the ocean. The conveyor belt continues to function.

But whether it will continue to function as the Earth’s climate warms is another question. Global warming, among its many effects, increases the vigor of hydrological cycles, which are the movements of water between soil, vegetation, bodies of water, and the atmosphere. More vigorous cycles in the Northern Hemisphere mean more precipitation over Siberia, the Canadian Arctic, and the Arctic Ocean. And more precipitation in these areas means, in turn, even less saline water in the Arctic basin. (Indeed, in recent decades fresh water flows into the Arctic basin have increased substantially.) Eventually, the water pouring out of the Arctic basin might become so fresh that it overwhelms the cooling effect in the North Atlantic, causing the conveyor belt to slow or stop.

Wally Broecker and other scientists have used large, computerized general circulation models to gauge the effects of this greater volume of low-salinity water on the currents and climate of the North Atlantic. These models, which incorporate causal links between the movements of the atmosphere and ocean, are not unlike the three-dimensional grids used to study turbulence over the wings of an airplane. The scientists have found, to their great concern, that relatively small changes in salinity can radically change the behavior of the North Atlantic thermohaline circulation.47 Some models show the circulation shutting down entirely. Without doubt it has more than one stable configuration or equilibrium (it may, for instance, break up into smaller currents or eddies in the North Atlantic), and sudden shifts among these equilibria have probably produced the climate flips discernible in the Greenland ice cores.48

So this recent climate research points to a paradox: global warming could plunge Europe into a deep freeze. The story isn’t limited to the North Atlantic, however. Because the region’s thermohaline circulation is crucial to the operation of the conveyor belt of water that snakes around the planet, its reorganization could precipitate a chain of nonlinear climate events all over the world. Evidence of simultaneous shifts in climate is visible in ancient coral growth in the Northwest Atlantic, in deep sediments off the coast of Santa Barbara, and in the detritus left by glaciers in New Zealand.49 Since Wally Broecker’s remarkable insight in 1984, researchers have begun to see more and more connections among such events.
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Wally Broecker spends most of his time at the Lamont-Doherty Earth Observatory. Located in Palisades, New York, Lamont-Doherty is a division of Columbia University dedicated to improving our understanding of the biological, geophysical, and chemical processes affecting our planet. I visited him on a grim, drizzly morning in early November that was made tolerable by the glorious fall colors shining through the rain along the Interstate Parkway out of New York City.

My shuttle bus from Columbia University stopped in front of a cluster of low buildings in a parklike setting, and the graduate students and researchers aboard dispersed in every direction to find their offices, research benches, and computers. I located Wally Broecker in the geochemistry building—a weary, one-story rectangular structure dating from the 1950S. Dressed in blue jeans and a cotton vest, the sixty-six-year-old Broecker came out of his office to greet me. I was struck immediately by his crusty self-confidence; he looked and acted like a man who would be happier on the deck of an ocean-going research vessel than in a landlocked scientific center.

We chatted a bit and I explained my research interests. Then I came directly to the point: “I hope you can help me address several questions that have been on my mind for some time. What, in your opinion, is the state of our understanding of ocean-atmospheric systems and how fast is this understanding progressing? Do you think we’re going to be able to predict changes in these systems? And finally, to what extent are we going to be able to manage these systems?”

He replied without a moment’s hesitation. “Although our knowledge is advancing, the target is retreating faster than we’re advancing. It’s baloney to suppose that we will understand ocean-atmospheric systems by, say, the year 2010. We’re learning all the time that we have to understand new things—things that we didn’t realize were important before. We were naive to think that this was a solvable problem.

“As for prediction,” he continued, “I don’t think we can predict even the smooth, incremental part of the global warming, which is what everybody talks about. There will be a warming; I can’t see any way out of it. But its magnitude is open to a lot of questions. And abrupt, nonlinear changes are totally unpredictable because we understand so little about them—except we know that they happen, because we see them in the ice-core records.”

Then Broecker turned to my question about our capacity to manage these changes. Most economists, he argued, are wrong to believe that straightforward market mechanisms and technological fixes will allow humanity to meet the challenge of global warming. Nevertheless, it is essential to find alternative sources of energy that produce much less carbon dioxide than fossil fuels do. Another possibility is to strip the carbon dioxide from these fuels, liquefy it, and pump it into the deep sea or into wells and caverns on land, where it can be held indefinitely.50“We have to start a very aggressive program to find substitute sources of energy. Such a program would be a politically neutral step, it would not cost all that much money, and it could start immediately. It would symbolize that there is a real problem, and it could be advantageous to industry, because there would eventually be big money in these new technologies.”

Then he came to an idea, outlined in his 1985 book, How to Build a Habitable Planet, that had always struck me as bizarre.51“We can counterbalance global warming by purposely putting sulfur dioxide into the stratosphere. To me, that’s the only viable solution. If you don’t like the sulfur dioxide, don’t worry, it eventually goes away, because rain washes it out of the atmosphere. The main thing that we have to determine is whether it would affect the ozone layer.”

Sulfur dioxide reacts in the atmosphere to form sulfuric acid, which condenses into small droplets that stay suspended in the air as an aerosol (a process I discussed in the “Big I” chapter). The droplets tend to reflect sunlight back into space, but they are relatively transparent to infrared radiation emitted from the surface of the planet. In other words, droplets of sulfuric acid in Earth’s atmosphere act like a one-way mirror to counteract global warming. Wally Broecker had estimated that an annual injection of 35 million tons of sulfur dioxide into the stratosphere would offset the warming effect of a doubling of atmospheric carbon dioxide. Surprisingly, a fleet of 747S, working more or less nonstop, could do the job for a total cost of about $30 billion a year (in 1985 dollars), a figure that incorporates the cost of both producing and transporting the sulfur dioxide gas. At the time, he concluded this was not an insurmountable sum for a $20 trillion world economy.

“But when you think of global solutions such as this,” I asked, a bit incredulously, “are you serious about them, or are you suggesting them, in part, just to be provocative—to get a reaction? Are you saying, in essence, ‘Watch out, people—if we go down this road, and produce substantial global warming, we will have to look seriously at options like intentionally injecting huge quantities of sulfur dioxide into the atmosphere?’”

“Yes, that’s the point.” he replied. “If we had to, we could implement the sulfur dioxide response in a year. If we want less radical solutions, we will need major scientific research and major international agreements. Getting these things under way will take a long, long time, and we are not moving the process along fast enough.”

“Wouldn’t the sulfur dioxide cause serious acid rain problems?”

“No. The amount you need is comparable to the amount already injected into the troposphere [the atmosphere near Earth’s surface] by natural processes, and the acid rain would be spread out—roughly two-thirds of it would fall over the ocean, assuming you did both hemispheres.”

“But what would it do to the color of the sky?” I persisted.

“It would bleach the sky. That would be a real psychological disadvantage, no doubt.” He went on with a wry chuckle, “We would get beautiful sunsets, but sunsets only last an hour a day. In a world that is overly warm, it’s a price that will have to be paid till carbon dioxide levels come back down or we think of some other mitigation strategy.”

I imagined the haze I detest covering the entire planet, turning blue skies milky white everywhere. It was an appalling prospect. And Wally Broecker’s apparent optimism about our ability to manage Earth’s complex systems also disturbed me. “If we respond by putting large amounts of sulfur dioxide into the atmosphere, or by undertaking other large-scale interventions, we would still,” I suggested, “face the possibility of unanticipated, nonlinear changes resulting from our own interventions.”

“Yes, that’s true, although I don’t think there will be more than one of these abrupt changes, whether we intervene or not. But the most alarming thing about such changes is that, when they happened before, the ocean-atmospheric system flickered or chattered during the transition. And the flickerings lasted for a few decades—the transition was thirty to forty years long—and during that time the system was not gradually going from mode A to mode B; instead, it was jumping back and forth. If such flickering happens in the next century, when we have eight billion or more people on the planet, and when we need to produce two to three times more food for each unit of cropland, we will be in a really tough situation. The chances of major social conflict will soar.”

I tried to pin him down on the likelihood of nonlinear changes. “In your career, have you become more concerned about abrupt changes or less?”

“Oh, much more concerned.”

“Does that mean that you think there is a higher probability of an abrupt change occurring, or that you’ve increased your estimate of the costs to us of such a change?”

“Well, it means several things. We only realized in 1985 that abrupt changes could occur. The first article I wrote about them appeared in American History magazine and dealt with the cause of the Younger Dryas [the cold spell that occurred 11,500 years ago, at the end of which the temperatures from North America to Central Europe increased by seven degrees Celsius]. I was furious when the article came out, because the editor had put the question ‘Will It Happen Again?’ across the front cover. I was angry because I had not mentioned the future in the article at all! I thought that the editor was too lazy to read the article, or didn’t care, and I thought it was terrible journalism. But now, here I am saying the same thing.”

“So, over the last couple of decades, your estimate of the probability of an abrupt change occurring has increased?”

“No, I haven’t concluded that these things are more probable or predictable. I have become more concerned about them because the general circulation models linked to ocean-atmosphere models show a serious sag in thermohaline circulation. Maybe it is simply the fact that I understand the phenomenon better than I did before—occasionally things take a long time to settle in your mind.”

He paused, then continued. “I had to get one question, in particular, clear in my mind: What fraction of the future warming is going to come smoothly and what fraction abruptly? We are beginning to realize now that a major fraction of past changes in climate was abrupt. The graphs of these temperature changes tend to have a rectangular shape, with a sharp vertical movement as the temperature suddenly rises or falls, and then a leveling off (shown in the illustration on page 138).

“In one of our linked ocean-atmospheric models, if you induce a mode flip in the ocean, then climate change occurs mainly over the North Atlantic basin. We thought the change was restricted to that region, but when we looked at sediments in cores and other evidence from diverse regions around the world we realized—lo and behold—that the effects appeared all over the planet. The past changes in the climate were triggered from below, I think, by changes in ocean circulation, but none of our models can accurately reproduce these past worlds. We can’t get glacial ice to Cincinnati, we can’t get dust levels in the atmosphere to be twenty times higher, and we can’t get the tropics to be three and half degrees colder—we can’t get any of this climate behavior in our models unless we actually write it, directly, into the models.

“So, over the years I have been asking myself: What is it about the world that allows it to change simultaneously in so many places? I have a feeling that the water vapor content of the atmosphere was much lower during these past changes, and that there were much higher levels of dust. [Water vapor helps trap heat within the atmosphere, whereas dust often reflects the sun’s heat back into space.] For some reason the residence time of water molecules in the atmosphere dropped. Even if evaporation stayed about the same, water’s residence time was less, so the standing crop of water vapor in the air was smaller.

“This was not a chicken-and-egg situation: those parts of the system that could reorganize, reorganized all at once. One year the system was operating one way, and the next year it was operating another. Until we can understand how the system can do that, we have no way of even studying these things. A better understanding will not be a panacea, but it will be step one.

“That’s how bad it is,” Broecker concluded. “We’re fooling with a system we don’t understand. If humanity commissioned an environmental-impact assessment on the effects of high levels of carbon dioxide emissions into the atmosphere, the assessment would have to reject the emissions, because we couldn’t rule out extremely harsh consequences.”

As I left his office, Wally Broecker handed me one of his most recent articles. Back on the bus to New York City, I pulled it out of my bag, flipping through the pages while the bus passed the spectacular fall foliage along the Hudson River, crossed over the Washington Bridge, and reentered the bedlam of Manhattan. Just before the final stop at Columbia University, I reached the concluding paragraph. Broecker wrote:


My lifetime of study of Earth’s climate has humbled me. I’m convinced that we have greatly underestimated the complexity of this system. The importance of obscure phenomena, ranging from those that control the size of raindrops to those that control the amount of water pouring into the deep sea from the shelves of the Antarctic continent, makes reliable modeling very difficult, if not impossible. If we’re going to predict the future, we have to achieve a much greater understanding of these small-scale processes that together generate large-scale effects.52



Given Plymouth’s latitude, its climate is remarkably warm. The Devon and Cornwall counties that make up the long peninsula jutting out from southwest England greatly benefit from the North Atlantic conveyor belt’s magnanimous contribution of heat to the atmosphere. Many people regard the region as the prettiest part of England: the land is lush and productive (with palm trees growing in Cornwall), the people are charitable, and the sea still offers a rich harvest of fish.

In the heart of Manhattan, I understood the story Plymouth had tried to tell me months before. The fishermen dashed against Eddystone Reef, the heroic masons who built Smeaton’s lighthouse, and the sailors, emigrants, and explorers who sailed from Plymouth’s splendid harbor were all struggling against the most ferocious forces of nature. They were trying, each in their minuscule way, to improve their lot in the face of astonishing odds. The benignly sparkling ocean I saw that September morning hosted nature at its most primal; and over the centuries the men, women, and children of Plymouth had come to know primal nature well.

Although a marvel, Smeaton’s lighthouse was only a tiny, defensive riposte to nature’s ferocity. But today, collectively, our ripostes are aggressive and no longer tiny. We have multiplied the cleverness and ingenuity of Smeaton’s lighthouse a trillionfold, and with this ingenuity we are rampaging across the surface of the planet and altering the basic character of our physical world. We have been so dazzled—blinded even—by the light of our endless technologies that we often blithely disregard our staggering ignorance of how our natural world works. We will not be able to disregard it for long. Nature won’t let us. And, if the North Atlantic thermohaline circulation collapses, places like Plymouth will see the signs of nature’s wrath first. “Climate is an angry beast,” Wally Broecker has said, “and we are poking it with sticks.”53
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GLIMPSING THE ABYSS
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ON THE MORNING OF MONDAY, OCTOBER 19, 1987, I woke in a hotel room in La Jolla, having just finished a week of doctoral research at the San Diego campus of the University of California. The work had gone well. I was looking forward to returning to MIT to write up the results.

At around 7:45 a.m. I turned on the television. To my surprise, I found Dan Rather hosting a special news report from the East Coast. He looked astonished. The New York stock market had been open for just over an hour, he reported, and the Dow Jones Industrial Average had already fallen nearly 10 percent. Astonished myself, I watched the television as I packed. In a restaurant over breakfast I found another television to follow the market’s oscillations. During the next hour a rally began, and by 8:45 Pacific Time the Dow had recovered about half the morning’s losses. But the rally had no momentum, and at 9:00 the slide resumed. In three successive, accelerating waves, the market collapsed through the remainder of the trading day. In the final fifteen minutes alone, in one mad frenzy of selling, the Dow lost 5 percent of its value.

At 1:00 p.m. I arrived at the airport. In a bar along the main concourse, a group of people several deep pressed against the counter to watch a television hanging from the back wall. Dan Rather was still on the air: the market had just closed, and he was wrapping up the day’s events. The Dow had finished down 508 points—a 22.6 percent nosedive, bigger than any since World War I and far larger than the 12.8 percent drop on the worst day of the 1929 crash. In a single day, the equity value of America’s stock portfolios had plunged $500 billion.

But these statistics were not the thing that really disturbed me: it was the look in Dan Rather’s eyes as he signed off. There was more than astonishment there now; it seemed to me there were also bewilderment and fear.

On the flight back across the country, I couldn’t concentrate on my work. Instead I wrote a letter to a close friend, scribbling down my immediate thoughts about the day’s main event. Even if the market recovered fully the next day, the crisis seemed to reveal a larger truth—it had been apparent in Rather’s eyes. This heralded successor to Walter Cronkite was a tacit symbol of the predictability, stability, and basic reasonableness of American institutions and society. His bewilderment, even if only momentary, revealed something awful, something that none of us readily admits and that most of us work hard to deny or avoid.

No matter how much we believe in our institutions and in the regularized procedures of our societies, no matter how just, rational, and durable we think them, they are at best only loosely grounded on some form of bedrock reality or immutable truths that endure beyond human beings. To a considerable degree, they are sustained by collective belief and consensus, by tacit, unquestioned, and often grossly simplistic assumptions about how the world works, and often by mutual and willful self-delusion. Our societies cohere and function in no small part because most of us want them to cohere and function, and because the alternatives are, for most of us, literally unthinkable.

We all eagerly assume there exist people, somewhere, who unlike ourselves do have a grip on the bedrock reality that underlies our societies, who understand how things work and will take care of us if severe problems arise. We also deeply fear the possibility that it isn’t true, and there are no such people; this was what I thought I’d seen in Rather’s eyes. I scribbled to my friend, “The facade cracked for a moment. The illusion of regularity, sameness, and security cracked for a moment. I could just glimpse beyond the illusion, in Rather’s dumbfounded face, the realization that nobody really is in control, nobody really understands the horrendous complexity of this world we have created. Where are the experts? Where are the leaders? Surely they’re going to make things right again!”

It turns out that the experts and leaders really had lost control that October day. Trading computers were overloaded, phone systems were clogged, sell orders remained unfulfilled because there were no buyers. Buzz Geduld, a partner in Herzog, Heine, Geduld, Inc., recalled “a continuous onslaught of sell order after sell order after sell order…. [All] we knew was, we were seeing a big panic, and we were just hopeful and praying that somewhere this was going to stop.”1 The experts who were expected to step in with reassuring pronouncements were either unavailable or unwilling to comment; Alan Greenspan, the newly appointed Chairman of the Federal Reserve Board, was on his way to make a speech in Dallas. Other top policy-makers in Washington made no public statements.

By late Monday afternoon, the specialist firms on the New York Exchange’s trading floor responsible for maintaining an orderly market in specific stocks were facing an unprecedented liquidity squeeze. Having bought tens of millions of shares that they couldn’t sell, shares that had depreciated in value throughout the day, some firms couldn’t meet the Exchange’s minimum capital requirements. Michael Rosen, a teacher of business management, later wrote, “Many specialist firms surviving Monday ended the day with stock inventories several multiples higher than their average holdings, all of which had to be paid for within five business days. Prestigious firms turned to their normal lenders, similarly prestigious New York banks, only to find that the banks were not interested in lending.”2 And James Maguire, the chairman of a large specialist firm handling about seventy stocks, said, “From 2 p.m. on, there was total despair. The entire investment community fled the market. We were left alone on the field.”3 During that single day, the market had erased two-thirds of specialists’ total buying power of $3 billion.

To make matters worse, the nation’s payment system—the network of banks and clearing houses that actually transfers funds following market trades—was in danger of buckling. Mismatches in payment schedules among the stock, futures, and options markets exacerbated this strain: stock purchases in New York had to be settled financially five days after the trade, but margins on futures and options purchases in Chicago had to be posted before the start of the next trading day. As a result, many traders arbitraging stock and futures indexes between the two cities didn’t have the funds available from their stock sales in New York in time to meet margin requirements on their purchases of index futures in Chicago.4

One of the key people out of town on this critical day was Jerry Corrigan, the forty-six-year-old president of the Federal Reserve Bank of New York, the most important of the twelve U.S. Federal Reserve Banks. Corrigan had been in Venezuela for several days to discuss the Latin American debt crisis, and he arrived back in New York on Monday only after the markets closed in chaos. After conferring with Greenspan in Texas, he agreed to work with Fed officials in Washington to draft a statement reassuring the markets. In order to achieve maximum impact, the statement was issued in Greenspan’s name shortly before the New York Exchange opened on Tuesday morning. It said, “The Federal Reserve, consistent with its responsibilities as the nation’s central bank, affirmed today its readiness to serve as a source of liquidity to support the economic and financial system.”

Following standard practice, the Federal Reserve then bought government securities from banks, which increased these banks’ reserves for lending. This action drove down short-term interest rates and effectively injected money into the banking system. If the banks could be kept liquid, Jerry Corrigan and his colleagues hoped, the banks would ensure that specialists, arbitragers, brokerage houses, and everyone else in the system stayed liquid too.5 Between October 20 and November 2, in “open-market operations” under Corrigan’s direction in New York, the Federal Reserve therefore created $12 billion in new reserves, permitting up to $100 billion in new lending by banks.6 The intervention was designed to be as dramatic as possible: on the morning of Tuesday, October 20, there was to be no doubt of the Fed’s commitment to maintaining liquidity in the financial system. Corrigan and his aides personally phoned big New York banks and leaned on them to lend liberally. Ever so slowly, the message began to take hold, and during the remainder of the week, the ten largest New York banks almost doubled their loans to securities firms, from $6.5 to $12 billion.7

Alan Greenspan’s one-sentence statement, however, had been an explicit acknowledgment of the enormity of the crisis: the run on the markets had placed the American economy at grave risk. And by 12:30 p.m. on Tuesday, it had looked like another rout was under way in New York. The Wall Street Journal reported that “specialists didn’t have any buy orders, and many simply stopped making markets. Many believed that their capital … was gone or nearly gone.”8 A ferocious wave of selling coupled with a lack of buyers forced trading to halt on more than 160 stocks, including blue-chip firms like IBM, Merck, Sears, Eastman Kodak, USX, and Philip Morris.9 According to the Journal, printouts of New York trading on Tuesday morning painted “a harrowing picture of a market in disarray.”10

Under immense pressure from securities firms and specialists who lacked the capital to keep the market operating, John Phelan, the chairman of the New York Stock Exchange, held a meeting of top officials in his office to consider closing the entire Exchange. He placed a round of phone calls to key people—including Jerry Corrigan and Howard Baker, the White House chief of staff—warning them that the stock market might have to be shut down. The Chicago Mercantile Exchange heard this news and feared such an action would trigger a tidal wave of futures selling; it therefore halted trading of Standard & Poor’s 500 futures contracts. In Washington, Howard Baker ordered White House lawyers to draft the legal document the president needed to declare the Exchange closed.11 But he also asked John Phelan to do everything he could to avoid this outcome: closing the Exchange would be an admission of defeat, it would exacerbate the panic, and it would deal a severe blow to confidence in the entire U.S. economy.

Then, miraculously, the market began to turn. There was a sudden spurt of purchases of a thinly traded stock-index future at the Chicago Board of Trade. “In the space of about five or six minutes, the Major Market Index futures contract, the only viable surrogate for the Dow Jones Industrial Average and the only major index still trading, staged the most powerful rally in its history.”12 There was also a flurry of small but well-timed purchases of blue-chip stocks in New York. These events were so opportune that they led some analysts later to suspect a coordinated manipulation of the market.13 But whatever the cause, within an hour large institutional buyers had returned to snap up bargains and short sellers had begun covering their positions. By the end of trading on Wednesday, the Dow had recovered over half of Monday’s loss.

The worst of the crisis had passed. Yet most people at the center of events during those two days were horrified by how close they had come to disaster. Felix Rohatyn, the famed partner in the investment banking firm Lazard Freres & Company, told The Wall Street Journal that the stock market had been “within an hour” of disintegration. “Tuesday was the most dangerous day we had in fifty years.”14

Despite a subsequent torrent of reports and analyses, the exact causes of the crash remain obscure. Was it an example of crowd psychology gone wild in an age of instant communication and computer-driven arbitrage? Or did it reflect a sudden but entirely rational change in people’s interpretations of the market’s underlying fundamentals?15 The best explanation, it seems, takes into account the complexities and nonlinearities of modern market behavior. Over the previous months, a host of small worries—about the American budget deficit and trade balance, about prospects for inflation and interest rates, and about the long, unbroken rise in stock prices—had accumulated in investors’ minds. In this environment of pent-up concerns, a few relatively minor events, such as the release of alarming trade-deficit figures or the rumors of an impending U.S.-Iran war, easily triggered a disproportionate avalanche of selling.

But several other factors combined to make the subsequent panic far worse than it might have been. More powerful computer and communication technologies, coupled with trading strategies like portfolio insurance, had sharply boosted the complexity, volume, and speed of market transactions. The market’s infrastructure, including such things as the nation’s system for settling payments, just didn’t have the capacity or flexibility to respond adequately to these new pressures, especially under the unprecedented peak loads of October 19. The crash was caused, at least in part, by an ingenuity gap: the market had become too complex, nonlinear, big, and fast for the financial institutions guiding it at that moment. Put differently, the need for ingenuity to keep these markets stable had risen faster than the amount of ingenuity the financial and regulatory institutions could supply.

The crash was stunning, but calamity was averted. Acting as lender of last resort, the Federal Reserve undoubtedly saved the day, and within two years the stock market had largely recovered. But the story of the crash carries some enduring lessons.

First, it reminds us that individual events and decisions—often small and sometimes accidental—can have a major effect on the development of large social phenomena. The unfolding of these phenomena is often not determined by some kind of inexorable inner logic, but is highly contingent on the character of specific, sometimes chance events. Such sensitivity to individual events is, of course, especially common in chaotic social systems, like stock markets in the midst of mass panic. If Greenspan, Corrigan, and their colleagues had delayed a day before acting, if key banks had been slightly more resistant to regulators’ entreaties to increase lending to specialists, or if Phelan had closed the Exchange prematurely, the crash’s outcome could have been far more dire. It could have sent the American economy into a tailspin, taking the world economy along with it.

In the terminology of social scientists, the evolution of social systems is often path dependent: a decision, delay, or mistake at a critical moment can direct the system down a path that diverges widely from the one it otherwise would have followed. And once the system is well down this path, jumping to an alternative path, to a path not taken, is almost impossible.16 To put it another way, where the system is at any given time depends crucially on where it was—that is, on the accumulated events and decisions, small and large, accidental and deliberate, that have made up the system’s history to that point. And looking back on that history, we have a natural tendency to see an underlying logic operating—even though there may have been none present. The events of history often look inevitable in retrospect, but in general they aren’t.

So the first lesson of the crash was that many of history’s big events are highly contingent. For a few hours, the stock market and American economy were on a knife-edge. But the crash held another lesson too: in the minds of the people directly involved, and in the minds of many others—like Dan Rather, the travelers pressed against the bar in the San Diego airport, and me as I watched Rather’s face—some of life’s guiding regularities were briefly rocked to their foundations. We glimpsed a void. Few things are scarier than the sudden recognition that the social world around us is not really founded on anything solid or tangible but is largely constructed in our minds, out of shared beliefs and, frequently, delusions. In his assessment of Black Monday, Michael Rosen writes:


That which appears objective—the naturalness of organizations, the structuring of hierarchies, the immutability of economic laws, the stability of order—is illusory, where fronts are maintained through the management of common backstages of meaning. Nevertheless, at times disorder raises its head, the mask of everydayness fades, we peer over the edge into the abyss of uncharted terror.17



Luckily, we were all quickly able to banish terror from our minds. Thanks to the fortuitous intervention of Greenspan and others, the crash of ’87 was safely pushed into the past and out of sight; and, surprisingly soon, the event seemed only a momentary correction in the steady upward surge of American and world markets over the next decade.
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By 1997, Alan Greenspan was widely hailed as the hero of ’87 and the individual most responsible for the subsequent equity boom. He had become the financial system’s omniscient and omnipotent guardian against terror, its bulwark against the abyss. Yet at the very time of this idolatry, interesting things were happening on the other side of the planet that raised serious questions about the actual ability of experts like Greenspan to manage this system.

During the 1980S and the first two-thirds of the 1990S, the economies of East and Southeast Asia boomed. They were models of a new form of capitalism, many commentators claimed—a form characterized by high savings rates, openness to foreign investment and ideas, commitment to developing their human capital through family planning and education programs, and tight, collaborative relations among state economic managers and business elites. From Jakarta and Bangkok to Seoul and Shanghai, Asia was on the move. Cities sprouted forests of construction cranes. Urban planners unfurled grand designs for new airports, high-tech economic zones, and the world’s tallest buildings. Modern expressways carved through the countryside’s grain fields and rice paddies. And rural people—most born into subsistence poverty—flooded into the towns and cities. The region’s economic growth was amazing: never in history had so many people seen their living standards rise so fast.18

Foreign banks poured hundreds of billions of dollars into these economies. Lending grew by 20 percent or more a year. “There was a huge euphoria about Asia and Southeast Asia,” The New York Times reported Dennis Phillips of the German Commerzbank saying, “it was the place to be.” And Klaus Friedrich of Dresdner Bank agreed: “All the banks would be standing in line—J. P. Morgan, Deutsche Bank, Dresdner. We were all standing in line trying to help these countries borrow money. We would see each other at the same places. We all knew each other.”19

During this period, I spent a lot of time in the region. On one trip in the summer of 1995, I traveled for several weeks by train across the Chinese countryside. Like so many other visitors, I was intoxicated by the energy and excitement of the Asian boom. It was almost impossible not to succumb. I remember strolling along Shanghai’s waterfront late on a misty June evening. The newly rebuilt promenade—the Bund—on the bank of the Huangpu River was crowded with well-dressed young Chinese out for a walk. Facing the river was a crescent of financial buildings and hotels constructed by Europeans in the early part of the century, each splendidly flooded with golden light. And rising out of the Pudong Special Economic Zone across the river was the Oriental Pearl TV Tower, the symbol of the new Shanghai. Looking like something conjured up by the fevered imagination of a science-fiction writer, the tower thrust hundreds of meters into the sky, its three huge spheres sparkling with colored lights.
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Shanghai’s Oriental Pearl TV Tower in 1995

The ancient, cultured city of Shanghai was exploding with energy. It vibrated, gleamed, and seethed with entrepreneurial exuberance. It was an end-to-end construction zone, a nonstop medley of cranes, jackhammers, and bulldozers creating skyscrapers, elevated expressways, subway tunnels, and luxury apartment buildings. It boasted some of the most impressive architecture in Asia, with massive glass-faced hotels and office buildings, swathed in scaffolding, shooting skyward. Billboards and banners plastered the shopping districts, blaring advertisements for everything from blue jeans and diapers to hot-water heaters and American whiskey.

In 1995, much of urban China, especially in the coastal zones, looked the same. From the top of the fourteenth-century city gate in the provincial capital of Nanjing, I counted thirty-three heavy construction cranes within a radius of five kilometers. Looking down from the wall, I could see roads being widened, trees felled, and sewer and water pipelines installed. The streets of Nanjing, Zhengzhou, and Beijing were lined with new private stalls and stores, and brightly lit shopping malls and arcades were full of every imaginable consumer good. Roads were choked with Audis, Jeep Cherokees, Volkswagens, Volvos, and Mercedes.

My visits during this period to other urban centers in Asia, such as Hong Kong, Jakarta, and Bangalore, produced the same feelings. I was dazzled by these societies’ transformation and raw exuberance. Yet in 1997, only two years later, everything turned abruptly upside down. In the summer and fall of that year a currency crisis began in Thailand and ricocheted across the region. International investors and speculators laid siege to one currency after another—the Thai baht, the Hong Kong dollar, the South Korean won, the Malaysian ringgit, the Indonesian rupiah, the Filipino peso. The region’s stock markets crashed. Suddenly the experts knew—it seems they had known all along—that Asia had been ripe for a downturn. Banking systems, they concurred, were unstable, corrupt, and overwhelmed with bad debt, much of it short-term; currencies were artificially inflated; investment patterns were dictated by cronyism and connections, not economic rationality.

As a result, the region was awash in underused office buildings, factories, and infrastructure. Fully 40 percent of Shanghai’s office space was vacant—space in the very buildings I had seen shooting skyward only two years earlier. And in Kuala Lumpur, just as Malaysia’s economy imploded, the world’s tallest office buildings had opened for tenants. The Petronas Twin Towers, designed by our redoubtable architect Cesar Pelli, added nearly fifty football fields of office space to an already glutted market.20 The Asian miracle and that special version of Asian capitalism, so widely hailed only a short while before, suddenly appeared tawdry and tattered.

(The construction of tall buildings seems to be a leading indicator of economic downturns. The Chrysler Building and the Empire State Building soared into New York’s skies in the 1930S just as the U.S. economy sank into depression. Similarly, the construction of the World Trade Center and Chicago’s Sears Tower in the 1970S preceded a severe slump, as did construction of Canary Wharf in the late 1980S. This correlation isn’t surprising: at the height of an economic boom, showiness and extravagance tend to trump substance and economic fundamentals.21)

Like the 1987 crash, the Asian economic crisis contained several disturbing lessons. For one thing, it showed that the world’s top financial and economic experts were just as susceptible as the rest of us to fad and the whims of crowd psychology.22 Although many experts said later—with much self-assurance and impressive jargon—that the Asian crisis had been inevitable and clearly foreseeable, few had taken such positions beforehand. Even the world’s top credit rating agencies had given little hint of a problem: in the year and a half leading up to the crisis, Moody’s and Standard & Poor’s hadn’t downgraded the long-term debt ratings of Indonesia, Malaysia, or Thailand. (But they did downgrade these countries’ debts after the crisis broke, which made the ensuing panic worse.) In the patronizing language of its annual report, issued in September 1997, the International Monetary Fund had declared that the Fund’s directors “welcomed Korea’s continued impressive macroeconomic performance [and] praised the authorities for the enviable fiscal record.” The IMF had been equally effusive about Thailand: “Directors strongly praised Thailand’s remarkable economic performance and the authorities’ consistent record of sound macroeconomic policies.”23

But only three months later, with the Thai baht and the Korean won being hammered through the floor, the economist Robert Johnson could write in The New York Times: “Today, where once everyone saw efficiency and vitality, now the image is one of widespread corruption and waste. How could anything so good turn so bad so quickly? If Asia’s vibrant economies can collapse, what other assumptions about economic conditions anywhere can we count on?”24 The world, he recognized, had changed in the blink of an eye, and the world’s experts were riding on the same Zeitgeist bandwagon as everybody else.

If economic experts are susceptible to fads like the rest of us, it’s partly because economic theories, data, and institutions are often weak. That’s the second lesson of the 1997 Asian crisis. Current economic theories do not give us an accurate understanding of the nonlinear and hypercomplex behavior of the international economic system; key data on the economic performance of countries and their banking and private sectors are often poor or nonexistent; and critical institutions of global economic management are frequently overwhelmed by the demands they face. In the absence of strong theories, data, and institutions, facile economic nostrums and fads become received wisdom. Confronted with rapid and confusing changes, experts and policy-makers cling to this wisdom. Hardly surprisingly, it usually supports the short-term interests of powerful economic elites.

Although the kind of currency run that occurred in Asia appeared to arrive out of the blue, there was actually a rudimentary plan in place to prevent just such an event. In a world of tightly integrated financial markets, “hot” capital can flow like quicksilver in and out of economies. The computer-driven speculations of currency traders and capital managers often wildly exaggerate the market’s response to underlying weaknesses of economies, which makes rational economic planning and reform impossible. In late 1994 and early 1995, the world was given a nasty preview of this new reality of financial globalization, when a run on the Mexican peso caused a hemorrhage of capital out of the country and shook currencies around the world. Shortly afterwards the IMF took a number of steps to discourage currency volatility. It instituted an “early warning system” to give international banks, corporations, and currency traders advance information about countries with potential problems. This early warning system had several components: the IMF encouraged countries to provide more information about their economic fundamentals, some of which was posted on the World Wide Web; it increased its surveillance of emerging economies; and it started publishing some of its background studies of these economies.

Unfortunately, the system didn’t work when it was really needed. As speculative pressures mounted against the Thai baht in early 1997, spurred by a severe current account deficit and an overhang of short-term foreign debt, Thai economic managers refused to heed IMF warnings. There seemed little need: after all, foreign banks were still pouring money into the country. More deceitfully, in mid-1997 Thailand blocked the release of a scathing IMF report on its economic policies. But within weeks, waves of speculation had nevertheless forced the Thai government to devalue the baht. By the end of July, the Thais had to turn, humiliated, to the IMF for help to stabilize their currency. But it was too late: the quicksilver of hot capital was gushing out of Asia. “Frankly, the early warning system failed,” concluded C. Fred Bergsten, the head of the Institute for International Economics in Washington. “The Thais did not listen to the Fund and the markets were very slow to send Bangkok warning signals, even though they knew there was trouble coming.”25

By early December 1997, the IMF, the United States, and Western governments had fallen back to Korea. They were desperately trying to save that country, and perhaps the world, from an economic debacle. The panic must go no further, they realized; it had to stop at Korea. Yet the eleventh-largest economy was on the ropes: in the week after the IMF announced the largest stabilization package in history, the Korean won dropped 30 percent against the U.S. dollar. The shortcomings of the IMF and the entire edifice of world financial management were now all too visible, and a raging debate among economists, bankers, and government officials filled the world’s newspapers, magazines, and airwaves. Two questions dominated the debate: What should the IMF and other relevant agencies be doing? And did these agencies have the management capacity to do anything effective at all?

Positions on the first question were all over the map. In each of the affected Asian countries, the IMF had sought to reestablish confidence in the country’s economy by imposing a standard package: fiscal austerity, high interest rates, managed failure of weak banks and corporations, privatization, and reform of banking systems.26 Critics like Harvard’s Jeffrey Sachs and the World Bank’s Joseph Stiglitz argued that, in some respects, these prescriptions were precisely the opposite of what was needed. The IMF policies were fundamentally deflationary: high interest rates and restrictions on credit were sure to depress economic activity, yet these economies needed increased economic production, exports, and confidence to pull out of their tailspin. Other critics argued that the market “correction” should be allowed to take its course, producing widespread bankruptcies if necessary: those who had been profligate or corrupt should reap what they had sown. If the IMF’s interventions covered the losses of crony capitalists within Asia and of foreign banks outside the region, they would just encourage more irresponsibility in the future.

But the second, and more interesting, question lurked under the surface. Did the crisis represent a fundamental failure of management capacity at both the national and international levels? Many believed so. “National supervision of complex global firms and global markets is inadequate to meet the requirements of the times,” said John Heimann, chairman for global financial institutions at Merrill Lynch, who was leading a team of experts to study this risk.27 The team concluded: “Given the speed with which market participants can react to events anywhere in the world, reaction times in the event of a shock are virtually instantaneous. Managers and regulators have very little time to analyze the problem and formulate and implement a response. The sheer velocity with which international transactions take place may increase the risk of misjudgment.”28

So what should be done? John Heimann and his colleagues proposed an answer: major commercial and investment banks should undertake more self-regulation and self-supervision, and regulators in national governments should collaborate more with these institutions; in other words, government regulators should delegate some of the task of managing the international economy to the very same large commercial and investment banks that helped cause the Mexican and Asian crises in the first place. “The speed and complexity of innovation in the markets,” Heimann’s team concluded, “the [government] supervisors’ inevitable position ‘behind the curve,’ and their real handicaps in competing for talented staffers all argue for private institutions to take on greater responsibility.”29

But what about international financial agencies like the IMF? Couldn’t they pick up the pieces if regulation and supervision by national governments failed? The Asian crisis suggested not. Even the IMF’s first deputy managing director, Stanley Fischer, conceded that “the amount of detailed knowledge it takes to understand a system is beyond the capacity of a single multinational organization [such as the IMF] to deal with.”30 Others were harsher. In a series of caustic attacks in The Financial Times and elsewhere, Harvard’s Jeffrey Sachs railed against the secrecy and lack of accountability of the IMF’s decision-making process. “The world accepts as normal the idea that crucial details of IMF programs should remain confidential, even though these ‘details’ affect the well-being of millions.” But beyond this secrecy, he pointed to a more distressing problem: the IMF and other keystone agencies of the international financial system didn’t have the human capital to properly discharge their responsibilities.


The situation is out of hand. However useful the IMF may be to the world community, it defies logic to believe that the small group of one thousand economists on 19 th Street in Washington should dictate the economic conditions of life to seventy-five developing countries with around 1.4 billion people.

These people constitute 57 percent of the developing world outside China and India (which are not under IMF programs). Since perhaps half of the IMF’s professional time is devoted to these countries—with the rest tied up in surveillance of advanced countries, management, research, and other tasks—about five hundred staff cover the seventy-five countries. That is an average of about seven economists per country.

One might suspect that seven staffers would not be enough to get a very sophisticated view of what is happening. That suspicion would be right. The IMF threw together a draconian program for Korea in just a few days, without deep knowledge of the country’s financial system and without any subtlety as to how to approach the problems.31



But Jeffrey Sachs’s concerns were not widely heeded. In the early months of 1998, as the Korean rescue package seemed to take hold and Asian economies stabilized, doubts were quickly buried. Experts confidently trumpeted that the region would boom again, and perhaps soon. We were assured that the economic fundamentals of the region’s countries were very strong and that the financial crunch would weed out weak corporations and banks, while cheap currencies would spur an export surge. Indeed, the experts said, the Asian panic was a normal corrective to the excesses of the 1980S and 1990S. Currency traders and speculators had done everyone a service by bringing the world’s attention to the lack of adequate national oversight of Asia’s banking systems. Markets and freewheeling international capitalism had worked well.32

This self-congratulation, however, revealed the third lesson of the crisis. The experts and elites at the apex of modern capitalism have a practically boundless capacity for after-the-fact rationalization. As soon as evidence allows, they paper over any cracks that have developed in their worldview. They rush to backfill the voids of doubt. Anomalous data that deserve close attention are quickly explained away or forgotten in the stampede back to exuberant money-making. An abrupt, nonlinear shock like the 1997 Asian financial crisis is absorbed into a modestly adjusted worldview with only a moment’s pause. One day Asia is golden. The next it is a pariah. But there’s no need to worry, say the experts and elites as they reassure themselves and others, because Asia’s problems are unique, isolated, and easily fixed.

There’s no doubt that most of us in rich countries are deeply indebted to markets and capitalism. They are the wellspring of much of the modern world’s opportunity, health, and wealth. And markets and capitalism are essential to successful economic development in the world’s poorest regions. Yet the economic ideology of modern capitalism is, as philosophers of science would say, almost “non-falsifiable.” It is a worldview that is virtually impossible to refute or challenge, because it is infinitely adaptive and malleable. Almost every event or possibility can be subsumed within its relentless energy and optimism. It’s also largely ahistorical: the crash of ’87, the later financial calamities in Mexico and Asia, and other annoying surprises are quickly relegated to the past, and the past is of little consequence. The only things that matter are the present and future; and the present and future (as Canary Wharf revealed) can be constantly reinvented.

Eventually, reality does correct such self-indulgence. But this reality hits home hardest not at the top of the capitalist heap, but at the bottom. The emergency stabilization package urgently negotiated among the United States, commercial banks, the IMF, and Mexico in 1995 shoved a floor under the value of the peso, allowed the country to deal with its current account deficit, and laid the foundation for renewed economic growth. Commentators outside Mexico turned to other issues. The crisis had passed; the system had worked; most important, foreigners’ loans were covered. But the stabilization package achieved its results at a huge cost—a cost borne, for the most part, not by Mexico’s corrupt elites or foreign lenders, but by the country’s middle class and poor. As the country tipped into an appalling recession, the average wage dropped by almost 15 percent, and already-high levels of criminality, violence, and militarization skyrocketed. Afraid that they would be robbed if they stopped at red lights, drivers in Mexico City began speeding straight through downtown intersections. Assassinations and kidnappings for ransom soared. The military became increasingly involved in policing civil society, with much of the country’s south taking on the appearance of an armed camp.

In the wake of the IMF’s ministrations in late 1997 and early 1998, a similar story unfolded in Southeast Asia. Depression gripped Thailand and doubled its unemployment rate. Economic activity slowed to a crawl, construction in cities like Bangkok stopped almost completely, and a million migrant villagers returned to their rural homes, only to find no jobs there either. The country ejected three hundred thousand illegal workers, mostly back to Myanmar. Malaysia also sent back to Indonesia boatloads of construction laborers who had been providing raw labor for the country’s building boom.33

Indonesia was hit especially hard, as the country suddenly faced multiple, converging crises. When the rupiah plummeted in value, the government reluctantly moved to close a number of insolvent banks, triggering a run on other banks. Credit evaporated from the economy. By mid-January, 260 of the 282 corporations listed on the Jakarta stock exchange were technically bankrupt. Millions lost their jobs, and at the same time basic dietary staples shot up in price. In only two months, the price of rice and cooking oil increased between 30 and 100 percent, and the price of chicken, the principal meat, rose 50 to 100 percent. The falling rupiah also forced up the cost of imported insecticides and seeds. The higher cost of these agricultural inputs, combined with the impact of a severe drought and forest fires that were blanketing much of Southeast Asia in haze, drove down rural food output. Nonetheless, the central government wanted to move people out of cities like Jakarta to reduce the risk of urban violence. It cut the price of tickets on trains leaving the cities, so many of the newly unemployed flooded back to the already overcrowded farms and terraced hills of rural Indonesia.

Not surprisingly, in February 1998 food riots and ethnic clashes erupted across the country. Analysts started to talk about the possibility of widespread starvation in a society that only shortly before had boasted of its self-sufficiency. The riots climaxed in May with an orgy of looting and attacks on ethnic Chinese that resulted in the deaths of five hundred people in Jakarta, and damaged or destroyed nearly five thousand buildings. The violence had the perverse effect of creating more upheaval in the country’s food distribution system, because it had been largely controlled by the Chinese minority.

The violence also revealed something more general—and more disturbing—about the social strains in our modern world: the rioters attacked mainly symbols of affluence. They were principally young men who had come from the countryside looking for jobs and had suddenly found themselves on the street. “As they sit idly on benches above open sewers that run through the slums,” wrote a journalist in The New York Times, “the young men complain not so much about President Suharto as about their frustration that they are being laid off just as prices are going up.” The rubble of the recent violence surrounded the slums, and many of the rioters, the journalist continued, “seemed to derive satisfaction from the idea that the air-conditioned department stores, monuments to the wealthy, have gone up in flames. Some of the idle young men sound less interested in political warfare than in class warfare.”34
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In mid-1997 and early 1998, world financial markets exhibited many of the characteristics and behaviors that I described in the chapter “Complexities.”35 It was as if someone had opened the tap slightly, and the fluids coursing through the international financial system had flipped from laminar to turbulent flow. The system’s innumerable components—including the banks, the trading houses, corporations, and governments—interacted intensely to produce vicious circles and sharp nonlinearities. The couplings among these interdependent components had been tightened by lightning-fast computer and communication technologies and round-the-clock, round-the-world trading, which meant that the financial system as a whole had little slack to absorb errors or sudden shocks. The system amplified small perturbations far beyond expectations, and it often behaved in totally unexpected ways, as damage to one system component spread rapidly to others. A relatively small event—the devaluation of a minor currency or a corporate bankruptcy in Hong Kong—produced a cascade of repercussions around the world. Rapid-fire surprises blind-sided financial managers and policy-makers. Rumors, misinterpretations, errors, and lies tore across the planet, causing wild market swings before they were corrected. Alan Greenspan seemed well aware of these dangers and was worried by them. Computer-driven global markets, he noted, have “the capability of transmitting mistakes at a far faster pace throughout the financial system in ways that were unknown a generation ago.”36

Volatility, surprises, and cascading repercussions are not always bad. A certain amount of chaos in global markets and most other social systems is inevitable (and as I discovered later in my investigations, even desirable). But system fluctuations sometimes exceed acceptable bounds, causing real suffering to real people in real communities around the world. Some of the managers of our corporations and of our national and international financial institutions are charged with keeping such things from happening. Yet these people are facing truly enormous and constantly growing management demands. As markets, financial systems, and corporations become faster and more sophisticated, managers need faster and more sophisticated management tools, including better data-gathering and interpretation technologies, so they know what’s going on in the systems they are trying to manage. Better decision-making procedures are also essential, so they can quickly focus the best expertise on their problems and ensure all stakeholders are heard. Finally, they need better implementation tools, so they can give practical effect to their carefully crafted solutions.37 In other words, as market and social systems get more complex, the requirement for management ingenuity rises concomitantly.

Can managers and management systems meet this rising need for ingenuity? The Asian financial crisis revealed that the answer is sometimes no, and the result can be a serious ingenuity gap that leads to terrible suffering, conflict, and insurrection. By 1997, at both the national and international levels, technology-driven changes in the speed and complexity of financial transactions had surged ahead of the relatively slow pace of improvement in the capacity of governmental and intergovernmental institutions to manage these transactions. As Allen Sinai, the top global economist at Primark Decision Systems, an investment advisory group, said, “What makes this problem so distinct is that it is … laced with every type of financial crisis and instability that has ever shown up in the real world or any textbook. And while there are some brilliant minds working on it, no one can deal with it.”38

Perhaps the clearest evidence of soaring management demands in modern globalized markets is corporations’ mounting reliance on high-powered consulting firms, like McKinsey & Co., the Boston Consulting Group, and Anderson Consulting. When faced with a complex new problem beyond the ken of their own full-time managers, firms are increasingly seeking outside help. A team of consultants, each of whom makes more than $100,000 a year, sweeps in. They bring with them the diverse expertise the firm needs but doesn’t have itself—expertise on everything from just-in-time inventory management to foreign banking regulations, from advanced information technologies to health-care insurance schemes. The use of such services is rising fast: from 1990 to 1997, the revenues of the consulting industry as a whole grew 10 percent or more a year, with some of the top firms seeing growth of 20 to 30 percent annually. These firms now gobble up many of the best-and-brightest graduates from business schools, and, lately, from medical schools, technical schools such as MIT and Caltech, and humanities Ph.D. programs at first-tier universities as well. Recruits receive, in effect, a gilt-edged entrance ticket to the new global super elite. As The Economist notes, “McKinsey’s five thousand alumni form a quasi-Masonic network at the top of businesses and governments alike: former McKinsey men run organizations as disparate as IBM, American Express, and the investment arm of SBC Warburg.”39

Why is the consulting industry prospering? “The answer,” The Economist continues, “can be summed up in two words: complexity and uncertainty. Complexity creates confusion; uncertainty creates fear; and both create a booming demand for outside advice.” Lowell Bryan, a senior partner at McKinsey, says, “Other people’s problems are our opportunities, and there’s a bull market in problems at the moment.”40
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If people thought they had seen the end of the Asian financial crisis by the spring of 1998, they were sorely mistaken. Downward pressure on East Asian currencies and stock markets returned during that summer, leading a senior official of the World Bank to declare that the region could slide into an economic depression. An American bailout of the Russian economy went awry, and then in August Russia defaulted on some of its foreign debts. The Russian default, in turn, pushed a major American investment fund, Long-Term Capital Management, to the edge of bankruptcy. With the Western financial system teetering on the brink, the Federal Reserve Bank of New York scrambled to organize a $3.6 billion private bailout of the fund. Meanwhile, North American and European stock markets plunged. As September gave way to October—a month that has historically witnessed more than its share of stock market crises—many commentators and policy-makers, including President Clinton, openly acknowledged that the world faced the worst economic crisis since the Great Depression. Only three interest rate cuts by Alan Greenspan in quick succession reassured investors that markets would remain liquid and that stability would prevail.

In Asia, a critical bulwark against a deepening of the crisis had been the nonconvertibility of the Chinese currency, the yuan. If currency traders had been able to trigger a run on the yuan, it would likely have caused a further, truly catastrophic decline in currency values across the region. Ironically, China’s policy of insulating its economy from global capitalist pressures helped protect the capitalist system from itself. But staggering damage had already been done, and, once again, Indonesia was the worst affected: by the end of 1998 the country’s GDP(in U.S. dollars) had shrunk to less than half that of 1997, twenty million people had been thrown into poverty, and hysterical groups of vigilantes were sweeping through remote towns and villages seizing, torturing, and executing anyone they suspected of “sorcery.”41

In Western financial centers, the crisis, as it waned, left experts breathless and bewildered. Alan Greenspan admitted, “I have learned more about how this new international financial system works in the last twelve months than in the previous twenty years.”42 Yet, as before, people quickly suppressed their doubts about the ability of financial elites to manage this system; when economic calm returned in 1999, people forgot how grim the situation had appeared only a few months previously. Some analysts did argue that it was just a matter of time before another crisis hit, and that an overhaul of international financial institutions was urgently needed, but nevertheless the momentum for truly substantial reform quickly dissipated. The World Bank, the IMF, and the American administration instead turned to blaming each other for making the crisis more severe than it might have been.

It was Kofi Annan, the United Nations Secretary General, who seemed to best capture the broader implications of what had happened. At a glittering meeting of the world’s business leaders in early 1999, he issued a somber warning—a warning that, interestingly, pointed to an ingenuity gap between the demands placed on societies by global economic change and the capacity of societies to respond effectively to these demands. “The spread of markets far outpaces the ability of societies and their political systems to adjust to them, let alone guide the course they take,” he cautioned. “History teaches us that such an imbalance between the economic, social, and political realms can never be sustained for very long.”43
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UNKNOWN UNKNOWNS
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MY FIRST INTUITION that there could be something disturbing about the unfathomable complexity of our modern, humanmade world came on a backpacking trip through Europe in 1977. I had stopped in Strasbourg, France, for several weeks, where I earned myself a small wage making kitchen cabinets and cooking meals for a local family. The father was a physicist. He worked at a nearby research laboratory that included a particle accelerator designed to pry open the deepest secrets of the atom. One sunny afternoon in August he took me on a tour of the facilities.

Although tiny by comparison with accelerators elsewhere in the world, the Strasbourg machine seemed mammoth to me, stretching through room upon room filled with computers, wiring, tubing, and heavy magnets. I asked my physicist guide about one queer-looking component after another, and he tried to explain the machine’s operation in simple terms. After an hour or so, however, a larger puzzle came to my mind.

“Is there anybody,” I asked, “who understands this thing in its entirety?” My distinguished guide clearly had expertise about some of the accelerator’s components, but only a general grasp of the whole thing. “Is there anyone who has expertise about all the components and who can put those individual bits of knowledge together into a truly complete understanding of the entire machine?”

“No,” the physicist answered, with a look that showed he thought the question a bit peculiar. “No, no one understands this machine completely.” I felt some discomfort about his answer at the time, but I didn’t know exactly why.

More than twenty years later, as I gathered pieces of my ingenuity puzzle in North America, the reasons for my discomfort became clearer when a pair of articles in the journal Foreign Affairs in the summer of 1997 brought the issue into sharp focus. The Berkeley political scientist Steven Weber and the MIT economist Paul Krugman were discussing whether modern postindustrial economies had eliminated the business cycle—that long, repeating wave of economic boom and recession, and sometimes depression, that began in the early nineteenth century when paper credit became widely used in the newly industrialized economies.1

Steven Weber argued that several developments in today’s economies dampen the boom-bust swings of the business cycle. Our workforce is more flexible and less vulnerable to recession, he claimed. As well, new information technologies allow companies to better control their inventories, while the globalization of finances, production, and economic demand makes the world economy less sensitive to economic conditions in any one country.2

At the time the U.S. was in the midst of its longest peacetime economic expansion, so Weber’s optimism seemed justified. Paul Krugman pointed out, however, that the business cycle had been declared dead before. In the late sixties, as America pumped up its economy with Vietnam War dollars, and shortly before the first major oil shock kicked off a decade of stagflation, a number of experts made claims similar to Weber’s. “Why does the business cycle persist?” Krugman asked. “Because, as the bumper stickers don’t quite say, stuff happens: the world refuses to stay put, and policy is always playing catch-up. To look at the causes of booms and slumps since the business cycle was last declared dead is to be awed by the sheer variety of curve balls history throws at us.” He went on, “Who in 1969 imagined that a recession could be triggered by a war in the Middle East—let alone a fundamentalist revolution in Iran? Who would have thought that the ever-so-controlled Japanese economy could be whip-sawed by a financial bubble that drove land and stock prices to ridiculous levels, then burst? Who could have predicted that two well-meaning projects—the political unification of Germany and the monetary unification of Europe—would interact to produce a disastrous slump?”

Paul Krugman’s insightful comments, it seemed to me then, led to a more general conclusion. When things are going well, as they were for most people in the United States for most of the 1990S, it’s easy to forget that we live in a world of unknown unknowns. Not only are we often ignorant of critical components, processes, and possibilities in the complex systems surrounding us, we’re also often ignorant of our ignorance. Wally Broecker, when I spoke to him in his lab outside of New York, made this point about the North Atlantic’s conveyor belt; and the point is equally true of the Strasbourg particle accelerator, Biosphere 2, and the global economy. We often don’t know what we don’t know.
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Crudely speaking, three kinds of system—natural, social, and technological—make up our world. Prior to our arrival on Earth, most natural systems already existed in some form, including the planet’s grand geophysical and geochemical systems, like the climate and the ozone layer; and its biological and ecological systems, like forests, fisheries, and soils. In contrast, our social systems are entirely the products of our actions. Our national and international markets, our governments, and our court and judicial institutions cannot exist independently of us; we have constructed them within, and they remain largely internal to, our societies. Technological systems usually inhabit the boundary between these natural and social worlds; as physical entities (for example, my car) they exist independently of us, but they have meaning and utility only for us.

Over time, as I argued in the “New World” chapter, we have produced incremental, quantitative changes in all three types of system. By themselves, the changes have usually been tiny in degree or amount, but together they have produced shifts in the quality of these systems’ basic character and behavior. For instance, as we’ve evolved from the agricultural to the industrial and then postindustrial stages of development, we’ve made our social and technological systems so much more complex and fast-paced that they are qualitatively different from previous ones. And as our impacts on Earth’s natural systems have become immense, we’ve sharply increased the chance of severe nonlinearities in the behavior of these systems—such as sudden changes in the world’s ocean currents. Together, greater complexity and pace and a higher chance of nonlinearities tend to boost the number of unknown unknowns in the natural, social, and technological systems around us. These systems have more components and processes that we don’t even know exist, and these components interact more frequently in surprising and ill-understood ways.

Generally speaking, we’re not eager to admit how little we understand the systems we construct, live within, and depend upon. When it comes to unknown unknowns, we are masters of avoidance and denial. We easily convince ourselves that we know enough to manage the systems around us effectively, or, at least, that there are experts who do. We also easily accept a consensus regarding the basic constituents of our natural, social, and technological systems and the basic principles by which we can manage and master these systems. (The creation of this consensus is made easier by, and is itself part of, our increasing separation from natural systems.) We are truly terrified, as we were on Black Monday, when this consensus and, in turn, our constructed reality are seriously threatened. And we seize upon any opportunity, as we did after the 1997–98 Asian financial crisis, to rationalize away critical anomalies and convince ourselves that, after all, we really are in control.

Because we tend to delude ourselves that we understand the complex systems around us better than we actually do, we are often less prudent than we should be when we deal with them. “The system works,” we say to each other after a crisis, in relief and self-congratulation, and continue doing things as we always have. We introduce changes not to reform but only to refine our institutions, practices, and technologies, to increase their performance and efficiency; and these refinements (like the ever greater speed of international currency transactions) often make the systems affecting us even more replete with unknown unknowns. And our sense that we are working to improve things leads to a complacent belief that our management of our affairs is excellent—thoroughly sound and scientific.

Take, for instance, how we handle natural resources important to us, like our fisheries and forests. The people we charge with managing these resources—such as government fisheries officers or logging company foresters—have usually learned, as part of their technical training, that it’s possible to have precise and detailed knowledge of how these resource systems work. They have been taught, basically, that these systems have few if any unknown unknowns. So when they get into the field, they tend to treat fisheries and forests as if they were relatively simple machines, and they try to operate these machines to maximize the steady output of tons of fish or cubic meters of wood. As well, for efficiency’s sake they usually make the government agencies and industries that regulate and extract the resource increasingly complex (much the way we make our car engines more complex to improve their performance). But this whole approach has many bad results. Among other things, it makes our societies increasingly dependent on constant and predictable flows of food and fiber from these resources, and it makes the government agencies and industries less flexible in the face of rapid change. Most important, though, as managers try to turn our fisheries and forests into simple machines, they make these systems more homogeneous and less resilient to shock: fisheries become more likely to collapse, and forests become more susceptible to insect blights and wildfires that cover vast areas.3

The science writer and historian Edward Tenner has a label for such behavior: he calls it the “pathology of intensity,” which is “the single-minded overextension of a good thing,” in this case the single-minded effort to achieve the highest stable output from a resource.4 Time and time again we find that such monomania produces results we don’t expect and ultimately don’t like.

A classic example is our use of antibiotics. When these drugs were first developed in the middle decades of the twentieth century, people thought they were miraculous. It was widely believed, by professionals and laypeople alike, that we would soon be able to vanquish all bacterial disease. So, once again, in a single-minded overextension of a good thing, antibiotics became widely used not just to cure illness but also to prevent illness in both human beings and livestock. (In 1997, treatment of livestock with antibiotics for purposes of nutrition, therapy, and prophylaxis accounted for half of the world’s antibiotic consumption.5) In the process, most of us forgot that humanity and its diseases together make up a coevolving system—a system that is actually one part of Buzz Holling’s larger coevolving system of humanity and nature (which I described in the “Angry Beast” chapter).6 Inevitably, as we have introduced powerful antibiotics into our arsenal—a total of more than one hundred drugs at the moment—bacteria have evolved ways of defending themselves. Today, as a result, we’re facing a crisis of antibiotic resistance in bacterial species ranging from common strains of salmonella to the often lethal Staphylococcus aureus and Mycobacterium tuberculosis.7

Because coevolving systems constantly change, often in their most basic characteristics, they usually present particularly severe problems of unknown unknowns. And when it comes to diseases, as we have become more urbanized and as we have started traveling farther and faster using new transport technologies, we have greatly accelerated both the rate at which diseases can spread through our populations and the rate at which they can evolve into drug-resistant forms. Prior to the wide use of airplanes, people who contracted infectious diseases during overseas travel would normally show symptoms before arriving home. Transit times by sea were generally longer than disease incubation periods, and travelers who showed symptoms on arrival could be isolated in quarantine stations. But now an infected traveler can spread a disease through large communities before anyone even knows he or she has it. So we not only need more biomedical ingenuity to deliver new antibiotics at a faster pace than ever before, we also need more social ingenuity to develop new institutions, often international in reach, for disease detection and tracking.
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Edward Tenner’s pathology of intensity often multiplies unknown unknowns. It also often produces another condition that is particularly pernicious: narrowing of expertise. Our never-ending quest for efficiency, speed, and productivity causes overspecialization and fragmentation of knowledge, and it reduces the availability of general expertise, and thus ingenuity supply within our management elites.

We find some of the best illustrations in modern financial markets. New computer and communication technologies have increased the speed of financial transactions; they have also made possible new financial instruments, from innovative kinds of options and futures to mortgage bonds and interest-rate swaps. There’s no doubt that these things bring many benefits: they allow the world’s money managers to boost flows of capital for investment, give corporations trading overseas a wide range of hedges against currency fluctuations, and reduce market inefficiencies, like arbitrary differences in the exchange values of, say, U.S. dollars trading in London and Tokyo.

But these technologies and instruments promote people with narrow technical and analytical skills, and at the same time displace people with the experiential knowledge—some might call it wisdom—needed to produce market order, stability, and the steady creation of wealth. On October 19 and 20, 1987, as the Dow crashed through the floor and federal regulators fought for control, experienced traders intervened at key points to calm the market. Today, there are far fewer people around with the necessary experience. The men (and they are mostly men) who dominate global financial systems are increasingly computer jockeys. They are unquestionably brilliant in their narrow domains, but they have had virtually no exposure to the world beyond their keyboards and monitors. Says Gene Rochlin, a professor of energy and resources at the University of California, Berkeley: “As skill with the computer and its models becomes more important than accumulated experience, power and influence are shifting to a generation of younger traders more familiar with electronics than trends, less concerned with preserving long-term market stability than with developing and mastering better, quicker models with which to outmaneuver the competition…. [Experienced] traders with a vested interest in making and stabilizing markets are increasingly being displaced by a new breed of ‘paper entrepreneurs,’ computer wizards who depend on their computers rather than experience, seeking to make short-term profits by anticipating small market movements rather than long-term ones by creating a pattern of stable investments, driving the market in response to trading programs with little or no concern for the underlying economic activity.”8

We’re now all acutely aware how (in many fields) more experienced managers are actually intimidated by a younger generation steeped in the arcana of computers and their magical, number-crunching software.9 As early as 1992, Alan Greenspan warned of the risks. Reflecting on a recent European currency crisis, he urged regulators to “guard against a situation in which the designers of financial strategies lack the experience to evaluate the attendant risks, and the experienced senior managers are too embarrassed to admit they do not understand the new strategies.”10 The irony, of course, is that the experienced managers are deferring to people who are, in reality, extraordinarily ignorant of the real workings of the global financial system. This new breed of speculators and traders, Gene Rochlin writes, “transfer funds, securities, bonds, or derivative instruments over the face of the globe, along electronic networks whose details and structure they do not understand, between computers and computerized databases they do not fathom and cannot program or query without professional help.”11

Experiential knowledge consists of intuitions, subtle understandings, and finely honed reflexes gained through years of intimate interaction with a given natural, social, or technological system. A manager may not have to draw on the full depth and richness of this knowledge to meet the system’s everyday demands when it’s functioning at equilibrium and behaving predictably. Experiential knowledge may therefore seem redundant and unnecessary, especially to engineers hoping to improve efficiency. They may eliminate the people who possess it from the system by automating managers’ tasks. But when the system is confronted with a crisis—a sudden and dangerous nonlinearity—experiential knowledge can make the difference between successful resolution of the crisis and catastrophe. The flight of United 232 is a good example. The aircraft’s situation was unprecedented, but the captain drew on intuition gained from countless flying-hours to use differential engine thrust to stabilize the plane. And his intimate knowledge of interpersonal dynamics in the cockpit allowed him to allocate tasks effectively to deal with the emergency. Without such wisdom to draw on, the crew would have failed to save anyone at all.

When we fragment management expertise into subspecialties and squeeze out broad experiential knowledge, we become more vulnerable to unknown unknowns. This is the story of the modern automobile engine, which can no longer be repaired by the lay mechanic but only by specialists who are expert in the engine’s subcomponents; it is the story of the modern airline cockpit, where the tasks of crew members are increasingly automated; and it is the story of today’s financial markets.
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In addition to analyzing the pathology of intensity, Edward Tenner catalogs what he calls “revenge effects.” These are “the ironic, unintended consequences of mechanical, chemical, biological, and medical ingenuity.” The technological world we have created around us has a tendency, he argues, “to get even, to twist our cleverness against us.”12 Over the years, I’ve gathered my own favorite examples of revenge effects. The catalytic converters on modern automobiles have done much to reduce urban smog in rich countries; but they turn out to be a major source of nitrous oxide, a powerful greenhouse gas.13 Efforts in the U.S. to eradicate the ferocious fire ant using an arsenal of pesticides wiped out its parasites and competing species of ant; there followed an explosion of the fire ant population across hundreds of millions of hectares of the U.S. South and Southwest.14 And in only a few decades, our use of space has cluttered low-Earth orbits with more than one hundred thousand bits of debris, ranging from fragments of derelict rocket bodies to centimeter-sized spheres of frozen coolant that have leaked from the nuclear reactors of defunct Soviet satellites. Traveling at tens of kilometers per second, these objects can be lethal to our spacecraft, forcing designers to start shrouding them in shielding.15

I would argue that revenge effects often arise when we add components and functions to our technologies to improve their performance, which can make them behave in unexpectedly perverse ways. Modern computer software offers some dramatic examples.

On June 4, 1996, the European Space Agency launched the massive Ariane 5 rocket into space on its maiden voyage from the agency’s center in French Guiana.16 Thirty-seven seconds later, the rocket’s two inertial guidance systems delivered diagnostic error messages to the on-board computer responsible for controlling the steering. The computer mistakenly interpreted the messages as flight data and concluded that the rocket had taken a sharp turn. It tried to correct course by ordering the rocket’s boosters and main engine to swivel their exhaust nozzles to an extreme angle to redirect their thrust. But the unneeded correction produced violent aerodynamic pressures that began to rip the rocket apart, triggering its automatic self-destruct mechanism. Developed over ten years at a cost of $7 billion, the Ariane 5 blew up thirty-nine seconds into its flight, destroying the four uninsured satellites aboard.

How could such an extraordinarily sophisticated technological system—a system produced by literally tens of millions of hours of human labor and ingenuity—fail so spectacularly? Investigators found that the guidance system’s computers had malfunctioned when they tried to convert data on the rocket’s horizontal velocity from 64- to 16-bit format. Normally, built-in error correction software handles conversion problems swiftly. But in this case, software engineers had decided such protection wasn’t needed because the velocity figure would never be large enough. They hadn’t reckoned on Ariane 5 being a more powerful and faster rocket than Ariane 4. Ironically, the calculation that caused the two guidance systems to crash was only needed to align them prior to launch. But when programmers developed software for an early version of the rocket, they decided to leave the calculation running for the first forty seconds of flight to allow for a quick restart of the countdown in the event of a launch hold.

In their postmortem analysis, the Europeans acknowledged the difficulties presented by software complexity. Jacques Durand, head of the Ariane 5 project, admitted that “very tiny details can have terrible consequences. That’s not surprising, especially in a complex software system such as this.”17 The investigative board chose not to blame any particular contractor, and it explicitly recognized the danger of unknown unknowns: “A decision was taken. It was not analyzed or fully understood.” And “the possible implications of allowing [the calculation] to continue to function during flight were not realized.”

At the time, the conversion error that caused Ariane 5 to self-destruct was probably one of the most expensive software bugs in history. But it paled beside the notorious Y2K problem, which, according to most estimates, cost corporations and governments around the world $250 billion. Although, contrary to what many Cassandras had predicted, no widespread disasters occurred on January 1, 2000, few experts doubt that there would have been severe problems if repairs hadn’t been made in advance.

The Y2K problem originated in a seemingly innocuous decision in the early years of the computer revolution to conserve computer memory by representing years with two digits instead of four. Programmers had no idea that this decision would haunt the world decades later. As one technology consultant, Peter de Jager, commented: “Many of us truly believed (incorrectly so) that the software we were writing would long be retired before the new millennium.”18 In too many cases, however, it’s the programmers who retire first, not their programs. As experience and wisdom about older software slowly fades, as source code and documentation are lost, and as compiler programs change, the ability to revise older software degrades. Yet the Ariane experience shows that the software itself can be surprisingly durable, and it’s hard to predict which parts will endure and how those parts will be employed in the future. Bits and pieces are used and reused—if they did the job well before, we reason, let them do the job again. Thus software tends to accrete over time, almost like alluvial soils deposited in layers; and often the inner workings of older software are not completely understood by programmers using it later.

Also, the machines running older software often remain in use. The problem is particularly acute with “embedded systems,” the computer chips built into our industrial machinery, alarms systems, medical testing equipment, stoplights, and navigation beacons, and into consumer products ranging from watches and VCRS to cars and microwave ovens. The Y2K problem highlighted how these chips have infiltrated every aspect of our lives in ways few people recognized. Unfortunately, companies that make these embedded systems sometimes go out of business, and the expertise on these systems can disappear with them. This can make it extraordinarily hard to figure out, after the fact, how embedded systems might fail. Such unknown unknowns made the Y2K bug much harder to manage.

Writing and repairing software generally takes far more time and is far more expensive than initially anticipated. “Every feature that is added and every bug that is fixed,” Edward Tenner points out, “adds the possibility of some new and unexpected interaction between parts of the program.”19 De Jager concurs: “If people have learned anything about large software projects, it is that many of them miss their deadlines, and those that are on time seldom work perfectly…. Indeed, on-time error-free installations of complex computer systems are rare.”20 Even small changes to code can require wholesale retesting of entire software systems. While at MIT in the 1980S, I helped develop some moderately complex software. I learned then that the biggest problems arise from bugs that creep into programs during early stages of design. They become deeply embedded in the software’s interdependent network of logic, and if left unfixed can have cascading repercussions throughout the software. But fixing them often requires tracing out consequences that have metastasized in every direction from the original error.

As the amount of computer code in our world soars (doubling every two years in consumer products alone), we need practical ways to minimize the number of bugs. But software development is still at a preindustrial stage—it remains more craft than engineering. Programmers resemble artisans: they handcraft computer code out of basic programming languages using logic, intuition, and pattern-recognition skills honed over years of experience. Their techniques are neither measurable nor consistently repeatable.21 So programmers’ productivity has improved only slowly in recent decades, and the quality of code varies greatly from one programmer to another. The software industry realizes it must do better and is introducing a range of techniques to improve performance. It’s adopting common standards to evaluate programming teams and measure software complexity, and some software developers now use mathematics, especially set theory and predicate calculus, to test their early programs.22 This approach helped produce the computer code directing the high-speed rail system I traveled on in France. Other software developers are trying to make interchangeable, reusable software parts. Like Eli Whitney’s invention of interchangeable parts for muskets in the early nineteenth century—a key step in the industrial revolution, because it allowed people to specialize in producing specific parts rather than whole machines—this development could be immensely important.

The difficulties presented by unknown unknowns in software are often compounded in networks (or what specialists call “distributed systems”) made up of many computers. Networks can consist of huge numbers of interconnected parts, each a potential point of failure, and with many not known to the system’s managers.23 Stories of troubles with such systems are legion. In January 1990, software bugs in the AT&T telephone network produced a U.S.-wide shutdown that lasted nine hours and blocked 70 million calls.24 And in July 1997, a database failure at a Virginia company responsible for maintaining the central directory of Internet addresses caused bad address information to propagate around the world, blocking access to Web sites and making countless e-mail messages undeliverable.25

Problems in computer networks arise not just from the failure of individual parts or components—such as individual computers—but also from failure of links among them. The loss of one link means that the information it’s carrying must be offloaded to other links. If some of these other links are already operating near peak capacity, the additional load can cause them to fail too, which displaces their information to yet other links. This can cause a rapid cascade of failing links. And it’s a problem not limited to computer networks: other kinds of networks, like electricity grids, are also vulnerable. In August 1996, the loss of the Big Eddy transmission line in northern Oregon caused overloading on a string of transmission lines down the west coast of the U.S., triggering blackouts affecting four million people in nine states.26

Vicious circles (the positive feedbacks we encountered in the “Complexities” chapter) often exacerbate such cascading failures. On Black Monday, some links within the U.S. financial system became overloaded with information. They slowed to a crawl and occasionally failed entirely. These failures generated more panic in the market, prompting more sell orders, and ultimately causing an even greater load of information to pour into the financial system.

Engineers can improve the reliability of networks by building into them extra hardware, software, and data, thus making them less vulnerable to the failure of single components.27 They can also program the network’s nodes and connections to respond to various types of crisis by selectively shutting down or isolating parts of the system and conserving core functions (a response similar, in some respects, to the way the human body reacts to shock). Ideally, systems with such features would behave as John Bongaarts suggested over our dinner in London: individual components could be damaged or even destroyed, yet the rest of the system would contain and repair the damage. But the experts who build reliable networks concede that it’s impossible to anticipate and make plans for all possible failures.
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The U.S. air-traffic control system illustrates most, perhaps even all, of these problems—and potential dangers. This network of personnel, radars, beacons, computers, and communications equipment guides airplanes along invisible highways in the sky crisscrossing North America and beyond. Over the decades, the system has maintained an extraordinary safety record, each year directing hundreds of billions of passenger miles of accident-free traffic. But by the late 1990S, its controllers and technicians were overworked and much of its hardware was creaky. In some cases, machines at critical nodes were decades old; they failed regularly, and the expertise needed to repair them had largely disappeared. As one commentator wrote in Scientific American, “Maintenance is becoming a black art. Parts are scarce. Old equipment has to be cannibalized. Many of the technicians and support staff who were schooled in the subtleties of 1960S vintage computers are retiring and have not been replaced.”28

Air-traffic control failures are bad enough in themselves, but they can generate other failures that cascade through the system. During the morning of December 18, 1997, a technician’s error interrupted power to radar displays in Kansas City’s high-altitude control center. Radio links to pilots and dedicated phone lines to other centers also went dead. For four minutes, controllers could not see, hear, or speak to the planes in their charge. When electricity suddenly flashed on again, the power surge damaged several radar screens and a circuit board in an IBM mainframe, a machine no longer manufactured. For the next two hours, technicians scrambled to cannibalize the board from a backup computer. By that time, however, flights had been disrupted across the continent. People were still experiencing delays late that evening.29

At the time of this incident, the U.S. Federal Aviation Administration (FAA), the government agency responsible for the air-traffic control system, had long known that the entire system needed an overhaul. When President Ronald Reagan sacked 11,500 striking controllers in 1981, the FAA faced a chronic shortage of controllers and decided to substitute technology for personnel. It proposed an extraordinarily ambitious project to overhaul the system’s computer and communication technologies. The specifications for the project, called the Advanced Automation System (AAS), required it to run 99.99999 percent of the time; in other words it couldn’t be out of operation for more than eighty seconds in twenty years. The new system also had to support “continuous operation”—that is, it had to keep running if a workstation or mainframe crashed, and it had to permit software updates even while the software was in use.

After seven torturous years of technical argument and litigation, IBM was finally hired as prime AAS contractor. But almost immediately things went awry. The company allowed its scores of programmers to work largely independently of one another, without adequate coordination. Technical problems, meanwhile, overwhelmed the FAA. It deluged IBM with changes in specifications as it laid plans for the perfect system and then abandoned these plans when they proved too ambitious.30 As one engineer later said: “I think we were asking IBM to do things in the AAS system that actually violated the laws of physics.” The contract with IBM eventually needed 290 changes, and the FAA’s pile of documents listing system requirements was six meters high. To make matters worse, during this entire process the people who would be using the new equipment were not adequately consulted. “Mesmerized by the flood of detail,” one observer wrote, “both contractor and customer failed to pay attention to how a more automated system would change the way an individual controller performs.”31 By the early 1990S, the project’s anticipated cost had doubled to $7.6 billion (cost was rising as fast as expenditure), and the completion date was slipping three and a half weeks for every month of work. Finally, in 1994, the FAA administrator acknowledged that the project had become a monumental debacle and shut it down—wasting more than ten years of effort and $2 billion spent on software and equipment design.

But the problems didn’t end there. In the place of the defunct project, the FAA introduced a scaled-down plan to replace screens and workstations in terminal air-traffic control stations across the country. By 1998, reports began to appear of design and software flaws in this project too, and in January 1999, only two months before the new equipment was to be deployed, the FAA announced an indefinite delay to boost the software’s speed.

Meanwhile, the agency faced headaches on other fronts. It had to postpone its plan to use satellite signals to guide airplanes, in the face of widespread concern about such a system’s resilience and vulnerability to sabotage. Writing the software, an administrator admitted, was “a much greater challenge than originally anticipated.”32 And, as January 1, 2000, approached, the FAA conceded that many of its aging mainframes might not be free of the Y2K bug. The manufacturer of the mainframes, IBM, announced that they should all be retired before the millennium. “IBM remains convinced,” the company announced, “that the appropriate skills and tools do not exist to conduct a complete Year 2000 assessment.”33 Many date functions were buried deep in the computers’ micro-code, some of which had been written in the early 1970S. Only two programmers familiar with the code were still around, and both were retired. Concerned that it couldn’t replace the machines on time, the FAA hired one of the retired programmers to help find the Y2K bugs and rewrite the code.

Taken together, the FAA’s difficulties are a sobering example of an ingenuity gap. Several factors had converged to raise the air-traffic system’s ingenuity requirement, including the shortage of controllers, deregulation (which sharply boosted air traffic), and rapid changes in the computer and communication technologies used by airlines. The FAA was ill-equipped to supply this ingenuity: it was saddled with poor and inconstant leadership, reward systems that didn’t encourage employees to be frank about problems with the AAS and its successor systems, and personnel procedures that made it difficult to hire the experts it needed. From the early 1980S, it lagged far behind events. “The agency has been outpaced by users of the system,” noted one commentator. Its difficulties “raise the question of whether decade-long planning cycles, ideal for building roads and bridges, can accommodate the rapid changes in computer and communications systems that are the foundations of air-traffic control.”34

Yet, amazingly, the air-traffic control system has so far remained exceedingly safe. It is an exemplar of what experts call a high-reliability organization. These are organizations that can carry out extraordinarily complex tasks quickly with few errors and almost no catastrophic failures.35 In theory, such organizations shouldn’t be possible. Yet high-reliability organizations maintain failure-free performance by investing a large slice of their resources in preventative planning and careful analysis of their mistakes (non-catastrophic though they may be). They also display certain common behaviors in their day-to-day operations. For example, during periods when the pace and complexity of decision-making are high, as in a control tower during heavy traffic hours, the norms of hierarchy are pushed aside. Authority shifts to front-line equipment operators, because superiors recognize they don’t know enough about rapidly changing events to intervene effectively.36

During these periods, operators perform extraordinary feats of cognition. They construct and maintain in their minds a complex map of the events they are managing. This map, according to Gene Rochlin of Berkeley, “is not easily describable, even by controllers.” A novice arriving in an air-traffic control room is overwhelmed by diverse information and cannot possibly make sense of what is happening. “The novice is totally incapable of forming any visual map of the reality that is represented. That is a very special and highly developed skill possessed only by trained operators. To them, the real airspace is being managed through mental images that reconstruct the three-dimensional sector airspace and all of its aircraft. The consoles are there to update and feed information to the operator, to keep the mental image fresh and accurate; they neither create nor directly represent it.”37

In the combat-operations centers aboard ships of the U.S. Navy, operators say they “have the bubble” when they have successfully created a mental map of the flight paths, aerial tactics, and weapons use of the carrier-based fighters they are managing. The term likely derives from earlier days of fighting ships when weapons were aimed using an air bubble trapped in a tube of fluid, much like the tube in a standard carpenter’s level. Now it indicates that operators have been able to accomplish the amazing feat of constructing and maintaining “the cognitive map that allows them to integrate such diverse inputs as combat status, information flows from sensors and remote observation, and the real-time status and performance of the various weapons and systems into a single picture of the ship’s overall situation and operational status.”38 Operators face a constant risk of “losing the bubble,” of having the comprehensible and predictable suddenly become opaque and bewildering. We’ve all had similar experiences at one time or other. We have found ourselves in a complex situation where we have suddenly “lost it;” one moment the scene makes sense, but the next it is totally unfamiliar.

Operators invest great cognitive effort to construct and maintain their complex mental maps, and they often rely on years of accumulated experiential knowledge. Unfortunately, efficiency-driven efforts to automate high-reliability systems, like the Federal Aviation Administration’s AAS Program, tend to reduce the amount of experiential knowledge available. Again, in day-to-day operations, this may not matter much. But what if something unexpected happens? “For the operator in an emergency,” Gene Rochlin contends, “deprived of experience, unsure of context, and pressed into action only when something has already gone wrong, with an overabundance of information and no mechanism for interpreting it, avoiding a mistake may be as much a matter of good luck as good training.”39 This problem is compounded if, as is common, automation is seen as a way of increasing the system’s throughput, which in air-traffic operations means increasing traffic loads and density.

As our world becomes increasingly complex and fast-paced, we will need more high-reliability organizations to manage not only our air-traffic control systems, but also our communication and energy grids, our national and international financial systems, our military and security organizations, and our stressed ecological relations with nature. Yet as we try to improve the efficiency and performance of these systems, we tend to erode the very characteristics that make them highly reliable. And as these systems become more automated and complex and contain more unknown unknowns, we frequently don’t understand them well enough to maintain their reliability.

In the end, we may come to rely more and more on luck to avoid serious failures of the complex systems that we have created and depend upon. This may not be as dangerous as it sounds. “The puzzling thing about accidents and especially large catastrophes is that they are so few,” writes Charles Perrow, a Yale sociologist famed for his thinking about accidents in human-made systems. “It is hard to have just the right combination of system failures and environmental conditions to kill a lot of people in one blow. For this reason, countless risky systems successfully skirt disaster, skimping on safety and putting other interests first, while regulators fuss.”40 But in the final analysis Perrow’s argument doesn’t seem very reassuring: while luck may have often been our friend in the past, in a world of proliferating unknown unknowns, we would be grossly imprudent to assume it will always be there when we need it in the future.



PART THREE
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We Need?
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BRAINS AND INGENUITY
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THE OFFICE where I write is well equipped. It’s a large room, on the top story of a house, and has built-in file desks and cabinets, extensive bookshelves, a window, and a sealed skylight. It also has a fine, marble-trimmed fireplace and a number of pictures on the walls, including the one of the little girl from Bihar. It’s a comfortable place—which is a good thing, because while writing this book I spend much of my life there. My office is also a useful stage for a mildly amusing thought experiment about ingenuity (during those not infrequent moments when I’d rather be outside doing something else). I imagine that a nasty person has locked me inside the office and cut the phone line. I can’t leave through the door, and the only window opens ten meters up in a sheer wall at the back of the house and faces directly onto the blank façade of another building, so I can’t escape that way either. I could stand at the window and shout for help, but chances are no one would hear me. Somehow I have to signal my presence in the office to people on the street in front, so they can enter the house, open the door, and rescue me.

Inside my office I have certain raw materials or “resources.” These include a large number of books, journals, and newspaper clippings; a thick pad of large sheets of white butcher paper on which I write chapter outlines; an assortment of pens, markers, paper clips, and sticky tape; my notebook computer; a cordless telephone; a desk lamp; a small compact disc player; various bits of electrical cord; a small table; and a long aluminum pole with a special connection on the end that allows me to close the blind on the skylight. This is all I have at hand to signal the world outside. How can I save myself?

I see that the metal pole unscrews into several sections. I realize that I can unscrew it and reassemble the sections inside the fireplace and up the chimney. Then I could tape a sheet of butcher paper on one end of the pole with a large message on it saying that I’m trapped, push it up the chimney, and wave it vigorously enough that someone outside will notice. I gauge the length of the pole and then look up the chimney (trying to avoid getting a faceful of soot) to see if the pole is long enough. It looks like it is. I’m in luck!

There’s a simple problem here in terms of ingenuity requirement and supply. I have a practical problem (I’m trapped in my office) from which arises a practical goal (to make contact with the outside world, alerting someone to my predicament). In the limited world of my office, I have certain physical things to work with—such as butcher paper, tape, and a pole—and I can apply my own labor to these things. I also have another, truly spectacular asset: a human brain. Like every other human being, I am equipped with the most sophisticated problem-solving device in the known universe. Once I set my brain to work on the task, it will produce a stream of immaterial ideas that can be thought of as discrete sets of instructions, almost like recipes, that tell me how I can combine and use the material things around me to achieve my goal. These ideas are just as important to the solution of my problem as the butcher paper, the pole, and my labor.

Now, assume that I’m able to draw up a list of all possible solutions to the problem I face. Each solution can be represented, again, by a discrete set of instructions—that is, a sequence of commands of the form “First, do X, then do Y, and finally, do Z.” In turn, these various sets of instructions can be ranked according to their length: some solutions require that I carry out a fairly limited sequence of actions to combine and use the things in my office, and the corresponding set of instructions is therefore fairly short; others involve a much more elaborate sequence of actions, implying a much longer set of instructions.

Such sets of instructions are what I mean by “ingenuity.” More elaborate solutions require longer and more complex sets of instructions. In turn, longer sets of instructions generally (but not always) represent more ingenuity. Simpler solutions require shorter sets of instructions that generally represent less ingenuity. I can therefore define the minimum ingenuity requirement to solve my problem as the amount of ingenuity represented by the shortest set of instructions on my list, which is the problem’s simplest solution.

Let’s say that putting a paper flag on the pole and waving it out of the chimney is the simplest solution to my problem. To escape my office, I must supply at least that much ingenuity, which means I must generate and implement the set of instructions for that particular solution. If I can’t or don’t, I experience an ingenuity gap between requirement and supply, and I stay in my office forever. But notice that supplying sufficient ingenuity is not just a matter of generating and implementing a set of instructions of a certain length. The set must also include the right instructions in the right order. It’s not going to help, for instance, if I tape the butcher paper to the bottom end of the pole after I have put the pole up the chimney. Although the length of a solution’s set of instructions is a crude but useful measure of the relative quantity of ingenuity required by the solution, it is not a good measure of the quality of that ingenuity. To measure quality, we must use other criteria.1

What happens if the problem I am facing becomes more difficult to solve? Maybe my nasty jailer starts adding layers of bricks to the top of the chimney to make it taller. Soon the chimney’s length exceeds that of my aluminum pole. All is not lost, though, because the small table in my office has detachable legs that I can join to the bottom of the pole to make it longer. A tricky task: I need to figure out some splint-like arrangement—perhaps using stiff book covers, tape, and pen bodies—to join the segments together. As the chimney becomes taller, so the length of my set of instructions must increase, which means my ingenuity requirement rises. Eventually, the chimney becomes so tall that, no matter how ingenious I am, I cannot achieve my goal. No set of instructions, no matter how long or elaborate, can tell me how to combine the things in my office to signal my presence to the outside world. Essentially, my requirement for ingenuity has become infinite, while my supply, even though I’ve expanded it to the utmost of my ability, has reached its limit.

The amount of ingenuity we require to achieve a given goal depends critically on two things: first, the intrinsic difficulty of achieving the goal and, second, the kinds and amounts of resources that we have available and that we can manipulate to achieve the goal. As the goal becomes harder to achieve and resources more scarce and inappropriate, our requirement for ingenuity rises.2
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We can see how our world is, in many ways, becoming more complex, fast-paced, and unpredictable. As a result, the problems we face are getting more complicated as well, and (as in my thought experiment), we need longer and more elaborate sets of instructions for technologies and institutions that can effectively solve them. Or, to put it in terms of complexity theory: the greater complexity of our world requires greater complexity in our technologies and institutions. As the American complexity theorist Yaneer Bar-Yam writes, “We must understand that … human systems exist within an environment that places demands upon them. If the complexity of these demands exceeds the complexity of a system, the system will fail. Thus, those systems that survive must have a complexity sufficiently large to respond to the complexity of environmental demands.”3

The human brain is the ultimate source of the ideas, ingenuity, and sets of instructions we need to cope with this greater complexity. And it is, itself, a vastly complex system. Through a sophisticated set of senses, the brain receives a flood of information about the body’s internal state and its external environment. It interprets this information and commands appropriate responses. Although we think of the brain primarily in terms of its role in conscious thought and decision, it also handles a wide array of routine and unconscious tasks, from guiding motor activity to regulating visceral, endocrine, and somatic functions.4

This amazing information-processing machine consists of a dense and intricate network of tens of billions of discrete nerve cells or “neurons.”5 Each neuron has a cell body that receives signals from other neurons through an array of slender filaments called dendrites; it can send its own signal down a long, thin projection, called an axon, that connects with the dendrites or cell bodies of other neurons. Although most neurons’ cell bodies are tiny, averaging between 0.01 and 0.05 millimeters in diameter (it would take between forty and two hundred of them in a row to add up to the diameter of an unsharpened pencil lead) their axons range from a few thousandths of a millimeter up to a meter in length.6 The most impressive fact about the brain is not, however, the number of neurons we have packed into our skulls, or the size of these neurons, but the number of connections or “synapses” among them, currently thought to be close to 100 trillion. A single neuron can, in fact, have tens of thousands of synaptic connections to other cells. These synapses are key to the brain’s computational and information-processing power—they help the brain store the knowledge, make the decisions, and generate the ingenuity that helps us survive and prosper.

Despite its complexity and astonishing capabilities, the brain is a small organ relative to the human body: it weighs only about 1.4 kilograms, or about 2 percent of a person’s total mass. All the same, the human brain is about six times larger than we would expect for mammals of our size, which ranks us at the top of the list of vertebrates, along with the dolphins, in terms of relative brain size.7 And this nervous system is resource-hungry, consuming about 20 percent of the body’s oxygen and energy.

From the point of view of generating ingenuity, it appears that the cerebral cortex is the brain’s most important region. This outermost layer of the brain’s wrinkled surface seems to be where our capacity for creativity, novel associations, and improvised solutions resides. At first glance, though, the cerebral cortex doesn’t seem to deserve such plaudits: it is just two millimeters thick and, flattened out, would cover just four sheets of standard typing paper. But under each square millimeter of this sheet’s surface are an astounding 148,000 neurons—totaling some 14 billion neurons in all—connected in perplexing ways to each other and to distant regions of the brain. Neuroscientists are just beginning to understand how these cells work together. But they do know that the size and complexity of the cerebral cortex is a distinguishing characteristic of human beings. The flattened cerebral cortex of a chimpanzee (our closest living relative among the primates) would cover only a single sheet of typing paper, and a rat’s would barely cover a stamp.8

The human brain is the product of millions of years of evolution that took place in ecological circumstances different from those around us today. Experts differ sharply over what imprint these circumstances left behind. But there are compelling reasons to believe that the deep past endowed the brain with characteristics that powerfully shape our ability to respond to modern challenges.

Perhaps the most salient of these characteristics is the brain’s sheer versatility. William Calvin, an American theoretical neurobiologist whose interests branch into evolution, the origins of language, and climate change, has identified a cluster of defining features of human intelligence. These include imagination, the use of symbols and language, the capacity to engage in multistage planning, and a broad base of knowledge from which to draw solutions. At the top of Calvin’s list, though, is our extraordinary ability to improvise in novel situations, to “guess well” when confronted by unexpected circumstances. “The best indicators of intelligence,” Calvin writes, “may be found in … those rare or novel situations for which evolution has not provided a standard response, so that the animal has to improvise, using its intellectual wherewithal.” Intelligence, he goes on, “implies flexibility and creativity—in the words of the ethologists James and Carol Gould, an ‘ability to slip the bonds of instinct and generate novel solutions to problems.’”9

Where does the human brain’s versatility come from? It’s actually quite unusual in nature. When faced with the brutal pressures of evolutionary competition, most species survive not by generalizing—that is, by doing many things well—but by specializing. They exploit, ever more efficiently, a relatively narrow ecological niche. Specialization gives the species a competitive advantage in that niche, but also makes it less versatile and flexible and thus more vulnerable to changes in its environment. Human evolution evidently did not follow this standard route. We are exemplars of generalists: we can eat a wide variety of foods; we can thrive in a wide range of climates; and we have an astonishing ability to produce the things we need to survive from materials at hand.

The evolution of this generalist took place over a period of 6 million years, beginning with an animal roughly like today’s chimpanzee and ending with the arrival of Homo sapiens sapiens, somewhere around 100,000 years ago. The last 4 million years have seen between eight and thirteen distinct species of bipedal hominids, of which maybe four were part of the direct line of descent leading to modern humans.10 In other words, the long and twisting evolutionary route that produced us included a lot of dead ends. In the last 2 million years of this period, the adult hominid brain more than tripled in volume, from about 400 to 1,400 cubic centimeters (cc). This growth occurred in two bursts: the first, from 400 to about 900 cc, took place between 2.0 and 1.5 million years ago; and the second, from 900 to 1,400 cc, happened between 700,000 and 100,000 years ago (shown in the illustration opposite). Some of this growth was associated with an increase in the overall body size of evolving hominids (larger animals tend to have larger brains). But the second spurt—a surge of around 50 percent in brain volume—was unrelated to changes in body size and was therefore largely dedicated to increased cognitive function.

Something happened during the last two million years—a period that encompasses what experts call the Pleistocene epoch from 1.8 million to 10,000 years ago—to drive the growth of the hominid brain. Some powerful evolutionary pressure selected for the ferocious intellectual powers that modern humans deploy. The orthodox explanation, first proposed by Charles Darwin and named the savanna hypothesis, focuses on the shrinking of the forests in Africa caused by the climate’s cooling and drying around the beginning of the Pleistocene. As vast tracts of savanna opened up, early hominids were forced to descend from the trees and survive on the plains. Eventually they evolved to walk on two feet, eat meat, use language, and make tools and weapons to feed and defend themselves. Brain expansion accompanied the evolution of this tightly integrated set of characteristics common to modern human beings.
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Hominid Brain Volume Has Expanded in Two Bursts

Note: Each data point on this graph represents a specific skull from which brain volume has been estimated. The line drawn through the points illustrates only one possible interpretation of the path of hominid brain growth.

The transition from life in trees to life on the savanna required us to stand on two feet, possibly to reduce the thermal stress produced by long periods in the sun.11 Bipedalism, in turn, set in motion a cascade of consequences that aided and encouraged brain growth. For example, it allowed hominids to carry tools over long distances and to scavenge carcasses of game during hot periods of the day when carnivores sought shade. Because meat has a higher density of nutrition and energy than vegetable matter and is more easily digested (which is why some plant-eaters, like cows, have multiple stomachs), hominids were able to evolve a smaller gut and reduce the energy they needed for digestion. This metabolic energy was then available to support an enlarged and energy-hungry brain.12

The savanna hypothesis might explain the first spurt of brain growth, but can it explain the second, which was unrelated to changes in body size or stance? Paleoanthropologists have generally assumed that, following the hominids’ shift from forest trees to the savanna plains, the natural environment—the climate, vegetation, and the like—stayed relatively stable in its overall characteristics, maintaining a relatively constant evolutionary pressure on hominids. Indeed, most hypotheses regarding brain growth are underwritten by this key, but often tacit, assumption of environmental stability. It raises a problem, however: a stable environment cannot be used to explain one of the most distinctive features of the advanced hominids that evolved in the last million years—that they are large-brained generalists. Such an environment tends to produce specialists, because in a stable environment species have time to exploit and occupy available ecological niches. Over time, these specialists prosper, and generalists are disadvantaged.

Experts have proposed several ways that large-brained generalists could evolve despite a relatively stable savanna environment. Perhaps savanna life produced an “evolutionary arms race” between hominids and competing species that encouraged brain growth.13 Maybe selection pressure arose from the complex interpersonal challenges of hominid social life—such as negotiating divisions of resources, creating alliances, and manipulating potential enemies.14 Or possibly hominids needed larger brains to calculate and sequence the ballistic hand movements needed to throw rocks at prey.15

More recently, however, some scientists, in particular the paleoanthropologist Rick Potts, Director of Human Origins at the National Museum of Natural History in Washington, D.C., have suggested that the environment in which hominids evolved was notS table. Careful study of sedimentary clays, fossilized pollens, and other evidence indicates that the mid-to late-Pleistocene—from about 700,000 years ago till the appearance, some 600,000 years later, of Homo sapiens sapiens—was also a period of extreme climate variability. It was a time of ice ages, of alternating warm and cold intervals when immense ice sheets repeatedly invaded the middle latitudes of North America and Eurasia. Earth’s crust was depressed under the burden of ice; sea level fluctuated wildly as glaciers and ice caps sucked water from the oceans; and huge lakes formed and then vanished in normally dry areas. This variability, which may have been triggered by the kind of nonlinear shift in Atlantic currents described by Wally Broecker, affected the climate around the planet, including the tropics. Distant reaches of Africa saw sharp changes in average temperature, the availability of water, and in the dominant species of plants and animals. In fact, the environmental fluctuations during this period were some of the most rapid and severe since the time of the dinosaurs, 64 million years before.16

Organisms—human and otherwise—can respond in two general ways to such sharp fluctuations: they can migrate to places offering more familiar and favorable environments, or they can stay in the same place and evolve generalist strategies for survival, strategies that allow them to thrive in a wider range of conditions. They might, for instance, evolve physical attributes that permit them to eat a broader diet or survive in extreme temperatures; they might adopt behaviors that promote greater sharing of resources among community members; or they might develop the cognitive ability to invent tools that buffer them against the vagaries of their surrounding environment.

Rick Potts argues that the rapid growth of the human brain aided such generalist responses to severe environmental turbulence. “Each major shift in global climate created unfamiliar rearrangements of water, food, and other resources,” he notes. Hominids with larger brains that could remember and interpret huge amounts of environmental data were better equipped to respond to environmental change. Eventually, our direct ancestors came to rely on more than just large memories: they also evolved the mental and social means to generate novel responses to their surroundings and to crises—a real advantage in an unstable environment. “The shifting, unforeshadowed settings of the Pleistocene favored faculties sensitive to environmental change and capable of stabilizing human needs,” Potts writes. “During hominid evolution, the mental, social, and ecological paradigms of our early ancestors were altered in ways that heightened the flexibility of response, the reading of environmental nuance, and the heterogeneity of behavior.”17 As Yaneer Bar-Yam suggests, the human system (in this case, the hominid brain) developed a level of complexity commensurate with the complexity of the environmental demands placed upon it.18

But the environment was not always fluctuating and harsh during the mid-to late-Pleistocene. There were long periods when it was relatively benign. At these times, hominid populations expanded, and their genetic diversity increased. Hominids with new combinations of genes—combinations that produced novel physical characteristics and behaviors—were more likely to survive to reproductive age. Then, often with little warning, the environment would turn unforgiving again. Evolution’s grim process of selection would start afresh, and those genetic strains that were least fit in the new environment would die off. But because the selection process was operating on a more diverse gene pool, there was a higher likelihood that some of the new substrains would be better adapted to the changed environment. So these boom-and-bust cycles permitted rapid evolution of hominid genomes.19

“In the surviving species,” Rick Potts concludes, greater cognitive capability and behavioral versatility “ultimately blossomed into symbolic coding, complex institutions, cultural diversity, technological innovation, human occupation of Earth’s diverse biomes, an ability to recover from disturbance and grow by colonization, a greater awareness of self and of external factors, and the tendency to buffer environmental disruption by altering immediate surroundings.”20
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The evidence pieced together by Rick Potts suggests that a highly variable natural environment encouraged the second burst of hominid brain growth. By 100,000 years ago, Earth was home to several species of hominid, including archaic Homo sapiens, the Neanderthals, and Homo sapiens sapiens (often called, by experts, “anatomically modern humans”). Archaic Homo sapiens disappeared shortly thereafter, while Neanderthals survived for another 70,000 years. These various species probably encountered each other, and they may have even produced hybrids, but the archaeological record does not yet give a clear picture of the nature of their relationship.21 Both Neanderthals and Homo sapiens sapiens had very large brains; in fact, with a volume between 1,200 and 1,750 cc the average Neanderthal brain may have been slightly larger than the modern human’s. Neanderthals were stout and very strong, with bodies adapted to the harsh climates of ice-age Europe and the Near East. Survival depended on a sophisticated ability to live in relatively large and complex social groups; to map their geographic domains in their minds; to identify the locations of resources, animals, and cave shelters; and to read the signs of nature around them.

There seems little doubt that Neanderthals used some form of spoken language.22 They were also adept tool-makers, being apparently the first hominids to haft a sharpened stone onto a wooden shaft to make a thrusting spear. And they developed a method of fashioning stone points, called the Levallois technique, that demanded great cognitive skill. The maker of a Levallois point had to be able to visualize the intersection of multiple planes within a suitable piece of rock, plan a complex sequence of blows to produce the right fractures, and adjust the plan as the sequence unfolded and revealed new information about the nature of the rock. “Even today,” says archaeologist Brian Hayden, “there are few students of lithic technology that ever achieve a Neanderthal’s level of expertise in producing good Levallois cores or flakes, while the number of contemporary flint knappers that have successfully mastered the technique for producing good Levallois points probably number less than a score.”23

Nevertheless, the archaeological record indicates that the Neanderthal mind was very different from that of modern humans. Despite their evident skill in making and using stone points, their tools remained very simple, rarely combining more than one or two components, varying little in form, and never incorporating bone, antler, or ivory. Moreover, Neanderthals apparently had little art or religion; and they seemed not to decorate their bodies or engage in ritualized burial.24 In many respects, despite their brain size, Neanderthals seem strangely rigid and uncreative.

In his brilliant book The Prehistory of the Mind, the British archaeologist Steven Mithen explores the differences between the Neanderthal and the modern human mind. Drawing on the new fields of evolutionary psychology and what he calls cognitive archaeology, he develops a compelling theory of how the hominid mind evolved, from the early australopithecines of Africa to today’s Homo sapiens sapiens.25 He begins with a central thesis of evolutionary psychologists: in response to its natural and social environment, the hominid mind developed specialized cognitive capabilities to deal with certain common problems. These specialized capabilities—often called modules, cognitive domains, or intelligences by experts—allowed hominids to interpret their surroundings quickly and with a minimum of error. They were not necessarily located in any specific region of the brain, but were rather emergent properties of the joint operation of many regions. They were also rich in content; that is, they contained a lot of innate or hard-wired knowledge about the Pleistocene world, knowledge that enabled young hominids to learn the essential features of their environment very fast.26

In line with the current thinking of leading evolutionary psychologists, Steven Mithen suggests that hominids evolved four specialized capabilities in particular: a technical intelligence that incorporated a basic understanding of principles governing their physical reality—like solidity, gravity, and inertia—and helped hominids make tools and predict events in their physical world; a natural history intelligence that helped them identify and categorize plants and animals; a social intelligence that helped them interpret social arrangements in their complex communities; and a linguistic intelligence that allowed them to use symbols referring to the external natural and social worlds. These intelligences can still be identified within the modern human mind, although some are little more than vestigial remnants.27 They are most easily seen in the learning behavior of young children. Mithen notes that “there is a mass of ever-accumulating data from developmental psychology that children are indeed born with a great deal of information about the world hard-wired into their minds.”28

But the evolutionary psychologists’ model cannot be a complete account of the human mind, Mithen continues, because our knowledge and thought are not as severely compartmentalized as the model implies. In fact, he points out, one of the most striking things about our minds is our capacity for analogy and metaphor—two cognitive tools among the most powerful in our mental armory. The abilities to see similarities among diverse things and combine ideas from different domains are essential elements of human creativity. Knowledge flows back and forth abundantly between our vestigial intelligences: if we want, we can think of animals as people, of people as physical things, and of physical things as living beings. Mithen labels this remarkable ability cognitive fluidity. “When thoughts originating in different domains can engage together,” he writes, “the result is an almost limitless capacity for imagination.”29

The modern human mind’s obvious flexibility has led some experts to reject the evolutionary psychologists’ argument that it is powerfully shaped by its evolutionary heritage. The mind is not made up of a cluster of genetically programmed specialized intelligences, they say. Rather, it is a single, extraordinarily flexible, general-purpose problem solver—much like an extremely powerful computer—whose behavior is almost entirely determined by inputs from its environment.

The debate between these two camps has at times been bitter.30 But Steven Mithen’s theory of hominid evolution suggests how they might be brought together. Building on archaeological evidence of hominid tool-making, hunting, and habitation, he argues that the early hominid, australopithecines, who lived between 4 and 2 million years ago, had a brain that consisted of a general-purpose problem solver and a social intelligence module, both relatively sophisticated. With Homo erectus (from 1.8 million to 300,000 years ago) and especially with the Neanderthals (from about 200,000 to 30,000 years ago), evolution added natural history, technical, and linguistic intelligences to this core. The linguistic and social intelligences worked together—indeed, language may have evolved to communicate social knowledge—but the other dedicated intelligences operated largely in isolation from each other. There were, in a sense, cognitive walls between them, and these walls probably explain the odd rigidity of the Neanderthal mind.

Little changed when Homo sapiens sapiens first arrived, about 100,000 years ago. The new hominids made some bone tools and engaged in slightly more ritualized burial, but otherwise they behaved similarly to their predecessors and to their contemporaries, the Neanderthals. But around 60,000 years ago something startling happened: the archaeological record shows an explosion of art, ritual, and complex tool-making. This, Steven Mithen contends, is the first evidence of full communication among the various intelligences within the hominid mind. The vehicle for that mind, the hominid brain, hadn’t become any bigger—its last burst of growth had concluded tens of thousands of years before. But suddenly we see the lineaments of modern human thought—its creativity, its flexibility, and its extraordinary ingenuity. “A cognitive fluidity arose within the mind,” he argues, “reflecting new connections rather than new processing power. And consequently this mental transformation occurred with no increase in brain size.”31

How did this extraordinary thing happen? Drawing on the work of the cognitive scientist Dan Sperber, Mithen speculates that some hominids began to use their language to talk about things beyond the social world—“nonsocial” things like animal behavior and the technical problems of tool-making. These “talkative individuals” gained an evolutionary advantage because they could use language to learn about, communicate, and put to use the non-social knowledge of other individuals, rather than simply relying on observations of their behavior.32 In the process, they imported, bit by bit, snippets of nonsocial knowledge into their social-intelligence module. Gradually this module became a clearing house for ideas from other modules and for new ideas and knowledge that couldn’t easily fit anywhere else.33 It became a place where creative combinations could arise.

The change in the social-intelligence module’s role was propelled by the development of consciousness—an awareness of self in time and place that probably arose fairly late in hominid evolution. Some experts believe that consciousness originally evolved to help hominids predict the behavior of other members of their community. Later, Mithen argues, consciousness was adapted to manage “a mental database of information relating to all domains of behavior.”34 The joint operation of language and consciousness in the central clearinghouse of the social-intelligence module allowed the hominid mind to produce recursive, or self-referential, “metarepresentations” of the world—that is, concepts of concepts and symbols representing symbols—causing an explosion of conceptual novelty and creative power. Language was extended to many domains of human intelligence and experience, it became a medium for metaphor and analogy, and it enabled early humans to refer to things beyond their immediate senses, allowing their imaginations to transcend space and time.

According to this theory, then, and in some contrast to Rick Potts’s argument above, the most striking features of the modern human mind—its versatility, capacity to improvise, and generalized ability—developed circuitously. The brain’s evolution followed an oscillating path, from a largely generalized intelligence 4 million years ago, to the specialized intelligences of archaic Homo sapiens prior to 100,000 years ago, and finally back again to the far more powerful generalized intelligence of today’s modern humans.35 This path was marked by several nonlinearities, including two surges in brain volume and, around 60,000 years ago, a sharp change in the interrelationships of the mind’s parts. At that time, the mind jumped from being a cluster of specialized intelligences, which were largely compartmentalized and separated from each other, to a highly flexible and powerful generalized problem solver, within which the specialized intelligences still operated as subcomponents.
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Steven Mithen writes that our cognitive fluidity—which is exemplified by our capacity for analogy and metaphor—is “the defining property of the modern mind.”36 Its arrival opened up enormous possibilities for human development. But perhaps most important, it permitted a type of rapid, nonbiological evolution—cultural evolution—that further helped hominid societies adapt to diverse and changing circumstances.

Culture is an amorphous concept at best, but the scholars Robert Boyd and Peter Richerson provide the definition I’ve found most succinct and useful: according to them, culture is “information—skills, attitudes, beliefs, values—capable of affecting individuals’ behavior, which they acquire from others by teaching, imitation, and other forms of social learning.”37 By this definition, the sets of instructions that I call “ingenuity” are often key components of a society’s culture. And the transmission of these sets of instructions from one generation to the next, as well as their slow evolution over time, is an important part of my story about ingenuity supply. A society’s ability to solve its everyday problems critically depends upon the amount and quality of knowledge it has received from previous generations; the society then adjusts, fine-tunes, and passes this accumulated knowledge to posterity. So culture is a bit like a pipeline carrying knowledge from the past into the future.

But how, actually, is culture transmitted, and how does it evolve over time? Robert Boyd and Peter Richerson give us a powerful theory.38 They argue, very much in the manner of Rick Potts and Steven Mithen, that the social and physical environment in which hominids evolved was highly complex. Individual hominids, despite their large brains, could not adequately sort and assess the bewildering amount of information they received. And, since a decision based on a mistaken interpretation of the environment could be fatal, they had little room to learn by trial and error. They were better off imitating the behavior of other, usually older members of their group, because these members had more experience and had already shown that they could survive. The result was an evolutionary pressure that favored hominids endowed with the cognitive capacity to communicate information from one generation to the next. Individuals who could learn this way disproportionately survived to reproduction age and were able to pass to their offspring the genes for this capacity.

In modern human societies cultural communication from one generation to the next occurs not only from parents to children but also from other adults to children. And parents and other adults, taken together, usually embody a fairly wide range of different cultural “models” (or sets of interrelated skills, attitudes, beliefs, and values).39 If children simply imitate their parents, the process of cultural selection is “unbiased,” and the range of cultural models in the society will tend to remain the same. If, on the other hand, children adopt cultural models other than those of their parents, the process of cultural selection is “biased.” In this case, the range of society’s cultural models, and as a result the character of the society’s overall culture, will gradually change—in fact, it will often converge to a smaller number of favored cultural models. So, for example, if significant numbers of young people adopt the cultural model of their society’s highstatus members (a model that incorporates, say, certain styles of fashion and attitudes towards work and leisure), then the society’s overall culture will slowly shift in the direction of that high-status model. After extensive research, however, Boyd and Richerson conclude that cultural transmission in our societies is only weakly biased: in other words, most people get most of their cultural information directly from their parents. Still, they point out, even weakly biased cultural transmission can produce big changes in culture, given enough time.

There’s another interesting way to think about cultural change. The evolutionary theorist Richard Dawkins draws a close analogy between biological and cultural evolution. He proposes that chunks of information—from tunes and catchphrases to ideas for making things, growing food, and curing illness—are themselves self-replicating entities, just like genes. These chunks of information, or memes as Dawkins calls them, inhabit our brains; and they use our brains as vehicles, he argues, to spread from one brain to another, very much the way viruses propagate by exploiting the genetic machinery of their host cells. As memes are thereby communicated, copied, and combined, they mutate. On top of this, memes must compete with each other for brain resources, because our brains have limited memory and processing power. In this competition, those memes with features that favor survival and propagation tend to become widespread in the general population of brains. For example, Dawkins, who is intensely anti-religious, argues that the meme of faith, an idea central to most religions, tends to be self-perpetuating because it unconsciously discourages the rational inquiry that could lead people to reject that very meme.40

Dawkins’ theory of memes is intriguing, and it’s controversial. It downplays the role of human creativity, because it emphasizes the roles of random mutation and impersonal selection processes in the evolution of ideas.

In other words, memes, rather than our creative brains, become the agents of change. “A complex meme does not arise from the retention of copying errors,” argues one critic, the cognitive psychologist Steven Pinker. “It arises because some person knuckles down, racks his brain, musters his ingenuity, and composes or writes or paints or invents something.”41 I believe there’s real merit to this criticism. All the same, the meme theory shows us how some ideas, including perhaps important bits of ingenuity, can develop and persist in our societies without much conscious creativity and direction by human beings.

One way or another, all these theories—by Potts, Mithen, Boyd, Richerson, and Dawkins—give us fascinating glimpses of the evolution of the modern human brain, and they say much about the brain’s ability to supply the ingenuity we need to adapt to complex and rapidly changing conditions. Its multiple intelligences, its cognitive fluidity, and its capacity for cultural evolution are remarkable endowments left us by our Pleistocene forebears.

We evolved in a period of environmental turbulence, when little was certain or stable. Each of us has, inside each of the countless cells in our bodies, genes from those unknown hominids who scavenged across the fluctuating African savanna and eventually migrated around the planet. These genes guide the growth and development of each of our brains, and our brains give us our unparalleled power to loosen our ties to specific environments and habitats and strike out for new territory.

For Rick Potts, the message from the Pleistocene is a message of optimism—one that rings out like a clarion call: “The strange buoyancy of the hominids is in us, a hopeful heritage of response to novel environmental dilemmas,” he declares. “Our genetic blueprint enables our brains and societies to live creatively in an uncertain world.”42
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Flash forward hundreds of thousands of years from the Pleistocene savanna to early December 1993.

I’m in a grubby office building in the southern outskirts of New Delhi, waiting to see the Indian minister of state for the environment. After an hour’s delay, an aide hustles me into his office. The room is huge but shabby—like the building—with an overlay of opulence that befits the minister’s status. The walls are panelled with hardwood veneer, the dirt-brown wall-to-wall carpet is rippled and worn, and the only decorations are faded poster-size photographs of India’s endangered flora and fauna. The minister, fiftyish with bushy dark hair, stands up behind his desk and thrusts his hand out to greet me. He radiates energy.

It has taken three months to schedule this half-hour meeting, so I’m well prepared. We sit down and I quickly explain that I’m in India to study whether scarcities of water and cropland lead to violence, and I ask for his support and advice. An assistant creeps shyly from a side room, placing a document in front of him to sign. With this duty dispatched the phone rings, and the minister is lost in an animated conversation in Hindi. A few minutes later, the phone rings again. Then another assistant appears, wanting information.

During these interruptions my eyes wander the office. The desk in front of me is a good three meters long, and at one end, taking up a third of its surface, are tall stacks of file folders, each as thick as my hand. There are more than one hundred folders in all, perhaps half a cubic meter of paper, I calculate.

My half hour is soon up, yielding only a dozen minutes of useful conversation. As I rise to leave, I glance at the file folders. “You have quite a bit of work there,” I remark.

“Yes,” he answers, exasperated, “that’s today’s work.”

The minister’s brain, with its array of cognitive tools adapted for hominid life in the late Pleistocene, was clearly not up to the task confronting him that day on his desk. Even allowing for the inefficiencies and clutter of the Indian bureaucracy—a bureaucracy that generates more than its share of useless paperwork—the issues and problems were piling up faster than he or his staff could solve them. They faced an ingenuity gap.

Most of us are familiar with this situation. Working in modern business, academic, or government offices, we are perpetually swamped under a tidal wave of incoming information. In the last twenty-five years, word processing technologies have probably doubled the average writer’s output of memos, reports, articles, and books. Not only can people generate more information faster, they can now deliver this information through many more conduits. Twenty-five years ago most offices received information in only three ways: by speech, mail, and phone (with messages often taken by a secretary). Today, offices get information through at least three more conduits: fax, voice mail (which has largely replaced secretaries), and the Internet (including e-mail and the Web). And in their short lifetimes, the delivery capacities of these new technologies have leapt upwards. An average voice mailbox can now receive and hold dozens of long messages; e-mail accounts often stack up hundreds of letters a day; and lobbyists, corporations, and nongovernmental organizations regularly blast-fax thousands of people at a time.

More information plus more conduits plus greater capacity per conduit equals inundation—which is how most of us feel much of the time: inundated, drowning in information. Decisions have to be made faster, because transmission times have been reduced. The result is that we flit from task to task like the Indian minister of the environment, desperately trying to sort and answer incoming messages and scrambling to deal with the issues they raise. On one hand, the requirement for ingenuity steadily climbs: we need a higher quantity and rate of delivery of good problem-solving ideas. On the other hand, our capacity to generate and deliver ingenuity drops. An average person in our modern information economy spends ever more time on basic tasks of managing information, and ever less time producing creative ideas and truly useful knowledge.

This info-glut, as many experts now label it, is not just a problem in our daily lives; it has implications for our well-being generally. Most of the critical challenges humanity faces can be addressed only by combining knowledge from many disciplines. Yet information management problems are particularly acute in highly interdisciplinary fields.

I experienced these problems myself in the mid-1990S, when I hired a team of researchers to investigate the links between environmental stress and political instability. As our work moved forward over the months, we found ourselves sitting at the convergence point of multiple streams of books, academic papers, statistical data, and computer documents produced by at least a dozen disciplines, from economics and demography to soil science and forest ecology. As this material filled our computers, piled up on our desks, and overflowed from boxes and filing cabinets crammed into our offices, a stark truth presented itself to my mind: the problem in our information economy is no longer information delivery—we’ve solved that problem with multiple information conduits and extraordinarily high capacity per conduit. The problem is the interface between the material in our computers and desks and our cerebral cortexes. The critical bottleneck is cognitive; we simply can’t shove information into our brains fast enough and cognitively process it fast enough to keep up with the speed of delivery.

Technological optimists and other fans of the communications revolution would probably upbraid me for a lack of faith. For them, the greatly increased flow of information is an unalloyed boon: as the world is linked together by satellite telephones, fax machines, and the Internet, our individual brains are connected into one vast network. Through this network, we can borrow from an enormous global store of ideas generated by other people’s brains, and we can create synergistic combinations of what were previously discrete ideas; through this network, too, we can generate and distribute many more of the sets of instructions, or ingenuity, that we need to solve our problems.

But our day-to-day personal experience, whether in government bureaus in India or in corporate offices in the West, is something we ignore at our peril. It suggests that the present story is more complicated than optimists claim: that for every contribution to the supply of ingenuity we gain from a new link between people or between ideas, we may lose ingenuity because of the complexity, pressure, and pace of our informationglutted world. In the end, we may be inexorably exchanging the peace and quiet needed to generate high-quality ingenuity for the adrenaline-charged hyperactivity produced by waves of low-quality data.

Thirty years ago, Alvin Toffler tackled the problems of information glut and cognitive overload in his famous book Future Shock, and in the late 1990S, David Shenk extended the argument in Data Smog.43 But underlying these discussions is the infrequently acknowledged, more encompassing worry that human beings have created circumstances—from the info-glut in our offices to financial crises that flash around the world in the blink of an eye—whose complexity, unpredictability, and pace exceed the cognitive abilities of the human brain. That extraordinary endowment of mental creativity and fluidity given us by our Pleistocene ancestors may be no match for the challenges of the world we have created for ourselves.44

Some interesting evidence in the field of paleoanthropology supports the claim that our brains are not equal to modern demands. The anthropologist Robin Dunbar tested the hypothesis that brain growth was stimulated by the demands of social interactions within groups. Working with living primates, he found a statistical relationship between the average size of the neocortex of a primate species and the average size of that species’ social group (defined as the set of other members of the species that an individual knows socially and is able to monitor successfully).45 Extrapolating backwards, he and his colleague Leslie Aiello then predicted the average size of hominid social groups from the size of their brains. By their estimates, the australopithecines who roamed Africa three million years ago had, on average, the capacity for social knowledge of 67 other members of their species. Over time, the size of the social group increased: Homo habilis, about a million years later, had a brain large enough to permit social knowledge of 82 others; Homo erectus of 111; Neanderthals of 144; and modern humans of 150.46

A capacity to monitor 150 other people was probably quite satisfactory for most human beings until the twentieth century. But today’s information technologies have extended our reach to a far vaster community—indeed, the community is, for all intents and purposes, infinitely large. And there’s an implicit expectation that we should be able to smoothly manage our complex interactions with all the members of this community. Given our evolutionary heritage, it’s not surprising that most of us fail to live up to this challenge. It’s not surprising, either, to hear that the rising incidence of depression and other anxiety-related mental illnesses in our societies may be partly caused by this failure.47

Yaneer Bar-Yam, the American complexity theorist, uses very different evidence to reach much the same conclusion. He argues that the level of complexity of modern human society has recently overtaken the complexity of any one person belonging to it (see the chapter “Complexities”). But our individual complexity, as we’ve seen above, serves an important function: it helps us adapt to changes in our circumstances, because it gives us a wider repertoire of responses to those changes. “The degree of complexity of the individual,” Bar-Yam asserts, “reflects the extent to which independent responses can be made to distinct conditions.” So as modern human society becomes more complex than we are individually, it begins to exceed our adaptive ability. In effect, we have too short a repertoire of responses to adjust effectively to our changing circumstances. As a result, we try to simplify our social environment by limiting our exposure to it in various ways. In our everyday lives, for example, we retreat into tightly bounded subcommunities, and in our work we specialize in narrow sub-professions. But another result is an increased sense of insecurity. For many, Yaneer Bar-Yam concludes, the inability “to develop an effective set of responses to the environment will lead to frustration. Indeed, such frustration has become widespread.”48
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It’s likely that you’ve often heard people draw an analogy between the human brain and modern computers. Both are information-processing machines, they say; the only real difference is the materials they are made of. But the truth is that metals, plastics, and silicon enable computers to process information far faster and with far more raw power than the biological materials of the human brain. The nerves of our body carry information along their axons in the form of electrical impulses, and transmission between nerves occurs through the diffusion of chemicals across their synapses. Depending on the type of nerve fiber, transmission speeds range from 0.5 to 160 meters per second, compared to hundreds of millions of meters per second through human-made electrical circuits.49 And, although huge amounts of information can pass into the brain through its sensory pathways—vision, hearing, touch, and the like—very little of it can be processed at any one time. The optic nerve has a potential transmission capacity of 400 million bits of information a second, which is about the amount of information in fifty copies of this book; but peak processing rates within the brain (measured in tasks like piano-playing or reading random words) average around twenty to twenty-five bits per second, which is little more than the information contained in the last three letters of this word.50 The brain is also surprisingly limited in its ability to discriminate between stimuli within one category of stimulus: when people listen to a sequence of different pitches of musical tones, for instance, most can accurately distinguish only five or six. Results are—remarkably—similar for loudness of sound, brightness of light, hue of color, taste, touch, and the length, direction, and curvature of lines. This led the psychologist George Miller to argue, in a famous 1956 article, that the human brain has an identifiable channel capacity or “upper limit.” In general, he showed, people can distinguish a maximum of about seven alternatives within a given category of stimulus.51

These are pretty severe information-processing constraints. One might reasonably wonder how we could even read a sentence at reasonable speed, let alone survive in an information-inundated world. To cope, the brain has evolved a range of rough-and-ready techniques for speeding information processing and decision-making.52 Basically, it searches out and identifies patterns in its environment and stores records of these patterns; this way, it can respond more quickly when it perceives the patterns again. It combines information into chunks, and then combines these chunks into further chunks. Language itself is a good example of this “chunking” process: phonemes are combined into letters, letters into words, and words into phrases that can be handled as whole units. The brain also adopts various rules of thumb, or heuristics, for reaching decisions. For example, when confronted with a complex problem, it usually accepts the first satisfactory solution that it finds, rather than searching for the best of all solutions (a heuristic called “satisficing”). And to overcome the limits of its channel capacity, the brain uses multiple dimensions of comparison to distinguish among stimuli, rather than just one. That means it distinguishes among sounds, for instance, not only by their pitch but also by their loudness, duration, and location in space. Given what we know about the Pleistocene environment, this approach makes sense. As George Miller writes, “In order to survive in a constantly fluctuating world, it was better to have a little information about a lot of things than to have a lot of information about a small segment of the environment.”53

These strategies help turn the relatively slow biological material of our brain into an extraordinary cognitive machine. As a result, despite the raw processing power and speed of modern computers, the brain still produces far superior performance on many tasks—especially those involving pattern recognition, inference, strategic planning, and creativity.
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One part of our brain is particularly important to humankind’s intellectual and creative abilities. Residing under the skull forward of the temples, the frontal lobes, as specialists call them, are the brain’s most recently evolved region. They are far larger in humans than in any of our closest primate relatives—making up about 30 percent of the cortex’s total surface area and possessing a multitude of complex and reciprocal connections with other parts of the brain.54

Although the frontal lobes are uniquely large in humans, scientists have only recently begun to understand their functions. As the frontal lobotomies performed so commonly in the fifties, sixties, and seventies showed, they can often be damaged or partly removed without producing debilitating changes in cognitive ability or behavior. But decades of careful observation of brain-damaged patients and experimentation with animals have led researchers to conclude that the frontal lobes fulfill an executive or supervisory function. They allow us to undertake complex behaviors that require integrating multiple and simultaneous streams of incoming information. They prevent distraction by extraneous events and thereby help us maintain attention on the task at hand, yet they also manage our smooth shifts to new tasks and concepts as necessary.55 Perhaps most important, the frontal lobes seem to be the place where we consciously initiate thought and action in response to novel or nonroutine challenges—where, in other words, we respond to the question “Gee, what should I do now?” The frontal lobes do this partly by creating a concept of the self as something that has continuity through time. They also integrate cognition and emotion, which gives visceral relevance to events affecting the self. The brain can then recall specific episodes involving the self in the past—along with the feelings these events evoked at the time—and can imagine alternative episodes in both the past and future. The frontal lobes allow us to travel in time mentally and manipulate the world in imagination: two abilities that are key to planning and creative action in a complex world.
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The Left Cerebral Hemisphere

People with frontal-lobe lesions are often confused by simultaneous streams of information. They act on information fragments rather than on an integrated understanding of their situation. They also tend to be impulsive—trying to solve problems without reflection or planning—and apathetic about themselves, the past, and the future. They seem not to have a clear sense of who they are or of their continuity over time.56 As one researcher writes: “When the frontal lobes are damaged, only the perpetual present remains.”57

The frontal lobes appear to be a key source of humankind’s remarkable cognitive versatility and fluidity. They are, perhaps, the place where Steven Mithen’s multiple intelligences talk to each other—the ultimate wellspring of the ingenuity we need to cope in our new world. So, in the next step of my quest to put together the pieces of the ingenuity puzzle, I decided to learn more about them.

It turns out that one of the world’s experts on the frontal lobes is in Toronto. Dr. Donald Stuss is the vice president of research at the Rotman Research Institute, a center located in a geriatric hospital in the north of the city. I visited him one morning in early spring, just as the leaves were appearing on the trees and shrubs around the building. But his office was hard to find; I was soon lost in a confusing warren of corridors and stairways. I wondered, in passing, whether his office had been hidden as a fiendish test of his visitors’ frontal-lobe ability. When I eventually discovered his suite, I was quite late for our meeting. But Dr. Stuss, a cheerful fifty-seven-year-old, quickly put me at ease with coffee and banter as he sat at a paper-strewn desk and talked about his work.

“It’s hard to pin down exactly what the frontal lobes do,” I began, “but how would you describe their functions?”

“I’ve been studying them for about thirty years, and the answer still isn’t entirely clear to me,” he replied. “But we’ve learned that they integrate information from diverse parts of the brain. And, most important, that they combine cognition with emotion, or what psychologists refer to as affect. We know, too, that as a task becomes more complex, more areas of the frontal lobes are recruited to work on it. We often refer to the region as serving an executive function, but we’ve eliminated, I think, the idea that there is an engineer sitting there.”

“The frontal lobes are not a homunculus, then? There’s no little guy, sitting in the front of our brains, bringing everything together and making choices?”

“That’s correct, there’s no homunculus. It’s a nice metaphor, and one that we sometimes use for lay audiences. But we can explain frontal-lobe function strictly in terms of integrative processes.” Taking out a sheet of paper, he quickly sketched a diagram of the brain, circling three areas. “Several areas of the brain are considered to be high-level association cortices—the parietal, temporal, and frontal. The frontal lobes have a higher integrative role than the others.” He drew lines between the three circled areas. “Even though there’s cross-talk between the parietal and temporal lobes, there’s greater convergence of information in the frontal lobes, and certain processes take place only there. The frontal lobes, in particular, have the major access to affect, whereas these other two regions have less access. And it’s the integration of cognition with affect that appears to be key to self-awareness.”58

“You seem to be suggesting,” I said, “that affect, or emotion, is very important for the brain’s high-level integrative and executive functions. Yet conventionally people think of emotion as a primitive aspect of human psychology. They believe the highest level of human intellectual function is rationality—cold, detached, and instrumental. And this conventional perspective suggests that, ideally, we should strip emotion out of our decision-making and cast it aside.”

“Exactly. I’ve spent decades studying the role of frontal lobes in logical cognition, but I’m now bringing in affect. We’ve shown that the polar region of the right frontal lobe—a region long regarded as useless—is a place important for humor and intentionality. The frontal lobes are also the source of our ‘gut feeling,’ which is something largely dissociable from knowledge and logic. The essence of human life is the integration of these things.”

“And how does psychological stress affect the frontal lobes, for example the stress produced by our inundation with information and the increasing pace of our lives?” I’d read that chronic stress—especially stress arising from feeling that critical events in one’s environment are both unpredictable and uncontrollable—hampers the function of the hippocampus, which is the part of the brain critical to spatial learning and declarative memory (roughly, memory of explicit facts).59 Stress also appears to contribute to neuron death in this vital brain region.60 But I knew little about stress’s effects on the frontal lobes.

“Well, stress affects sleep and the arousal system, and the arousal system involves the frontal lobes. Sleep deprivation reduces metabolic uptake in the frontal lobes, throwing off one’s ability, not to do common tasks, but to do frontal-lobe-type tasks that involve sequencing and shifting among problems. Amy Arnsten at Yale and other researchers have also found that stress significantly impairs working memory, which is a critical function of the frontal lobes. Working memory is often called ‘scratch-pad’ memory—it’s a bit like the RAM in our personal computers—and it helps us govern our behavior.”61

I saw an opportunity to bring together some pieces of the ingenuity puzzle. “I am particularly interested in situations that involve multiple streams of incoming information, where decisions have to be made very fast, as for example in air-traffic control or even in the management of major financial crises. These tasks recruit the frontal lobes, as I understand it. You seem to be suggesting that sleeplessness and stress …”

An aide entered with a sheaf of scholarly articles and draft papers. Stuss reviewed the material with me for a couple of minutes; then we returned to the conversation—but I struggled to find the thread. “Where was I going with this question? … I can’t remember what I was going to ask.”

“Aging!” Stuss declared, and we both laughed—a bit nervously on my part, since I’d recently turned forty-three. “Aging and frontal lobes,” Stuss continued. “Yes, I said to myself, I shouldn’t interrupt him, he’s going to lose it!”

“Aging produces results similar to frontal lobe lesions?” I asked, scrambling for a new line of inquiry.

“In some regards. Our humor research is important here: the elderly have the same type of cognitive deficits as patients with damage in the right frontal lobe, but their emotional responsiveness is normal. When they get a joke, they laugh, but they do have difficulty getting it sometimes. The individual differences in aging are enormous, however. It’s not like a specific, focused lesion.62

“The one thing that does happen,” he went on, “is that processing slows down, probably because of the deterioration of the white matter—the insulation around the neurons in the brain. When things come at older people too fast, they can’t process them.63 In fact, you can make a young person look like he has frontal lobe damage by just cranking up the speed and difficulty a little bit.”

“I would term that kind of thing cognitive overload,” I said. “Is that an appropriate term?”

“Yes.”

“Speaking very generally,” I continued, “it seems that there is more information in the world, that information is flowing faster, and that any one individual is facing a larger number of tasks on a daily basis. There are some individuals in our society who must handle truly prodigious cognitive loads—for instance in the investment and financial industries. Many of the people in these industries are young. My guess is that they have to be young to handle complex derivative models, have six screens in front of them at the same time, and yet stay more or less on top of things.”

“You’ve got it.”

“Gene Rochlin, a professor at Berkeley, argues that computer and communication technologies are squeezing out experiential knowledge in favor of sheer, raw cognitive ability. But it’s experiential knowledge that in many cases provides real adaptability to novel challenges: the recognition that I’ve seen this pattern before, that it’s not good, and that we must stay away from it.”

“I agree,” Stuss responded. “With regards to aging, we’ve got things reversed. As you move up the ladder in most organizations, you get more and more stressed and more and more to do, whereas it should be exactly the opposite way around! As you move up, you should be starting to do larger conceptual, pattern recognition tasks that involve less stress and less cognitive input but that draw on your rich history of emotional experiences.”

“Our studies with the elderly show that the one thing you get with age is wisdom. You’ve got this affective responsiveness, this emotional experience. Somebody once asked me whether there was any benefit to aging, because there seems to be little that’s positive about the body’s physical deterioration. I answered by saying that there is something positive, but it’s more spiritual than physical. If your physical stuff gets peeled away, what do you have left? You have your self, your memories, and your history; and those are your spiritual parts. What is a midlife crisis—it’s preparation for aging. Some people say it’s an assessment of ‘What have I done?’ I would say it’s an assessment of ‘Who am I?’ You are forced, if you can meet the challenge of aging, to develop truly as a human being.”
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As I left the office and wound my way back through the warren, I reflected on something I had read in Donald Stuss’s articles. He had once been asked to evaluate the cognitive abilities of a postal clerk who had suffered a serious frontal-lobe injury. Oddly, the brain damage hadn’t affected the clerk’s performance on IQ tests at all; in fact, he remained a member of Mensa, the high-IQ society. But he could no longer sort mail. Although he had passed every government exam, he could not do a job that demanded planning, organization, and the integration of complex information to perform sequential tasks.

What did this incident say, I wondered, about our meritocratic testing procedures? Tests like the Scholastic Assessment Test and the Graduate Record Exam—indeed, the whole panoply of standardized tests we use in rich societies to sort and assign people to categories—are very similar to IQ tests. They are also institutionalized gatekeepers, providing “objective” criteria that allow our societies to parcel out opportunities for upward mobility. Yet the work of Stuss and his colleagues suggests that these tests can’t measure key frontal-lobe abilities—abilities that we generally regard as essential to human intelligence and that make us truly flexible, adaptable, and surviving beings in a complex world.64 In fact, although IQ scores correlate reasonably well with school grades, they correlate only weakly with measures of creativity, and they generally account for only about 10 percent of variation in individuals’ later success in life.65

The more I thought about this problem, however, the more I saw two distinct and somewhat contradictory processes operating in our rich societies. On one hand, the people who succeed at our meritocratic tests are empowered in our social hierarchies, despite the fact that these tests don’t properly measure some key frontal-lobe abilities. Over time these people, through their decisions and actions, tend to reproduce the institutions and procedures, including the testing procedures, that empowered them, thus putting more of exactly the same kind of people into positions of influence.

On the other hand, the direction of change in our world appears to demand ever greater frontal-lobe abilities from all of us. These abilities are not distributed evenly within our societies: the subtle interaction of nature and nurture during the development of each person’s brain leaves some people better endowed than others. Consequently, as the complexity and pace of our world increase, the fraction of our population truly capable of meeting our world’s challenges decreases. The people who best meet these challenges tend to rise to the top of our corporate and administrative hierarchies. They also tend to thrive in hypercomplex, time-compressed circumstances. In fact, Brian Arthur’s theory (reviewed in the chapter “Complexities”) suggests that these people tend to make their circumstances even more complex and compressed as they improve their strategies and technologies in competition with each other.

If I’m right about these two processes, then two distinct types of people, with quite specific cognitive abilities, climb the ladders of our social hierarchies. Our meritocratic testing procedures may not be aligned with the mental demands of our modern world, but our societies are nevertheless developing, inexorably, an ever more rarefied and selective cognitive elite, some of whose members I saw leaving the towers that September evening at Canary Wharf. The rest of us, those of us who don’t excel at IQ-like tests or thrive in hypercomplex environments, are left behind. And some of the people left behind probably have mental abilities critical to our survival. They might have, for instance, the ability to integrate their factual grasp of the startling events in our new world with a powerful emotional appreciation—an appreciation grounded in wonder, awe, hope, and perhaps even fear—of what these events could mean for our future. This emotional appreciation could help us make better choices about which path, of the countless paths before us, we should follow into that future.
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INGENUITY AND WEALTH
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IT WAS A GLORIOUS, SUNNY DAY in mid-August as we unloaded our gear from the float plane. At the water’s edge, a friend and I heaped our tent, packs, fishing rods, and all the other paraphernalia of modern camping. We’d flown to an isolated lake a few kilometers inland from one of the most rugged parts of Canada’s Pacific coast, and we planned to hike to the coast and camp for several days by the sea.

The unloading finished, we said goodbye to the pilot. He started the engine and revved it to a howl, turning the plane away from the shore to make a run down the lake’s full length. We watched the plane lift off the water at the far end, shrink to a dot, and vanish behind the mountains rimming the lake. Then there was complete silence.

We were thrilled to be starting our holiday, but our plans quickly unraveled. The trail that was supposed to take us to the coast was nowhere to be found. The creek out of the lake was impassable, choked with fallen trees and debris. And the shoreline where we had heaped our gear was surrounded on all sides by a band of virgin West Coast rainforest—a profuse and chaotic tangle of fir, cedar, hemlock, rotting windfalls, and exuberant underbrush. Beyond this forest was a wide expanse of land logged twenty years before that had naturally regrown with alder and dense brush. It formed an impenetrable wall of vegetation six meters high.

I’ve had a lot of experience hacking my way through the temperate rainforests of the northwest coast of North America, but on this occasion—expecting to find a trail—I was foolishly unprepared. We’d brought no axe, compass, or flagging tape. We had no radio to signal distress. All we had was a cheap machete. And after I had flailed at the brush for ten hours, cutting a path no more than a hundred meters long, the machete was so dull that it bounced off the stems uselessly.

Trapped on the lake’s shoreline, we had no choice but to wait several days for the plane to come back and collect us. The glories around us soon lost any charm or romantic appeal. The mountains became brooding and sinister; the wind in the trees sounded ancient and icy cold; and the pleasant riot of vegetation in the forest turned into a vicious struggle for light and space among trees, ferns, and fungi. Raw nature showed us its brutal face; it was inscrutable and infinitely more powerful than the two of us in our soft bodies. Time was on nature’s side; it had endured forever, and it could wait forever. But we could not.

We had ample food and a good tent. But I found myself thinking for hours about our impotence, acutely aware how thin was the line between survival and death. The nights were cold and wet. Without our tent and sleeping bags, we would probably have died of hypothermia before the plane returned. These, and our pots, matches, and camping knives, suddenly became precious, miraculous instruments—nothing like them could be found nearby and we were utterly dependent on them.

As I considered our fragile defenses against death, it dawned on me that all of them—tent, pots, matches, and knives—were themselves made out of raw nature. All the material artifacts we take for granted in the modern world, from the cars in our driveways and the furniture we sit on to the food in our refrigerators, are produced or extracted from five material constituents of our natural world: rock, soil, wood, water, and air. Human beings have used ingenuity, energy (mainly in the form of hydrocarbon fuels), and the genetic information in the life around us to manipulate and reconfigure these five constituents into the infinite array of things that serve our needs.

My friend and I were duly rescued by the float plane and safely returned, chastened and chagrined, to civilization. Several years later, back in that marvelous womb of artifacts called Toronto, I stumbled upon a book titled Stuff: The Materials the World Is Made Of by the science journalist Ivan Amato. It captured the same idea that had come to me on the lakeshore. Amato notes that humans extract about fifteen billion tons of raw material from the planet each year, and from that material “they make every kind of stuff that you can find in every kind of thing”:


Mined ore becomes metal becomes wire becomes part of a motor becomes a cooling fan in a computer. Harvested wood becomes lumber becomes a home. Drilled petroleum becomes chemical feedstock becomes synthetic rubber becomes automobile tires. Natural gas becomes polyethylene becomes milk jugs and oversize, multicolored yard toys. Mined silica sand becomes silicon crystal becomes the base of microelectronic chips. Each kind of stuff is a link to enormous industrial trains whose workers process the world’s raw materials into usable forms that constitute the items of our constructed landscape.1



We take the raw materials around us and mix them with ingenuity to create the miraculous things that serve our needs. They can be physical things, like the knives and stoves we use to survive outdoors and the cars and buildings we use in our cities. They can also be social things, in which case the raw materials are people, and we use our ingenuity to motivate, coordinate, and combine the actions of these people in the various institutions—from markets to parliamentary democracies—that help us define and achieve our goals.
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Having an abundance of physical things that serve our needs is an important part of what most of us mean by “wealth.” Wealth is something we generally like and want, but few of us have a clear idea where it comes from. Indeed, for over two and a half centuries, economists have found it surprisingly hard to answer the question “What are the sources of wealth?” For economists the increased production of wealth is the same thing as economic growth, and they generally group their theories about the sources of wealth into a broad category called theories of “long-run economic growth” (where the “long run” is a period of decades). Recently, some economists have focused on how ideas, specifically, contribute to economic growth. So if we want to understand the relationship between ideas (or ingenuity) and the production of the physical things that serve our needs—from camp stoves to cars—we need to take a quick look at how economists have thought about economic growth in the past and how they think about it today.

Theories of long-run growth have an illustrious pedigree.2 Some of the most important early ideas were developed in England in the eighteenth and early nineteenth centuries. In 1776, Adam Smith attributed the “multiplication of the productions of all the different arts” to the increasing division of labor into specialties, to technological change, and to the accumulation of capital (for him, capital consisted of savings used to secure future benefits).3 He believed that these factors could produce “universal opulence” for all groups and classes, as long as government ensured the administration of justice, refrained from restricting commerce, and provided basic infrastructure and public education. But a few decades later, his compatriots David Ricardo and Thomas Malthus sounded a more pessimistic note. Ricardo argued that diminishing returns to factors of production—such as land, labor, and capital—would constrain prosperity. A farmer could try to increase his farm’s food output by hiring more laborers, but beyond a certain point the additional food produced by one more laborer (what economists call the marginal product of labor) would start to decline; eventually, hiring extra labor wouldn’t boost the farm’s output at all. Building on this idea of diminishing returns, Malthus claimed that population growth would inevitably outstrip the productive capacity of the economy’s limited natural resources, in particular that of agricultural land, and in the end would cause widespread misery and death.

Ricardo and Malthus didn’t foresee that capital accumulation (especially in the form of productive machinery) and technological change would help England’s farmers escape diminishing returns and dramatically raise their food output, in spite of the country’s small, restricted area of agricultural land. Compared to their eighteenth-century counterparts, farmers in today’s advanced nations use far more machinery of vastly greater power; they plant faster-growing, more disease-resistant seeds that yield much more grain per hectare; and they apply powerful fertilizers, pesticides, and chemical weed-killers. In other sectors of advanced economies, people have similarly learned to use more capital and better technology to surmount the physical limits of resources other than agricultural land—of coal, oil, and minerals, for instance. As Harvard economist Mike Scherer writes, our capital investments and inventiveness have repeatedly “bailed humanity out of seemingly impending crises from diminishing returns,” allowing economic growth to surge ahead.4

But it would be a while before economists had a good understanding of this whole process. For almost a century following the pioneering contributions of Adam Smith, Ricardo, and Malthus, mainstream economists paid little attention to the factors that determine and sustain long-run economic growth. Then, in the mid-1950 s, Robert Solow raised the issue’s profile with two crucial articles that became a foundation for modern neoclassical theories of growth, and eventually brought him a Nobel prize.5 Until these articles appeared, most economists had assumed that increases in the output of an economy’s workers, and the higher standard of living that these increases produce, were due to workers’ greater use of capital (mainly, again, industrial machinery) in their production activities.6 In one of his articles, Solow examined this proposition. With elegant mathematics, he measured how much workers’ greater use of capital had actually raised their hourly output between 1909 and 1949. To the surprise of most of his colleagues, he discovered that capital explained only 12.5 percent (later revised to about 20 percent) of improvements in labor output. The remainder, which came to be called the Solow residual, he put down to technological change, that is, not more machines, but better methods involving better machines.7

Economists now generally agree that new technologies boost labor productivity and, in doing so, boost long-run growth.8 All the same, they still dispute whether the innovative ideas embodied in new technologies play an independent role in raising productivity. Some skeptics try to eliminate the Solow residual by simply tinkering with conventional growth theory: they change the theory to allow for qualitative—not just quantitative—improvements in capital (that is, better, not just more, industrial machinery), and they broaden capital’s definition to include human capital, which consists of skills acquired by the labor force through training and education. In the 1980S and early 1990S, however, an alternative view emerged, generally called New Growth or Endogenous Growth theory. The economists who pioneered this new view argue that technological ideas should be treated as an independent factor of production. Ideas, in and of themselves, they say, have the power to produce economic growth.

One of the leaders of the New Growth school is Paul Romer, a brilliant and charismatic Stanford economist who has thought more incisively about the role of ideas in economic growth than perhaps any other person alive. Early on, he threw down the gauntlet before the conventional growth theorists:


Our knowledge of economic history, of what production looked like one hundred years ago, and of current events convinces us beyond any doubt that discovery, invention, and innovation are of overwhelming importance in economic growth and that the economic goods that come from these activities [i.e., ideas] are different in a fundamental way from ordinary objects. We could produce statistical evidence suggesting that all growth came from capital accumulation, with no room for anything called technological change. But we would not believe it.9



For a decade now, conventional growth and New Growth theorists have been locked in a sometimes heated debate. But Paul Romer has made several telling points that I believe shift the balance in favor of the new perspective. He begins by arguing, much as I did in the previous chapter, that ideas are instructions that “let us combine limited physical resources in arrangements that are ever more valuable.”10 He is a master of colorful examples to support his arguments. “We once used iron oxide (ordinary rust) as a pigment in cave paintings,” he writes. “An elaborate set of ideas now lets us use it to store magnetic signals on audio cassettes, video cassettes, and computer disk drives.”11 Sometimes astonishingly productive ideas are sitting right under our noses, he points out, drawing an analogy between improvement in competitive sports and economic growth. Until around 1900, for instance, people in the Western world thought that the breast stroke was the most efficient way to swim. Yet the simple technical innovation of the crawl, in which the swimmer brings his or her arms forward out of the water, dramatically increases swimming efficiency and speed. In sports, better technique (the analogue of useful ideas in an economy) often generates far greater returns than sheer physical conditioning (the analogue of capital accumulation).12

As a factor of production, ideas often supplant labor by raising labor’s productivity; for instance, a manufacturer might rearrange a production process to make workers more efficient, allowing employment of fewer workers. On the other hand, ideas usually accompany physical and human capital: a manufacturer’s investment in machinery and trained workers generally boosts the local stock of ideas and instructions.

Paul Romer goes on to show that economically useful ideas cannot be reduced to human capital, because they are non-rival, whereas human capital is rival. Something is rival if its use by one person reduces the amount available for use by another person. Most economic goods are rival—if I fully use a patch of farmland to grow corn, for example, someone else can’t use that patch, at the same time, to grow wheat. (Rivalry is distinct from excludability: a good is excludable if access to it can be prevented, through physical means like fences and barriers or through legal means like property rights. Romer notes that ideas may be partially excludable, using such devices as intellectual property rights or temporary monopolistic control of ideas through market power. A pure public good—such as national defense—is both non-rival and non-excludable.13)

Ideas are non-rival because they are immaterial, which means that any particular idea can be used by an infinite number of people at the same time. As Thomas Jefferson famously wrote: “He who receives an idea from me, receives instructions himself without lessening mine; as he who lights his taper at mine receives light without darkening mine.”14 Human capital, on the other hand, is rival, because skills are inseparable from the material things—the brains—in which they reside. For example, if one company fully employs a particular pool of human capital—say, the skills of a group of highly trained engineers—then that human capital is not available to other companies.15 Ideas are also more durable than human capital. When a person dies, his or her skills are lost, “but any non-rival good that this person produces—a scientific law; a principle of mechanical, electrical, or chemical engineering; a mathematical result; software; a patent; a mechanical drawing; or a blueprint—lives on after the person is gone.”16

Romer concedes that it is tempting to combine ideas and human capital, because they are “so closely related as inputs and outputs,” but argues that they should be treated separately. “Ideas,” he goes on, “are the critical input in the production of more valuable human and nonhuman capital. But human capital is also the most important input in the production of new ideas.” While physical capital—for example, computers, telephones and laboratory equipment—often helps human capital, “a trained person is still the key input in the process of trial and error, experimentation, guessing, hypothesis formation, and articulation that ultimately generates a valuable new idea that could be communicated to others and used by them.”17

If one accepts Romer’s argument that ideas are non-rival and have independent productive power, it both solves and creates problems for conventional growth theory. It solves problems by explaining how advanced economies have avoided a slackening of long-run growth due to diminishing returns to capital investment. Conventional theory suggests that if labor and technology remain constant, any additional investment in productive machinery and factories will eventually bring declining benefits, because an economy will become saturated with these capital goods. But economic data show no tendency over the long term for the returns on capital investment or the growth rates in advanced economies to decline; in fact, the evidence seems to indicate that growth rates have increased. In these economies, Paul Romer contends, technological ideas generated by skilled people (human capital) in private firms tend to spill out of these firms to enlarge the general stock of public knowledge. This growing, non-rival stock can then be used over and over again by skilled people in other firms to raise the productivity of their machines and manufacturing processes (their physical capital). Thus, if an economy is well endowed with human capital, it can exploit the non-rival character of technological ideas to counteract the natural tendency of capital investment to produce diminishing returns. In essence, Romer argues, ideas are a factor of production unlike labor or capital, because they actually exhibit increasing returns; in other words, the economic benefits derived from investment in the production of useful ideas do not decline over time.18

Romer’s argument solves another problem for conventional growth theory: he makes technological change endogenous to the economy—in other words, he places this change inside his theory and explains it as an integral part of economic growth. He explicitly shows that in a given economy the flow of ideas leading to useful technologies is a direct result of investment in human capital (in education and research and development, for example).19 In contrast, although Robert Solow’s Nobel–prize winning theory acknowledges the importance of technology to productivity and growth, it doesn’t actually explain how or why technological change happens; instead it treats this change as a purely exogenous process. Technological ideas are assumed to originate outside the economy, a kind of natural resource freely available to all firms and societies, much like manna from heaven or fruit growing wild and easily plucked from the tree.20

But if it solves some problems for economists, Romer’s theory creates others. In particular, once economists bring into their standard mathematical models a non-rival factor of production that exhibits increasing returns—like ideas—they have great trouble explaining why technological innovation occurs at all. If firms can simply replicate ideas from a public stock when they need them, and if any ideas they produce quickly become part of that public stock, then they have no incentive to generate new ideas. So if Romer is right, a purely competitive marketplace will not produce rewards large enough to sustain private technological entrepreneurship.21 And there is lots of evidence that he’s right: for instance, interchangeable and reusable software parts (discussed in the chapter “Unknown Unknowns”) have been slow to appear on the market: precisely because the parts can be easily copied, software entrepreneurs can’t capture adequate returns on investment.22

Romer addresses this problem by breaking with the economists’ sacrosanct assumption of pure competition. Building on the thinking of the radical mid-twentieth-century economist Joseph Schumpeter, he argues that technological innovation takes place mainly within firms that are able to reap gains from the temporary monopoly of their ideas.23 This monopoly can arise from a firm’s ownership of intellectual property rights (like patents), or because the firm is able to gain an advantage in the marketplace in various ways. It may have, for example, brand-name recognition, an established network of distributors, or, most simply, a head start as the creator of a new technological idea. The “creative destruction” (as Schumpeter called it) of capitalism sustains this monopolistic competition: because technological innovations are continually being overthrown and replaced, each turnover of technology creates an interval during which the innovator can exploit its temporary dominance of the marketplace.24 In other words, it is a race in which there can be no ultimate winner—but significant rewards go to whoever is in the lead.

Faced with this challenge to their thinking, conventional growth theorists have not deserted the battlefield: they have mounted several attacks on Romer’s arguments and those of other New Growth theorists.25 In turn, these theorists have recently replied with more elaborate and rigorous models.26 The debate is far from settled, but the propositions that ideas are key to economic growth, and that they have a fundamentally different character from other factors of production, are now well established among economists.
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In the early to mid-1990S, when I first started thinking about the capacity of human societies to adapt to complex stress, especially environmental stress, I was powerfully influenced by the arguments of New Growth theorists. Much of what they said made sense. But the term “ingenuity,” I decided, served my purposes better than “ideas.” On one hand, it was narrower: I wasn’t interested in all ideas—after all, they can range from Stephen King plotlines to chemical formulae for anti-cancer drugs—but only in the subset of practical ideas that we apply to our practical problems.

On the other hand, ingenuity was broader than “innovation,” another favorite concept of economists. Innovation implies that the ideas in question are new. Although my notion of ingenuity certainly doesn’t exclude new ideas, it assumes that ideas don’t have to be new to be useful.

I also realized that what counts as a practical problem that needs to be solved—and therefore what counts as ingenuity—can vary from society to society. It’s partly determined by a society’s values, which are influenced by its culture. An idea for eradicating a blight that affects grapevines will legitimately be considered ingenuity in a society that values fine wines, but not in a society of teetotalers. Nevertheless, there are limits to this cultural plasticity, because all humans share certain requirements for ingenuity—we all, for instance, have basic needs for food, water, and shelter.

I knew too that ingenuity would be difficult to measure precisely. We might measure it, I speculated, by gauging the length of the sets of instructions we use to solve our problems (as I realized when I was planning my escape from my office). Or we might measure the information content of ideas more directly. I was particularly struck by one of Paul Romer’s metaphors, in which he described how a chemistry set could represent the range of raw materials available to us in nature. In this metaphor, each chemical is assigned a position in a string of bits of information. When the substance is included in a given mixture of chemicals, the position shows 1; when it is absent, 0. The sequence of 1S and 0S is the formula for the mixture—Romer’s analogue of an economically useful “idea.”27 Could ingenuity be measured by these approaches? They seemed promising, but I knew that both were essentially measures of ingenuity quantity—that is, of raw numbers of instructions or amounts of information. Neither approach told me how to measure ingenuity’s productivity or intrinsic quality. Ideas are more than raw information: when someone offers us advice about solving a practical problem we quite sensibly distinguish between “good” and “bad” ideas. I knew that we had to be able to measure quality—to distinguish the good ideas from the not so good—if we wanted to develop powerful models of ingenuity requirement and supply.

We could measure an idea’s quality, I thought, by assessing how well it works in practice: better ideas solve problems better. But this measure doesn’t work so well, it turns out. For one thing, it means that the concept of ingenuity requirement becomes conflated with the concept of ingenuity supply: it suggests that as a society’s problems become harder to solve (and its ingenuity requirement rises), successful solutions are harder to generate— that is, ideas that work become scarcer, which would seem to mean that the supply of ingenuity falls. But clearly, that isn’t true; ingenuity requirement can rise without causing supply to fall. It’s just that the ingenuity supplied doesn’t solve the problem. To avoid this and other difficulties, I decided that ingenuity consists of ideas applied to solve society’s practical problems; whether these schemes succeed is another matter. So, an idea’s success or lack thereof is not a measure of its ingenuity content. Some solutions are extremely ingenious, and yet may fail where a simpler, cruder idea turns out to be effective.

In my early, rudimentary theory, an increase in ingenuity supply simply meant an increase in quantity—crudely speaking, in the number and length of the sets of instructions a society applies to its practical problems—not an increase in quality. I reasoned that an adequate quantity of ingenuity was a necessary but not a sufficient condition for adaptation to our world’s complex stresses. But given that it’s common for people to talk about ideas in terms of their quality, I knew that this restricted concept of ingenuity was missing an element of the word’s conventional meaning.28

It may seem a simple thing, but it isn’t always helpful to “think big”: focusing on the total quantity of ingenuity that a society supplies shouldn’t lead us to underrate the value of “small” ideas. When we think about the effect of technological change on growth, we tend to imagine that big ideas—like the steam engine, the telephone, or the Internet—are “better” ideas, because they create vast new industries and precipitate major economic revolutions. In modern economies, big ideas for technologies like the transistor and genetic cloning usually emerge from big industrial or government research enterprises. Such ideas and the “general-purpose technologies” they produce are immensely important, but most of our innovation and ingenuity actually comes in the form of countless small ideas—like the square-bottom paper bag, invented in 1870, that revolutionized U.S. retail sales.29

What’s more, many of these small ideas take the form of tacit knowledge. This is uncodified knowledge that people often don’t recognize they possess.30 It’s embodied in things like people’s habits, organizational cultures, and companies’ standardized procedures for solving problems. Tacit knowledge isn’t written down. It may actually be impossible to reduce such knowledge to sets of instructions—just as it’s very hard to write down instructions for tying one’s shoelaces. Sometimes tacit knowledge can’t even be communicated verbally, so transmitting it from one person or organization to another can be very difficult.31 Sometimes it can be learned only by a kind of apprenticeship: living in and working with the knowledgeable group, firm, or society over an extended period, which allows the knowledge to be slowly absorbed through imitation.32

Eventually I decided—and this is a key departure from the concepts underlying New Growth theory—that the practical ideas used to create, reform, and maintain institutions and social arrangements were just as important as technological ideas—or perhaps, even more important. To capture the difference between these two types of practical idea, I distinguished between technical and social ingenuity. A society facing food shortfalls because of cropland and water scarcity could, for instance, respond with technological solutions, like better grains and deeper wells, or with institutional and policy solutions, like special banks to give farmers emergency credit, or short-term arrangements to transfer food from productive to food-scarce regions.33

Social ingenuity is supplied by people at all levels of society, from international and national political leaders to government bureaucrats and corporate managers or people running community organizations. Much of it consists of ideas for solving various kinds of collective action problems. These problems commonly arise when groups of people or societies try to provide public goods for their members, things in whose benefits everybody shares, like national defense and fire and police services. Societies find it notoriously hard to supply public goods, because people tend to “free ride” on the contributions of others: even though each person knows he or she will benefit if a particular public good is available, each nevertheless has an incentive to let others do the work or pay the cost of providing it. So social ingenuity is needed to create the right balance of carrots and sticks, of rewards and punishments, to keep free riding to a minimum.

The two kinds of ingenuity, social and technical, are intimately interconnected. In fact, I came to understand that social ingenuity is a key prerequisite to technical ingenuity. We need social ingenuity to set up and maintain public and semi-public goods such as markets, funding agencies, educational and research organizations, and effective government. If this system of institutions operates well, it provides psychological and financial incentives to technological entrepreneurs and innovators; it aids regular contact and communication among experts; and it channels money to those technological projects with the greatest prospect of success.34 Society therefore needs ingenuity to get ingenuity, which means it is both an input to and output of the economic system. (Surprisingly, this claim often perplexes people. But a moment’s reflection shows that many economic factors are both input and output—for example, physical and human capital. An economy needs factories to produce the components for further factories, and it needs engineers to train engineers.)

My use of ingenuity to cover ideas applied to both social and technical problems is a significant modification of New Growth theory. Paul Romer and other theorists in this school are mainly interested in technical ideas, such as manufacturing techniques, industrial designs, and chemical formulas, especially those developed and applied within companies. But even Romer acknowledges that ideas about social arrangements—social ingenuity, essentially—are immensely important to economic growth. “The word technology invokes images of manufacturing, but most economic activity takes place outside of factories,” he writes. “Ideas include the innumerable insights about packaging, marketing, distribution, inventory control, payments systems, information systems, transactions processing, quality control, and worker motivation that are all used in the creation of economic value in a modern economy.”35
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New Growth theory helped give me a better understanding of how ingenuity improves our well-being, but a key question remained largely unanswered in my mind: What factors determine ingenuity’s supply? Many optimists, including many economists, seem to implicitly believe that “necessity is the mother of invention”—that a society’s need or demand for ingenuity largely determines its supply and that an increase in this need or demand will produce, almost automatically, an equal increase in supply. But I felt that the story was more complicated than that. My work in poor countries showed that societies don’t always supply adequate ingenuity in response to severe environmental problems, like critical scarcities of fresh water and good cropland. Factors other than need clearly determine supply. To understand these factors better, I turned to the long debate over the capacity of human societies to adapt to scarcities of natural resources—a debate that goes back to Confucius and Plato, but which took its modern form with the writings of Thomas Malthus and David Ricardo in the late eighteenth and early nineteenth centuries. Two positions dominate today’s version of this debate.

On one side are neo-Malthusians—often biologists or ecologists—who claim that finite natural resources place a strict ceiling, or upper limit, on the growth of our population and consumption. If this limit is exceeded, poverty and social breakdown result. But evidence from recent history seems to have refuted the neo-Malthusian view: during the last two centuries, humankind has repeatedly smashed through resource barriers that appeared unbreachable. Time and again, societies have surmounted scarcity crises predicted by Malthusian Cassandras, including the feared timber shortage in America in the late nineteenth century and the “energy crisis” of the 1970S and 1980S. 36 Many energy-cost predictions made in the 1970S are now, in fact, truly embarrassing. The Cornell ecologist David Pimentel and his colleagues asserted in 1973 that “if current use patterns continue, fuel costs are expected to double or triple in a decade and to increase nearly fivefold by the turn of the century.” But by 1999, real petroleum costs were little higher than in 1973.37

On the other side of the debate we have a diverse group of economic optimists consisting mainly of neoclassical economists, economic historians, and agricultural economists. (At some point during the last two centuries, economics transformed itself from the “dismal science” of Malthus and Ricardo to a doctrine of hope and optimism for humanity.) Loosely extrapolating from the historical record, this group argues that there are few, if any, strict limits to population and prosperity. As the late Julian Simon, the standard-bearer of the economic optimists, once put it: “There is no physical or economic reason why human resourcefulness and enterprise cannot forever continue to respond to impending shortages and existing problems with new expedients that, after an adjustment period, leave us better off than before the problem arose.”38

According to these theorists, if markets are working well, as a resource like cropland becomes more scarce—perhaps because soil erosion has reduced its supply or a growing population has pushed up cropland demand—its price will rise. The higher price will encourage people to tap new sources of the resource, for instance by opening up new lands for agriculture; it will promote resource substitution, like the use of fertilizer to compensate for nutrient-depleted soil; and it will stimulate conservation, for example by encouraging people to use contour plowing to reduce soil erosion. The higher price will also give people an incentive to substitute labor and physical capital for the scarce resource: cropland shortages often stimulate farmers to work harder, and farmers can raise the output of their limited amount of land by using more capital, such as farm machinery.39 Finally, the higher price can lead people to invent new technologies, like better tractors and hybrid grains that grow in poor soil, to effectively stretch the resource’s availability.40

In its popular form, the debate between neo-Malthusians and economic optimists has become sterile. But it isn’t frivolous, because the paradigms underpinning the two positions have tremendous influence in the world. The neo-Malthusian view prevails in the mass media and in the Green movement. Economic optimism, on the other hand, guides the World Bank and other development agencies in their responses to problems involving natural resources in poor countries; and it also informs the commentary we get in influential business-oriented books, newspapers, and magazines.41

After looking carefully at the arguments in this debate, I became convinced that the economic optimists provide a powerful theory of innovation and, essentially, of the supply of ingenuity, and that they seem better able to explain human societies’ remarkable ability to adapt to resource scarcity. But their view has three important implications, each of which is both disturbing and questionable.

First, their view implies that there are few intrinsic differences among natural resources—at least from the point of view of economic utility—because we live in an “age of substitutability,” in which our technological creativity permits virtually unlimited substitution of one resource for another.42 Whether we are talking about forests, fish, iron ore, or petroleum, we can treat natural resources as largely identical; in fact, we can think of them, together, as one huge, homogeneous resource pool. We can substitute silicon for copper in our telecommunication wiring; and we can use hydrocarbons to produce polymers that replace wood in construction. Some economic optimists even argue that all resource scarcities will eventually be reduced to energy scarcities, because with enough energy we can extract all basic elements from common rock and transmute one element into another. And human ingenuity will eventually find a boundless source of energy. (We have seen ideas like this before in this book—in the comments by Richard Cooper that I reviewed in the chapter “Careening into the Future.”) As the economists Harold Barnett and Chandler Morse say in their classic treatment of this subject: “advances in fundamental science have made it possible to take advantage of the uniformity of energy/matter—a uniformity that makes it feasible, without preassignable limit, to escape the quantitative constraints imposed by the character of Earth’s crust.”43 So we shouldn’t worry too much about resource availability for our children. “The reservation of particular resources for later use,” Barnett and Morse contend, “may contribute little to the welfare of future generations.” Much more valuable to posterity will be a heritage of capital, knowledge, and institutions.44

Second, the economic optimists’ view implies that the human species is biologically exceptional and that our modern economies are historically exceptional. Economic optimists rightly celebrate the creativity and adaptability that I discussed in the last chapter and that they believe make us different from other forms of life. (Neo-Malthusians, on the other hand, emphasize the biological and physical characteristics that we share with other organisms.) And, although these optimists can accept that severe scarcity crippled some preindustrial societies, they argue that the limiting factors in these cases were actually inadequate knowledge and institutions, not a lack of resources.45 Today, our economic and scientific institutions are well designed to deliver the ingenuity we need to adapt.46

This second implication leads directly to a third: that severe resource scarcity is not a problem of excessive growth of either population or consumption in a world of fixed resources, as neo-Malthusians claim, but of the failure of economic institutions and policies.47 In particular, severe scarcity occurs when governments have not set up market mechanisms that ensure that resource prices reflect all the costs of resource use. Economists use the term negative externalities to refer to costs not included in the resource’s price because they are borne by people not directly involved in buying, selling, or using the resource. For example, if a farmer’s poor tilling practices cause his land to erode, he’ll bear costs himself, in the form of lower crop yields and land values; but if the soil washing off the farmer’s land fills local waterways and irrigation systems with silt, making them unusable, people other than the farmer will also bear costs. In general, economists say, when people like the farmer do not pay the full costs of their use of natural resources, they have an incentive to overexploit these resources and a disincentive to apply their ingenuity to conserve them. So, the economists conclude, you don’t need to point to population growth, excessive resource consumption, or the limited availability of resources in the natural world to explain scarcity, only to inadequate economic institutions—in this case badly functioning markets.

There are valuable insights at the core of each of these implications of the economic optimists’ view: we have developed a phenomenal ability to substitute among resources; there is no doubt that the world’s rich societies, energized by science and technology, are historically exceptional; and many resource scarcities are a result, in part, of bad economic institutions and policies. Unfortunately, though, people often accept these implications, and the economic optimists’ whole perspective, without nuance or qualification. In truth, the world is considerably more complicated than the economic optimists maintain.

By emphasizing possibilities for substitution, economic optimists minimize the intrinsic differences among resources. So they don’t pay enough attention to the simple, crucial distinction between nonrenewable and renewable resources. Nonrenewables like minerals, metals, and petroleum consist of static and finite “stocks” in Earth’s crust. In contrast, renewable resources like cropland, fresh water, forests, and fisheries consist not only of existing stocks (the area of cropland, or the volume of water or timber, for instance) but also of “flows” that replenish these stocks over time and that can provide, if used carefully, an essentially limitless stream of goods and services to human societies. Renewables are dynamic and complex natural systems, and they are often ecological systems. As the ecologist Buzz Holling has emphasized (in the chapter “An Angry Beast”), such systems are invariably intimately linked to, and nested within, interdependent webs of other natural systems.

In the case of nonrenewable resources, the economic optimists seem to be right, at least going by the evidence of the last one or two centuries. Modern economies appear to adjust easily to scarcities of these resources. We’ve all been aware how the prices of metals, minerals, and hydrocarbons have declined sharply in recent years as new reserves have been located, extraction and refining technologies have improved, demand has dropped because of conservation and production efficiencies, and new technologies have helped us substitute one resource for another.48

But for renewable resources the story is much less clear. As we’ve seen in previous chapters, nearly a fifth of the world’s population has to deal with acute shortages or pollution of local fresh water supplies; the planet’s wild fisheries are under severe strain and many have actually collapsed; and tropical forests are disappearing at an alarming rate. Cropland and water are renewable resources that are particularly important for food production, so agriculture is a good test of the economic optimists’ view on renewables. On this front, considerable evidence weighs in their favor: greater investment in agriculture and the use of new agricultural technologies, like green-revolution methods, have kept the total food output of the world’s croplands abreast of world population, holding down food prices in global markets. But a closer look at local and regional situations shows that cropland and water scarcities are unquestionably limiting food output in many parts of Asia, Africa, and Latin America. Poor subsistence farmers—especially those eking a living from arid savanna, steep hillsides, and other ecologically fragile areas—usually suffer the harshest effects. And while some analysts have argued that cropland scarcity caused by population growth in poor countries can encourage farmers to raise crop yields, careful studies show the association is weak.49 In the 1980S, population growth outpaced food output in two-thirds of developing countries and in more than 80 percent of African countries.50

Economic optimists have a quick reply to such evidence: they say that in places where societies don’t adapt smoothly to scarcities of renewable resources—and where these scarcities, as a result, cause terrible hard-ship—the problem isn’t really one of resource limits but, once again, of poor economic institutions and policies. Most of the world’s water scarcities would disappear if government subsidies and interference didn’t skew water markets and make water too cheap; wild fisheries wouldn’t be depleted if international agreements established clear property rights over these resources, giving specific groups and countries incentives to conserve them; and food shortfalls wouldn’t occur if governments allowed farmers to receive full market prices for their products and provided adequate infrastructure for efficient grain markets.

But such responses are only partly right. Economic institutions and policies are certainly important, but that doesn’t mean that resources are unimportant. Obviously we must take both into account. My thought experiment in the previous chapters told me I needed at least two things: resources (in the form of the odd collection of materials in my office with me) and enough ingenuity to put those resources together in a way that allowed me to escape. In the same way, our prosperity is a function, in part, of both the natural resources available to us and the ingenuity we apply to those resources, some of which comes in the form of institutions and policies for resource management.51 The billions of people in poor countries who are suffering the effects of severe scarcities of renewable resources like water, cropland, and fuelwood, are essentially caught in a vise between critical failures on both these fronts. On one side, they face worsening scarcities of the resources they need to survive; on the other, they face failing markets and governments that offer them no assistance in conserving these resources or otherwise extricating themselves from their difficulties.

My thought experiment also told me that the types of resources I had in my office helped determine the amount of ingenuity I needed to escape: the less abundant and appropriate the things in my office, the more ingenuity I needed. Similarly, in the real world, the quantities and characteristics of the natural resources available to us help determine how much and what types of social ingenuity, in the form of institutions and policies, we need to be prosperous. Unfortunately, since economic optimists—while they emphasize institutions and policies—tend to deemphasize resources, they usually overlook this link between resources and our need for ingenuity.

But the link is clear when we try to manage renewable resources. Because renewables are not static stocks but dynamic systems—subsuming countless physical and biological processes—they often cannot be physically controlled or divided into saleable units. So it’s often extremely hard to set up clear and enforceable property rights for them. They remain, as experts say, “open-access” resources, and vulnerable to overexploitation.52 Fish, for instance, move around. In oceans, they cross boundaries between national and international jurisdictions, and because no one owns fish on the high seas, anyone can harvest them without restraint. This is the main reason for the catastrophic decline in many of the world’s fisheries. Because fish are a dynamic resource, national and international policymakers need to be very clever to design elaborate fisheries institutions and make them work.

There’s another twist: because renewable resources are complex systems, they often exhibit interactive effects, chaotic and nonlinear behavior, and unknown unknowns. The bizarre experiences of the Biospherians, sealed inside their artificial ecosystem for two years (described in the chapter “An Angry Beast”), showed that these characteristics make renewables, and the ecosystems they are part of, very difficult to manage. Our resource-management institutions and policies must be highly sophisticated, which in turn boosts our need for both technical and social ingenuity.

Resources have unique characteristics, and this affects our need for ingenuity when we try to substitute one resource for another. Renewable resources, especially, aren’t easy to replicate; it can be hard or even impossible to find good substitutes for them.53 For instance, as we saw in the chapter “The Big I,” pesticides, herbicides, and artificial fertilizers are at best only rudimentary substitutes for the services provided by the myriad creatures that inhabit healthy soil. (Urbanites’ limited exposure to soil probably explains why most of them assume that these chemicals are adequate substitutes.) Fresh water, like soil, is essential to our survival: we need it for our health and hygiene, and to grow our crops. But no substitute has water’s exact range of biological and ecological properties. If water is scarce, our options for dealing with the scarcity are restricted; we can’t drink anything else or grow our plants with anything else. This simply means we need more ingenuity to manage water scarcity than we would if substitutes were readily available.

We also have to remember that renewable resources have an astonishing variety of links to other renewables in the complex webs of Earth’s natural systems, which means that depletion of one renewable resource can affect goods and services provided by other resources. For example, natural forests and their associated groundcover of bushes and low vegetation stabilize the underlying soil, slow the runoff of rainwater, and recycle some of this water into the atmosphere through transpiration. These patterns are disturbed by logging, especially by the construction of roads and drainage systems and by the use of fire to clear logging slash. So when a range of coastal mountains in a poor country like the Philippines is stripped bare, local people face not only a shortage of wood for fuel and construction, but also eroded soil, changes in local climate that restrict rainfall, flash floods that destroy downstream bridges and irrigation systems, and flows of silt that block river transport and suffocate coastal fisheries.54 A full substitute for that forest must replace not just its wood but also all the other services the forest provides.

In sum, adjusting to scarcities of renewable resources like fish, water, and forests generally requires greater social and technical ingenuity than adjusting to scarcities of nonrenewables. Evidence from around the world, especially from poor countries, indicates that we often have trouble supplying the required ingenuity. So in the case of renewables, economic optimism may be seriously misguided.

The economic optimists’ creed is a tightly integrated package of beliefs about the relationship between humanity and its natural world. At its heart are two assumptions: first, that little is beyond our capacity to do or figure out if we have the right incentives, and, second, that we can use markets to create the right incentives. The first assumption is essentially a claim that there are few, if any, insurmountable problems. If we really want to, for instance, we can create virtually everything we need out of the common rock around us. We have the capacity to supply more than enough ingenuity to solve any problem we face. The second assumption is essentially a claim that we have devised the institutional means—free markets—to unleash this ingenuity.

Is the first assumption reasonable? I would say not: the difficulty of the problems we face is partly determined by the intrinsic difficulty of the problems themselves (something I will look at the more carefully in the next chapter), and partly by the materials we have at hand to work with to solve these problems. And if the materials at hand are limited or inappropriate, some problems can be, for all practical purposes, impossible to solve. No matter how cleverly we structure our institutions, and no matter how powerful the resulting market incentives, we aren’t going to supply, anytime soon, enough ingenuity to produce everything we need out of common rock.

The beliefs in the unlimited substitutability of resources, in the primacy of economic institutions and policies, and in the exceptionalism of human beings and their modern markets often combine to produce what I can only call unbridled hubris. In 1974, Robert Solow, the Nobel economist, famously declared that “If it is very easy to substitute other factors for natural resources, then there is in principle ‘no problem.’ The world can, in effect, get along without natural resources.”55 The idea that we can get along without natural resources is now widespread in rich countries. Within the next one hundred years, I believe, it will come to be seen as one of the greatest fallacies of our time.
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What about the second of the economic optimists’ assumptions—that markets can be relied on to unleash vast quantities of ingenuity? There is a great deal of evidence to support this idea. Economists have shown, through detailed research, that profit opportunities created by market demand are the usual motive for technological innovation.56(But they are not the only motive: social idealism, the quest for power, and the desire to achieve intellectual and aesthetic satisfaction also drive technological innovation.57) Profit opportunities appear to be greatest in imperfectly competitive markets, where people and corporations can reap large rewards from their temporary monopoly of new technologies.58 And entrepreneurs are essential to this process: they exploit economic imbalances or opportunities in the economy—“disequilibriums” caused by rapid technological, demographic, or social change or by natural resource scarcities—to create new ideas that promote growth.59

So an economic institution, the market, is often at the core of the ingenuity-supply process. Yet since the fall of Soviet-style communism—a system whose blatant inadequacies were a useful counterpoint to capitalist successes—we have come to think of markets as rather unremarkable social arrangements whose workings are obvious and not terribly impressive. In reality, though, a well-functioning market is a truly extraordinary institution, which can help us overcome two key (and widely overlooked) difficulties facing any large group of economically interdependent people. First, such people usually find it hard to coordinate their economic activities, because they face high uncertainty about each other’s behavior; and, second, they usually find it hard to make economic decisions as consumers and producers, because the knowledge they need to guide these decisions is widely distributed among other people and firms in the economy.60 Markets help solve these difficulties by providing rules, norms, and conventions (from property rights to contract laws) around which people can coordinate their expectations and their economic behavior, and by providing a system for setting the prices of goods and services—what economists usually call the “price mechanism”—that gathers together and communicates information about the circumstances and preferences of other people and firms.

Well-functioning markets deserve our respect; we should hold them in awe. Indeed, the relentless optimism shared by most economists in recent decades stems largely from a deep appreciation of how markets help societies generate wealth and adapt to complex changes. Commenting on the price mechanism, the renowned conservative economist Friedrich von Hayek wrote in the 1940S: “I am convinced that if it were the result of deliberate human design … this mechanism would have been acclaimed as one of the greatest triumphs of the human mind.”61

But markets aren’t panaceas either. Sometimes they don’t provide accurate price signals (a problem economists call market failure), either because property rights are inadequate or unenforced, or because market prices don’t reflect all the social costs and benefits of people’s activities. Market failures are often especially acute when we are dealing with complex ecological systems. As noted, these systems are often highly dynamic: fish in the oceans, water in rivers, and rain clouds in the atmosphere tend to move around a lot, which makes it hard to set up clear property rights for the things these systems give us (fish, water, rain, etc.). Also, because ecological systems have intricate webs of causal relations among their components, damage to one component can cause damage to many other components—deforestation of coastal hillsides produces silt that ruins coastal fisheries, for instance. And, finally, because ecological systems are fraught with unknown unknowns, we often don’t have enough knowledge to accurately estimate the future costs and benefits of our use of them today. For all these reasons, the market prices of the goods and services that ecological systems supply us with are invariably too low. This means that entrepreneurs don’t have strong enough incentives to develop ways to protect these systems, so they tend to supply the wrong amounts and types of ingenuity in response to ecological damage.

Even if market prices are accurate, entrepreneurs still often undersupply ingenuity, because it has some characteristics of a public good. If new ideas move rapidly into the public domain where anyone can use them without cost, entrepreneurs will have little incentive to produce ingenuity, because they won’t be adequately paid for their creativity. In general, ingenuity will be undersupplied if the people who generate and deliver it do not receive returns equal to the benefits their ingenuity produces for society.

These challenges aren’t insurmountable. We can design ways of making sure that market prices reflect social costs and benefits; we can remove structural impediments, such as subsidies, to efficient markets; we can work to increase our knowledge of the functions and behavior of complex systems; we can set up universities and research centers to boost the flow of innovation; and we can try to provide secure, enforced, and transferable property rights for both resources and ingenuity (which means it is important to improve systems of intellectual property rights, like patents).

But “getting the prices right”—as economists say—demands copious social ingenuity. Modern markets are a complicated and often fragile web of social arrangements. An astonishing range of institutions, laws, regulations, and rights are required to make up this web, including laws governing contracts, price-rigging, credit, and the excessive concentration of capital; limits on corporate liability; regulatory regimes for stock and bond markets; stable banking systems; predictable and restrained fiscal policies; strong and uncorrupt judicial systems to enforce contracts; and agreements among levels of government permitting the movement of labor and capital. Taken together, these arrangements generally increase the potential gains and decrease the potential losses of investment and entrepreneurship.

Such arrangements don’t materialize on their own. They are put in place by governments, which are the essential suppliers of the social ingenuity—in the form of good economic institutions and policies—that undergirds markets. Governments also provide other key supports to markets, including skilled civil services; public education; well-regulated transportation, communication, and energy infrastructures; and relatively balanced distributions of wealth.62 But governments must be strong and competent to successfully provide all these institutions, policies, and other market supports. As the political scientist Peter Evans says, setting up a vigorous market “demands accurate intelligence, inventiveness, active agency and sophisticated responsiveness to a changing economic reality.”63

While economic optimists are happy to accept that certain institutions and policies are vital to well-functioning markets, they are less keen to acknowledge the central role of government in setting up and running the needed institutions, and devising and implementing the needed policies. Instead, they often imply that the relationship between government and the market is essentially antagonistic or mutually exclusive: more intervention by government means a less efficient market and, as a result, less wealth; less intervention by government means a better-functioning market and more wealth. For example, in their widely heralded book, The Commanding Heights, the economic analysts Daniel Yergin and Joseph Stanislaw write of the “global battle” at the “frontier” between the state and the market: “This frontier is not neat and well-defined. It is constantly shifting and often ambiguous. Yet through most of the century, the state has been ascendant, extending its domain further and further into what had been the territory of the market…. [By] the 1990S, it was government that was retreating. Communism had not only failed, it had all but disappeared in what had been the Soviet Union and, at least as an economic system, had been put aside in China. In the West, governments were shedding control and responsibilities.”64

Yergin and Stanislaw do acknowledge that government must act as a “referee” among the market’s competing forces, but their treatment of this vital role is grudging and limited. Their book, like books and articles published by many other economic commentators in the late 1990S, seems to be guided by the overriding conviction that the production of wealth in a modern economy is largely a matter of getting government out of the way. But the reality is not so simple. The relationship between government and the market is decidedly symbiotic: government creates the intricate conditions for thriving markets, while markets create the wealth that (when taxed) strengthens government. Today’s most sophisticated and vigorous markets don’t operate in zones that government has completely evacuated, or where its intervention is minimal. Even in the most laissez-faire capitalist economies, markets float on a sea of complex institutions, regulations, and government interventions.

Government is important. Differences in governments’ competence and capability—and, consequently, in the kinds of institutions and policies that prevail in an economy—help explain why some societies are rich and others poor.65 Yet economic theories have generally not identified government as an important determinant of growth. For example, standard neoclassical theories of the kind proposed by the Nobel–prize winner Robert Solow focus mainly on a country’s endowments of labor and capital. As a result, these theories generally predict that poor countries will grow faster than rich ones; there should be, in other words, convergence between poor and rich countries.66 Unfortunately, evidence does not support this prediction.67 Recently, analysts have explained this awkward fact by showing that poor countries can and indeed do grow faster than rich ones, but only if conditions are right: a number of factors have to be favorable, including rates of population growth, stocks of human capital, and government economic policies. Experts now say, therefore, that countries exhibit “conditional convergence.” We might question the value of this finding—conditional-convergence theories simply leave to one side some of the most intriguing possible explanations of economic growth. In particular, government is acknowledged to be important, but its role is left largely unexplored.68

Ideological commitments seem to keep many economists from going beyond this point. Their distaste for government, based on a deeply held assumption that it is the antithesis of the market, leaves them unwilling to analyze thoroughly its often constructive role. Yet in the mid-1990S, the American economist Mancur Olson boldly argued that this role deserves much more attention. National boundaries, he wrote, “mark the borders of public policies and institutions that are not only different, but in some cases better and in other cases worse. Those countries with the best policies and institutions achieve most of their potential, while other countries achieve only a tiny fraction of their potential income.” Poor countries, he continued, have economic institutions and policies that provide the wrong structure of incentives. “The structure of incentives depends not only on what economic policies are chosen in each period, but also on the long run or institutional arrangements: on the legal systems that enforce contracts and protect property rights and on political structures, constitutional provisions, and the extent of special-interest lobbies and cartels.”69

If economic institutions and policies are key, then so is government; and if government is key, then so are the political and social forces that shape how government works. The evolution of economic institutions and policies is affected by factors far outside the conventional domain of economists, such as the balance of social power among ethnic groups, the level of government and business corruption, or the extent of xenophobia about foreign investment. Such factors fundamentally determine whether a society can realize the full economic potential inherent in the capital, labor, natural resources, and the economically useful ideas—ingenuity—available to it. If a society is riven by internal ethnic conflicts, debilitated by corruption, or paranoid about foreign investment, it will be far poorer than it could be.

So, in our search for the sources of wealth, we have been dragged inexorably away from neat, clean, and quantifiable analyses of the roles of capital and labor in economic growth. We have had to consider, in addition, the profound effects of economic institutions and policies, and we have found ourselves, in the end, in the murky and analytically intractable world of government and politics. What early economists quite reasonably thought could be reduced to numbers, mechanism, and Cartesian equilibrium turns out to be vague, path-dependent, nonlinear, and phenomenally complex.

It was this train of thought that led me to my final adjustment to the premises underlying New Growth theory: the flow of economically useful ideas in our societies—those very ideas that tell us how to reconfigure the rock, soil, wood, water, and air around us into the miraculous things that serve our needs—is a consequence not just of economic but also of social factors, like the political struggles that shape market institutions and policies. Modern markets are, without doubt, an important part of the solution to the ingenuity supply problems faced by both rich and poor societies, but they are not simple beasts: they are intricate, fine-tuned, and vulnerable to the vagaries of politics, social conditions, and struggles for power. Our governments must be competent, strong, and ingenious if we are to set them up and get them working right.
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TECHNO-HUBRIS
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ECONOMIC OPTIMISTS not only place great faith in markets; they also place great faith in that ingenuity-producing powerhouse, modern science. They argue that our scientific practices and institutions—especially when directed and energized by free markets—are largely responsible for our societies’ extraordinary flexibility in the face of resource scarcities and other technical challenges.

Science is certainly a key part of the story of humanity’s adaptation and prosperity, but economic optimists rarely acknowledge that science faces certain fundamental constraints. Recently, I was prompted to think about these constraints when my family discovered the memoirs of my great-great-grandfather, Thomas Dixon.

A prominent English merchant in the Dutch coastal town of Flushing during the Napoleonic Wars, Thomas Dixon saw the town shift repeatedly between British and French rule as the two powers fought over the Low Countries. During periods under French occupation, he regularly smuggled captured English officers back across the Channel. At one point, he saved a portion of the British fleet blockading the Dutch coastline by rowing out at night to warn of the imminent launch of French fireships.

In May of 1810, Napoleon and his entourage arrived in Flushing with great fanfare. The keys to the town were freshly plated with silver and presented to His Majesty on a platter. As a leading figure in the community, Dixon escorted him on a tour of the town’s newly reconstructed ramparts. But the emperor suspected something was amiss with the English businessman, and had him arrested at bayonet-point, taken to Paris, and imprisoned. He escaped execution by the merest fluke.
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Thomas Dixon

Dixon was a gifted writer, and he makes the extraordinary events of his time sound as if they took place yesterday, not almost two centuries ago. But two centuries isn’t really very long, after all—it’s easily within the span of three lifetimes. And during those three lifetimes, technological change has rocketed ahead. We can get a rough impression of this change by comparing its rate across four domains of technology: military explosives, long-distance communication, personal transport, and agriculture. In 1809, a British fleet of sixty frigates, ships of the line, and mortar vessels bombarded Flushing from offshore, leveling a good portion of the town. A near-miss buried Dixon’s father up to his waist in debris. Later, a mortar shell lobbed by the British landed in a small boat in the canal outside Dixon’s house.


I had two vessels laying before my door in one of which a bombshell fell and lodged in the Cabin, when one of our servants—a bold scotch girl who from curiosity had been watching the balls as they were flying through the streets—immediately ran on board with a pail of water, snatched out the match which was still burning, poured the water on the shell, and brought it as a trophy into the house.



The standard 8-inch mortars of the time had a maximum range of about 1,600 meters; they were horribly inaccurate, and the timing of the explosion (that is, whether it was an airburst or groundburst) was determined by the length of the fuse. Their 20-kilogram shells consisted of cast iron balls filled with somewhat less than one kilogram of black powder (made up of potassium nitrate, charcoal, and sulfur) into which the British gunnery specialists offshore inserted a fuse. These were principally antipersonnel weapons, killing people with flying iron fragments. Each shell released available energy roughly equivalent to half a kilogram of TNT.1

Today, the conventional 16-inch guns of the decommissioned battleship New Jersey throw shells that pack 900 kilograms of TNT equivalent; a Tomahawk cruise missile can deliver about 500 kilograms with ten-meter accuracy over a distance of 1,850 kilometers. Nuclear cannon developed in the 1950S (and taken out of service a couple of decades later) could throw shells tens of kilometers with yields in the range of 500,000 to one million kilograms of TNT. And the average nuclear warhead in the U.S. strategic arsenal has a yield of 200 million kilograms. Although warheads with yields of well over 50billion kilograms of TNT have been produced, the trend towards ever greater explosive power has plateaued. Indeed, as delivery systems such as missiles have become more accurate in recent decades, weapons designers have generally used smaller yields. Nonetheless, it is safe to say that in three lifetimes we have seen roughly a billionfold increase in useable military explosive power.

At the same time that Thomas Dixon was showing Napoleon around the Flushing ramparts, the French had the most extensive long-distance communication system in the world—a network of semaphore towers stretching from Lille to Milan and from Brest to Metz.2 Placed at intervals of about 15 kilometers, the towers in this “optical telegraph” had three-meter arms that could be moved to different positions. Operators used a standard codebook to set the arm positions, and they passed messages visually from one tower to the next down the line.

The semaphore network was remarkably effective. But its communications rate, in modern terminology, was only 0.5 bits of information per second. Today, common “ethernet” connections among computers have rates of 10 to 100 million bits per second. Specialized linkages—fiber-optic networks or high-speed ATM networks—now exceed tens of billions of bits per second. And computer scientists recently transmitted an astonishing one trillion bits in a single second, which is roughly the amount of information contained in three hundred years of a daily newspaper.3 So compared to the French semaphore system used three lifetimes ago, this latest technology represents about a trillionfold improvement in performance.

After his arrest on Napoleon’s orders, Thomas Dixon was at first ordered to Paris on foot. The trip took six days.


The Gendarmes told us their instructions did not say how we were to be conveyed to Paris, and they presumed therefore the intention was to have us conducted “a petite journee”—that is, on foot—five leagues [twenty-four kilometers] per day. As they could not spare a large guard, we should each of us be tied to the tail of a horse … and thus conveyed from prison to prison. After considerable conversation on this subject, I found that the promise of Louis d’or softened their hearts so that they consented to leave their horses behind and let us hire a carriage.



Eleven years before, when Napoleon, his fleet defeated in the Battle of the Nile, decided to return to France to overthrow the Directory, it took him fifty-four days by ship and horseback. Today the trip from Antwerp (near Flushing) to Paris by train (with the portion from Brussels to Paris by high-speed train) takes three hours, and the flight from Cairo to Paris by jet four and a half hours. This represents a fifty-to three-hundredfold improvement in transport speed.

In the early nineteenth century, Dutch farmers had some of the most productive farmland in Europe (they still do). When they were able to avoid Napoleonic depredations, their average yield of grain per hectare was around 1,600 kilograms. Today, Dutch farmers regularly achieve 6,700-kilogram yields—a fourfold increase in three lifetimes.4

What do these comparisons tell us? Most obviously, they remind us of the astonishing changes technology has brought about in humanity’s recent history. Because we adjust to change almost as quickly as it occurs, we often lose perspective on how different our current world is from that of generations not far in the past. Just as we sometimes need a jarring experience, such as being trapped on a wilderness lake, to remind us that we live in a world of human-created miracles, we sometimes need to compare past and present technologies for meeting our most familiar human needs (food, transportation and the like) to remind us how quickly we have created those miracles.

Still, such comparisons give us only the roughest impression of the speed of technological change. Brian Arthur, the economist and pioneer of complexity theory whom we met in the chapter “Complexities,” has estimated this speed by drawing an illustrative parallel between the pace of biological evolution and the pace of improvement in calculating machinery.5 The beginning of life on Earth about 3.6 billion years ago corresponds, Arthur suggests, to the invention of addition and multiplication machines by Pascal and Leibniz in the seventeenth century. Multicellular organisms appeared about 1.9 billion years ago, a development roughly analogous to Joseph-Marie Jacquard’s introduction of a punchcard-controlled loom in 1805. The Cambrian explosion of 600 million years ago—an event that saw the appearance of early forms of many of today’s animals and plants— matches the 1930S introduction of electrical calculating machines, government statistical records, and mechanized accounting. The age of the dinosaurs is likened to the age of mainframe computers beginning in the 1960S. And the advanced birds and mammals of the last 100 million years correspond to the personal computers of the 1980S and 1990S. Comparing these two time scales, Arthur estimates that technology evolves at roughly “10 million times the speed of natural evolution.”

Brian Arthur’s exercise is wonderfully intriguing. But, given the uncertainties involved, he admits his estimate is “more whimsy than science.” The more minute comparison of Thomas Dixon’s world with our own tells us something that I’d wager is ultimately more significant: though the improvement was dramatic within each of the four domains—that is, within explosive, communication, transport, and agricultural technologies—it varied sharply across these domains. Advances in transport speed and food production were impressive in themselves, but slight compared to advances in explosives and communications. Arthur’s use of the technology of calculating machines as his standard of comparison means that he probably significantly overestimates the speed of technological change. Calculating machines are a species of information technology, and, as the comparison with Thomas Dixon’s world makes clear, information technologies have seen some of the most startling advances in capability. Arthur is, therefore, basing his estimate on an anomalously fast-developing technology.6

Differences in the rate of change across technological domains do not, in general, reflect unequal investments of human brainpower in solving the problems of these domains. Rather, they reflect, in part, basic physical characteristics of the world, such as the explosive energy locked in the chemicals we create, the electromagnetic properties of elements like copper and silicon, and the biological complexity of plants and soil. Given these physical characteristics, it turns out, the concerted application of human ingenuity over three lifetimes has produced a trillionfold improvement in information transfer capability but only a fourfold increase in agricultural yields.
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Economic optimists are not keen to acknowledge that technology solves some problems faster than others. But the world around us provides abundant evidence to support this observation. Once again, the objects in my office help tell the story.

On one wall of my office, near the photograph of the little girl in Patna, hangs a dramatic abstract painting of a cat—a meter-high black-and-white cat against a bright orange background. He sits upright with his front feet apart, ears curled upwards almost like horns, and tail roguishly askew behind his back. With his bright yellow eyes and impertinent stance, he looks just a bit diabolical.

The cat was painted by my mother in 1966. Like most mothers, she was a remarkable woman. She combined in one person the talents of artist, writer, and amateur scientist. But in 1970, at the age of forty, she died of multiple sclerosis. The illness hit hard and fast, robbing her first of the things essential to her artistic career—her sight, the steadiness and coordination of her hands, and her balance. It took less than a year for her body and mind to disintegrate; before our eyes, she aged thirty years.

As I sit in my office, I look across the clutter of devices on my desk in front of the diabolical cat. Amidst a jumble of cords and scraps of paper are a cordless telephone, a small compact disc player, a halogen lamp, and a notebook computer. My mother, who was fascinated by technology, never saw any such devices; some of them she couldn’t even have imagined. I often reflect on the contrast between my mother’s world—which existed less than half a lifetime ago—and the technologies I take for granted around me.

In the mid-1960S, my mother composed a series of short stories on a new Remington manual typewriter. I remember being impressed, as a pre-teen, by its sleek design and keys with odd symbols like @ and #. In the year before her death, she said I could have the Remington if I learned to type. At the time, it seemed a daunting hurdle. But in my teenage years I found an old typing self-instruction book, and when I arrived at university in the mid-1970S I was able to touch-type all my essays on the very same Remington.

Now, as I sit at my desk, I am using a notebook computer. It is only three years old and already ancient. By the standards of the day, it has a primitive screen, too limited a memory, and a lumbering processing chip. Yet it still represents a remarkable convergence of technological accomplishments going back beyond the invention of the transistor at Bell Labs in late 1947. In one compact package, I have advanced screen, battery, memory, processor, and high-impact plastic technologies. By itself, a relatively unheralded subcomponent—the hard drive—brings together multiple developments in recording heads, magnetic media, servo mechanics, and signal processing.7 And each of these technologies is continuing its rapid and relentless improvement in efficiency, power, lightness, and durability. The amount of information stored on a square centimeter of disk drive increased almost five-thousandfold from 1980 to 1998. Overnight, it seems, nickel-cadmium batteries changed to nickel–metal hydride batteries, which became lithium-ion cells with their own microcontrollers; the next stage, I gather, will be cells made largely of plastic.8 Passive-matrix liquid crystal displays have given way to active-matrix displays, with field emission displays and electroluminescent panels on the horizon. The speed of the main processing chip vaults upward by a hundred megahertz every few months.

Nothing better exemplifies this progress than the history of the lowly transistor, a tiny electronic device that amplifies, controls, and generates electric signals. When John Bardeen, Walter Brattain, and William Shockley attached two strips of gold foil to a sliver of germanium and discovered they could boost an electric signal nearly one-hundredfold, they unleashed a mighty avalanche of technological change. The first commercial transistor was about a centimeter in size; by the late 1950S it was only millimeters long; and eventually, with the aid of integrated circuit technology, it shrank to less than one-thousandth of a millimeter. As physicist Michael Riordan notes: “Today the transistor is little more than an abstract physical principle imprinted innumerable times on narrow slivers of silicon.” Costs of production are almost infinitesimally small—less, Riordan claims, than the cost of printing a single character in a newspaper. He goes on: “More than any other factor, the fantastic shrinkage of the transistor in both size and cost is what has allowed the average person to own and operate a computer that is far more powerful than anything the armed services or major corporations could afford a few decades ago. If we had instead to rely on vacuum tubes, for example, the computing power of a Pentium chip would require a machine as big as the Pentagon.”9

My ancient three-year-old notebook computer—open before me on my desk—is a truly remarkable embodiment of human ingenuity, and together with my phone and CD player, it vastly broadens my agency horizon—my reach in time and space. As I tap away on my keyboard, I can pull material together from the dozens of papers and articles I have written over the years. By logging on to the Internet, I can exchange messages with colleagues from China to Norway and find information (via the World Wide Web) on virtually every subject known to humankind. With my portable phone I can reach any of more than a billion other phones on the planet, almost instantaneously. And with my compact disc player I can listen to concerts and performances by the greatest orchestras, bands, and singers in the world. All this is at my fingertips. I don’t even have to move across the room.

With so much capacity and power within our individual reach, we could be forgiven for thinking that anything is within our grasp. We could reasonably suppose that we are clever enough to do anything we want and overcome any challenge we face.

Then I look up again at the cat. Despite decades of intensive medical research, I know that multiple sclerosis is still with us, and that sufferers have seen only modest improvements in treatment. Although newspapers occasionally write of major breakthroughs, the disease still cripples millions of young adults around the world. Multiple sclerosis is entangled with some of the toughest and most complex of biomedical problems—problems that remain unsolved.

It is an “autoimmune” disease—a category that includes rheumatoid arthritis and lupus. In these diseases the body’s immune system, which normally aims its arsenal of responses at pathogens invading from outside, instead turns on the body itself. Autoimmune diseases are characterized by circulation in the blood of antibodies targeted against the body’s own tissues. In the case of multiple sclerosis, one target is the sheath of fat and protein, called myelin, that surrounds nerve fibers in the body and brain like the insulation around electrical cords. Damage to this sheath degrades the signals carried by the nerve’s fibers, especially in those pathways involving vision, sensation, and control of limbs. Recently, researchers have found that the disease also directly severs nerve cells in the brain.10

But perhaps the most horrible thing about the disease, especially its severer forms, is its roller-coaster development. Sufferers experience remissions and relapses in repeated succession. Hope is followed by despair and then by hope again. Yet the trend is often downwards towards permanent paralysis.

Since the 1960S, researchers have discovered that multiple sclerosis arises from a complex set of synergistic genetic and environmental factors. The action of several genes, on separate human chromosomes, plays a role, but researchers have not yet determined the specific locations of these genes on the chromosomes. Nor have they learned how they combine with each other and with a person’s physical and psychological environment to cause the disease. The available treatments, based on this rudimentary information, are not very effective, reducing relapse rates by, at best, only about 30 percent.

Despite this mixed record, I am sure that medical researchers will someday humble multiple sclerosis, as they will humble all those terrible diseases—from cancer to Alzheimer’s—that take away our loved ones. Scientists’ recent, spectacular progress in understanding diseases of the immune system such as AIDS tells me that the long-awaited breakthrough might not be far away. But the cat reminds me of my mother, and the contrast between my mother’s world and the world of technology on my desk reminds me that human knowledge and ingenuity progress at different rates in different domains.

This is not simply a reflection of differences in humanity’s need for progress in various technological domains; in fact, there may be only the roughest relationship between the degree of need and the rate of technological progress. Necessity, it seems, is not the only—perhaps not even the most important—mother of invention.

The economic historian Nathan Rosenberg emphasizes this point. “Many important categories of human wants,” he writes, “have long gone either unsatisfied or very badly catered for in spite of well-established demand.” Comparing progress in navigation and medical technologies from the sixteenth to the nineteenth century, he acknowledges that navigation advanced in part because of the pressing demand for new techniques. “But it is also true that a great potential demand existed in the same period for improvements in the healing arts generally, but that no such improvements were forthcoming.” The difference, he argues, is that the foundation of scientific understanding at the time underpinned fast progress in the development of navigation technology, but not in medicine. “The essential explanation is that the state of mathematics and astronomy afforded a useful and reliable knowledge base for navigational improvements, whereas medicine at that time had no such base. Progress in medicine had to await the development of the science of bacteriology in the second half of the nineteenth century. Although the field of medicine was one which attracted great interest, considerable sums of money, and large numbers of scientifically trained people, medical progress was very small until the great breakthroughs of Pasteur and Lister.”11

The products of science and technology—the treatments for antibiotic-resistant disease, the advanced computer models of Earth’s changing climate, the bioengineered grains that can grow in a water-scarce world—will not always be there, in the right forms, when and where we want them. History shows that just because we want a problem solved doesn’t mean the problem will be solved.
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Basic science—that is, the research that gives us a deeper and more finegrained knowledge of the natural world around us—must be the foundation of any new practical technology. And we are adding to our stock of scientific knowledge at a rate of 4 to 8 percent a year, as measured by publications in scientific journals—a doubling time of ten to fifteen years.12 But the connections between this continuing effort and the useful technology it produces are often indirect and long delayed. Decades may pass before an obscure bit of number theory in mathematics or an odd finding in particle physics makes its way into a new process for compressing data or making computer chips. Sometimes cross-fertilization is key: the findings of basic science in an apparently unrelated area can turn out to be crucial for a new technology. So it’s often not clear in advance what line of research will produce the biggest payoffs in practical technologies. Are we more likely to generate useful cancer treatments by investing in cellular biology or by mapping the human genome? Can we best increase the yields of our corn crops by focusing on the molecular biology of nitrogen fixation, or by searching for new genetic strains of corn in the wild?

As well, the knowledge generated by such basic science is cumulative: each new discovery builds on a host of earlier ones. Under normal conditions, scientists generate knowledge much as a bricklayer builds a wall, one brick at a time. Each brick—each new piece of well-tested knowledge—sits atop a sturdy foundation of other bricks and becomes part, in turn, of an ever growing foundation for other bricks.

The rate at which the wall grows—that is, the pace of cumulative scientific discovery—is marked by jumps and lags as scientists make breakthroughs or lose time pursuing fruitless leads. Roughly speaking, four factors affect this pace and, in turn, our supply of technical ingenuity.

The first factor consists of human cognitive limits, some of which I discussed in the chapter “Brains and Ingenuity.” These limits hamper our ability to understand our world’s natural phenomena, and they are especially telling when we try to unravel the workings of fundamentally complex systems like the planet’s ecology and climate. We cannot fully grasp the emergent properties and behavior of these systems if we only study their component parts in isolation from each other; sometimes we must study the systems as integrated wholes.13 But an integrated approach means that we must think simultaneously about many components and the causal links between these components; in other words, we have to be able to hold and manipulate in our minds multiple ideas at the same time, which is very hard for our brains to do. We can compensate by developing large mathematical or computer models of these complex systems, like the general circulation models that climate scientists use. Yet such models confront us with an inescapable trade-off: the more accurately they represent the reality of the complex systems we are studying, and the more accurately they track the behavior of these systems, the more complex they become, and (given our inherent cognitive constraints) the less we understand what’s going on inside them.14

The second factor affecting science’s rate of progress is the intrinsic complexity or difficulty of the research field’s subject matter. Put simply, the central scientific puzzles in a particular field may be extraordinarily hard to solve, as we saw in the case of multiple sclerosis. Similarly, as Wally Broecker suggested in the chapter “An Angry Beast,” our poor understanding of ocean-atmospheric systems is a result, in part, of their enormous complexity.

There are countless other examples. One of my favorites is the history of our efforts to develop power from nuclear fusion. The source of energy in the sun, stars, and thermonuclear weapons, fusion has long been the holy grail of energy researchers. In the 1950S, during the early exhilarating years of research, many experts believed controlled fusion technology could give us a cheap, clean, and virtually infinite supply of energy. Whereas conventional nuclear power produces energy by fission, splitting apart the heavy nuclei in atoms of elements like uranium and plutonium, fusion produces energy by forcing together, or fusing, the nuclei of the lightest element, hydrogen. But these hydrogen nuclei are positively charged, so to get them to fuse they must be slammed together with enough force to overcome their natural tendency to repel each other. The solution is to heat the hydrogen gas (experimenters usually use a mixture of two rare types, deuterium and tritium) to tens of millions of degrees Celsius. The heat strips the hydrogen atoms of their electrons, and the gas becomes a plasma of disassociated hydrogen nuclei and electrons. If the plasma is confined at a high enough temperature and pressure for long enough, fusing nuclei will generate more energy than was required to heat the plasma in the first place. This is called the break-even point—and if fusion technology is ever to be a practical source of energy, it must far surpass the break-even point, because only then will it generate more power than it consumes.

While the theory of nuclear fusion is well developed, the goal of making fusion technology a practical source of energy has receded into the future as fast as work has progressed. It has always seemed twenty, thirty, or forty years distant; and with each decade success seems to get no closer. In 1987, the U.S. Office of Technology Assessment concluded that after $20 billion invested in research, it would take at least another $20 billion and twenty years just to reach a stage where evaluation of the technology’s economic feasibility could start.15 By 1998, with funding cutbacks in the major countries leading the research, most experts predicted that the first commercial fusion reactor would not appear before 2050.

What went wrong? Fundamentally, the problem was that the science was unexpectedly difficult. It turns out to be very hard to confine a hot enough plasma for long enough; as soon as nuclei within the superheated and highly turbulent gas come in contact with the walls of a reactor vessel they lose heat and the fusion reaction fails. So researchers have tried several confinement methods to keep the plasma away from any material surface. The most widely used is magnetic confinement, in which the plasma is bottled within intersecting magnetic fields, often produced by a huge doughnut-shaped device called a “tokamak.” But the magnetic fields are extremely difficult to control—as “wriggly as a fabric made of interwoven eels” according to one commentator—and the plasma tends to squeeze through holes and instabilities at the outer edges of the bottle.16 As a result, to date no experimental reactor has come close to the break-even point. “After billions of dollars of international investment in tokamaks,” one commentator writes, “the best machines that have been built produce, at most, one-third of the energy that they consume.”17

We often have trouble predicting how quickly a given technology will develop, because we don’t know beforehand whether key breakthroughs in basic science will come easily or with difficulty. The progress of fusion power may critically hinge, for instance, on progress in our understanding of turbulence or of advanced magnets, but the pace of this basic science can’t be forced, even if the need is clear. It’s true that pouring money into research sometimes helps: the last fifteen years’ remarkable advances in AIDS treatment were produced, in large part, by an enormous financial investment in research. But money alone doesn’t guarantee prompt results in desired directions: despite an investment of over $30 billion since President Nixon’s 1971 call for a national crusade against cancer, progress in treatment has been excruciatingly slow.18(In any case, basic science generally becomes more costly as it delves deeper into nature; it requires more expensive scientific instruments and equipment, and it demands more specialized scientific expertise, because as our knowledge base grows, it’s harder for one person to master anything more than a narrow subfield.19)

The third general factor affecting science’s rate of progress is the nature of its scientific institutions—from its laboratories to its procedures for funding research and for peer review of scientific papers. How well do these institutions function, and what incentives do they give scientists to do good work? Progress may be slow if laboratories don’t exist or are badly equipped, scientists and technicians with the right expertise are in short supply, adequate research funding isn’t available, or the best scholarly journals aren’t accessible. Deeply embedded boundaries between disciplines can hinder creative cross-disciplinary cooperation, and such boundaries are reinforced by a host of institutions and practices, from the traditional division of universities into departments to research funding agencies and scholarly journals that look skeptically on interdisciplinary work. Even within a given discipline or field of study, researchers may be so divided into competing camps, promoting alternative scientific theories, that envy and antagonism get in the way of creativity and cumulation.

Shortages of funding and human capital affect science in poor countries especially harshly. Many of the environmental problems, diseases, and other challenges confronting these countries demand advanced science that they can’t afford, which causes them to rely heavily on technologies from rich countries that are often unsuited to their needs.20 They have little money for research laboratories and equipment: even in large and relatively prosperous countries such as Brazil and China, the simplest tools—like clean pipettes and petri dishes—are often scarce. The far more expensive devices, like centrifuges and gene-sequencing machines, that are basic equipment for a modern molecular biological laboratory can cost hundreds of thousands of dollars; they are usually available only in the country’s elite institutions. As well, researchers often can’t get hold of key scholarly journals and so rely on charitable handouts from colleagues in rich countries. And they find it difficult to get published in these journals, which are almost all produced in rich countries, because of a pervasive editorial bias against science from the developing world.21

Scarcities of human capital—highly trained researchers and skilled administrators—can also cripple science in poor countries. Sub-Saharan Africa has fewer than fifty scientists and engineers in research and development for every million people, while the figure in rich countries is around three thousand. The continent as a whole lost sixty thousand middle and high-level managers between 1985 and 1990. India, too, faces this problem: between 1970 and the early 1990S, 30 percent of graduates of the Indian Institute of Technology in Bombay emigrated, as did 45 percent of graduates of the All-India Institute of Medical Sciences.22

Science’s social context—the economic and political institutions, values, and culture within which it operates—is the fourth factor that can affect its rate of progress. In the last chapter, “Ingenuity and Wealth,” I noted that opportunities for economic profit clearly motivate much technological progress. But this profit motive won’t be strong if intellectual property rights are vague, weak, or unenforced. Property rights can be tricky, though: if ownership of intellectual property is hampered by excessive regulation, technological innovators won’t be able to reap the rewards of their efforts; but if innovators are allowed complete control, useful ideas may be prevented from spilling into the broader pool of public knowledge, where they can be drawn on by others. And there are strong arguments, in any case, that the private marketplace won’t adequately fund the most basic kinds of science—the fundamental research that is often highly abstract and seemingly distant from the day-to-day concerns of the real world, and on which much practical technological progress ultimately depends. This basic science needs government support.23

Political stability is essential too, because science is a fragile activity that is extremely vulnerable to social turmoil. The recent experience in Russia provides an object lesson: the country’s decade-long slide into penury and disorder has crippled its once world-class research establishment and caused a general drop in respect for analytical thought and a sharp rise in occult and anti-science movements.24

Finally, the broader context of social values and culture powerfully affects science. This influence is often a good thing: social values and culture can instill respect and enthusiasm for science, and they can help guide scientific activity when it raises legitimate ethical or environmental concerns. Sometimes, though, their influence is more pernicious: in the West, for instance, we have seen a groundswell of distrust, misunderstanding, and even fear of science. These feelings have many sources—some understandable and reasonable, some less so.25 They often distort our research priorities and discourage the best and brightest from becoming scientists. And in a world increasingly dominated by technology, widespread distrust and misunderstanding of science creates serious problems for how we govern ourselves in our democracies.26

The above four factors affect the pace of discovery in basic science. But even when key breakthroughs have been made, many years can pass before the new knowledge is translated into practical technology that is widely used—that is, technical ingenuity.27 Often this delay occurs, once again, because the right market incentives don’t exist. Laws and regulations may have to be adapted, industrial standards established, and other, complementary technologies developed and diffused before entrepreneurs can reap adequate profits from disseminating their new technology throughout society.

A classic example is facsimile technology.28 Most people are surprised to learn that the original idea for a facsimile machine was patented over a century and a half ago, in 1843. Alexander Bain, a Scottish clockmaker, proposed a primitive device in which a sending machine passed a stylus over a raised image on a metal block. As the stylus rose and fell, it caused an electric current in a circuit to be alternately broken and completed. The change in current, in turn, made a stylus on a receiving machine move up and down, thus reproducing the image. Over time various inventors, including Thomas Edison, improved Bain’s original idea, and the development of the photoelectric cell in the late nineteenth century eventually allowed newspapers to transmit photographs over long distances.

But widespread use of fax technology had to wait for other economic, social, and technological developments. In the 1930S, the American Telephone and Telegraph Company (AT&T) decided not to develop facsimile services for its Bell system lines. Only with deregulation of the U.S. telephone network in the late 1960S could companies attach non-Bell technologies to these lines. This change, and similar deregulation in Japan, gave fax technology a natural communication infrastructure, and a multitude of companies and inventors suddenly had an incentive to perfect the technology. Fax machines didn’t burst into our everyday lives, however, until several further things happened: in the 1960S and 1970S, a United Nations committee established technical standards that allowed machines made by different manufacturers to communicate with each other; in the 1980S, digital technology and other improvements boosted transmission speed and image quality, and allowed the use of plain paper; meanwhile, rising dissatisfaction with regular postal systems encouraged people to find new ways of sending information. As a result, between 1985 and 1991, U.S. sales of fax machines grew twelvefold, to six million, and by the early 1990S U.S. consumers could choose from over 600 different machines.

Fax technology is a marvelous invention, but the idea languished for many long years before it became a practical reality. The story of this technology, like that of nuclear fusion, tells us something about the limits of our ability to supply the technical ingenuity we need. I don’t agree with commentators who have recently claimed that “the end of science” is near; the current pace of overall scientific discovery and the range of issues still to be explored suggest we are a long way from that point.29 But we must nevertheless recognize that many factors constrain the progress of science and technology. And this means that, at the very least, there’s a time lag, often decades long, between our identification of a problem and our delivery of a technical solution to it.
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It can be both amusing and disconcerting to review past predictions of technological change to see where they were right and wrong. Often, it seems, the success rate of predictions, even when they are made by experts, is little better than what we’d expect from random guesses. Most predictions rely heavily on the assumption that existing technologies will improve incrementally over time. This approach makes sense for short-range projections, but over the long term it invariably misses the rare major breakthroughs, like genetic engineering and microprocessor technology, that have truly revolutionary consequences. And occasional attempts to anticipate such breakthroughs, like past claims that fusion power would produce endless energy, usually look silly with the passage of time.

An entertaining source of popular predictions about the future of science and technology is science fiction. It’s often a truly jarring experience to review episodes of American TV shows, such as Star Trek or Lost in Space from the 1960S, and to recall that the future they represented didn’t seem at all implausible then—in many ways, it was actually quite like the everyday world at the time. The science writer James Gleick notes that the shows were replete with gadgets and devices that were common in the 1960S but have since been eliminated from our lives, like cameras with flashbulbs, computers with reel-to-reel tape memories, and telephones with rotary dials.30 But these shows also portrayed technologies that aren’t even close to being realized today, such as warp-speed travel through space, teleporters, and robots that can engage in everyday conversation.

In Stanley Kubrick’s wonderful 1968 movie 2001: A Space Odyssey, based on Arthur C. Clarke’s novel, the renegade computer HAL became operational on January 12, 1997. The passing of this actual date in 1997 was an occasion for earnest reflection by science commentators on the technological future depicted in the movie.31 I can remember, as a twelve-year-old, being completely convinced that such a future was plausible. And this conviction wasn’t just the delusion of a science-addicted boy. The year after 2001 was released, Americans landed on the moon. By 1972, only three years later, a total of twenty-four humans had already made it into space beyond low-Earth orbit (that is, beyond about 1,000 kilometers above the surface of Earth). We were on the move: a permanent colony on the moon could not be far away, and the kind of regular, commercialized travel between Earth and the moon portrayed in the movie was, almost everybody was sure, soon to come. Undoubtedly it would come by that distant year 2001!

Yet by 2000, more than thirty years later, the number of humans who have made it beyond low-Earth orbit still stands at twenty-four, and it’s unlikely to rise in the foreseeable future.32

HAL was the unquestioned villain of 2001. Again, the computer’s abilities seemed entirely plausible at the time. In fact we didn’t give the most basic of those abilities—the ability to converse in natural language—much thought at all. In 1968, it was taken for granted that computers would soon be able to talk. To the extent that we doubted HAL’s plausibility, we focused on its scheming, malicious behavior, and asked if a human-created machine could develop such independence of will and become so wicked. But in 2000 we have yet to build a computer with the ability to talk. The science commentator Paul Wallich writes: “So many aspects of everyday life as depicted in 2001 have receded over the technological horizon that it should come as no surprise that even the most basic of HAL’s abilities—carrying out simple conversation—is beyond modern computers. They cannot reliably convert sounds to an internal representation of meaning; they cannot even generate naturally inflected speech. Machines still lack the enormous, implicit base of knowledge about the world and the intuitive understandings of emotion or belief most people take for granted.”33

Of course, science fiction is fiction—the wild imaginings of novelists and script writers with little grounding in science (although that cannot be said of Arthur C. Clarke). Some people would dismiss it out of hand as a source of credible predictions of the future. But in fact, even the best-informed prognosticators fare little better than science fiction writers. Two decades ago, notes John Rennie, the editor of Scientific American, most specialists believed that building a self-contained artificial heart was an achievable goal—“not a simple chore, of course, but a straightforward one.” But building a heart “compatible with the delicate tissues and subtle chemistry of the body has proved elusive.” Even the most expert forecasters, Rennie argues, are “sometimes much too optimistic about the short-run prospect” for technological success. More fundamentally, most technology predictions are “simplistic and, hence, unrealistic.” He goes on to assert that “A good technology must by definition be useful. It must be able to survive fierce buffeting by market forces, economic and social conditions, governmental policies, quirky timing, whims of fashion and all the vagaries of human nature and custom.”34

In 1967, two of the world’s most competent futurists, Herman Kahn and Anthony Wiener of the Hudson Institute, released a set of predictions of year-2000 technologies.35 They listed one hundred technological innovations that would “almost certainly occur.” Some they got right: they foresaw video players, automated banking systems, and the use of high-altitude cameras for mapping and land-use investigations. But many of their projections were wrong, sometimes woefully wrong: they anticipated the widespread use of nuclear explosives for excavation and mining, of robots “slaved” to humans, of large-scale desalinization, and, most remarkably, of “inexpensive and reasonably effective” systems for defending against ballistic missile attack. They also missed some of today’s key technologies entirely, including personal computers and video games.36 Overall, despite their self-assurance and sense of certainty, their success rate was considerably less than 50 percent.
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Given this history, can we make any useful predictions about the likely evolution of technology in coming decades? I believe we can, and I’m willing to go out on a limb and do so myself. I know that in ten or twenty years’ time, my forecasts are highly likely to seem quaint and misguided, yet I think it’s important to try to anticipate where technology will leap next: if we focus only on the constraints technology faces, we’ll be ill prepared to anticipate how new technologies will close or widen future ingenuity gaps. So in the next pages I’ll quickly consider four key technological domains: genetics and medicine, information processing and computation, materials engineering, and machine miniaturization.

Let’s begin with genetics and medicine. The mysteries of DNA were initially unlocked in the 1950S. Over the following thirty years, scientists developed a set of powerful methods for manipulating genetic material—methods that allowed researchers to rapidly push forward their understanding of the genetic information contained in all life. As new findings tumbled out of researchers’ laboratories, commentators predicted that genetic technologies would soon produce a wave of benefits—and ethical dilemmas. But in fact, surprisingly little has changed in our daily lives. Some new drugs and crops have appeared on the market, and some clever technical accomplishments, including the cloning of mammals (beginning with Dolly, the famous sheep) have prompted wide public debate. But as of 2000, the wave of benefits and dilemmas has not yet broken over us.

It soon will. Genetic knowledge and technologies have matured, and have crossed a critical threshold. Molecular biologists can now manipulate DNA with far greater precision and speed than were possible even a decade ago. We can now delete or “knock out,” with relative ease, specific chunks of genetic code in an embryonic plant or animal; scientists can then study what happens as the organism develops into an adult without the deleted code, a procedure that helps determine what functions, if any, the genetic material serves. Conversely, researchers can insert new or different code into an organism’s genes; in fact, they can actually move genetic code from one species to another (producing “transgenic” organisms). As a result, scientists can genetically program animals like pigs to produce human hormones, proteins, and other substances that are extracted and used as supplements.37

Molecular biologists have also mapped and read the entire genetic sequence of several simple organisms, including yeast, some species of bacteria, and the fruit fly, an insect that has been of interest to biologists. And by the time this book appears the Human Genome Project should have sequenced all three billion base pairs in human DNA.

These techniques and knowledge will deeply influence medicine. Victor McKusick, one of the pioneers of modern medical genetics, identifies three beneficial trends in particular. First, he says, genetic researchers are turning their attention from the specific genes that cause disease to the causal mechanism or “pathway” by which a malfunctioning gene, in interaction with other factors, produces disease. “Now that we increasingly know the why—which genes cause certain diseases—we must find out the how—how the genetic defects lead to particular problems.” Second, McKusick sees more vigorous research on complex diseases, like multiple sclerosis, that involve more than one gene. To date, most research has focused on single-gene disorders, which are fairly rare. However, “disorders such as hypertension, cancer, asthma, and major mental illnesses involve a combination of genes, and that’s what researchers are starting to try to understand.” Third, McKusick notes that the rapid accumulation of genetic data for multiple species allows scientists to identify, far more quickly than before, what a newly discovered piece of genetic code does. “Because computer databases now contain genome information of various species, including the functions of various genes, scientists can compare a particular human DNA sequence with similar sequences of other creatures.”38

The first quarter of the twenty-first century will almost certainly produce a self-reinforcing cascade of practical genetic technologies in medicine. Unless blocked by law, genetic screening of fetuses, for example, will become common; and we will likely see the beginning of therapies that involve altering or inserting genes in children and adults. Genetically altered animals will grow replacement organs, called “xenotransplants,” that human immune systems won’t reject. (Some prominent scientists are worried that xenotransplantation may allow lethal viruses to jump from their animal hosts, particularly pigs, to humans; but the demand for transplant organs is rising so fast that the technology will almost certainly be developed, albeit under scrutiny.39) Perhaps most significantly, we may also see germline engineering, which is the deliberate manipulation of the genetic material in human eggs and sperm to enhance or alter traits in the resulting person, traits such as disease resistance, life span, or intelligence. Since these traits could then be transmitted through the person’s children to future generations, germline engineering would give humanity the astonishing ability to direct its own evolution.40

Such advances will not be limited to medicine, but will also revolutionize agriculture, animal husbandry, fisheries, forestry, and practically every other human activity that exploits living things. Already, for instance, fisheries researchers have injected coho embryos with sockeye genes that pump out extra growth hormone; the resulting transgenic coho mature three times as fast and weigh on average eleven times as much as their non-treated cousins.41(One experimental fish grew to thirty-seven times the average weight.) In the future, scientists will also undoubtedly develop food grains—such as corn, wheat, and rice—that fix their own nitrogen. Unfortunately, though, the wide use of such crops is probably two decades in the future; they will not arrive in time to prevent the massive and damaging increase in nitrogen compounds in the Earth’s environment discussed in the chapter “Our New World.”

Now let’s play the prediction game for information processing and computation technologies. We’ll see further astounding progress in this already frenetic arena, especially in the integrated circuits that lie at the heart of modern computers. For over thirty years, one rule of thumb has held true, more or less, for memory chips and microprocessors (the latter being the chips that actually do calculations and manipulate information in computers). Called Moore’s law after Gordon Moore, one of the founders of the Intel Corporation, this rule says that the amount of information compressed on a given area of chip doubles every eighteen months.42 But today, electrical components on chips are so tightly packed that this rate of improvement may not be sustainable through further miniaturization alone. One problem is that the waves of ultraviolet light used to transfer circuits to a chip—in a process called “photolithography”—are too wide to make chip features much smaller than the current one seven-thousandth of a millimeter.43 But by using X-ray light (which has even smaller waves than ultraviolet light) engineers may be able to cut feature size further, to perhaps less than one ten-thousandth of a millimeter, or about a thousand times smaller than the diameter of a human hair. At that size—a size that chip manufacturers will probably reach around 2010—more fundamental physical limits start to kick in: because key chip components will be separated by only a few atoms, the electrical insulation among components will start to break down.44 Nonetheless, for the foreseeable future it seems likely that we can sustain the momentum of chip improvement. Intel has recently announced, for instance, the release of “multilevel cell flash memory” that allows two bits of information to be stored where only a single bit could be stored before.45

The first microprocessor, the Intel 4004, was introduced in 1971 and contained 2,300 transistors; by the mid-1990S Intel’s Pentium II microprocessor had 7.5 million transistors. During that period, the performance of microprocessors improved 25,000-fold. Indeed, the rate of improvement increased from 35 percent a year in the mid-1980S to about 55 percent a year (or an astonishing 4 percent a month) by the mid-1990S. In the last few years, performance improvements have come not just from packing ever more transistors onto a chip, but also from cleverly sequencing or “pipelining” information within the chip and from locating memory “caches” right on the microprocessor itself. The next step may be to construct single chips with multiple processors that can carry out tasks in parallel. Eventually, microprocessor and memory chips may be combined to reduce wiring and thereby the time for information transmission.

Writing in 1995, David Paterson, a professor of computer science at the University of California, Berkeley, suggested that the combined improvements discussed above could produce gains in microprocessor performance, in the twenty-five years between 1995 to 2020, as large as those in the fifty years prior to 1995(that is, since the dawn of the computer age). “This estimate means that one desktop computer in 2020 will be as powerful as all the computers in Silicon Valley today…. The implications of such a breathtaking advance are limited only by our imaginations.”46

But improvements in chip technology are only one part of the continuing, even accelerating, information revolution. We will soon see major leaps in computer software, artificial intelligence, and the movement of information. For example, as processors become cheaper and smaller, they’ll be embedded in everything around us, from pieces of paper and light switches to our clothing; and as wireless communication improves, we’ll increasingly find ourselves surrounded by a distributed network of countless small processors sharing information and making decisions among themselves—about the temperature of our office buildings, the best routes we should take home from work, and the foods we should put in our shopping carts.

In software, computer scientists are now experimenting with a technique—called “genetic programming”—in which computer programs essentially design themselves. Inside a computer the scientists create a Darwinian environment where individual computer programs compete with others to solve a problem of interest. Through a process akin to natural selection, those programs that do well are allowed to reproduce and swap computer code with other successful programs; those that don’t are eliminated from the population. The best programs that emerge, after many iterations of selection and reproduction, can be completely opaque to an outside expert, containing hundreds of inscrutable expressions in computer code. But they can also work very well—in fact, even in these early days of research, some work better than expert-designed programs. Researchers are now starting to link genetic programming with specialized computer circuit boards (called “field-programmable gate arrays”) that can change their own wiring designs when directed to do so.47 The simultaneous and interdependent evolution of software and hardware could completely overturn our conception of computers and could produce startling progress on a whole range of mathematical and technical problems.48

One of these problems is artificial intelligence. The field of artificial intelligence (or AI, as insiders call it) seeks to develop computer systems that can mimic human cognitive abilities, like the ability to order a meal at a restaurant, to make one’s way down a crowded street, or to read and understand a newspaper. As a graduate student in political science at MIT in the 1980S, I wanted to explore the inner workings of people’s understanding of political events, and I thought AI could help. The core task was to get computers to understand “natural” language—that is, the language that you and I use on a day-to-day basis. In other words, the task was to make the key linguistic abilities of Arthur Clarke’s HAL a reality. In the early to mid-1980S, the field was abuzz with ideas about how to reach this goal. But as I noted about HAL, grasping the meaning of even simple statements in natural language—say, a newspaper story about Al Gore’s presidential election campaign in 2000—is a far more complex process than most experts initially imagined. We bring an immense store of beliefs, assumptions, and commonsense knowledge about the world to any statement we hear or read, and we are also influenced by many other factors, including the context of that statement and the speaker’s or writer’s intentions. In the 1980S, the task of representing and managing this background knowledge effectively within a computer was insurmountable, and computers running even the best natural language programs often produced gibberish in response to even the simplest questions.

Today AI is in the doldrums, but here is my prediction: AI will be back in the news repeatedly over the next decades, and it will change our lives. Douglas Lenat, leader of a large AI effort called the CYC Project (as in en-cyc-lopedia), believes a turnaround may be near. “Now that the world has all but given up on the AI dream,” he writes, “artificial intelligence stands on the brink of success.”49 Lenat’s team is developing effective ways to represent background knowledge in huge, carefully partitioned databases. These databases allow computers to correctly answer complex questions about texts, even when the answers demand long strings of inference. Much work remains to be done, but I share Lenat’s optimism: coupled with advanced voice recognition software (perhaps designed by genetic programming), natural language processing will allow us to perform everyday tasks by simply talking to the machines around us, to our cars, houses, and computers. We will be able to send intelligent software “agents” into computerized libraries and the World Wide Web to gather, interpret, and deliver to us information on specific issues. Eventually, we may even be able to embed small devices in our ears (much like hearing aids) that will translate into our native tongue speech in foreign languages (Star Trek’s universal translator, or almost). HAL is not, I believe, just a figment of our science-fiction-dazzled imaginations. He may be a late arrival at the party, but he is on his way.
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Taken together, these impending advances in computer hardware and software guarantee that within a relatively short time we will be able to process, store, and interpret quantities of information that are truly staggering, even by today’s astonishing standards. We will also be able to send more of it, faster, to more places than we can currently dream of.

Inside all modern computation and telecommunication devices—from microprocessors to satellites—are radically new materials that conduct electricity and emit light (the carriers of information) in precise amounts and frequencies. The key materials in semiconductors, lasers, and optical cables are now custom designed, sometimes almost atom by atom, to perform the specific tasks required by electrical engineers. For example, the process of “molecular beam epitaxy,” invented in the early 1970S and used to create semiconductor material, has become so precise that a square centimeter of semiconductor crystal containing over a quadrillion atoms might have just three atoms out of place. Physics, chemistry, and modern computers have converged to give scientists the capacity to build materials with specific properties, on demand. As Ivan Amato, the author of Stuff, says: “The materials research community has reached a new plateau of unprecedented power in its ability to understand, control, and manipulate the material world.” Do you need, he asks, “a lightweight alloy that remains strong at the searing temperatures of a scramjet operating at many times the speed of sound and able to withstand the frictional offensives of atmospheric molecules scouring the material like supersonic sandblasting? Do you need a polymeric material compatible with brain tissue that in the presence of specified levels of a specific neurotransmitter will release pharmaceutical agents previously loaded into the polymer? How about concrete ten or twenty times stronger than any available now? Call in your local materials engineer.”50

Chemists can now design and build molecules with the exact shapes needed to serve specific functions in biological systems. Notes Peter Atkins of Lincoln College: “They can build molecules that can replicate themselves, or act as fingers, tongs, or pencil cases, or as minute containers for reactions.”51 Chemists have also discovered how to create metallocene catalysts that give them great control over the growth of the long, chainlike molecules—called polymers—that make up plastics. The resulting materials are exceptionally strong, durable, and transparent, and can be used in everything from motors to medical equipment needing repeated high-temperature sterilization.52 The ability to build things atom by atom may also eventually allow engineers to create key electronic components, like transistors, out of only a few molecules; this new field of “molecular electronics” therefore suggests how we might continue miniaturizing our computers far beyond the physical limits inherent in today’s silicon chip technology.

Much of all this extraordinary technical progress and promise, whether in the fields of biology, information, or materials, comes from advances in manipulating tiny things—DNA molecules, atoms in semiconductors, and long-chain polymers. Similarly, in the domain of machine technology, we will soon see a flood of minuscule devices that can do everything from control turbulence around a plane’s wing to stabilize buildings during earthquakes. These devices, known as microelectromechanical systems or MEMS, combine microprocessor and microsensor technologies with tiny motors, called microactuators. They can be manufactured by the millions using photolithographic processes very similar to those used for computer chips.53 Depending on their design and programming, MEMS might respond to changes in their local environment by (for example) sending a tiny electrical signal, shutting a minute valve, or moving a tiny flap or arm. Taken individually, each response is almost unnoticeable; but when the responses of many MEMS are coordinated, the results can be astonishing.54

For instance, it may soon be possible to stretch a skin of MEMS across the surface of a plane’s wing, each device two-tenths of a millimeter in diameter, and each programmed to detect changes in air pressure, direction, and velocity preceding a turbulent eddy. On receiving the right combination of these signals, the MEMS in a particular region of the wing would raise tiny flaps—no more than a tenth of a millimeter long—to cancel out the emerging eddy’s effects. Such an aircraft skin would, engineers believe, dramatically reduce the energy-sapping turbulence within the millimeter-thick layer of air surrounding a plane’s wing. Skins of MEMS might, in fact, entirely replace the flight surfaces, including the rudder and ailerons, that are currently the source of much aerodynamic drag. The exterior of such a plane would have few, if any, large moveable surfaces; its flight would be controlled entirely by its skin.55

MEMS are already finding their way into the devices around us, from smoke detectors to medical instruments. In the future, they will have a practically infinite array of uses, turning everyday inanimate objects into “smart” machines. They will likely be used to lower turbulence and increase fluid flow in pipes and to automatically administer drugs within people’s bodies. Embedded in skyscrapers’ structural components, they will allow buildings to bend slightly in response to earthquakes, absorbing and dissipating earthquake shocks. MEMS will also have myriad uses in war—for example, as low-cost detectors of chemical or biological attack; as miniature gyroscopes in cheap, high-precision munitions; or as “surveillance dust” that is distributed across a battlefield and detects even the slightest enemy movement.56

The four domains of science and technology that I’ve pinpointed here—genetics and medicine, information processing and computers, materials engineering, and machine miniaturization—will each cause spectacular changes in our lives. But these are only four domains, and within each I’ve focused only on developments that seem very likely. Extending our survey to include more speculative technologies would greatly lengthen our list. During our lives we may well see, for example, computers that use the quantum fluctuations of subatomic particles to carry out their logical operations (such computers will be unimaginably faster than any yet produced and may well push back the intractability constraints discussed in the chapter “Complexities”), commercial aircraft that fly at hypersonic speeds, magnetic-levitation trains, cars powered by fuel cells, and at last, artificial organs such as hearts.

Science and technology, together, give us astonishing and relentlessly growing power. And, as I have argued earlier in this book, this power can be immensely seductive. As we reshape our world, from the atoms in silicon semiconductors to the dams along the world’s great rivers, as we make miracles out of the raw nature around us, and as our technologies sweep us into the future, we may become convinced of our own invincibility and infallibility, and dream that our possibilities are truly boundless. If technological progress becomes our raison d’être and miraculous machines our gods, we may begin to think that we, as the creators of these machines, are gods ourselves.
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Almost a century ago, Henry Adams—historian, novelist, and scion of a patrician Boston family—wrote an especially eloquent comment on these attitudes, a comment that remains as pertinent today as it was then. At the Exposition Universelle in Paris in 1900 (the largest exposition in Europe to that point), Adams was seduced in the hall of electric dynamos. In a famous passage of his autobiography, written in the third person, he wrote:


[To] Adams the dynamo became a symbol of infinity. As he grew accustomed to the great gallery of machines, he began to feel the forty-foot dynamos as a moral force, much as the early Christians felt about the Cross. The planet itself seemed less impressive, in its old-fashioned, deliberate, annual or daily revolution, than this huge wheel, revolving within arm’s length at some vertiginous speed, and barely murmuring—scarcely humming an audible warning to stand a hair’s breadth further for respect of power—while it would not wake the baby lying close against its frame. Before the end, one began to pray to it; inherited instinct taught the natural expression of man before silent and infinite force.57



Adams discerned that technology worship and self-worship can quickly become hubris. We lose our grip on reality, on what we really can and cannot do, on what we really can and cannot know. The dynamo becomes more impressive than the planet, or even nature itself. God is lost, forces and imponderables beyond us are unseen or misinterpreted, and we become the measure and the masters of all things.

Examples of such scientific and technological hubris can be found deeply embedded in our culture and guiding institutions. They take the form of subliminal assumptions about our capacities—assumptions that subtly affect our thought, symbols, discourse, and behavior. A curious case in point is the official seal of an institution Adams knew well: Harvard University.

In 1870, Adams was appointed professor of medieval history at Harvard; seven years later, he resigned to write history. During these last decades of the nineteenth century, America was beginning to flex industrial muscles swelled by the power of new technology. After the catastrophe of the Civil War, a sense of optimism and possibility began to rouse the country. In 1869, the first railroad link from the Mississippi Valley to the Pacific was completed at Promontory Point, Utah. A depression in the mid-1870S slowed further construction, but within ten years, three more railroads reached out to the West Coast, and a network of lines boosted economic development in the South. Between 1879 and 1899, the total value of all goods manufactured in the United States more than doubled, and steel production grew eightfold. By 1900 the country was producing more iron and steel than England and more than a fourth of the world’s pig iron. Mineral and timber exploitation in the West, a fast-growing population, a steady flow of capital from Europe, and a host of new industrial technologies combined to create a potent economic alchemy. Indeed, this period between 1860 and the end of the century saw one of history’s great surges of invention, much of it American: new technologies included the telephone, typewriter, electric light bulb, cash register, train air brake, refrigerator car, and gasoline internal-combustion engine.58

Right in the middle of this period, in 1885, Harvard changed its official seal. This may seem an odd event to note, but it was a change not unrelated, I believe, to the changing temper of the times.

The history of Harvard’s seal had been long and tangled.59 Shortly after the college was founded in 1636, its overseers adopted a seal showing three open books (originally perhaps supposed to be Bibles) placed in a triangle—two above and one in the middle below—with the motto “Veritas” (Latin for “truth”) spelled across them. The top two books were face up; but the one at the triangle’s bottom was face down. In these early years, religious education was a central part of Harvard’s curriculum, and the “Veritas” referred to on the seal was almost certainly divine, not scientific, truth. Similarly, the bottom book was placed face down in recognition, probably, that some knowledge was available only to God. As the official historian for Harvard’s Tercentenary, Samuel Morison, writes, “Harvard students were reminded in their college laws, and by their preceptors, that the object of their literary and scientific studies was the greater knowledge of God; and that the acquisition of knowledge for its own sake, without ‘laying Christ in the bottome, as the only foundation,’ was futile and sinful.”60

It appears, however, that the Veritas motto didn’t make this point clearly enough, and the original seal and its motto were buried in the college archives sometime in the mid-1600S and for almost two hundred years the college’s motto was much more explicitly religious—first “In Christi Gloriam” (“To the Glory of Christ”) and then, after 1693, “Christo et Ecclesiæ” (“For Christ and the Church”). Curiously, during these two centuries the third book was face up.

In the mid-1830S, Harvard’s then-president, Josiah Quincy, came upon the original seal’s design in the college archives. Excited by his discovery, he persuaded the corporation to change the seal back to its original form, with “Veritas” as the motto and the third book once again face down. But only a few years later, Harvard appointed a new president. Edward Everett harbored a keen dislike of his predecessor’s accomplishments, and in a powerful fit of pique he demanded that the corporation restore the “Christo et Ecclesiæ” seal. In his words, he was proud to have removed “this fantastical and anti-Christian Veritas seal … to the forgotten corner of the records where it had slept undisturbed for two hundred years.”61

There matters stood till 1878. In that year, Oliver Wendell Holmes, dean of Harvard Medical School, poet, humorist, and father of the famous Supreme Court justice, wrote two sonnets that crystallized the long-running tension in the institution between the two views of its purpose, and, ultimately, between two views of the possibility of knowledge. In the first, titled “‘Christo et Ecclesiæ,’ 1700” Holmes poked heartily at the elitist and obscurantist tendencies in the Church-dominated Harvard of the early years (tendencies that he clearly believed persisted in his day):


TO GOD’S ANOINTED AND HIS CHOSEN FLOCK:

So ran the phrase the black-robed conclave chose 
To guard the sacred cloisters that arose 
Like David’s altar on Moriah’s rock.



Against these lines, Holmes juxtaposed “1643‘Veritas’ 1878”:


TRUTH: So the frontlet’s older legend ran,
On the brief record’s opening page displayed;
Not yet those clear-eyed scholars were afraid
Lest the fair fruit that wrought the woe of man
By far Euphrates—where our sire began
His search for truth, and, seeking, was betrayed—
Might work new treason in their forest shade,
Doubling the curse that brought life’s shortened span.
Nurse of the future, daughter of the past,
That stern phylactery best becomes thee now:
Lift to the morning star thy marble brow!
Cast thy brave truth on every warring last!
Stretch thy white hand to that forbidden bough,
And let thine earliest symbol be thy last!62



Holmes’s sonnets created a sensation. Older and ecclesiastical alumni thought the first insulting; but many others were delighted by his challenge to the old guard. In his explanation of the verse, Holmes declared:


The Harvard College of today wants no narrower, no more exclusive motto than Truth,—truth, which embraces all that is highest and purest in the precepts of all teachers, human or divine; all that is best in the creeds of all churches, whatever their name; but allows no lines of circumvallation to be drawn round its sacred citadel under the alleged authority of any record or of any organization.63



Confusion followed in the years following Holmes’s salvo, and during this period the college used various combinations of the previous seals. Visitors to Harvard Yard can see one version—with the third book face down and “Veritas” written across the books—on the side of Daniel French’s famous statue of John Harvard, which was presented to the college in 1884. A year after this statue appeared, the corporation finally made up its mind and adopted a hybrid design by William Sumner Appleton. As in the original, the Veritas motto was superimposed on three open books, but all were face up, and all were placed on a shield encircled by “Christo et Ecclesiæ.”

It is easy to understand Holmes’s 1878 challenge to Harvard: religious dogma and free intellectual inquiry don’t mix. But there can be little doubt that Harvard’s decision, in the end, to adopt Truth as its principal motto and to turn the third book face up also reflected the surging optimism of the time. Although Holmes cast the issue as a contest between obscurantism and the free pursuit of knowledge, Harvard’s action was more than just an announcement in favor of intellectual liberty. In America, the late nineteenth century was a period of stunning advances in human knowledge and enterprise. In that spirit, the university was boldly proclaiming to the world that human beings could come to know all—that they could aspire to turn over the last book and uncover the final and absolute truth of things.

In 1935, the president and fellows of Harvard voted to create a formal distinction between the university seal and the university arms. The seal, which could be used only for official business, was to follow Appleton’s design. The arms were to be the same but without the surrounding Latin inscription; they could be used for “decorative purposes having association, whether official or unofficial, with Harvard University.” And in both, the three books were to remain face up. The arms have since become Harvard’s logo—a commercialized symbol distributed on pamphlets, sweatshirts, baseball caps, and coffee mugs around the world. Today one of the world’s preeminent institutions of higher learning (with eight Nobel prize– winners currently on faculty), a keystone institution of knowledge and authority in a superpower that affects the lives of nearly every person on the planet, has as its guiding symbol a bald assertion of human immodesty.

And yet, despite our extraordinary technological and scientific prowess, it’s not at all clear that we really know what we are doing in this new world we’ve created for ourselves. We’re amazingly ingenious, but we may not be ingenious enough to manage our world and prosper within it. We charge forward, packed cheek by jowl on a tiny planet, billions of us, consuming, striving, creating, and jostling each other. We crisscross the sphere in our planes, cars, and ships, subordinating all its places and resources to our needs. We act as if the future is clear, and clearly ours. But the future is murky at best, and it’s not yet ours to claim. The greatest triumphs and tragedies of our story are undoubtedly yet to come.
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WHITE-HOT LANDSCAPES
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IT WAS LATE AFTERNOON, and the sun outside the plane’s window hung above the horizon. The captain announced that we were beginning our descent towards Washington, D.C. Slowly we dropped out of the blue sky into the shroud of brown haze over the city.

I was on the next leg of my quest to understand the ingenuity puzzle. My destination: the annual meeting of the American Political Science Association (APSA), the world’s largest professional gathering of political scientists.

I had visited Washington many times over the previous ten years—my research team and I had often been asked to present our findings on the links between environmental stress and conflict to bureaucrats and policymakers in the city. We would meet with middle-and senior-level officials of the State Department, the Department of Defense, the National Security Council, and the CIA, among other agencies, and on a couple of occasions I briefed the vice president.

As I got to know Washington, I started to have misgivings about the place. The city is a study in contrasts. Enclaves of extraordinary prosperity, power, and ritziness press hard against some of the most blighted black neighborhoods in the country. The calm of the central mall—with its lovely ponds, fruit trees, and monuments—seems a world away from nearby streets that at that time were terrorized by some of the nation’s highest murder rates. Together with its adjoining metropolitan zones in Virginia and Maryland, Washington embraces probably the largest concentration of public-policy talent in the world—it’s chock-full of “big brains,” so to speak. Yet in the mid-1990S the city’s management, under the leadership of Marion Barry, had become a nationwide symbol of official incompetence, corruption, and outright venality. We could see these contrasts as our taxis bounced along the potholed roads from one meeting to another: the islands of impressive buildings in Washington’s core, with their façades bespeaking authority and assurance, were divided from each other by deteriorating streets whose repair had been short-changed for years.

These contrasts of power, wealth, and race are obvious even to a casual observer; they are an inescapable part of the city scene. The more I learned about Washington and its people, however, the more acutely I felt the force of another, more subliminal contrast that seemed to reflect an aspect of the city’s deeper character. One glimpses it only fleetingly, at those rare moments when one can separate oneself from the buzz, hustle, and excitement that seem to make nearly everyone in the city a little more impressed with themselves. Then, one can see how Washington, more than any other city in the Western world, reveals the contrast between humanity’s astonishing ingenuity, on the one hand, and on the other its limited grasp of the events surrounding it. Washington is a center of immense power and authority—from the Federal Reserve and the FBI to the Pentagon—yet this power seems inconsequential beside the brooding, barely recognized forces underneath the surface of our planet’s economy, ecology, and society.

In some ways, I thought, when I first arrived in the city, America is a time capsule of the Enlightenment. Its original political institutions and culture were deeply influenced by thinkers like Locke and Montesquieu and by the Enlightenment’s eighteenth-century emphasis on the role of reason in human affairs. While Europe moved on to the romanticism and nationalisms of the nineteenth century and the appalling totalitarianisms and barbarity of the twentieth, America remained committed to its optimistic, rational, can-do civic religion. It remained a society guided by a core belief that individuals and communities, through their intelligence and exertion, can master their circumstances and improve their lot; a society of pragmatists, of builders, engineers, and entrepreneurs who went from one technocratic triumph to another—from the Panama Canal, to the Manhattan Project and the stunning achievements of the Apollo Program. As the capital and power center of this society, Washington seemed to distill America’s optimistic creed. And with the collapse of the Soviet Union in the early 1990S, the country stood astride the world. It was thrilling—almost addicting—to be there at the center of it all.

But time capsules are anachronisms. As my visits to Washington continued over the years, a suspicion entered my mind and slowly gained ground. Most of the men and women I dealt with were tremendously bright and dedicated. Indeed, they were the very “experts” who we gladly assume are smoothly manipulating the levers of the social machines that govern our lives. Nonetheless, I was increasingly struck by how little they really grasped of what was happening in the world around them. I didn’t feel smug about this observation: I certainly didn’t feel that I had any better grasp of the world’s events. But corralled as we were, each within our limited domain, with our narrow authority, it seemed that none of us had anything but the barest understanding of key events and processes. The rules of thumb and intellectual tools we applied to the problems of our modern world seemed feeble in comparison with these problems’ complexity, opaqueness, and in social-science terminology, path dependency.

More often than not, the Washington experts and officials I encountered resembled the SAM engineers who tried to advise United 232’s crew as their plane pirouetted across the Iowa sky: they were highly trained, well-meaning, but largely out of their depth. Yet these experts and officials were at the pinnacle of authority in the country that dominates Earth economically, militarily, scientifically, and culturally. In light of the ferocious changes sweeping the planet, the chasm between their understanding and the complexity of the problems they faced was creepy. If one couldn’t find people here who had a good idea of what was going on, where on Earth could one find them? The question persisted, uncomfortably, in my mind. It became one of the things that galvanized my thinking about the ingenuity gap.
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I had decided to attend the American Political Science Association annual meeting to explore one aspect of the ingenuity question in greater depth: What knowledge can the social sciences offer to help policy-makers do their job? Can they—especially economics and political science—help us design better institutions for this dauntingly complex new world? At the APSA meeting, I knew I would have the chance to observe state-of-the-art political science.

After checking into the hotel I didn’t go to the conference immediately, however. Instead I hailed a cab and crossed town to see one of my favorite monuments in the city, the Jefferson Memorial. It was a warm evening, but only a few people were scattered around the Memorial grounds. A young couple sat on the steps beside the Tidal Basin, while a father and his two children admired Rudolph Evans’s heroic bronze statue of Thomas Jefferson inside the colonnaded dome.

I wasn’t sure why I had come. Perhaps it was because I always find the place peaceful and inspiring. The inscriptions on its interior walls, drawn from Jefferson’s writings, seem to highlight essential features of America’s self-perception. One in particular strikes me as a fierce, almost authoritarian, commitment to liberty. Chiseled into the Memorial’s stone in grand letters, it completely encircles the room just below the dome. In an 1800 letter to Dr. Benjamin Rush, a member of the Continental Congress and signer of the Declaration of Independence, Jefferson famously declared: “I have sworn upon the altar of God eternal hostility against every form of tyranny over the mind of man.” On this visit to the Memorial, however, another inscription caught my attention. Adapted from an 1816 letter to Samuel Kercheval and carved into the southeast wall, it reads:


I am not an advocate for frequent changes in laws and constitutions. But laws and institutions must go hand in hand with the progress of the human mind. As that becomes more developed, more enlightened, as new discoveries are made, new truths discovered and manners and opinions change, with the change of circumstances, institutions must advance also to keep pace with the times.1



Jefferson had understood that institutions must change with changing circumstances. Today, his statement seems more pertinent than ever.

But what, exactly did he mean? What are “institutions”? Experts have suggested dozens of definitions, but I have always found the one offered by Douglass North, a Nobel prize–winning economic historian, most useful. Institutions, he says, are “the rules of the game in a society or, more formally, the humanly devised constraints that shape human interaction.” Countless problems arise in our everyday dealings with others, and we also have endless trouble living in societies and coordinating our actions to produce public goods that benefit everybody. Institutions, consisting of sets of instructions on how we should behave towards each other, help in a number of ways. They specify the range of socially permissible, required, or recommended actions in a given situation; they also make widely available key information about what other people are doing in our social setting. Institutions are socially agreed-on approaches that make it easier for us to decide what course of action we should follow. They help us arrive efficiently at agreements among ourselves, and they encourage and coordinate our collective action to produce benefits for our whole group.2

To put it in contemporary terms, Jefferson, two-hundred-odd years ago, recognized that the complexity of our institutions must rise with the complexity of the human interactions they are intended to manage and the tasks they are supposed to perform. This holds true whether we are designing institutions to deal with the chronic problems in the U.S. health-care industry, the instabilities in the international financial system, or the large-scale changes we are producing in Earth’s environment.

The national parks of the United States and Canada provide, I think, one of the best practical illustrations of this. Almost all the national parks have seen huge increases in numbers of visitors in recent decades; they have also faced steadily growing pressure from an ever widening range of users—groups that are very vocal and often extraordinarily antipathetic to each other—from backpackers to automobile campers to off-road vehicle enthusiasts.3 Park managers have had the unenviable task of reconciling these competing interests. Over time, as a result, the rules and regulations (that is, the institutions) governing park use have had to become more and more complex.

I’m most familiar with the situation in Algonquin Park in Ontario, two hundred kilometers northeast of Toronto. Established in 1893 and extending across nearly eight thousand square kilometers between the Ottawa River and Lake Huron, the park is widely regarded as one of the finest wilderness canoe areas in the world. Its network of hundreds of lakes and rivers, big and small, is linked together by thousands of kilometers of portage routes. The going isn’t easy: trails and portage routes are rough, campsites rudimentary, and help usually a long way away. But visitors can spend weeks exploring the interior without ever retracing the same path, and they are almost always rewarded with sightings of moose, bear, and other wildlife. Algonquin Park is one of the places I go to see the stars and planets at night. My friends and I trace their patterns in the sky, often serenaded by the distant howls of timber wolves.

But many different groups have interests in this swath of land. Canoeists have to contend with motorboat operators, day campers with wilderness hikers, duck hunters with birdwatchers, and fishermen with white-water rafters. Because the park’s timber is valuable in a region where logging is a mainstay industry, logging companies are allowed to harvest trees within its boundaries, despite the fact that native groups lay claim to much of the territory. Aerial photographs show that many of the areas between the lakes have been clear-cut, with Potemkin borders of trees left standing along lakeshores and portage routes.

As pressures on the park have mounted, all users have had to abide by more precise and complicated regulations. Each year, the authorities publish a large map that divides the park into regions geared to the needs of different groups and that specifies the rules they must follow. In the last decade, this map has become an increasingly incomprehensible montage of areas and subareas designated for specific uses and governed by ever more detailed rules of conduct. Whereas canoeists used to be able to sign in at one of the park’s many gates and then disappear into the interior, charting a course and changing direction as whim, weather, and provisions allowed, now they must designate in advance precisely what route they will follow, what campsites they will visit, and what day they will leave.

Park managers enter all this information into computers to monitor and control the flow of people through the area. These managers have, essentially, structurally deepened their management system (to use Brian Arthur’s term from the chapter “Complexities”) so that more people can benefit in more ways from the increasingly efficient exploitation of the park’s resources. Once again, though, the result is a tightly coupled system that restricts users’ freedom and is vulnerable to failures. A couple of days of high winds can prevent canoeists from moving to their next campsite; and when they don’t vacate the area for the next arriving group they can produce a cascade of disruption all the way back to the park’s boundaries.

The challenges facing the people who design and implement the rules of the game—that is, the institutions—in this remote part of Ontario may seem far removed from our daily lives, but in many ways Algonquin Park is the world in miniature. Whether they are managing national parks or the international financial system, our community, national, and global leaders are under enormous pressure to create institutions that will satisfy a rapidly growing number of competing interests and at the same time address a fast-widening array of interconnected problems. Poor countries are often particularly ill-equipped to respond to these challenges. Their governments are often weak, their judicial systems corrupt, their civil servants poorly trained, and their universities and research institutes politicized. So they have less capacity to generate the ingenuity they need to meet the demands of our modern world. And poor countries, because they start from a lower level, generally need more social ingenuity than rich countries to effect reforms.

Most of all, we need new international institutions. The ones we have were often created decades ago, for an entirely different world. In the aftermath of events like the 1997–98 Asian financial crisis, many experts began to admit that humanity urgently needs better management of its international affairs; they also began to acknowledge that there is a yawning gulf between what is needed and the actual performance of the institutions that exist now.4 Yet in the absence of legitimate and effective government at the international level, reforming the world’s economic, security, environmental, and health institutions and designing new ones is astonishingly hard.5 Leslie Gelb, the president of the Council on Foreign Relations in New York, describes the situation starkly: “[World leaders today] are playing on a chessboard where international and domestic transactions form a seamless web, where the number of public and private players are barely countable let alone controllable, where the rules are yet to be defined, where the true nature of threats remains shrouded by their very multiplicity and complexity, and where it is hard to judge what constitutes winning and losing.”6

All these difficulties, and more, confront our efforts to create institutions to solve global environmental problems, from species extinction to climate change.7 If these institutions are to work well, their complexity must reflect the astounding complexity of Earth’s biophysical systems.8 And, in general, the scale of such bodies needs to match the scale of the systems they regulate: local, community institutions are better at managing small-scale ecological systems, such as particular streams or coastal fisheries, while planetary institutions should be used to address global problems, such as climate change. But because the planet’s biophysical systems, from soils to climate, are linked together in webs of interdependence, the diverse institutions we design to regulate these systems must also be intricately linked so they can pass information among themselves and cooperate to achieve their goals.9

This is just the beginning of the difficulties facing those who are charged with creating such institutions, though. The planet’s biophysical systems also operate over a huge range of time scales. The behavior of some of these systems, like the growth of forests, unfolds very slowly; that of others, like weather, can change by the minute, often in sharply nonlinear ways. As Michael Whitfield argued in Plymouth, these time scales—whether immensely long or tiny—often don’t match the intermediate time scales within which people and their institutions exist. (One result is that we frequently find ourselves investing huge quantities of capital, manpower, and ingenuity trying to speed up some natural systems and slow others down; for instance, we fertilize forests so we can harvest them sooner, and we refrigerate our foods to slow the natural processes of decay.)

Additionally, when managers intervene in complex biophysical systems to change their behavior, they must often contend with delays, sometimes of uncertain duration, before the systems respond. These delays, or time lags, also plague social systems. They are analogous to the lag in United 232’s response to changes in engine thrust, a lag that made precise landing of the plane almost impossible. In the social world, one of the most familiar examples is the delay between a shift in a central bank’s short-term interest rate and the economy’s later change in output. In the natural world, whether we’re dealing with the fluctuating productivity of wild fisheries or the recovery of Earth’s ozone layer, time lags are omnipresent. We need institutions that are stable and farsighted enough to cope with these lags, yet simultaneously flexible enough to deal with rapid and abrupt change.

The climate change treaty currently under discussion is called the Kyoto Protocol, because the initial agreement for emission reductions emerged from a conference in Kyoto, Japan, in late 1997. For rich countries, the protocol established a set of interim targets for future carbon emissions tied to each country’s 1990 level of emissions. Since then, a vast assortment of people from governments, international organizations, corporations, NGOS, and various lobby and pressure groups has been engaged in almost nonstop consultations and negotiations on how to strengthen the protocol, make its provisions work, and bring poor countries into the agreement. The international institutions that eventually come out of this process, assuming that it’s successful, will probably be the most complex in human history. For one thing, it’s phenomenally hard to assign responsibility for emissions of greenhouse gases like carbon dioxide, methane, and nitrous oxide, because they are produced by countless different industrial and consumer practices. Every human being contributes to the global warming problem in some way or other, whether he or she is a rural peasant burning straw for heating and cooking in China’s interior, a suburbanite driving a sports utility vehicle on the streets of Boston, or a farmer cultivating rice (and so producing methane) in Indonesia. Any set of institutions charged with controlling global warming will have the staggeringly difficult task of setting up and implementing procedures for monitoring who is emitting what, when, and where.

As well, some of the greenhouse gases in the atmosphere—an amount perhaps equivalent to about half of all human emissions—is absorbed naturally by the environment. Billions of tons of carbon dioxide, for example, are annually sucked up by the world’s forests and oceans; much of the constituent carbon is then locked into tree trunks and the shells of marine organisms, where it no longer contributes to global warming. But it’s not at all clear how to assign the value of these absorption processes—or “sinks” as experts call them—across countries. There is also the fact that the different greenhouse gases stay in the atmosphere for different lengths of time, sometimes for up to a century, which suggests that today’s industrial countries should be held at least partly responsible for emissions they produced during their industrialization process many years ago. Yet can we really imagine any of today’s rich countries accepting such responsibility?

All in all, these various complications tend to drive a wedge between the world’s rich and poor societies. Negotiations are made even trickier by the scientific uncertainty about the global warming; by the fact that the costs of cutting emissions have to be paid in the present, while the rewards will come in the distant future, which naturally conflicts with most corporations’ and politicians’ preference for assured short-term gain; and by the need to include essentially all countries in climate negotiations (generally, negotiations are more likely to succeed when they involve a relatively small number of parties).10 Any final agreement would have to satisfy not only the technical requirements for emission reduction established by scientists, but also the political demands of the countless interest groups in each country—from oil companies and fertilizer manufacturers to labor unions in automotive industries—affected by the agreement.11 Lastly, translating intention into action will not be straightforward: a country might sign a climate agreement and then not act on its commitments. Our international and national leaders will need extraordinary political will and ingenuity to produce compliance with any agreement that demands significant changes in our lifestyles or economies.12 One wonders who amongst them today has that will and ingenuity!

The Kyoto Protocol and its later amendments incorporate a proposal for setting up an international market for trading emission rights. Under this arrangement, a producer of greenhouse gases, say a U.S. coal-fired electricity plant that is about to overshoot its established target or ceiling, might find it cheaper to comply with its emission target by paying for reductions in a Chinese power plant’s emissions than by cutting its own. In poor countries, industries that use energy wastefully could invest in relatively cheap efficiency improvements and then sell their resulting emission credits on the international market for profit. In theory, many economists argue, such a market-based approach is the most efficient and ultimately the cheapest way (in terms of overall costs to humanity) to reduce greenhouse gas emissions. And it allows the world community to set an overall target for global greenhouse gas emissions, while letting individual corporations and governments figure out amongst themselves how they are going to meet that target.

Many people, quite understandably, find the idea of creating a market for the right to pollute a bit bizarre, if not downright offensive; some see a deep contradiction between the underlying ethic of environmentalism—an ethic, supposedly, of harmony, cooperation, and peace—and the lusty, avaricious profit motive that drives markets. I’m less bothered by this contradiction: markets are, as we’ve seen before, powerful instruments that can be harnessed for many ends. But even the idea’s advocates realize that the problems are legion. Rights to emit greenhouse gases will probably be derived from national emission targets codified in the final climate agreement. For example, each country will probably be allowed to emit a specified amount of carbon dioxide over a specified period of time. Yet given the complexities of the issue, it’s difficult to see how rich and poor countries will ever agree on national targets.13 Even if they do, the global market in emission rights will demand very careful management, because, among other things, the prices emission rights sell for in the international marketplace will not accurately reflect the dramatically different trade-offs that rich and poor countries must make to buy such rights (a dollar’s worth of emission rights has much more value in a poor country than a rich one, because people in the poor country must give up much more elsewhere in their lives to buy it).14 This and related difficulties will force the world’s governments to add an elaborate layer of financial and environmental institutions to the existing international system.15

Again we can see parallels between Algonquin Park and the planet as a whole. In Algonquin Park, as the tide of visitors swells and users’ demands soar, officials create ever more elaborate guidelines to squeeze the maximum possible benefit from the park’s limited territory. Similarly, as the size of the human economy increases relative to the planet’s resource base and biosphere (in this case, as our emissions of greenhouse gases rise relative to the biosphere’s capacity to absorb them), we must create ever more elaborate institutions and social arrangements to sustain our standard of living, to use resources efficiently, and to manage our relations with the planet’s complex biophysical systems.16 And of course, we’ll need ever larger amounts of ingenuity to design and construct these institutions.17

There is, however, one crucial difference between the two situations. Whereas officials in Algonquin Park have good information on all aspects of the land under their authority—on the diversity of animal and plant species and whether they are abundant or threatened, on the condition of the park’s forests and the flows of water through its rivers and lakes, and on how all these elements combine to create the park’s intricate ecology—the people we charge with managing global ecological affairs are operating largely in the dark.

When I interviewed Wally Broecker at the Lamont-Doherty Earth Observatory in New York, he gave me some appreciation of our ignorance of the basic dynamics of ocean currents and their effects on the atmosphere. We might be excused our ignorance in this case, because ocean-atmosphere systems are, after all, almost inconceivably complex. Less easy to excuse is our astounding lack of knowledge of much more visible features of our planet’s natural resources and ecology—features that have a direct impact on our well-being. For instance, we know surprisingly little about the state of the planet’s soils. While we have good information for some areas, like the Great Plains of the United States, soil data are sketchy for vast tracts of Africa, Asia, and Latin America, where billions of people depend directly on agriculture for survival. So we can’t accurately judge how badly we’ve degraded these soils through overuse and poor husbandry, though we do have patchy evidence that the damage is severe and getting worse in many places.18 Similarly, despite extensive satellite photography, our estimates of the rate and extent of tropical deforestation are rudimentary. We know even less about the natural ecology and species diversity inside these forests, where biologists presume most animal and plant species live. As a result, credible figures on the number of Earth’s species range from 5 to 30 million.19

And when it comes to broader questions—questions of how all these components of the planet’s ecology fit together; how they interact to produce Earth’s grand cycles of energy, carbon, oxygen, nitrogen, and sulfur; and how we’re perturbing these components and cycles—we find a deep and pervasive lack of knowledge, with unknown unknowns everywhere. Our ignorance, for all practical purposes, knows no bounds.

Buzz Holling practically despairs on this score. “Because we are only now beginning to understand the changing reality,” he writes, “there is consequently no limit to the ability of good scientists to invent compelling lines of causal explanation that inexorably support their particular beliefs. How can even the best-intentioned politician possibly be expected to deal with that? How can even the most reflective of the public?”20

I had sat for half an hour on a stone bench under the Jefferson Memorial’s dome, scribbling down the inscriptions on the walls. It was time to go back to my hotel. But before I left, inspired as I was by Jefferson’s words, I flipped over my sheet of paper and quickly wrote out some reflections on the challenges facing us when we try to set up new institutions for our new world.

Whether we’re trying to manage the global environment, national computer networks, or international financial markets—all complex systems—there are, first, challenges arising from the pace of change in these systems. The faster the pace, the more likely serious gaps will appear between the systems’ behavior and our lagging management capabilities. Second, there are the challenges arising from our ignorance of how the complex systems around us work. When we know we are ignorant about an aspect of a system, like the global climate, that we need to manage, we can set up our institutions to get the knowledge we need. If we have questions about how much carbon the oceans are absorbing, for instance, then we can fund research institutes to answer those questions. But when we can only guess at the extent of our ignorance, realizing that we are almost certain to be confronted with unknown unknowns, it makes sense to build buffering capacity into our institutions: that is, to give them the slack and resources they need to respond to surprises. So, our global climate-change institutions should be designed now to deal with the possibility of abrupt shifts in the behavior of Earth’s climate, like those that Wally Broecker argues lie in wait for us.

And third, once we have come up with a good design for an institution, we still face the often huge challenge of overcoming political opposition to it, or (to put it differently) devising the political bargain among different interest groups that will actually allow the institution to be created.

I folded the piece of paper and put it in my pocket, knowing that these are stiff challenges indeed. We need immense amounts of ingenuity to surmount them. The social sciences should be an important source of this ingenuity; they should be important tools in the toolkit we use to devise institutional solutions to our problems. Economics and political science, especially, should be able to help us create solutions. But my experience as a card-carrying social scientist told me that both of these disciplines are blunt and broken tools at best.
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The Annual Meeting of the American Political Science Association was under way in one of Washington’s largest hotels. There were enough of us to inundate the place. For several days, panel discussions and workshops covering every imaginable topic in the discipline’s lexicon ran nonstop in dozens of the hotel’s small meeting rooms, racked, one after the other, along each side of the building’s infinite corridors. As I walked through the corridors, moving from one small room to another myself, I peeked into these little caverns. Most were windowless and lit by fluorescent lights. In each, ranks of chrome and vinyl chairs faced a line of tables covered with white tablecloths. Panelists and paper-presenters sat behind these tables. If they were lucky, and the topics they were addressing were hot, the chairs in front of them would be filled with earnest colleagues. More often than not, though, the audience would consist of the dozen or so true aficionados of the subject at hand.

At regular intervals, the hum emanating from these small rooms was interrupted by plenary sessions. Held in huge ballrooms with ten-meter ceilings and movable walls, the plenaries featured the discipline’s luminaries expounding on topics of interest to a large number of the meeting’s participants. Sometimes klieg lights, television cameras, and a clutch of microphones at the speaker’s podium would make the event seem particularly exciting and important.

The conference extended vertically as well as horizontally. In the basement, a cavernous hall was filled with publishers’ book displays and long rows of tables bearing stacks of xeroxed conference papers. The conference moved upwards through level after level of meeting rooms, past lobbies, bars, and restaurants alive with the roar and bustle of full-throated networking in action, and up into the hotel’s many floors of bedrooms and suites. It was a three-dimensional labyrinth—a beehive almost—of air-conditioned and artificially lit passages and chambers, all completely isolated from the world. I marveled at how we could all find our way around this labyrinth and was reminded of the time I had tried to locate Donald Stuss in his Toronto office; once again, I needed a complex cognitive map to get myself from one place to another. And, just like actual bees, the inhabitants of this hive resembled each other: we were mostly white middle-class men wearing a standard uniform of khaki cotton pants, blue blazer, and red tie (with not too much pattern). There is a bland sameness to this species of professional political scientist.

Underneath this sameness, though, and underneath the meeting’s busy hum, if one listened carefully and knew how to interpret the participants’ signs and symbols, were sharp quarrels and angry words. Political science is a discipline divided on itself. Factions and camps contest the most basic matters of argument, evidence, and method. Some believe that the discipline is a legitimate “science,” and that with careful and skilled research it can produce lawlike generalizations about human political behavior not so very different from the laws of physics and chemistry. Others respond vehemently that this is nonsense, that the stuff of politics is, in its deepest essence, unlike the atoms and molecules of the physical world. The job of political science, say these critics (who are often postmodernists), is to help us break out of rigid, mechanistic, and unified understandings of political life. Generalizations, if any are possible, apply only to subsets of human societies and over limited periods of time.

We battle not only over the scientific status of the discipline but also over the nature of the political world’s fundamental building blocks, like power, the state, and nationalism. We even disagree about the most appropriate metaphors or “models” of human beings. Some of us, for instance, see human beings as little more than independent calculating machines who constantly assess the costs and benefits of different courses of action and then rationally choose the course that maximizes individual profit; others see them as rule-followers who generate public goods, solve collective action problems, and manage complexity by building institutions; and yet others see human beings as storytellers and story readers who create themselves and the world around them using the meaningful categories of their languages.

Most political scientists, however, would ruefully agree that the discipline has produced very little truly useful knowledge. Despite hundreds of thousands of person-years of research and thought, our understanding of the nuts and bolts of politics—of the factors that make democracies successful; of the pressures that shape national and international institutions; and of the causes of wars, revolutions, and genocides—has progressed excruciatingly slowly. In contrast to the natural sciences of physics, chemistry, and biology, where the wall of knowledge is built brick by brick, political science, like its social-science cousins anthropology and sociology, isn’t very cumulative. We are far less likely to build on the findings of our peers; instead, we leap on our horses and ride off in all directions, eventually staking out isolated and often antagonistic conceptual territories.

The result is a dangerous lag between the natural sciences and the social sciences. The natural sciences and the technologies they spawn carry us into the future at bewildering speed, in the process remolding our understanding of ourselves and revolutionizing our relationships with each other and the natural world. The social sciences plod along behind, unable to generate fast enough the knowledge we need to build new institutions for our new world. The renowned management expert Peter Drucker sums up the problem this way: “Effective government has never been needed more than in this highly competitive and fast-changing world of ours, in which the dangers created by the pollution of the physical environment are matched only by the dangers of worldwide armaments pollution. And we do not have even the beginnings of the political theory or the political institutions needed for effective government in the knowledge-based society of organizations.”21 One of the best recent examples of a lag between technological change and institutional capability is the U.S. federal and state government antitrust suit against the Microsoft Corporation. The original consent decree signed by Microsoft and the U.S. Justice Department in 1994 was intended to maintain competition in the market for PC operating systems. But by the time the decree was negotiated and signed, it was too late: Microsoft’s Windows operating system had already monopolized the market, running on about 95 percent of new PCS. Robert Hall, a Stanford economist and adviser to the Justice Department says that “to really have fostered and protected competition in the operating system market, it should have been signed in 1985 instead of 1994.”22

The people who work in political science are, for the most part, well-intentioned and smart. Most have chosen their careers out of a genuine concern for the state of the world and a desire to make it better; and most are very bright, because even modest success in social science demands considerable breadth of knowledge and nuance of thought. Yet they have largely failed to produce any really valuable knowledge. Given the importance of the subjects they study and the resources they have invested in research, this is a truly stinging indictment.

How could this have happened? The question raises some of the most intractable and opaque problems in modern philosophy. Some explanations focus on the sheer complexity of social phenomena, on the difficulty of carrying out controlled experiments, or on the relative immaturity of most social sciences compared to major branches of natural science.23 Other explanations note how the social sciences are inevitably entangled in matters of morality as well as fact, or how they often blur the distinction between the observer and the observed, a distinction critical to the objectivity of natural science. Certainly all these factors help to make research difficult, but none seems a decisive explanation, in itself, of the difference in success of the social and the natural sciences.24

Some people argue that economics is an exception to this general story. Economics, they say, provides a much more analytically precise and tightly integrated body of theory—a theory that is explicitly linked to a small set of generally accepted assumptions about human beings’ motivations and decision-making procedures, and that has been rigorously tested against quantified empirical evidence. Among all the social sciences, economics alone, these boosters contend, has a defensible claim to true scientific status.

Economics certainly deserves to be regarded as the queen of the social sciences; unlike the others, it has unquestionably produced useful knowledge on a wide range of issues that affect our daily lives. Yet we should be suspicious of its bold claims to scientific status. Modern neoclassical economic theory is firmly grounded in the kind of mechanistic worldview (described in “Complexities”) that sees the economy as a machine, and to explain the operation of this machine it imports many of the concepts of nineteenth-century classical physics. So it stresses the natural tendency of the economy to find a stable equilibrium and the possibility of isolating the effect of changes in different economic factors (like changes in interest rates) on economic performance.25 As well, to achieve its simplicity and elegance, the theory focuses on the behavior of independent individuals operating in a market—individuals who are atomized, rational, similar in preferences, and stripped of any social attributes. But this makes the theory largely asocial and ahistorical: there’s generally no place in it for large-scale historical, cultural, and political forces that sometimes have a huge impact on our economies—forces like the emancipation of women, rising environmental consciousness, or democratization in poor countries. Because it’s insensitive to broad social forces, modern economic theory is also surprisingly insensitive to its own tight relationship with capitalism. Nevertheless, it’s clearly a product of capitalism—a specific, historically rooted economic system—and it only makes sense in the context of capitalism.26

Some of these factors help explain economists’ notorious difficulty predicting the future course of our economies. A mechanistic metaphor won’t work well in a turbulent world, where countless factors interact synergistically and economic systems sometimes behave in sharp, nonlinear ways. Nor will it work well in a path-dependent world, where positive feedbacks can amplify small differences in initial conditions to create very large differences in an economic system’s eventual path of development. In the same way, an economic theory that disregards the human elements (society, culture, history) won’t accurately predict the behavior of systems in which these things are powerful forces. And sure enough, a review of long-range economic predictions over the last two decades shows a record of dismal failure: in 1979, forecasters widely thought that prices of commodities, especially oil, would continue rising, that the stock market was a poor investment, and that the American economy would remain beset by stagflation; in 1989, most forecasters were still leery of the stock market and almost all believed that Japan would continue to surge ahead of the United States in competitiveness and economic dynamism.27 Ten years later, at the turn of the century, these predictions looked downright silly.

To be fair, economists are not oblivious to these problems. The shortcomings of modern economic theory have been acknowledged by no less than the world’s most powerful economist, Alan Greenspan. In a speech at Stanford University in September 1997, for instance, he delivered some markedly pointed comments on the limits of economists’ understanding. He reviewed the ebb and flow of monetary theory over the previous decades, before an audience that included the grand old man of monetarism, Milton Friedman. At one time, he pointed out, the Federal Reserve had fairly clear rules to guide its interest-rate policy. These rules were derived from empirical research that showed a clear and durable causal link between the economy’s money supply and its inflation rate. But with the rapid technological and social change of the 1980S and 1990S, this link shattered. Financial deregulation and the quick evolution of financial instruments generally increased the speed and volatility of money’s circulation in the economy. Now the members of the Fed’s Open Market Committee, who together set the short-term interest rate, have to operate much more by intuition and instinct, carefully weighing, in addition to money-supply indicators, a wide range of other measures, information, and sources of data. “As the historical relationship between measured money supply and spending deteriorated,” Greenspan acknowledged, “policy-making, seeing no alternative, turned more eclectic and discretionary.”28

Greenspan’s remarks on this and other occasions have been disconcerting. He is at the very pinnacle of economic policy-making, and if he doesn’t know how the economic system actually functions, who does? Reading his remarks, one gets the sense that the elite policy-makers at the Federal Reserve are standing on constantly shifting ground, and are repeatedly forced to react to situations “in which incoming data have not readily conformed to historical experience.”29 And because they are often unsure which indicators are most important and deserve most attention, they are in a situation a bit like the one that confronted the pilots of United 232: they are pushed harder—their cognitive load is greatly increased—because they must pay attention to a much wider range of factors than they would if they had a better understanding of the economic system.
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In my experience, economists usually don’t admit that they can learn much from political scientists. But the APSA meeting did suggest some ways both disciplines might move forward. During an evening plenary, the president of APSA for the year, Elinor Ostrom, presented a paper that tried to reconcile the first two “models” (in social science terminology) of human beings mentioned above—the rational-choice model of people as calculating machines (widely accepted by economists) and the rule-follower model of people as institution builders.30

Elinor Ostrom is a political scientist of amazing breadth and subtlety, and her paper synthesized research findings across dozens of subfields in political science, economics, evolutionary psychology, and beyond. She began by arguing that the rational-choice model that has dominated political science in recent years fails to explain key kinds of social behavior, the most important being collective action in the face of strong incentives to free ride (discussed in the chapter “Ingenuity and Wealth”).31 How is it that people regularly create and maintain vital public goods, from effective government to health and education infrastructures, when it seems to make sense—from the point of view of the rational, self-interested individual—to let others pay the price and do the work? “If political scientists do not have an accurately grounded theory of collective action,” she declared pointedly, “we are hand-waving at our central questions. I am afraid that we do a lot of hand-waving.” The costs of this failure are potentially very high: “As global relationships become even more intricately intertwined and complex … our survival becomes even more dependent on empirically grounded scientific understanding.”32

So she proposed an alternative, “second-generation” model of human rationality. At its core she put our human ability to learn norms and rules of social interaction and to communicate this knowledge, through culture, to subsequent generations. “Norms,” she explained, are evaluations, either positive or negative, that someone attaches to a particular type of action, like our norm that lying is usually inappropriate behavior. “Reciprocity” is the key norm for solving collective action problems, because it helps build trust within social groups; if someone does something nice to you, the reciprocity norm enjoins you to do something nice back. Depending on the social context and certain other factors, which she specified quite precisely, groups can develop virtuous circles of trust and reciprocity that increase the likelihood of rational and effective collective action.

Listening to Elinor Ostrom’s presentation, I found her model helped me fit together many of the pieces of the ingenuity puzzle I had gathered in my study of brain evolution and human psychology. It built on the idea that ancient hominids evolved a specialized social intelligence that is exquisitely adapted to interpreting and managing complex social relations. It incorporated advanced theories of cultural evolution. And perhaps most important, it offered the possibility of moving political science beyond the crude, stripped-down conception of human rationality—cold, instrumental, and detached—that has dominated the discipline for years. There was room in her approach for integrating emotion and reason to give us an infinitely richer understanding of human intelligence and decision-making.

But then my mind cast back to another day in Washington, D.C., several years before, and the memory left me less sanguine. I had flown in from western Canada on two days’ notice, joining two colleagues (one from Hawaii, the other from California) to brief Vice President Al Gore on China’s environmental crisis. It was midsummer, and the city’s air was hot and heavy. The meeting was supposed to begin at 7:30 in the morning in the vice president’s office in the Old Executive Office Building, a huge, almost cavernous room, with ornate windows and high, gilded ceilings. But Gore was late. The Rwanda crisis was now several months old, and that morning his wife Tipper had left to visit the vast camps of Hutu refugees that had sprung up in eastern Zaire. Gore had seen her off at the airport, and I remember that when he arrived for our briefing his shirt was glued to his body with perspiration.

My two colleagues and I sat together on one side of a long table across from the vice president and his aides, while other senior officials from the administration gathered at the rest of the chairs around the table. There were about thirty people in the room, all told. For an hour we reviewed the state of the Chinese environment—a grim story of water shortages, appalling air pollution, and widespread damage to cropland—and the implications of this mounting environmental stress for China’s economic development and political stability. The vice president asked several perceptive questions, made some comments, and then opened the meeting to discussion. It went on much longer than anyone had expected; the last participants left around 10 a.m.

As we broke up, Gore came over to me. The carnage in Rwanda was on everyone’s mind, and it was becoming clear that the timid and legalistic American position in the Security Council in the early days of the genocide had been one of the things that allowed the massacres to spiral out of control. Gore said he had asked the director of the CIA to conduct a large research project on the sources of major episodes of civil violence, including ethnic clashes, revolutions, and genocides. He wanted the project to gather historical data going back several decades to find any factors that were consistently correlated with such violence; environmental factors were to be especially closely examined. He hoped the project would come up with a statistical tool—maybe country-by-country estimates of the probability of violence or a world map highlighting high-risk countries—that could provide policy-makers with one to two years’ warning of major violence, and perhaps allow them to prevent it. Gore asked me to bring my knowledge of environmental issues to the team. The project seemed profoundly worthwhile, so I agreed.

A few months later, I was contacted by the CIA, and I joined a small group of experts to think through the project’s initial design and structure. We were christened the State Failure Task Force; the name reflected an assumption that the kind of violence we were examining was a consequence, in part, of weak, fragmented, or predatory states. The group included several of the world’s leading authorities on civil violence as well as top specialists on data sources and statistical methodology. It was clear that we had substantial resources at our disposal: we could scour the world for the best data, and we could use the most advanced statistical techniques to identify correlations in those data. It was a golden opportunity—the kind of thing most academics dream of—a chance to work with the best people in the field and the best information available, on an issue of tremendous importance for humanity.

Because of unexpected developments in other research projects I was running at the time, I had to leave the task force early in its work. But I was kept informed of its progress and given a chance to make comments on its final report, which was issued in November 1995.

The results were sadly meager. In the end, the findings of the State Failure Task Force said more about the limits of contemporary social science, especially political science, than about the reasons states fail. After many months of intense work, during which the task force assembled more than two million pieces of data and examined six hundred potential explanatory variables, the report concluded that three variables, in combination, provided the best prediction of major civil violence: a country’s degree of openness to international trade, its level of infant mortality, and its level of democracy. High infant mortality and low foreign trade were together associated with state failure in democracies, while low foreign trade by itself was associated with state failure in autocracies.33 This might have been an interesting result, except that the mathematical model the team developed to predict state failure, a model that incorporated these three variables, generated a distressing number of false alarms. “Assuming the historical rates of three [state] failures per year,” the task force’s final report admitted, “the model most likely will correctly identify two and miss one. Of the 161 countries in the analysis, the model will correctly identify about one hundred as stable and would, on average, generate roughly fifty false alarms.”34 In other words, each year, for every two countries that the model correctly predicted would experience major civil violence, it would incorrectly predict major violence in fifty countries. In a later stage of the project, the team reduced the false-alarm rate somewhat for sub-Saharan Africa, but the overall results weren’t greatly different.35

Also, the task force’s findings were hardly new. The three variables that were isolated are well known to specialists in the causes of civil violence.

Even at the project’s first meeting, I remarked to one of my colleagues that infant mortality would be one of the first variables we should test, and he agreed. Although people differ a great deal in their values across cultures, everyone everywhere is concerned about their children, and when children are sick and dying, people are always deeply upset. Infant mortality is therefore a reasonable surrogate measure of the level of grievance and frustration in a society, which is, in turn, a key precursor to civil violence.

The lessons of the task force seemed to lie elsewhere: in the research challenges posed by inadequate data, by the use of the past as a guide to the future, and by the complexity of our social behavior.

Al Gore had been right to ask us to include environmental indicators in our study. Social science rarely considers the impacts of nature on society, although these impacts are often dramatic.36 Unfortunately, the task force’s entire effort was handicapped by a paucity of good environmental data, especially on fresh water availability, loss of forests, and damage to cropland. As a result, despite the vice president’s interest in the matter, environmental factors were deemphasized in the project’s final analysis.

The project was also handicapped by the underlying assumption—inescapable, given its methodology—that the past is a good guide to the future. One of the most frustrating things for researchers in the social sciences, as Alan Greenspan’s remarks suggest, is the tendency for apparently strong associations between factors—like the association between money supply and the inflation rate—to weaken and vanish over time. If the economic, social, and ecological characteristics of our world are changing fast, which certainly seems to be true today, then the sources of future violence could be very different from those of the past, and a close examination of countries that have experienced violence in the past may not be of any help to us in predicting where violence will erupt in coming years. My own research indicates, for instance, that environmental factors will be much more common and powerful causes of civil violence in the future than in the past.37

Most important, the task force failed, despite the extraordinary skills and resources at its command, to develop a theoretical or statistical approach that could cope with the complexity of human conflict. Civil violence is always the result of many interacting factors: friction between strong ethnic identities, widespread anger produced by falling standards of living, and the easy availability of weapons are often mentioned; but it’s very hard to determine what contribution any one factor makes by itself, and few if any of these factors will be present in all incidents of civil violence. Given all this, researchers should perhaps investigate what effect different combinations or sets of factors have on the level of violence (say, strong ethnic identities combined with falling living standards, or falling living standards combined with the easy availability of weapons). But because of lack of time and political considerations, the task force couldn’t fully pursue this approach.38

As Elinor Ostrom wrapped up her impressive presentation, I felt an odd mix of enthusiasm and discouragement: she had given us a host of exciting questions and a set of powerful hypotheses to explore in our research. But that day the road ahead seemed depressingly long, and the distance we had covered so far seemed almost minuscule.
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Maybe I was being too quickly discouraged. There was actually evidence all around me—in Washington itself—suggesting that our societies can often adapt well to changing circumstances, and can maintain their peace and prosperity, even if we haven’t got a detailed understanding of how our societies work. Maybe advanced social-scientific knowledge isn’t so critical to our future after all.

In the early and mid-1990S, things looked pretty grim in the city. Public services were crumbling, crime was rife in poor districts, and the D.C. government was nearly bankrupt. The end of the Cold War had sent an electric shock through the region’s economy, as defense and aerospace industries, research labs, think tanks, and foreign policy and defense bureaucracies downsized. But half a dozen years later, the city government and services had been turned around and the regional economy rejuvenated. Disillusionment with the government’s disarray and a slow change in the city’s demography provided a political base for a new, reformist mayor.39 Meanwhile, in the penumbra of suburbs and towns around Washington, high-tech industries proliferated, many of them attracted to the region because of the new concentration of underemployed but highly skilled scientists and engineers. Today, with nine thousand technology companies, including MCI and America Online, employing 470,000 people (over a hundred thousand more than the federal government), some commentators suggest that the region rivals Silicon Valley as a center of high-technology dynamism.40

How did all this come about? Remarkably, the changes just seemed to happen. Certainly, government intervention had an influence. At the height of the city’s financial crisis in 1995, Congress created a financial control board that stripped the then mayor, Marion Barry, of virtually all his powers and reestablished order in the city’s finances. But many of the positive changes in the city and region occurred without a central plan and without an elaborate institutional structure based on sophisticated social-science knowledge. Instead, people initiated changes spontaneously. Companies, communities, and organizations found constructive ways to make their lives better. Their responses to the challenges they faced were diverse, decentralized, and often local.

Yet such an uncoordinated approach is rarely the first thing we advocate when we face a large, tangled social or technological problem with no obvious solution, like a regional economic downturn or violent conflict in a distant land. Instead, we usually call upon government to set up institutions or programs, like Washington’s 1995 financial control board, that can take command of the problem, apply expertise to it, and solve it. We tend to accept that centralized institutions can use their power to simplify complex problems and can hire the finest minds and best technologies to analyze and tame them—technologies like advanced statistical or computer models that will find optimal solutions.41 But institutional power doesn’t always produce simplification; large, centralized organizations tend to be bureaucratic, cumbersome, and inefficient. And computer models are only as good as the knowledge that goes into them, so they miss unknown unknowns.

Another way of dealing with a tangled problem is simply to do nothing, or at least nothing large, centralized, and carefully planned. Complex systems of people and groups linked together in networks—like the network of markets, people, and corporations in the Washington region—can often adapt well to a quickly changing environment. Just let these systems operate, the argument goes, and they will deal with their problems themselves. Management often isn’t necessary. In fact, in many cases it just gets in the way.

This idea is appealing, because it endorses a laissez-faire approach. We need not trouble ourselves with trying to figure out the intricacies of the problem at hand, building big institutions, or developing sophisticated and comprehensive theories and policies. Instead, after putting in place a few prerequisites (like the laws undergirding markets) that allow people and groups to help themselves, we can simply stand aside.

There are actually several different ideas that can be used to justify doing nothing or doing little. The first is that complex systems—such as societies, ecologies, and large organizations and markets—have redundancy in their key components. Just as a tropical forest may have several species of bird that help keep the populations of certain noxious insects under control, a complex market may have several corporations that provide certain critical goods and services. This redundancy helps make these systems resilient to shocks and breakdowns, as John Bongaarts suggested to me over dinner in London. And this resilience, according to the theory, means that they don’t need careful tending. But just because an organization, market, or society is internally complex enough to avoid catastrophic breakdowns doesn’t mean it will be able to adjust smoothly to all its new challenges. It may just limp along, resilient enough to hold itself together but unable to adapt or deal with difficult problems.

Another justification for doing little is the “incrementalist” theory of decision-making. Originally used to describe problem-solving in bureaucracies and large organizations, this theory can also be applied to whole societies. It says that decision-makers in large organizations should generally “muddle through.” Because they have limited information and cognitive resources to apply to any given problem, they should make lots of small, incremental decisions, each building on what has gone before and drawing on their own and their organization’s practical knowledge. If they do this, then more often than not the solutions they adopt will be quite good. So it doesn’t make sense—and it’s often not possible in any case—to solve problems through a comprehensive and rational evaluation of all options or by developing grand, overarching schemes.42

But there are powerful reasons why the muddling-through approach will not always work for problems in today’s world. Incrementalism assumes that our circumstances are reasonably stable and change is slow. Because the past isn’t that different from the present, decision-makers can draw on what they have learned from the past—their practical knowledge, habits, and standard operating procedures, for instance—to guide their decisions in the present. But today our circumstances are sometimes marked by sharp upheavals and swift obsolescence of technologies and past knowledge.43 Also, today people often don’t have the luxury of making small, provisional decisions and then waiting to gauge the results: as we have seen, for instance, in the Asian financial crisis, micro-events and decisions can have macro-consequences, and by the time a decision-maker realizes that the consequences of a small decision aren’t good, it may be too late to change the course of events.44

A third argument for doing little or nothing draws a parallel between complex systems and biological organisms: according to this view, we don’t have to invest a lot of energy or thought in managing the complex systems around us, whether we’re talking about the global climate or the international financial system, because these systems, like organisms, have built-in ways of regulating themselves that keep them stable and ordered (mammals, for example, keep their body temperature constant).45 An old and rich sociological literature applies this idea to societies; and one of its most recent incarnations is the Gaia hypothesis, which proposes that the life in Earth’s biosphere regulates the planet’s environment to keep it habitable.46 But such arguments aren’t very satisfying in the end, because they don’t do a good job of explaining how, why, and when a complex system develops the ability to regulate itself.

But the fourth idea in the cluster does address this issue, and for this reason it’s by far the most interesting. It is actually a broad and rapidly developing set of theories about self-organizing and complex-adaptive systems.47 These theories start with one of the deepest questions facing science today: How does a disordered universe of inanimate matter and energy spontaneously generate highly complex, ordered, and adaptive entities—from cells, organisms, and ecosystems to cities, societies, and world-spanning technological systems?

The evolutionary theory of Darwin and later thinkers gives us only a partial answer—partial because, though it highlights natural selection and adaptation in the biological world of living entities, it doesn’t really help us understand the emergence of self-organization from inanimate matter.48 Evolutionary theory also has trouble explaining the dramatic variation in the rate of evolution over time and the degree to which natural selection favors adaptive traits.

At the core of the new theories is the concept of the fitness landscape.49 The landscape has hills and valleys. These features can be relatively smooth undulations, like a British pastoral scene, or they can be rugged and sharp, marked by canyons, precipices, and high peaks, like the Himalayas. The landscape represents, metaphorically, the range of possible relationships between a species, organism, society or other complex-adaptive system and its environment. Each high point represents a high point of fitness—a point where the system is relatively well adapted to its environment—and as the system evolves or changes its form over time, it moves across its fitness landscape and up the landscape’s slopes to points of higher fitness.

This metaphor nicely captures the idea that complex-adaptive systems can usually improve their fitness in a number of ways: their fitness landscapes will usually have many peaks, each representing different potential adaptations to the environment at hand. The metaphor also illustrates how it’s possible to become trapped in a less-than-optimal relationship with the environment. A species or society might migrate up a slope to reach a fitness peak, but that peak might be much lower than other peaks on the landscape, which can be reached only by crossing deep valleys of low fitness. Finally, the metaphor allows us to visualize the contrast between benign and harsh environments. An environment that imposes tight and complex constraints is best represented by a rugged fitness landscape (again, like the Himalayas), with lots of dangerous cliffs and deep gorges that can lead to extinction.

Although a species, society, or other complex-adaptive system can sometimes become trapped on less-than-optimal fitness peaks, many have developed means to move from one fitness peak to another across broad territories of low fitness. Any convincing theory of evolution and adaptation must explain how this happens. In one of their most profound insights, theorists working on this problem have proposed that the systems best able to move from one fitness peak to another are those whose internal structures are neither too orderly nor too chaotic. Systems whose internal structures are highly ordered will tend to be static; once they have migrated upwards to a local fitness peak, they will tend to stay there. On the other hand, chaotic systems will roam across the countryside randomly, quite possibly to their death. The most adaptive systems tend to maintain themselves on the cusp between order and chaos; they are random and adventurous enough to strike out in new directions looking for a better life, but they are also conservative and orderly enough to take advantage of improvements once they find them.

Highly adaptive systems also tend to break themselves into parts to explore their local fitness landscape. A species, for instance, might break into several subspecies, each of which explores the landscape in a different direction. Adaptive systems are generally not hierarchical and controlled by central commands; instead, they are decentralized, with their many parts linked together in networks and operating in parallel to solve the problems of survival.50 When one part finds a higher fitness peak, it can communicate that information to other parts in the network. So a successful subspecies can crossbreed with other subspecies and pull the whole species towards the new fitness peak.51 As the ruggedness of the fitness landscape increases—that is, as the environment becomes harsher—adaptive systems need to break themselves into more and smaller parts to best explore the landscape.

This theory gives us tremendously rich insights into how our communities and societies adapt to rapid and complex change. They help us understand what happened in the Washington region in the last half-dozen years: the region’s diverse communities, corporations, and clusters of skilled people made up a fragmented network, and they quickly explored their fitness landscape. Once one or two parts of this network identified high-technology opportunities, many other parts followed behind to this new, higher fitness peak. The process was certainly not orderly or command-centered, but neither was it entirely chaotic. Rapid adaptation occurred precisely because these networked communities and groups were poised on the cusp between order and chaos.

The theory also helps us understand the extraordinary success of Western societies in recent history. They are undoubtedly among the most highly adaptive societies that humanity has ever created. During the twentieth century alone, they experienced two world wars, a deep economic depression, massive immigration, and a hugely expensive, decades-long political competition and arms race with an implacable enemy (the Soviet Union). Yet they emerged at the end of the century not just intact, but wealthier and more powerful than ever. Western societies have an enormous and unprecedented capacity to generate ingenuity in response to their problems.

The secret to their success has been a self-reinforcing combination of institutions and culture that has maintained Western societies on the fecund boundary between order and chaos. Western economic institutions hinge on markets, which are decentralized networks that give corporations and people the information and things they need to work on their problems in parallel. Western culture and political institutions also encourage the development of a vigorous civil society—a dense web of nonstate associations, including religious groups, unions, community-service organizations, sports clubs, and the like. These groups’ activities help build the trust and norms of reciprocity that Elinor Ostrom argued are key to solving collective action problems, and that other scholars say are vital to sustained economic growth.52 The diversity and independence of firms in the marketplace and of groups in civil society let Western societies explore their fitness landscapes rapidly and continuously.

Western economic and political institutions are founded on a shared culture, and the core of this culture is the conviction that the social and technological change produced by constant competition and disorder is inevitable and generally good.53 For individuals, living on this cusp of chaos may produce feelings of anomie and disorientation; but for the collectivity, the West has learned, it is the best place to be in a fast-changing world, because it’s where societies will produce the most and best ingenuity.

According to this theory, then, some parts of humanity may be entering an age of explosive creativity, as national hierarchies around the planet collapse into Internet-linked networks of disaggregated economic and social units. These haphazard social arrangements make possible a supercharged process of decentralized innovation, where individuals and groups work in parallel, scattered across vast networks, to solve common problems and produce public goods. Perhaps the best current example of this phenomenon is the collaborative development of the Linux operating system for computers, an example of what specialists call the “open-source revolution” in software development.54 Expressing some of the excitement of this new age, the economist and complexity theorist Brian Arthur writes: “[The] Web provides access to the stored memories, the stored experiences of others. And that’s what is also particular to humans: our ability not just to think and experience but to store our thoughts and experiences and share them with others as needed, in an interactive culture. What gives us power as humans is not our minds but the ability to share our minds, the ability to compute in parallel. And it’s this sharing—this parallelism—that gives the Web its power.”55

So it’s possible to build a powerful argument, backed by fascinating theoretical work, that sometimes a do-nothing or do-little approach is best when we face complex problems. But before we get carried away by our excitement over these new theories and over the possibilities offered by our newly Webbed world, a few caveats are in order. A decentralized, network-based approach won’t work for all problems; instead, the various types of solutions have to be matched to different types of problems. Sometimes a centralized, hierarchical, command-driven approach is essential, even if only as a catalyst or complement to a network-based approach. It’s doubtful, for example, that Washington, D.C., could have reversed its financial crisis without the intervention of Congress. And it’s inconceivable that we will resolve the problem of global climate change without powerful international institutions that, at the very least, provide the legal and financial framework for a market-based emissions trading scheme.

A centralized, command-driven approach is also often needed when our societies are trapped on less-than-optimal fitness peaks. Sometimes the institutional structure of a society or its culture of fundamental beliefs—such as its religion or its political and economic ideology—constrain the society so that it can’t properly explore its fitness landscape.56 Moving away from the current peak would involve raising fundamental questions about the society’s internal distribution of power and wealth, or about its ultimate values.57 It’s possible that our Western societies are constrained in this way right now: despite the triumphs of our capitalism, democracy, and science at the moment, our system may not be sustainable over the long run, either ecologically (because its high-consumption lifestyle puts immense stress on Earth’s environment) or politically (because it widens income and wealth gaps between rich and poor). Yet Western societies’ economic and intellectual elites have adopted a remarkably uniform consensus on core social values and on what institutions best serve those values. This consensus silently closes off opportunities for fundamental dissent, elevates questionable assumptions to the level of absolute fact, and limits space for debate—in other words, it keeps us from fully exploring our fitness landscape.

If Western capitalism and democracy confront a life-or-death crisis in the future, we will probably need the help of centralized and command-driven intervention to move us in new directions. When capitalism faced its most profound challenge of the past century, the Great Depression of the 1930S, it couldn’t fix itself. Instead, state intervention—in the form of Roosevelt’s New Deal—was essential.

There’s another, more powerful reason why decentralized, network-based solutions might not always work: our present fitness landscape is not stable. Indeed, it may be becoming increasingly rugged. As groups, societies, and technologies evolve within our planetary network, and as the planet’s biosphere and climate evolve with us, the landscape to which we must adapt is changing stunningly fast. New mountains, ridges, and cliffs push upwards, while old ones shrink and disappear. Fitness peaks, perhaps even those very peaks that we inhabit, abruptly dissolve into broad valleys of low fitness; suddenly we aren’t adapted to our surrounding environment anymore. The topography of our fitness landscape resembles a sheet of metal—white-hot from fires underneath—that is twisting, bulging, and buckling from heat.

White-hot landscapes. The image was on my mind as I packed my bags to return to Toronto. I thought about the evidence gathered by Rick Potts and other paleoanthropologists (in the chapter “Brains and Ingenuity”) suggesting that the human brain is extraordinarily well designed to cope with rapid changes in its fitness landscape, because it evolved at a time of wide environmental and climate fluctuation. But perhaps we’re now changing our fitness landscape too fast for even our own brain’s astounding adaptability.

If so, we’re in trouble: regardless of whether we adopt centralized or decentralized problem-solving strategies, we won’t be able to scramble across our seething fitness landscape fast enough to find and settle new peaks before they subside out of sight. Our future, in this case, will not be marked by an endless sequence of relatively smooth and increasingly refined adaptations to our world; it will instead be an endless series of gambles, approximations, and random guesses, many of which won’t work, and some of which will lead to disasters like the horrible violence that Al Gore hoped we could predict. This tendency to flirt with catastrophe, the historian William McNeill says, seems to be intrinsic to our destiny: “Both intelligence and catastrophe appear to move in a world of unlimited permutation and combination, provoking an open-ended sequence of challenge and response. Human history thus becomes an extraordinary, dynamic equilibrium in which triumph and disaster recur perpetually on an ever-increasing scale as our skills and knowledge grow.”58
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VEGAS
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THE SOUND was overwhelming. Bass notes pulsed from speakers suspended overhead. They drove the air towards me in sharp waves that pummeled my chest and almost made me gasp for air. I could barely breathe anyway: people were packed so tightly in the hall I was reminded of claustrophobic markets in Bombay and Shanghai.

I had pushed my way into the Microsoft exhibit at the Comdex convention in Las Vegas, Nevada. With an attendance of over two hundred thousand people, Comdex is one of the world’s biggest computer, communication, and software trade shows, and Las Vegas is one of the few cities that can handle the meeting. But even with its vast number of hotel rooms, the city bulges at the seams: room rates soar, and every decent restaurant is booked solid every night. Vegas fills with jabbering techies, software nerds, and slick hucksters for the new information utopia.

The convention itself is housed in several huge buildings, each almost as big as an airplane hangar. It’s a carnival inside, with a torrent of humanity flowing along the endless avenues among the corporate booths. I passed one gaudy display after another, surrounded everywhere by dazzling light and color, huge three-dimensional billboards and mock-ups of corporate logos rising like columns on each side, lit by strobes and floods. The biggest companies have the biggest displays, some several stories high, complete with stage shows, glamorous salesgirls eager to show off their companies’ wares, endless banks of computer terminals and video screens, and nonstop lectures touting the benefits of the products sold inside. The spaces between these islands of corporate power are crammed with the booths of far smaller technology and software developers—energetic entrepreneurs trying to fill market niches, many having sent most of their staff members to the show. Men are more numerous than women at the convention, and almost all men over thirty-five are obese. The computer-driven lifestyle, it seems, is sedentary and stressful, and the people attending this high-technology cornucopia have little time or inclination to eat properly.

Comdex and Las Vegas make a fitting combination. Together, they mingle computers, gambling, and the fantasies of a postadolescent playland. High-tech exhibits spill into hotel foyers only a few meters from clattering slot machines and blackjack tables surrounded by nervous casino patrons. A bit farther along, the labyrinthine hotel passages open into a vast gambling hall designed to resemble the bridge of a Star Trek spaceship. The different worlds of computers, gambling, and fantasy fit together surprisingly seamlessly, as if they reflect each other’s essences in some kind of triangular relationship. Gambling is, after all, about living a fantasy of sudden riches; computers allow us to create virtual worlds that erase the line between reality and fantasy; and the jackpots of the information revolution have produced the new billionaires of the 1980S and 1990S. These billionaires, Bill Gates in particular, are a palpable presence at the convention, appearing fleetingly to give a speech here or a press conference there. They are the mega-capitalists of our new knowledge society, and most Comdex attendees secretly fantasize about joining their select company. The whole event is suffused with millennial boosterism and a flawless optimism about the future and the capacity of information technology to create a new world beyond us.

I had come to Las Vegas on the penultimate leg of my travels. I now had at hand most of the pieces of my ingenuity puzzle. I had learned much about the nature of ingenuity and about the forces driving up our requirement for ingenuity—the greater complexity, unpredictability, and pace of our world, and our rising demands on the human-made and natural systems around us. I had also learned something about the factors that might restrict our supply of ingenuity—in particular, about the limitations of our brains, markets, and scientific institutions. But Las Vegas and Comdex, I sensed, would help me fit these pieces together into the larger picture that I sought, and they’d also help me fill a couple of major gaps that remained. I especially wanted to know more about how the Internet and other new information technologies might affect ingenuity supply, given the importance of these technologies in the creation and dissemination of ideas—the very stuff of ingenuity.

I’d decided to stay at the Stratosphere Hotel, a tower resembling the Seattle Space Needle, which vertically punctuates the seedy north end of the Las Vegas Strip. The hotel sports a high-altitude viewing deck and revolving restaurant, all capped by a roller coaster that twists around the structure’s uppermost spire. When I planned the trip, I couldn’t resist booking into a hotel with a roller coaster on its roof; there was something suitably bizarre about the idea, and although I hadn’t visited Las Vegas before, I expected the city to be profoundly bizarre.

Eating a late dinner in the restaurant, a friend and I looked out across a sprawling city of one million people, with lights and streets radiating in all directions away from us towards distant mountains. We seemed to be at the center of a galaxy of stars; Las Vegas and its surrounding communities together make up one of the fastest-growing metropolitan areas in the United States. The roller coaster rumbled periodically overhead, and every hour or so the Strip cycled into view, with the city’s famous hotels—Circus-Circus, the Stardust, Treasure Island, the Mirage, Caesar’s Palace, Bellagio, the Excalibur, and New York–New York—stretching like a string of gaudy costume jewels into the desert.

The last jewel in the string, some six kilometers away, was the Luxor Hotel—a mammoth glass-and-concrete representation of an Egyptian pyramid. Thirty-six stories high and measuring two hundred meters on each side, the hotel boasts the world’s largest atrium, capable of enclosing nine Boeing 747S. But it wasn’t the size of this edifice that we noticed most from our distant perch (although big, the Luxor Hotel is actually only two-thirds the volume of the great pyramid of Cheops outside Cairo). Rather, it was the mighty column of light that blasted vertically from the pyramid’s peak into the night sky. In a chamber at the building’s apex, thirty huge Xenon lights, consuming more than 200,000 watts of electricity, produce a beam visible by jets cruising four hundred kilometers away. This beam is nearly a hundred times more powerful than that produced by Smeaton’s lighthouse in Plymouth; but shooting into space, the Luxor light isn’t intended to warn anybody or illuminate anything. Its point is purely aesthetic (although it seems odd to apply that word to anything in Las Vegas). In fact, the light’s appeal lies partly in its apparent pointlessness: it is, at first glance, nothing more than a crude statement of exuberance, extravagance, and power.

The Luxor Hotel, I decided, brings together pyramids, artificial light, and the night sky—three metaphors that had wound themselves like contrapuntal themes through my investigations. In my mind, our ability to produce, ever more cheaply, copious quantities of light had come to represent our astonishing technological prowess; the night sky, similarly, stood for the mysteries that this prowess can obscure and for the sense of awe about our natural world that our technologies often extinguish; and pyramids represented our need to convince ourselves that we retain authority over an increasingly chaotic, complex, and bewildering world. When we build pyramids—whether in Canary Wharf, Battery Park, or Las Vegas—we seem to be exclaiming that we are more than uncomprehending ephemera. We are here to stay; we know what’s going on; we are champions of this universe. But the futility of this bravado seems particularly clear and poignant in Las Vegas, a city with only the most tenuous grip on history and reality. As the Harvard English professor and drama critic Robert Brustein writes, “This Nevada City, artificially created out of the desert and therefore lacking an identity of its own, is trying to resignify itself by cloning more confident places.”1
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The Luxor Hotel, Las Vegas

Yet Las Vegas is undeniably fun, entirely because it is ostentatious, tacky, and over the top. There’s something irrepressible about the place.

Escape and denial are often good for the soul, and we need a certain amount of bizarreness in our lives. Las Vegas is appealingly hedonistic. But as we looked across the cityscape from high atop the Stratosphere Hotel, I wondered whether Las Vegas is more than just a place for adults to escape into fantasyland. Does late-twentieth-century Las Vegas actually give us a glimpse of the future of urbanized humanity?
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The next day, wandering along Comdex’s endless avenues, I pondered an irony: the tens of thousands of people around me were devotees of the latest newfangled information technology, but they still felt a need to meet each other in person to conduct their business. Even today’s most advanced communications media are severely restricted in the amount of information they can convey. In contrast, when we talk to someone directly in front of us, we not only receive information by hearing what the person says, but also by seeing fine details of her facial expressions and body language, including how she positions her body in relation to ours. And our noses and brains have a remarkably acute ability to discriminate among people’s scents, although little of this olfactory information registers in our conscious minds. It’s going to be a long time before such vital, subliminal signals can be communicated over long distances, and in the meantime person-to-person meetings remain essential.

A further irony came to mind: Comdex was spawned by the communication revolution, but communication seemed oddly impoverished at this gargantuan meeting. The event was too pressured and cacophonous to produce really useful networking and communication among its participants; instead it was mainly an occasion to boost brand recognition, announce new products, and hand out brochures. In fact, my friend, a well-known expert in Web languages, made one of his most interesting contacts not at the meeting itself but in the departure lounge of the airport as we were preparing to leave the city. The departure lounge offered a few minutes of respite from Comdex’s sensory overload (although a clutch of Las Vegas’s ubiquitous slot machines still clattered in the background). It was a window of opportunity for a thoughtful conversation, whereas the convention’s halls and hotels offered only fleeting moments to exchange business cards.

It made me think of a comment by David Shenk, the author of Data Smog. “The blank spaces and silent moments in life,” he writes, “are fast disappearing.”2 Comdex is not only a bazaar of modern communication technologies, it is also a microcosm of some of the profound changes these technologies have wrought in our social relationships. The crushing amount of information delivered to us, and the ease and breakneck pace of this information’s delivery, force us to devote less and less time to individual interactions in our social environment. Our interpersonal relationships become truncated, abbreviated, and fragmented. Leisurely, handwritten letters have all but disappeared. Our e-mail messages are stripped of nuance and texture and reduced to Morse-like staccatos of data; we drop punctuation, capitalization, and proper spelling, and we adopt an impoverished symbolism of emoticons.3 We snatch bits of conversation with colleagues and friends on our cell phones as we dash between meetings. We become ruder. It’s now possible for people from every corner of the planet to contact us, so we simply stop responding to their messages. In fact, we delete swaths of these messages from our e-mail and voice-mail inboxes without even pausing to read or listen to them.

These general trends have been recognized for some time. In a famous 1970 study of the pressures of urbanization, for example, the renowned social psychologist Stanley Milgram observed that city life is “a continuous set of encounters with overload, and of resultant adaptations.”4 People adapt by allocating less time to each input, disregarding low-priority inputs, shifting the burden of social transactions to other parties, and blocking reception of information through strategies like delisting their telephone numbers and using unfriendly facial expressions. In general, as people become overloaded with inputs from their environment, their receptivity and benevolence towards strangers declines.

Even if the general trends are not really new, the degree of fragmentation and abbreviation of today’s social relations is certainly new. While the connections among us are more numerous than ever before, the meaning-fulness of these connections is decreasing.5 The cost to our societies may be much greater than simply a rise in ambient rudeness. Dense and meaningful social connections are the stuff of what social scientists have come to call social capital; they are the sinews around which we develop those norms of trust and reciprocity that Elinor Ostrom highlighted during her Washington presentation (in the last chapter, “White-Hot Landscapes”), and such norms greatly enhance our ability to reform and build new economic and political institutions—that is, to supply the abundant social ingenuity we need.6 When these connections become depleted and impoverished, the ability of our societies to adapt to rapid and complex change is undermined.
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These somewhat disconnected thoughts ambled through my mind as I ambled around Comdex, reinforcing similar conclusions I had reached earlier in my investigations—conclusions that seemed particularly potent that day: the very technologies of communication, travel, and production that empower us as individuals can, paradoxically, reduce our control of events surrounding us, especially when everybody uses these technologies and, consequently, everybody’s life is busier and more pressured. These technologies are examples of our extraordinary ability to supply ingenuity, but they also drive up our need for ingenuity. I had also realized, after studying what we know about the human brain’s characteristics and evolution, that the sheer quantity of information we must now manage often exceeds our cognitive capacity. As a result, the hyper-abundance of information in today’s world—seen as a boon by many—often steals from us the quiet moments we need for contemplation. It may actually reduce our ability to create new and useful ideas.

The late 1990S saw a wave of commentary on the consequences for our personal and family lives, and for our economies, of the greater load, pace, and complexity of tasks that we must manage on a daily basis.7 New communications technologies were only one cause of these changes (other factors were shifts in the organization of work and the rising importance of ideas in our economies). But all told, the end result was far more stress in our lives.

We experience psychological stress when we face high cognitive or emotional demands that we feel are both unpredictable and uncontrollable. The stress is worse if we can’t release the frustration that results from these high demands, and if we don’t have adequate social support in the form of family and friends.8 A famous study of bureaucrats in the British civil service found that mortality rates were strongly correlated with status in the civil-service hierarchy. Surprisingly, the higher the person’s position in that hierarchy, the lower his or her risk of dying prematurely.9 After accounting for various risk factors, the researchers attributed this result to the higher levels of control and predictability that senior managers had in their work lives. Lower-level employees felt they had less control and, therefore, experienced far more stress and stress-related illness.10

Many of us feel that new information technologies have in some ways increased the unpredictability of, and decreased our control over, our daily lives. If so, then perhaps these technologies are becoming a major contributor to stress. Among other things, as we saw in “Brains and Ingenuity,” there may be a mismatch between the optimal size of our social groups—a size some anthropologists suggest is around 150 persons, given our cognitive capacity—and the essentially infinite social groups that the Internet and other communication technologies make available to us. As our electronic groups expand beyond that threshold of 150, the meaningfulness of our relationships degrades, our ability to adequately monitor and predict the behavior of group members declines, and stress inexorably increases.

In my investigations into the human brain, I also learned that stress contributes over time to neuronal death in the hippocampus, a brain region important to learning and memory. And even mild to moderate uncontrollable stress causes the body to release certain hormones—especially norepinephrine and dopamine—that impede the working-memory functions of the brain’s frontal lobes. People with working-memory deficits are disorganized and impulsive and exhibit difficulty sustaining their attention.11

Disorganized. Impulsive. Exhibiting difficulty sustaining attention. Sounds a lot like an average person’s reaction to today’s info-glut. A wild speculation came to my mind—occasioned, maybe, by the pounding excesses of Comdex all around me: if it’s true that these communication technologies create much more stress in our lives, and if stress degrades our cognitive functions, then the communications revolution may, in a final irony, be sowing the seeds of its own demise. This revolution may be creating a psychological environment that hinders our ability to focus our minds and organize our ideas; in the process, it may actually lower the output of the technical ingenuity that the revolution needs to sustain itself.

I didn’t need to speculate, though, about the sometimes pernicious effects of new communication technologies on public-policy debates and governance in Western societies. In the same way that info-glut affects our interpersonal relations, it also fragments and abbreviates the deliberative processes in our democracies. So much information and so many ideas are competing for the limited space in our brains that the day’s perplexing public-policy issues and controversies must be condensed to single-sentence declarations and aphorisms. In this competitive cognitive environment, ideas must be crude and unreflective to win. Slogans and dogma dominate. At the very moment that the challenges facing our societies and world are soaring in complexity, info-glut drives us to simplify and sensationalize them and to dichotomize multifaceted policy problems into raging two-sided debates.

We’ve all heard about the shrinking soundbite on American television: from 1965 to 1995, the average news soundbite imploded from forty-two to eight seconds.12 But we have heard less about the compression of data and debate in print media. People simply don’t have the time to read articles of even modest length now. In the last two decades, articles in news magazines like Time have been progressively reduced in length, and more and more space has been dedicated to punchy one-or two-column-inch chunks of news. In 1979, the average length of a Time cover story was nearly 4,500 words; today it’s about 2,800 words—a drop of nearly 40 percent. In the same period, the length of an average op-ed article in The New York Times fell over 20 percent, from 730 words to 575 words. Even the highbrow journal Scientific American has cut its standard articles by well over 40 percent, from a 1979 average of about 5,700 to about 3,200 words today.13

In his illuminating book, Governing with the News, Timothy Cook, a political scientist at Williams College, argues that the goals of American journalists fundamentally diverge from those of the country’s politicians. Whereas journalists want their stories to have concreteness, plot line, color, real people, terseness, and above all “an endless series of conflicts and momentary resolutions,” politicians want to preserve nuance and room to maneuver and compromise. Info-glut exacerbates this divergence. It forces journalists to pare their stories to the bone and to put a premium on snappiness and entertainment value rather than news content. Politicians who talk about “a complex problem or, even worse, a series of problems, [run into] trouble with journalists who are looking for something easily described, and preferably an easy division between protagonists and antagonists.” Furthermore, if they want to survive, politicians must supply the kind of material journalists demand: “speakers concerned about getting into the news have to craft their communications so as to be littered with soundbites.”14 Newt Gingrich, the former Speaker of the U.S. House of Representatives, once vividly expressed his exasperation with these demands. “Part of the reason I use strong language is because you-all will pick it up,” Gingrich declared. “You convince your colleagues to cover me being calm, and I’ll be calm. You guys want to cover nine seconds, I’ll give you nine seconds, because that is the competitive requirement…. I’ve simply tried to learn my half of your business.”15

The breathless infotainment style of the media in modern democracies is understandable in a journalistic world operating at breakneck speed and plagued by info-glut, but it is completely inappropriate in an increasingly complex world that demands increasingly sophisticated policy-making. “The digital age does not respect contemplation,” writes James Naughton, a former White House correspondent for The New York Times. “The deliberative news process is being sucked into a constant swirl of charge and countercharge followed by rebuttal and re-rebuttal succeeded by spin and counterspin leading to new charges and countercharges.”16 Yet at the same time, the very media that revel in hype of this kind are becoming more important as conduits for communication among the various branches of U.S. government.17 Individuals in Congress and the executive branch often make calculated use of the media, both exploiting them and borrowing their tactics. The timing and wording of announcements are designed to further an agenda and maneuver policy proposals around political obstacles.

The challenges we face—within our respective societies and collectively as a species—are tangled, dynamic, and barely understood. Our responses to them require careful deliberation. When we reduce these challenges to angry dichotomies, and when we reduce the quality of information available to us about these challenges, we limit our ability to supply the social and technical ingenuity we need.
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Technologies are generally becoming more powerful, efficient, and portable, as well as faster, easier to use, and cheaper. These trends, in turn, broaden our reach in both time and space—in other words, they extend our agency horizon, as I call it.

Whether we think this is a good thing or not depends in large part on our judgments about human nature and about how the progress of technology affects that nature. In Western society since the Enlightenment, optimists have argued that advances in science and technology not only allow us to better manipulate the physical world, they also liberate us from superstition and irrationality.18 In the process, we gain the ability to control or at least mitigate our base desires and impulses, an achievement that—ideally—could open a door to utopia.

It’s a theme that in one form or another has repeatedly surfaced in America’s optimistic culture. Thomas Jefferson wrote that “the general spread of the light of science [has] laid open to every view the palpable truth that the mass of mankind has not been born with saddles on their backs, nor a favored few, booted and spurred, ready to ride them legitimately by the grace of God.”19 The theme has been especially powerful since America’s triumph in World War II and the advent of the communications revolution. At the end of the war, the electrical engineer Vannevar Bush—then the director of the U.S.’s Office of Scientific Research and Development—proposed new technologies for storing and accessing the skyrocketing quantity of knowledge available to humankind. “Presumably man’s spirit should be elevated,” Bush concluded, “if he can better review his shady past and analyze more completely and objectively his present problems.”20 And in the late 1990S, Nicholas Negroponte, the director of MIT’s famed Media Laboratory, argued that new communication technologies could fundamentally alter deeply rooted attitudes. He aimed to “bring the digital world to kids seven to twelve years old in the hundred poorest nations in the world,” in part by positioning a communications satellite over Africa to provide free Internet access to the continent’s schoolchildren. “Ten to twenty years from now,” he declared forcefully, “kids won’t care much about countries.”21

I’d say that is moot. But there’s another school of thought that thinks that technology can’t and won’t change us, but can still lead us to a better world because after all, these people say, our nature is fundamentally benign. The economist Brian Arthur writes: “[We] use all the complicated, sleek, metallic, interwired, souped-up gizmos at our disposal for simple, primate social purposes. We use jet planes to come home to our loved ones at Thanksgiving. We use the Net to hang out with others in chat rooms and to exchange e-mail. We use quadraphonic-sound movies to tell ourselves stories in the dark about other people’s lives. We use high-tech sports cars to preen, and attract mates. For all its glitz and swagger, technology, and the whole interactive revved-up economy that goes with it, is merely an outer-casing for our inner selves. And these inner selves, these primate souls of ours with their ancient social ways, change slowly. Or not at all.”22

Arthur is probably right that our primate souls change only slowly, if at all; new technologies don’t reform us, they just extend the reach of our underlying nature. But his portrayal of this creative, social, and generous nature seems a bit too rosy. We use jet planes not only to visit our loved ones but also to bomb and strafe. Quadraphonic movies are great propaganda tools for inciting hatred of others. And the Internet and other new technologies can be used as much for destructive mischief as for innocent chat or essential communication.

At Comdex, I found myself especially intrigued by the relationship between the technologies around me and how we govern ourselves. Many people argue that modern communication technologies will open up a new era of grassroots democracy. Personal computers, the Internet, fax machines, and cell phones aid local activities that create and strengthen community institutions. They help build social capital in the form of networks of trust and reciprocity, and this social capital makes governments more humane and responsive. The effects are thought to be particularly pronounced in developing countries. The New York–based group Human Rights Watch has declared that “the Internet has the potential to be a tremendous force for development—by providing quick and inexpensive information, by encouraging discussion rather than violence, and by empowering citizens.”23 In my terms, these technologies boost the flow of social ingenuity by making it easier for people to reform and create the institutions—from effective municipal councils to fair national election procedures—that they need to have happy and prosperous lives.

The wide use of new communication technologies in poor countries has certainly helped ignite an explosion of activity by nongovernmental organizations (NGOS). In countries like the Philippines, India, and Brazil, a visitor can’t help but be astonished by the vigor and accomplishments of the countless NGOS working for environmental protection, human rights, and economic development. The rapid drop in fertility rates in many poor countries is attributable in no small measure to the work of Internet-empowered family planning and women’s NGOS. Often these groups are linked together into powerful transnational networks that focus attention and resources from around the world on local issues, like preventing malaria or drilling wells, and that forge links between activists in rich and poor countries. Often, too, these networks are ideally suited to address rapidly unfolding problems that cross national boundaries, like pollution and refugee crises.24

It’s important to recognize that today’s advances in information technology are part of a larger process—a technology-driven shift of power from the state to individuals and subgroups. As our agency horizon widens, as our reach grows, and as the technologies we use become more powerful, easier to use, and cheaper, we become individually more powerful relative to large, cumbersome, hierarchical institutions that are weighed down by bureaucracies and rigid standard operating procedures.

Some new information technologies unquestionably strengthen the state: security cameras scan public thoroughfares, squad cars are linked directly to databases on criminals, and law-enforcement agencies can search effectively through huge numbers of fingerprint and DNA records.25 Ultimately, though, the balance appears to tilt in the other direction—towards a weakening, not a strengthening of the state. The evidence is clearest in countries that have tried to restrict the intrusions of the Internet, like Saudi Arabia, Iran, and China. Managing their citizens’ access to information, these societies have found, is exceedingly difficult. “In country after country,” Dale Eickelman, a Dartmouth anthropologist, says, “government officials, traditional religious scholars and officially sanctioned preachers are finding it very hard to monopolize the tools of literate culture. The days have gone when governments and religious authorities can control what their people know and what they think.”26

Many people, especially in Western cultures that promote individualism and personal liberty, believe this shift is indisputably a good thing—to them, anything that weakens the state relative to the individual is a positive development. People who adopt this perspective tend to downplay, even to distrust, the state’s role in providing public goods—including well-functioning markets, courts, and health and educational systems—that are critical to our well-being. Their implicit assumption seems to be that individual human nature is fundamentally benign, and that human beings, even with astonishing technological power at their disposal, will behave constructively if left to their own devices.

But human nature and behavior can be malicious as well as benign. And so our assessment of the consequences of a technology-driven shift of power to individuals has to be much more complex. Whether the shift is a good thing depends (to put it crudely) on whether the people empowered by it are good guys or bad guys, and on whether the state that is weakened is beneficent or predatory. When bad guys are empowered and good states weakened, the delivery of social ingenuity—in the form of good institutions—can grind to a halt.

Even in the best of circumstances, reforming institutions, or creating new ones, is hard. Niccolò Machiavelli wrote in The Prince in 1513 that “there is nothing more difficult to execute, nor more dubious of success, nor more dangerous to administer than to introduce a new system of things: for he who introduces it has all those who profit from the old system as his enemies, and he has only lukewarm allies in all those who might profit from the new system.”27 The task of reform is made even harder in our time by the rising power of subgroups and vested interests that don’t have the broader interests of society at heart.28 We need sophisticated institutions more than ever, to deal with our increasingly complex and fast-changing world, but concerted and truly visionary institutional reform has become exceedingly difficult to achieve. Gridlocks surround proposed U.S. legislation on many urgent issues, including health care, campaign finance, and global warming. It’s now too easy for narrow coalitions and interest groups to block change that isn’t in their interest.

This is the dark side of the communications revolution: using the Internet, e-mail, talk radio, and computerized address lists of carefully targeted sympathizers, lobby groups mobilize millions of people to hobble creative legislation. Congressional offices are inundated with messages poured out by automatically programmed e-mail and fax computers. As Michael Wines writes in The New York Times: “Modern Washington is wired for quadraphonic sound and wide-screen video, lashed by fax, computer, 800 number, overnight poll, FedEx, grassroots mail, air shuttle and CNN to every citizen in every village on the continent and Hawaii, too. Its every twitch is blared to the world, thanks to C-Span, open-meetings laws, financial-disclosure reports and campaign spending rules, and its every misstep is logged in a database for the use of some future office-seeker.”29

New communication technologies are particularly potent when coupled with new techniques—including scientific polling, direct marketing, and image management—for mobilizing and manipulating public opinion to support specific causes.30 Extolling the virtues of these techniques, one Washington lobbyist exclaims: “Imagine what it would be like if you were in Congress and you got a thousand phone calls a week and letters and e-mails and faxes. Not from people all over the country, but from your constituents, people whose names you recognize, the people who were at the polls with you, who live down the street.”31 Buffeted by these pressures, politicians and policy-makers become tightly bound to the unreflective whims of constituents mobilized by special interests. Governance is gradually reduced to plebiscites. We lose the engaged deliberation among citizens essential to effective democracy. Decisions on highly technical matters of public policy are instead made by leaders glued to polling results. And given the nature of polling procedures, the poll respondents—the people our leaders now listen to—don’t have a chance to discuss the issues they are being asked about, to learn about their nuances and connections to other things that matter, or to move beyond the ordinal ranking of prepared answers offered by the pollster.

The power of obstructionist subgroups and special interests is further accentuated by today’s frenetic pace of social change. In democratic societies, consensus on behalf of a particular policy must usually be built slowly across interest groups, among legislators, and within the public. But as the pace of change increases, the time available for consensus-building falls, and it’s easier for nimble small groups to derail agreement.

All this not only hinders our supply of social ingenuity, it also increases our ingenuity requirement: legislation, for instance, has to be more complex in an effort to strike a balance among all these competing and ever more powerful groups.32 Michael Wines notes that lawmakers must “insert and rewrite clauses to satisfy hundreds of interests that never wrote Capitol Hill or the White House twenty years ago, and probably did not even exist.” The rising complexity of legislation is reflected in the increasing length of key laws: the original Clean Air Act of 1963, for example, was ten pages long; amendments to the Act filled thirty-eight pages in 1970, 117 pages in 1977, and 313 pages in 1990.

This is a nasty mix: info-glut abbreviates our attention span and encourages people to fragment, oversimplify, and sensationalize information about policy issues; technologically empowered special interests bog down the policy process; and polls reduce governance to plebiscites. The result is a vicious circle. People dislike politics and politicians, because politics seems so corrupted by special interests, because politicians seem so craven, and because both seem too often unable to address society’s deep-seated and chronic problems. People withdraw their moral support from government (as evidenced by falling turnouts at elections), and so government in turn becomes more the pawn of powerful narrow interests. Perhaps most disturbingly, high-caliber citizens refuse to enter politics because they have no desire to be considered, and treated like, scum. We are left with leaders who pander and prevaricate—brilliant soundbite demagogues with little vision and even less spine.

The ultimate consequence of this combination of factors is a reduction in the flow of social ingenuity—a breakdown of vital social processes of reform and flexibility in the face of rapid change. Governments are less able to address effectively the difficult political, economic, and technical problems they face. For the time being, the foreign policy commentator Jessica Tuchman Mathews notes, the shift of power away from states to subgroups “is likely to weaken rather than bolster the world’s capacity to solve its problems.”33
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We might not have much respect for them, but we should have some sympathy for the leaders of the new world we’ve created. We demand that they solve, or at least manage, a multitude of interconnected problems that can develop into crises without warning; we require them to guide us through an increasingly turbulent reality that is, in key respects, literally incomprehensible to the human mind; we buffet them on every side with bolder and more powerful special interests that challenge every innovative policy idea; we submerge them in information, much of it unhelpful and distracting; and we force them to make decisions in ever shorter time frames and to act at an ever faster pace. Moreover, we expect them to do their job, in the face of all these pressures, with tools provided by political institutions that were designed to meet the challenges of the eighteenth and nineteenth centuries.

It is not uncommon, these days, to hear people asking, Where are the great leaders? We look back with nostalgia on Roosevelt, Churchill, Truman, Adenauer, de Gaulle, and Kennedy. For all their failures, these men somehow clearly defined for us the problems we faced and the paths we had to follow. We often remark that no current leader even comes close to those earlier men in stature and competence.

And yet—although it’s probably true that fewer high-caliber citizens are entering politics now—the decline in the quality of leadership is, in some respects, illusory. In hindsight, our leaders at mid-century seem superior to the Clintons, Blairs, Schröders, and Chiracs who lead us today, because the world fifty years ago was profoundly different from the world today. Then, the great challenges could be clearly defined, and our best responses could be clearly articulated, within ideologies that were well rooted in our cultures. Now, the challenges before us seem fuzzy and impossibly entangled with long-term, deep, and barely understood social, economic, and ecological processes. Effective responses cannot be simple and ideologically satisfying; they must instead be as complex as the problems they address, malleable in the face of rapid change, and ambiguous enough to permit multiple interpretations by the constituencies they are supposed to satisfy. No wonder our leaders seem inadequate. Ronald Heifetz, a psychiatrist who lectures on leadership issues at Harvard University, writes: “Today we face a crisis in leadership in many areas of public and private life. Yet we misconceive the nature of these leadership crises. We attribute our problems too readily to our politicians and executives, as if they were the cause of them. We frequently use them as scapegoats…. Yet our current crises may have more to do with the scale, interdependence, and perceived uncontrollability of modern economic and political life. The paucity of leadership may perpetuate our quandaries, but seldom is it the basis for them.”34

Our leaders are human beings, after all. They’re equipped with the very same mental apparatus that the rest of us have. This apparatus, this extraordinary brain, has at its command the specialized intelligences and the versatility that allowed hominids to survive vagaries of climate and environment countless generations ago. But our brains—in particular, our leaders’ brains—are ill-equipped for the circumstances we face now. Our capacity for easy adaptation to incremental change keeps us from seeing how qualitatively new and possibly dangerous the world we have created really is.35 The human brain’s hard-wired cognitive heuristics and shortcuts—essential tools for dealing with large amounts of information—are woefully inappropriate when we’re enmeshed in nonlinear, tightly coupled systems in which small things and small events can matter a lot. Its tendency, under stress, to simplify and dichotomize issues is unsuited to snarled problems that demand subtlety and nuance of thought. And its relentlessly optimistic temperament (what the anthropologist Lionel Tiger has called our “biology of hope”) shortens our time horizons and instills in us a potentially fatal imprudence.36

As our world becomes more and more complex, and as the political and cognitive tools that our leaders bring to this world become, relatively, less and less adequate, our leaders hunker down. They eschew boldness, because anyone who makes bold decisions will be thrown out of power. They tend to become tinkerers and managers—and not particularly good managers, at that, because the systems they seek to manage are full of nonlinearities and unknown unknowns. In sum, they become less able to make their critical contribution to the supply of the social and technical ingenuity that our societies need.

Perhaps the main job of leaders, however, is not to supply ingenuity but to help our societies resolve their deep conflicts over values, wealth, and power. In fact, some skeptics might argue that there is no shortage of ingenuity—we have more than enough; the real problem is our inability to resolve key political struggles over what we want, where we should go, and who should benefit. If we could settle those questions, the rest would be relatively straightforward and technical.

But this argument overlooks the subtle relationship between politics and ingenuity. True, political struggles must be resolved, or at least mitigated, if a society is to achieve social justice and progress. But great ingenuity is usually needed to design, implement, and operate the political institutions—voting systems, parliaments, judicial arrangements, and the like—that enable societies to deal with their political struggles. Moreover, when these political institutions fail, the resulting conflict among social groups diverts the attention and absorbs the energy of leaders, bureaucrats, and decision-makers of all kinds, and the day-to-day management that is vital to the smooth running of society is then neglected.

If political processes are intimately entangled with the production and use of ingenuity, values clearly are, too. Moral, economic, and other values affect our choice of lifestyles, technologies, and social arrangements. Some of these things need much more ingenuity to produce and sustain than others, so our values powerfully influence how much ingenuity we need. For example, if we value things like sports utility vehicles and big houses that consume lots of natural resources, then we need more ingenuity to extract and process those resources than we would if we valued a less materially-focused lifestyle. Social values also affect the supply of ingenuity by influencing the behavior of social groups. Some values—such as those that stress trust, reciprocity, and commitment to the commonweal—promote cooperative behavior among groups that aids the smooth flow of ingenuity in response to shared problems. Other values—especially those that stress self-interest or the superiority of particular ethnic, religious, or economic groups—encourage divisive and narrow-minded behavior. If powerful groups in a society hold such selfish values, they will obstruct policies and reforms that they see as damaging to their interests.37

Many of today’s leaders seem helpless in the face of debilitating struggles among diverse social groups, and unwilling to act against powerful special interests. From the perspective of outside observers, this seems to be nothing more complicated than a lack of political will. “If only those politicians had more guts!” we often exclaim. If only our leaders had the will, there would be a way: ingenuity would flow unimpeded, institutions could be reformed, debilitating political struggles managed, and most if not all of our problems overcome.

This explanation sounds good, but it means little. Almost any failure of social policy anywhere—in my terms, almost any gap between the need for and the supply of social ingenuity—can be attributed in a general way to lack of political will. Such explanations are specious: they obscure the complexity of the real world and amount to little more than finger-pointing. They blame all our troubles on an amorphous, undifferentiated group of leaders who could fix things if they weren’t so venal or cowardly, and they conveniently let the rest of us off the hook. “Lack of political will” becomes the pat formula for everything that’s wrong in the world.

Our leaders’ apparent failure, though, has less to do with gross character flaws and more to do with the ever greater empowerment of social groups and the generally rising complexity of our world. What we complacently identify as a lack of political will is often, in reality, a lack of social will: we are all part of the problem, and our societies as a whole, not just our leaders, are ineffective in providing solutions to the challenges we face.
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Hundreds of meters below the roller coaster that twists itself around the uppermost spire of Vegas’s Stratosphere Hotel, incorporated into the foundations of the structure, is an elaborate shopping mall for the hotel’s guests. One afternoon, my friend and I took a well-earned break from Comdex and diverted ourselves by wandering through the mall’s shops and food courts. Pretty soon, we stumbled on a large video-game parlor.

The parlor had the usual assortment of racing, martial arts, and shoot-’em-up games. It also had a flight simulator and a wide range of conventional pinball machines. But the game you couldn’t miss—it confronted you the moment you walked through the entrance—brought the dead to life.

A player with an imitation assault rifle faced a huge screen showing a background of graveyards and tombs. From this background emerged a steady stream of ghoulish zombies carrying various lethal instruments—hatchets, long knives, and the like. The player had to stop the monsters or be killed. As the zombies moved relentlessly forward, the player fired a stream of bullets from the rifle, carving off hunks of rotten flesh and splattering gore across the scenery. If the player didn’t hit home with a sufficient number of slugs, a zombie would get close enough to take a swing with its weapon. Then a wide slash—gushing blood—appeared across the screen, as if the player had just been carved across the face.

I was mesmerized by this game, and so were the children playing it, who seemed to be having the time of their lives. Such games must desensitize children to violence, I thought. (Our visit to Las Vegas took place before the string of mass murders by schoolkids in the U.S., murders that culminated in the Columbine High School massacre, provoking much public discussion of the links between video games and childhood violence.) I had recently read the extraordinary book On Killing, in which Lieutenant Colonel Dave Grossman shows that most people have deep, innate inhibitions against killing fellow human beings. These inhibitions are so strong that soldiers in combat will often do just about anything to avoid shooting directly at the enemy. Militaries around the world have, however, found that certain techniques of conditioning can substantially overcome soldiers’ inhibitions; these techniques parallel those used in violent video games. “Video games can … be superb at teaching violence,” Grossman writes, “violence packaged in the same format that has more than quadrupled the firing rate of modern soldiers.” Particularly harmful are the games in which “you actually hold a weapon in your hand and fire it at human-shaped targets on the screen.”38

For impressionable youngsters, video games are now so good that they blur the line between reality and illusion. As my friend and I left the hotel’s mall and walked out into the afternoon glare of the desert sun, I remembered my evening stroll many months before in the Isle of Dogs. Las Vegas, even more than Canary Wharf, is the ultimate postmodern urban unreality. In the gambling halls and twenty-four-hour restaurants, where hardly a clock can be seen, or under the famous roof at Caesar’s Palace that changes from day to night every twenty minutes, it’s easy to lose track of time completely, or even whether it’s day or night. The Strip boasts one artificial reality after another: a volcano belching lava outside the Mirage Hotel every half hour, a pirate battle engulfing the Treasure Island Hotel every two hours, and a single hotel representing the whole New York skyline.

And Las Vegas and Comdex do complement each other. New communication and information technologies subtly shift their users’ understanding of space, time, and personal and community identity. They tend to make postmodernist ideas more attractive, especially the idea that the world consists of multiple, overlapping, fragmented realities, all constructed by the human mind and all essentially ephemeral.39 So they subtly undermine the conventional assumption—an assumption rooted in the rationality of the Enlightenment and central to modern scientific thought—that we are embedded in an objective, physical reality governed by principles that operate independently of the human mind.

The Internet, for example, separates our civic lives and our work from our physical location as never before: people can establish communities and work together without being together in the same place at the same time.40 Communication technologies that can carry more information faster than ever before also encourage us to focus on things that happen in the present—in the immediate, palpable now—rather than those that happen in the past and future.41 The Internet and the Web allow us to detach our personal identities from our real physical and psychological characteristics: in the multiple worlds of cyberspace, such as chat rooms and nonstop interactive games, people can adopt an endless number of discrete and disembodied personae. And from the Net-surfer’s point of view, the Web consists of countless fragmented and coexisting realities. Its hyperlinks allow the surfer to move from one virtual world to another with the tap of a finger on a computer mouse. Identity is severed from geography: a surfer can find things and people on the Web without having a clue where they actually are in physical space.

Because each surfer has a different Web experience, the Internet’s fragmentation tends to supplant the shared public experience that is a key foundation of a society-wide sense of community. As Steve Lohr of The New York Times So happily puts it, the Internet gives us seemingly “infinite depths of narrowness.”42

This shift towards postmodernist attitudes will continue. Two-way video communication will combine with the ability to display several windows simultaneously on one computer screen to allow people to be “present” in many places at once. Technologies just over the horizon will extend and modify the powers of our eyes, ears, and other senses; and our nervous systems will be ever more tightly integrated into the information and communication networks that run the world (as suggested in the chapter “Techno-Hubris”). The boundary between the interior and exterior of our bodies will become less significant. “Inhabitation,” says the architect and media philosopher William Mitchell, “will take on a new meaning—one that has less to do with parking your bones in architecturally defined space and more with connecting your nervous system to nearby electronic organs. Your room and your home will become part of you, and you will become part of them.” And as our ability to create sensory realities indistinguishable from the physical world improves, the physical attributes of the buildings and places around us will become less important. We will combine and recombine the fungible components of our physical environment to suit our momentary needs. Mitchell writes: “The constituent elements of hitherto tightly packaged architectural and urban compositions can begin to float free from one another, and they can potentially relocate and recombine according to new logics…. Rooms and buildings will henceforth be seen as sites where bits meet the body—where digital information is translated into individual, auditory, tactile, or otherwise perceptible form, and, conversely, where bodily actions are sensed and converted into digital information.” The task of twenty-first-century designers and planners will be, therefore, to build the bitsphere—a “worldwide, electronically mediated environment in which networks are everywhere, and most of the artifacts that function within it (at every scale, from nano to global) have intelligence and telecommunications capabilities. It will overlay and eventually succeed the agricultural and industrial landscapes that humankind has inhabited for so long.”43

As we left the Stratosphere Hotel and walked down the Strip, the sharp transitions from one hotel spectacle to the next were like clicks of a mouse button on the Web. We were physically hyperlinking, in a sense, from one virtual reality to another: first we were in Italy, the next moment in King Arthur’s castle, and the next in ancient Egypt. Yet after a while all these virtual realities seemed the same. All the hotels were immense, fantastic, and distinct on the outside; but on the inside they all had the same endless banks of slot machines and fields of gambling tables, the same overflowing buffets of dreary food, and the same hollow hucksterism. Perhaps this is true, too, of the virtual realities of the new information age—showy façades and lots of hype wrapped around the same ideas over and over again.

I was struck more, though, by the transience of it all. Today’s capitalism and information technologies have combined to create an Age of Ephemera. Our buildings are ephemeral: even Las Vegas’s Luxor Hotel, that symbol of authority and durability in a time of impermanence, will last perhaps fifty years—less than a hundredth the lifespan of the pyramids at Giza—before it is gobbled up by the city’s incessant regeneration of its fragmented fantasy. And the copious information that defines and shapes today’s realities is also ephemeral. Our unprecedented capacity to store information belies its modern fragility.44 First, the material in which the information is stored deteriorates over time. Whereas acid-free paper can last five hundred years, the life span of archival-quality microfilm is about two hundred years, high-quality CD-ROMS no more than fifty years, and the best VHS tapes about ten years. Already, magnetic tapes recorded in the sixties and seventies are degenerating, and serious holes are starting to appear in our records of the past.45 Second, as one generation of storage technology succeeds another in ever quicker succession—as, for example, we switch from magnetic tapes to floppy disks to recordable CDS to store our computer data—the information stored with the old technology must be converted into a form compatible with the new technology. Inevitably, much information is not converted and is therefore lost when the old machines are no longer available to read it. This data migration problem, as experts call it, generally doesn’t arise with information printed on paper, because we can read or interpret this information without the aid of sophisticated technology. Books printed five hundred years ago are still quite satisfactory stores of information.46

My friend and I eventually reached the Luxor Hotel at the far end of the Strip. It was now dark, and the hotel’s great light seemed to burn a hole in the night sky above us. We were tired to the bone, having investigated every hotel foyer, casino, and tourist site along the way, so we grabbed dinner at the hotel’s basement buffet and hailed a cab to return to the Stratosphere.

The drive along the Strip was like hitting the “back” button on a Web browser, as if we were retracing our steps through the physical hyperlinks of our walk. Perhaps, I thought, postmodernism is the right perspective in this frenetic age of fragments and ephemera. After all, we are increasingly deracinated, cut off from our past and unreflective about our future. Only now seems real now. Then I remembered something I had read in the research papers given me by Donald Stuss, the specialist on the brain’s frontal lobes I interviewed in Toronto. Patients with damage to these lobes, he found, have great trouble seeing themselves as entities that continue through time. They lose “temporal integration, defined as the awareness of a stable self from the past, through the present, and into the future.” “When the frontal lobes are damaged,” Stuss concludes, “only the perpetual present remains.”47

Are modern hypermedia and hypercapitalism nullifying one of our greatest cognitive advantages—our ability to imagine ourselves through time? Are they, to put it bluntly, lobotomizing us? After the sensory barrage of Comdex and the Strip, the parallel between postmodernism and the psychological state of Stuss’s patients seemed far-fetched but impossible to ignore.
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At the beginning of a new millennium, America is infused with optimism. Abroad, the country’s economic and military superiority is unchallenged, while at home its expanding economy rides a never-ending bull market. After the dark years of Vietnam, Watergate, and stagflation, America’s elites believe, almost universally, that their country has discovered the key to sustained increases in prosperity and social well-being—a synergistic combination of furiously competitive capitalism, aggressive scientific and technological innovation, and liberal democracy. These elites hardly ever doubt that the rest of the world should follow the American path and that, if it does, the future will be golden. In the concluding words of his book Growth Triumphant, Richard Easterlin, an economics professor at the University of Southern California, captures this spirit: “The future … is one of never-ending economic growth, a world in which ever-growing abundance is matched by ever-rising aspirations, a world in which cultural differences are leveled in the constant race to achieve the good life of material plenty. It is a world founded on belief in science and the power of rational inquiry and in the ultimate capacity of humanity to shape its own destiny.”48

I call these people economic optimists, because they generally contend the greater good will be served if economic motives and institutions predominate over political and other social forces. They also fancy themselves hard-nosed realists about human beings and society. Nevertheless, when they assert that we can construct and reshape the realities we live within by letting markets unleash our will and creativity, they sound remarkably like postmodernists rebelling against the idea that we are embedded in an objective physical reality. Given sufficient effort and inspiration, the economic optimists suggest, nothing is impossible, especially in market-driven cyberspace. In the new economy built on information, symbols, and knowledge, intangibles trump tangibles. Now we can release ourselves from age-old physical and social limitations. Natural resources don’t matter anymore; our prosperity and happiness need no longer be constrained by such pedestrian matters. Nor are they necessarily conditioned by our atavistic instincts and impulses, as Nicholas Negroponte implies when he proposes to eliminate African nationalisms with a single satellite and the Internet. Abundance will diffuse to all of humankind, and all groups and individuals will be able to fulfill their unique aspirations in harmony with each other.49

These are fantasies, and dangerous fantasies at that. They are far more dangerous than run-of-the-mill postmodernist pipe dreams, because they have the ear of the powerful. They validate the short-term, self-serving interests of the economic and political elites of Western societies—elites that want to believe that the forces making them stupendously prosperous and powerful will eventually benefit all humanity.

But reality intrudes; it insists on shoving its impertinent face into the midst of these pretty pictures. Widespread poverty stubbornly persists. The international economic system flips unpredictably between stable and turbulent phases. The gaps between the wealthiest and poorest groups in our societies widen further, and fast. Our natural environment spits out annoying nonlinearities like collapsing fisheries, species extinction, and ozone holes. And no matter how much we wish it to be true, a few tons of communications hardware orbiting over Africa isn’t enough to sweep aside the continent’s nationalisms and ethnic identities.

Paradoxically, the new communication technologies promoted at Comdex—the kinds of technologies that are dear to the hearts of economic optimists, and that encourage the intermingling of illusion and reality—themselves create hard social and economic facts, hard realities, that contradict the economic optimists’ fantasies. They do this by boosting the importance of knowledge, ideas, and information in our economies and by making it easier for buyers and sellers to find each other, agree on prices, and conclude their transactions (which makes markets larger and more efficient). Although these are good developments for the participants, they do tend to widen the gulf between the richest and poorest people in our societies by helping to create a “winner take all” knowledge economy.

In the chapter “Ingenuity and Wealth,” I outlined New Growth theory, which argues that ideas are a factor of production like labor and capital. Unlike these conventional factors, though, ideas are non-rival—an idea can be used simultaneously by any or all of the people who have access to it. New communication technologies have made the distribution of ideas cheaper and easier, in turn making it easier for modern economies to capitalize on ideas’ non-rival character. The initial cost of generating a useful new idea—say, a formula for a new drug or a procedure for improving inventory control in large factories—is often very high; but, thanks to technologies like the Internet, the Web, and CD-ROMS, the cost of reproducing and disseminating the idea, so that it is available for others to buy and use, is now extraordinarily low. As a result, the ideas of the very best idea-generators (whether individuals, groups, or corporations) can be brought to a much larger market than before, and these people can therefore reap much greater economic rewards. In large, highly competitive, highly efficient markets, the difference between the rewards received by the best and by the second-best idea-generators can be immense.

The academic world offers some good examples of this phenomenon: a “star” system has developed in many elite universities, whereby a few scholars and researchers are paid astronomically high salaries compared to their colleagues.50 The same trend is visible across most industries and occupations in modern economies. As the economist Robert Frank writes: “Developments in communications, manufacturing technology, and transportation costs … have enabled the most talented performers to serve ever broader markets, which has increased the value of their services.” These changes “have sharply increased the value of the top performers relative to their lesser ranked rivals.”51

New communication and information technologies help widen wealth differentials in another way too—by boosting the “cognitive complexity” of the average job. Because employees now use computers a lot, they generally have to be more analytically and numerically competent; because they’re dealing with increasing quantities of information flowing at increasing speed, they need to be better at using language and manipulating abstract categories; and because their radius of communication is constantly expanding, they generally interact with more people in their jobs, so their social skills have to be better developed. Moreover, studies show that the share of employment in jobs of high cognitive complexity has risen, while that in jobs of low complexity has dropped. In offices, for example, word-processing technology has reduced the need for secretaries at the same time that the faster pace of work has boosted the need for administrative assistants; in factories, robots have replaced assembly-line workers while simultaneously creating jobs for engineers and skilled technicians who design and maintain robotic systems. Investigating this issue, researchers in Canada sorted all occupations in the country into five categories, according to their level of complexity. They found that between 1971 and 1991 the share of employment in jobs in the highest category of cognitive complexity rose from 23.5 to 26.8 percent of the workforce, while those in occupations in the lowest category fell from 19.8 to 15.3 percent.52

Rising cognitive complexity means a rising requirement for frontal-lobe abilities. Unfortunately, as we saw in the chapter “Brains and Ingenuity,” these abilities aren’t distributed equally across our population. As a result, when the complexity of the average job rises, those who are less adept at handling complex tasks lose out, and they are pushed to compete for the declining fraction of low-complexity jobs in the economy. Those who are very good at managing complexity, in contrast, are in high demand. These processes help hold down wages in the menial and service sectors of the economy and boost the incomes of our societies’ cognitive elites. In other words, they reinforce the stark divisions of wealth that I saw in my short walk through the Isle of Dogs.

Such divisions are a reality of modern life that no amount of postmodernist fantasy-building can obscure. In recent decades, they have deepened fastest in the United States. Experts point to a range of contributing factors: weaker trade unions, stronger shareholders, globalization (which increases the competitive pressure from cheap foreign labor), a rising number of single-parent households, the influx of lower-paid women into the workforce, and, not least, the multiple effects of new technologies, some of which I’ve just identified.53 The combined impact of these factors has been dramatic. From 1969 to 1997 in the U.S., the median earnings of young white men with only a high-school education dropped 29 percent in real terms, and the fraction of this group falling below the poverty line nearly quadrupled, from 6.5 to 23.6 percent.54 Earnings of people with more advanced educations fell too, but later in the period and not nearly as much, while those of managers significantly increased. Even more striking is how the economic growth of the 1980S and 1990S benefited the richest segments of the U.S. population. While the bottom three-fifths of American households have seen their inflation-adjusted incomes stay virtually flat for almost three decades, the income of the top fifth has risen over 50 percent, and that of the top twentieth has almost doubled (shown in the illustration opposite). The U.S. economy’s strong growth in the late 1990S boosted earnings of the poorer segments of American society, but without altering the long-term trend.

Although the division is most pronounced in America, it is visible around the globe. “Almost everywhere we look,” writes the MIT professor of management Lester Thurow, “we see rising economic inequalities among countries, among firms, among individuals. Returns to capital are up; returns to labor are down. Returns to skills are up; returns to unskilled labor are down.” Governments acknowledge that they are largely impotent in the face of these changes, while their self-satisfied elites assert that the extraordinary economic upheavals affecting so many people are simply normal economic adjustments in a rapidly evolving world. The best that anyone can suggest, it seems, is that people must continually improve their education and skills to remain marketable in a fluid economy that needs increasingly sophisticated workers. “For individuals here are three words of advice: skills, skills, skills,” says Thurow. “The economic prospects of those without skills are bleak. What we now see—falling real wages for those without skills—is going to continue. In education the needs of the bottom two-thirds of the labor force are particularly acute. In an age when brawn earns little and brains much, this part of the labor force simply has to be much better educated.”55

But there is a problem with this prescription. Given the distribution of natural aptitudes and abilities in our societies, not everyone can be educated or trained to be an information worker or knowledge producer. A knowledge-based economy privileges certain abilities over others, and only a relatively thin stratum of the society has those abilities in abundance. We can’t all be computer programmers or financial analysts or robotic-systems designers. Some people are going to be left behind, and societies with rapidly widening inequalities can’t be politically stable for long.56
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U.S. Income Disparity Has Increased in the Last Forty Years
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In the tourist zones of Las Vegas, reality’s intrusions are kept to a minimum. Outside these zones, though, the facts of desert existence are in-escapable—the glaring sun, gritty vacant lots with blowing tumbleweeds, the heat, and the dryness. From the air, as one flies into the city, it’s the desert that prevails. The surrounding mountains and plains are barren and dusty brown, and they seem to stretch endlessly in every direction. Las Vegas, in contrast, is puny. Even the gargantuan hotels of the Strip, the Luxor included, form only a tiny cluster of buildings that thrusts into the desert along one street.

Las Vegas is a fragile bubble of illusion suspended in the middle of an extraordinarily harsh physical environment. The bubble survives because it is surrounded by a thick protective layer of ingenuity. Before I left the city, I decided to investigate how the city provides itself with the one thing it needs, more than anything else, to extract from its physical environment—water. In that desert, I figured, it must take some doing.

Early one morning, I drove away from the city’s core to the headquarters of the Southern Nevada Water Authority, the agency responsible for supplying water to Las Vegas and several other nearby communities. A large wooden derrick of the kind once used to drill for water stood outside the Authority’s buildings, at the corner of a busy intersection. After I had parked the car and signed in, an employee led me into the Authority’s newly constructed rear buildings, past walls lined with charts, maps, and diagrams showing data on the status of the region’s reservoirs and aquifers. Soon, I found myself in the office of Kay Brothers, the director of the resources department, which oversees long-range water planning.

Kay Brothers, a woman in her mid-forties with steel-gray hair, was cool and technical. In the course of an hour’s interview, she outlined the city’s complex arrangements for sharing the Colorado River, Las Vegas’s main source of water, and a river whose original route passed only forty kilometers from the city center. The Colorado’s waters are divided among seven states—starting with Wyoming at the headwaters and ending with Arizona and California in the south—according to allocations laid out in a 1922 agreement.57 Today, only a small fraction of the original volume crosses the U.S. border into Mexico. The struggles over this water have been long and bitter; Nevada has never had more than a bit part in the drama. The southern Californian cities of Los Angeles and San Diego have been the big actors, regularly consuming much more than their allocation and threatening Arizona, in particular, with shortages.

The southwestern United States is an arid region with a skyrocketing urban population. It has little surface water other than the Colorado River. Moreover, the Colorado is not, by world standards, a big river, and its flow varies wildly from year to year. Already it is dammed, diverted, and managed along almost its entire length. Ensuring an adequate supply of water for decades into the future—as Brothers and her counterparts in the other six states are required to do—is a daunting assignment.

Yet she was entirely optimistic that the job could be done. She handed me reports showing water demand and supply projections for her region as far into the future as 2050. A combination of aggressive conservation efforts (a display on water-saving toilets decorated her building’s foyer) and wastewater recycling were already restraining demand. And both Nevada and Arizona were working to ensure an adequate supply by banking surplus water in years of abundance. Both states, in fact, were pumping water back into previously depleted aquifers—water that could be drawn out in lean years to come. She also pointed out that much of Las Vegas’s apparent extravagance with water was an illusion: the spectacular fountains, lakes, and waterfalls at the city’s hotels used recycled water, often of poor quality, drawn from surface aquifers. The really big water demand, she said, came from watering of residential lawns and landscapes. For this reason, the Authority had launched an educational campaign to convince homeowners to adopt drought-resistant plants and desert landscaping. The price of water was also an important catalyst for conservation: she acknowledged that the price had gone up and would continue to go up.

Most important, Kay Brothers argued that a profound change had recently occurred in the relationships among the many stakeholders with interests in the Colorado’s hydrological basin, stakeholders ranging from cities and states needing water to hydropower authorities concerned about maintaining electricity output, from tourist and river-rafting companies dependent on the river’s regulated flow to environmentalists interested in protecting the area’s biodiversity. In earlier years, relations among these groups had often been marked by acrimony and distrust; but today, she claimed, groups were much more willing to cooperate to solve the tough problems of managing the river’s resources. Although many more groups were at the bargaining table than before, which in some ways raised the complexity of negotiation, gridlock had not resulted. Instead, cooperative solutions were easier to find, precisely because nearly all the stakeholders were represented. “You have a face and personality that you’re dealing with now,” she concluded. “It’s still a slow, slow process, but I think it’s starting to work. The stakeholders are now obtaining a respect for each other’s concerns. Ten years ago that was never the case. It makes for some frustration, but overall it actually makes for a better understanding of the issues and better consideration of them.” This assertion intrigued me: in this case, it seemed, the proliferation of highly empowered subgroups had not impeded the supply of ingenuity, as often happens in Washington and other capitals, but had instead improved it.

I left the meeting impressed. Even accounting for the boosterism that one expects of someone in her position, Kay Brothers had convinced me that the officials and engineers managing Las Vegas’s delicate water resources were delivering enough technical and social ingenuity to keep the water flowing. And there was real reason for optimism beyond Las Vegas too: in the 1980S and 1990S, after many decades of soaring water consumption, the United States reduced both its total and its per capita water use. In fact, between 1980 and 1995, per capita use fell 20 percent, thanks in large part to much improved water-use efficiency in industry, irrigation, and thermoelectric power plants.58

But I wasn’t convinced that the same would soon be true everywhere in the world. Each year, humanity withdraws a huge quantity of freshwater—about 4,000 cubic kilometers—from the planet’s rivers, lakes, and aquifers annually. This is roughly equivalent to the amount of water that would pour over forty waterfalls the size of Niagara Falls in a year. We then return about half of this total to the original rivers and lakes, usually in a polluted condition. Because of population growth and higher personal consumption of water (for everything from showers to irrigated fruits and vegetables), our global consumption is still doubling about every seventy years. There is, nonetheless, enough water on the planet, if distributed evenly and used efficiently, to satisfy any foreseeable world population.

But this water is not distributed evenly, and it is certainly not used efficiently. Many regions, including large parts of Northern Africa, the Middle East, the Ganges basin in India, and northwestern China are already consuming essentially all their locally generated river runoff. In some of these regions the results are astonishing: the flow of water at the mouth of the Nile River dropped 80 percent in the five years from 1992 to 1997 because of Egypt’s booming population and consumption; and the great Yellow River in China—once called China’s scourge because of its torrential floods—is now dry at its mouth for up to five months every year because of upstream withdrawals.59 Shortages of water can have a major effect on human health: almost one-fifth of the planet’s population does not have enough clean water for basic needs, and every year a quarter of a billion cases of waterborne disease cause around 10 million deaths, mostly among children.60

Leading water experts believe that one thousand cubic meters of water per year per person is a useful benchmark of water scarcity. When a country falls below this threshold, its economic development is at risk. Although there are a few countries, such as Israel, that prosper with much less water, we can safely say that as average water availability drops below this level in a poor country, a substantial fraction of its population will face critical shortages of water. In practical terms this means that rural women will have to walk many kilometers from their villages for the day’s water, slum dwellers will have to gather for hours around stand pipes for the few minutes when they run, and irrigated crops will die when wells go dry. Looking at the table below, we see that a number of countries already fall below this threshold and that by 2025 many more will do so, including large countries like South Africa, Kenya, and Iran.

Water Availability in 1995 and 2025



	Country
	Per Capita Water Availability 1995 (m3/person/year)
	Projected Per Capita Water Availability 2025 (m3/person/year)



	Africa
	 
	 



	Algeria
	527
	313



	Burundi
	594
	292



	Comoros
	1,667
	760



	Egypt
	936
	607



	Ethiopia
	1,950
	807



	Kenya
	1,112
	602



	Libya
	111
	47



	Malawi
	1,933
	917



	Morocco
	1,131
	751



	Rwanda
	1,215
	485



	Somalia
	1,422
	570



	South Africa
	1,206
	698



	Tunisia
	434
	288



	The Americas
	 
	 



	Canada
	98,667
	79,731



	United States
	9,277
	7,453



	Barbados
	192
	169



	Haiti
	1,544
	879



	Asia/Middle East
	 
	 



	Bahrain
	162
	104



	Cyprus
	1,208
	947



	Iran
	1,719
	916



	Israel
	389
	270



	Jordan
	318
	144



	Kuwait
	95
	55



	Oman
	874
	295



	Qatar
	91
	64



	Saudi Arabia
	249
	107



	Singapore
	180
	142



	Yemen
	346
	131




The table lists selected countries where population growth will drive annual per capita water availability to 1,000 cubic meters or less per person by 2025. Figures for the United States and Canada are provided for comparison.

Driving back to the Stratosphere Hotel, I recalled my travels in China in 1995. In Beijing, I had visited the office of the vice president of a major hydrological research institute, and he had pulled out a table-sized plastic map of China that showed in raised relief the topography of mountain ranges, plateaus, and river basins. Running his fingers across the map’s rough surface, he described the inescapable hydrological crisis facing his country.

“There are seven major river systems in China,” he told me, “the Yangtze, Yellow, Heilongjiang, Pearl, Liaohe, Haihe, and Huaihe.” Rainfall is plentiful in the south, he continued, “but it diminishes rapidly as one moves north and into the interior. Regions south of the Yangtze get one hundred centimeters per year or more; but south of the Yellow, the amount is seventy-five centimeters; and in the Beijing area it is sixty centimeters. Sometimes Beijing gets one-third of its rain in one day, and our reservoir system is completely unable to store this water when it arrives so suddenly.”

The aquifers under Beijing supply 50 percent of the city’s water. Originally at a depth of five to ten meters, the water table is now at fifty meters and is falling by a meter a year. As this water is extracted, the ground itself sinks throughout the region. Much groundwater is polluted by surface wastes that infiltrate downward, which causes disease and chemical poisoning in some of the region’s population.

The Chinese central government has responded by announcing plans to build a giant canal to move 15 billion tons of water annually from a tributary of the Yangtze River in the south to Beijing and northern provinces, a distance of almost 1,500 kilometers. This canal will be one of the great engineering feats of human history, cutting across hundreds of geological formations, streams, and rivers; the current plan is to construct an eight-kilometer siphon to suck the water under and past the Yellow River.

But the project is enormously contentious within China. “All of the provinces along the route of the diversion scheme are upset about it,” the water official said, adding that the canal and associated reservoirs would displace more than four hundred thousand people. “There is currently no agreement among the provinces on management of the canal, and management is important and difficult because canal breaks could be very dangerous to communities along the route. Already one-seventh of the project’s budget is dedicated to solving environmental and social problems.”

Water shortages in much of northern and western China restrict economic growth. The industrial city of Taiyan, the capital of the central province of Shanxi, is a microcosm of these problems. Situated in a valley surrounded by mountains that are rich in coal, the city is an important and rapidly growing producer of steel and chemicals. Long ago, the city’s demand for water for its industries, homes, and agriculture outstripped the supply of the local Fen River, requiring ever higher extractions of ground-water from wells. As in Beijing, the water table is dropping rapidly. A large spring in the valley that has always been used for irrigation, at a site marked by one of China’s best-known Buddhist temples, has almost gone dry. To make matters worse, the city and its industries produce hundreds of thousands of tons of heavily polluted wastewater each day, much of which is dumped into the Fen untreated or only minimally treated.

Because agricultural land is so scarce in the region, as throughout China, Taiyan cannot afford to stop irrigating the rice, wheat, and vegetable fields in the valley. But Fen River water is increasingly laden with dangerous chemicals and salts, most seriously cancer-causing benzene. When I talked to local water managers, they acknowledged that the use of Fen water was slowly ruining the valley’s soil, poisoning its crops, and lowering agricultural yields. The only solution was to dilute the river water with groundwater, but this resource was already overexploited. The managers had to make a dreadful trade-off: they could further damage the valley’s soils and food production, or they could cut water supplies to the city’s industries and homes.

Senior officials in Taiyan readily admitted the severity of their water problems. “Summer water shortages are extremely serious,” said one administrator, a water engineer. “Some industries must be closed to maintain residential supply.” But the potential solutions—more conservation and recycling, or pumping water 150 kilometers from the already depleted Yellow River—demanded new technologies and large amounts of capital. “We need funds and expertise from foreign countries,” the engineer implored. “Otherwise, water scarcity will severely limit our economic development.”

Water scarcity is only one thread in a snarled tangle of resource problems in China, from widespread deforestation to exhausted coastal fisheries and critical energy bottlenecks. And every year the country still adds over 10 million people to its population. Yet China has made extraordinary progress in liberalizing its economy, raising living standards, and feeding its people. Whether it can continue this trajectory in the face of its rising requirements for water, food, and energy depends on whether it can continue to muster the institutional reform and technologies it needs. In cities like Beijing and Taiyan, the race between ingenuity requirement and ingenuity supply is very real indeed.
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Among the most spectacular sites on the Colorado River, and among the most astonishing human constructions in the world, is the Hoover Dam. On the afternoon of my visit to Kay Brothers, my friend and I decided to see the dam and its reservoir, Lake Mead, since both are an easy drive from Las Vegas.

We left the city on Interstate 93. The malls and industrial zones on each side of the highway gradually faded to suburbs, and the suburbs to a rocky and rugged desert relieved only by scattered shrubs and patches of desiccated grass. As we rose into the mountains, ravines and gullies gouged by flash floods cut across the landscape. The colors were stunning, as if a tapestry of rich browns, oranges, and ochers had been laid over the slopes.

Before reaching the dam, we stopped—once to explore an unused gravel road that twisted off into the desert, and then again to speak to the lead engineer of Las Vegas’s main water treatment facility, on the shores of Lake Mead. He was open and helpful, eager to discuss his team’s accomplishments in the face of the region’s stunning population growth. Outside the facility, sections of a mighty water pipeline, waiting to be welded together and buried, were scattered along a newly cleared right-of-way that disappeared over the hills in the direction of Las Vegas. These were the hard-edged, practical realities of an immense city’s survival in a desert.

We drove on, eventually descending around a hairpin turn carved into the ruddy walls of Black Canyon. We parked the car, and continued on foot. Farther down, the road crossed the top of the Hoover Dam and rose up again on the far side of the canyon, continuing on into Arizona.

The dam was everything it was claimed to be, and more—one of those sights, like the Taj Mahal in India or Victoria Falls in Africa, that no amount of text and no number of photographs can capture. It struck me as an expression of sheer technical exuberance, an almost religious monument to American technical capacity that was built in just over four years at the height of the Great Depression. Nestled at one end were a tasteful monument and plaque, like a roadside shrine, dedicated to the ninety-odd people who were killed during the project’s construction. And despite the fact that a continuous stream of cars and trucks rolled across the top of the dam, people walking along its parapet spoke in hushed voices, as if they had just entered a grand cathedral.

Hoover Dam was built to contain the downstream ravages of the Colorado’s floods and to generate power for the region’s economic growth. Prior to its construction, the lack of reliable supplies of electricity and water had hobbled development in the U.S. Southwest, and the region had stagnated as an economic colony of the East. Not only did Hoover alleviate these practical constraints, it fundamentally changed the way Westerners thought about themselves and their region’s prospects. “In one stroke,” writes Joseph Stevens in his marvelous history of the dam, “it freed Southern California from its economic fetters and made possible virtually unlimited growth.”61

Over 200 meters high and nearly 400 meters across at its crest, Hoover Dam contains around 3.5 million cubic meters of concrete, the largest volume ever poured in one place. Its volume, in fact, is greater than that of the pyramid of Cheops in Egypt, and like the pyramid, as one commentator remarks, it “seems to be regarded as a monument to the ingenuity of man, with intrinsic value greater than its mere functional design and construction.”62

Nothing of its size had been attempted before, and its construction was an odyssey of technical challenges met and overcome, and of the generation and delivery of a continuous stream of ingenuity. Early on, for example, engineers realized that the heat generated by the setting of such a massive quantity of concrete could fracture the structure; so, as the concrete was being poured, workers installed a honeycomb of cooling pipes that carried refrigerated water and bled off the heat. Stevens notes that another key to success was mobility, the capacity to transport “materials and equipment to the right place at the right time so that laborers could perform their jobs smoothly and simultaneously like the moving parts of a well-oiled machine.” But in the narrow dam site “such rapid, precise movement of thousands of men, tons of supplies, and mountains of concrete seemed almost impossible.” Engineers solved the problem by hanging a web of cableways and buckets over the canyon that allowed materials to be continuously delivered to the workers below. An operator could “pick up anything—a truck, a bucket of concrete, a crew of carpenters, a single wrench—and lower it in a matter of seconds to any point within the mile-long construction zone.” The system worked brilliantly: “there was something mesmerizing about the graceful, breathtakingly precise flight of the big buckets. Even to construction men accustomed to mechanical wonders, the site was riveting.”63

My friend and I walked across the top of the dam to the Arizona side and gaped at the spillway tunnel, twenty meters in diameter, that disappeared into the depths of the canyon wall. In 1983, this tunnel and the opposite one on the Nevada side allowed a torrent of water from a sudden flood to bypass the dam, thus protecting it from possible breach. There was something mysteriously beautiful about the tunnel, as if it were the passage to another, unseen world. In fact, the whole dam was beautiful; it had a remarkable symmetry and aesthetic power that left me spellbound.

Back at the center of the parapet, I held on to a railing and leaned out as far as I could over the dam’s face. Its vertical lines seemed to disappear to a vanishing point at the dam’s base, far, far below. It gave me an exhilarating rush of vertigo. “In the shadow of Hoover Dam,” Stevens writes at the end of his book, “one feels that the future is limitless, that no obstacle is insurmountable, that we have in our grasp the power to achieve anything if we can but summon the will.”64

Yet I recalled something that had disturbed me during my interview with Kay Brothers. I asked her whether the officials and engineers in the Southern Nevada Water Authority had considered the implications of climate change for the region’s water supply. She told me that they had not yet given the issue much thought.65 I found this admission a bit surprising, because I knew that climate models suggest the region will see significantly lower rainfall and higher temperatures. As one group of experts concluded, only a few months after my conversation with Brothers, “the bottom line for the region is the expectation of serious long-term drought conditions.”66

I pulled myself back from the precipice. My friend and I didn’t speak as we went back to the car; there seemed too much to think about. Soon we were winding our way out of the canyon, and as we emerged on its lip we discovered the sun setting over the desert. The harsh mountains, valleys, and canyons around us—made vivid by golden light and stark shadows—brought to mind the idea of a fitness landscape, that imaginary topography (described in the last chapter) of mountains, cliffs, and gorges representing the struggle of complex-adaptive systems to survive.

An astounding quantity of ingenuity produced the Hoover Dam. And today people like Kay Brothers and her colleagues are delivering a continuous supply of further ingenuity to buffer the booming populations of the Southwest from the brutal physical reality surrounding them. All this ingenuity, though, assumes that environmental conditions will vary more or less as they have in the historical record. Floods won’t be much bigger than the worst seen in the past, and droughts won’t be much longer. This ingenuity has allowed Southwestern society to adapt itself exquisitely to a known fitness landscape. But humanity has started to deform its fitness landscapes in unprecedented and unforeseeable ways. As my friend and I drove into the lights of Vegas, I wasn’t at all sure that the ingenuity I had seen that day—the pipelines, treatment plants, wells, conservation plans, even the Hoover Dam itself—would be adequate for the landscapes of the future.
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PATNA
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DG. KULATUNGA was a lucky man. The senior security officer of the Central Bank of Sri Lanka was standing by the bank’s front doors at. 10:50 a.m. on January 31, 1996. He watched without alarm as a three-wheel motorized rickshaw and a large truck approached along the busy Colombo street that passes directly in front of the bank.

Suddenly, two men jumped out of the rickshaw and unleashed a hail of automatic gunfire at Mr. Kulatunga’s guards. One of the attackers launched a rocket-propelled grenade at the bank’s metal gates. The security officers returned fire, but two had already been killed. The truck then rammed the gates, trying to force its way through steel-reinforced concrete barriers that blocked the bank’s entrance. It backed up and rammed the gates again but couldn’t reach the building’s front doors.

A moment later, as the two attackers sped away in their rickshaw, the truck erupted in a fireball. A four-hundred-kilogram bomb buried under sacks of rice in its back exploded, incinerating the truck and its driver.

The bank’s two bottom floors collapsed. Mr. Kulatunga was hammered to the ground and knocked unconscious in a shower of debris. He awoke a short while later to find himself uninjured. But many others were not so fortunate. The Central Bank had erupted into flames, and the windows and façades of all the surrounding buildings had been shattered. Eighty-six people had been killed, and over thirteen hundred injured, many by splinters of flying glass. The heart of Colombo’s financial district had been destroyed.1

It’s a long way from Las Vegas to Colombo. But eight months after my visit to the desert city in Nevada, I found myself high in an office tower overlooking a hubbub of construction cranes and workers rebuilding the Central Bank. It was June 1998, almost two and a half years after the bombing. Looking out of the office’s floor-to-ceiling windows, I could see the haze and cumulus clouds gathering over the ocean beyond Colombo’s port. The monsoon rains that afternoon were going to be heavy.

I was on my way to find the little girl in Patna, whose photograph had inspired me in my quest to solve the ingenuity puzzle. It was a quixotic, even bizarre thing to be doing, I knew—to travel to the other side of the planet to find a single, unidentified child. I had no idea whether I’d succeed, or even whether it would be meaningful if I did. And in those moments when I was completely frank with myself, I admitted that I really had no idea why I wanted to find her. I was simply drawn to something about her face and her angry, enigmatic expression. People’s faces, I was slowly realizing, are critical connection points among us in our increasingly fluid, atomized, and dehumanized world. Faces—as we look for them, come to know them, and remember them—can help us translate crowds into community, and selfishness and egocentrism into empathy and generosity.

I had decided not to go to India directly, though. Instead, I stopped briefly in Colombo to pursue further the answer to a key question: What happens to the supply of social ingenuity when dangerous subgroups gain power relative to the state? The attack on the Central Bank had been the work of the Liberation Tigers of Tamil Eelam—the LTTE or Tigers for short. One of the world’s most aggressive and sophisticated secessionist movements, the LTTE aims to carve a Tamil homeland out of the north and east of the island of Sri Lanka, and it has been waging a brutal war towards this end for over fifteen years. The group was, I suspected, representative of a new kind of high-tech armed violence that is beginning to afflict many poor countries and that may already be spilling over into rich countries too.

An old friend of mine had arranged for me to interview Mr. Amarananda Jayawardena, the governor of the Central Bank of Sri Lanka. His office was modern, large, and spare, with an arc of huge windows behind his desk, a couple of chairs and a table for visitors, and a model of the new bank building against one wall. When we arrived, the governor, a short man of about sixty with a round face and a precise but gentle manner, welcomed us and showed us to the chairs. He said he’d been up since 5 a.m. dealing with the latest reverberations of the Asian currency crisis. After we were comfortable, he gave us his account of the bombing and its impact on the Sri Lankan economy.

He had been in his office at the back of the building when the bomb exploded. He wasn’t hurt, so he spent the next several hours helping to remove the dead and wounded from the front and lower floors of the building. Clearly, the event had shaken him deeply, yet he remained optimistic about the future, and he drew from the attack some interesting lessons. All over the world, he pointed out, central banks were taking precautions against terrorist attack—not just against bombs, but also against attacks by computer hackers. Government officials and bankers had come to recognize that terrorists were keen to strike against symbols of economic authority.

I was reminded of the recent spate of bombings of financial centers, with targets including the City of London in 1992 and 1993, the Bombay stock exchange and the New York World Trade Center in 1993, as well as Sri Lanka’s Central Bank in 1996. Canary Wharf had also been attacked in 1996; the IRA detonated a bomb in a parking lot near the writhing bridge I crossed on my evening walk through the Isle of Dogs. Such attacks are not, I knew, an entirely new phenomenon. In September 1920, a huge bomb ripped through Wall Street, killing forty people and injuring some three hundred others. Although at the time the attack was widely attributed to “Reds,” the case was never officially solved.2

If the LTTE had hoped to wreck Sri Lanka’s economy, however, they must have been sorely disappointed. The day after the bombing, the governor contacted the heads of the country’s commercial banks and asked them to take over all international financial transactions normally handled by the Central Bank, especially foreign exchange transactions and payments on Sri Lanka’s foreign debt. He also temporarily suspended treasury bill auctions. The biggest problem he faced, it turned out, was replacing records of old banking transactions. The records could be read only by obsolete technology that was no longer available in the country, so the governor had a machine flown especially from Singapore for the purpose. In general, though, the disruptions were surprisingly minor. The Colombo stock exchange registered barely a tremor, and as the commercial banks stepped in to help, the country’s financial network showed exactly the kind of resilience that John Bongaarts had talked about during our dinner in London.

But the governor nevertheless cautioned against complacency. He emphasized the importance of redundancy in key components of the financial and communication systems, and he said that there had to be good integration between the financial system’s internal security organizations and those of the police, army, and government bureaucracy. “A terrorist only has to be successful once,” he summed up, “but we have to be alert all the time.”

This was not the first time I’d visited Sri Lanka. In early 1983, I traveled with a friend and my father all over the country. It was an island paradise for tourists then, and we delighted in the country’s beautiful beaches and splendid hospitality. We didn’t have the faintest inkling that our paradise was about to erupt in violence, but only a few months after we left, right-wing elements of Sri Lanka’s Sinhalese majority launched widespread, orchestrated attacks against the Tamil minority. It was one of the most horrific stages in the progressive dismantling of Sri Lanka’s democratic institutions and rule of law.3 Over the next decade, the country spiraled downwards into an increasingly vicious civil war that involved countless massacres of innocent civilians, the almost complete destruction of the northern city of Jaffna, the arrival and defeat at the hands of the LTTE of a large Indian expeditionary force, and the assassination of many senior government officials, including the country’s president. The war has left over sixty thousand people dead, displaced a million, and cost the economy annually more than a fifth of its GDP.4

When I arrived in Colombo fifteen years after my first visit, the city looked starkly different. It was an armed camp. Military checkpoints and machine-gun emplacements dotted the main roads into town. Soldiers peeked out from behind piles of sandbags, rifles at the ready, while others in camouflage flagged down rickshaws and vans to check for bombs. Armored vehicles guarded strategic intersections, and tight clusters of soldiers marched through downtown streets. Many of the city’s major buildings—its military headquarters, police stations, five-star hotels, and president’s mansion—were secured behind heavy four-meter-high steel barricades and rows of sand-filled oil drums that forced oncoming vehicles to weave back and forth. Watchtowers surveyed the roads in and out of the central business district, and almost all the windows of the Bank of Ceylon building—one of the skyscrapers dominating the business district—were still boarded up in the aftermath of a second LTTE bombing in 1997.

Clearly, the LTTE has grievously wounded Sri Lankan society. It has become a truly ferocious opponent of the Sinhalese-dominated status quo. Although the Tamil community has some legitimate grievances, nothing can justify, to my mind, the LTTE’s horrific brutality and fanaticism. And the organization seems to be a particularly dramatic example of how new technologies can sharply boost the power of destructive subgroups relative to the state.

The LTTE uses the Internet and the Web to support a worldwide, state-of-the-art propaganda campaign and to organize the extraction of tens of millions of dollars of funding from the Tamil diaspora (one of its main sources of funds is the Tamil community in Toronto). And, technologically, the LTTE has stayed one step ahead of the Sri Lankan military. Rohan Gunaratna, an expert on the organization’s tactics, notes that it was the first to use rocket-propelled grenade launchers and night vision glasses, and it pioneered the battlefield use of off-the-shelf civilian technologies—for example, in learning how to accurately target projectiles with global positioning satellite signals. The organization’s leaders also use satellite telephones to link up with their combatants in the field, with their overseas cadres, and with a fleet of deep-sea freighters that maintain a flow of explosives, arms, and ammunition. The plastic explosives that destroyed the Central Bank had been purchased in 1994 from a chemical plant in the Ukraine—using funds from the Canadian Tamil community—and transported to Sri Lanka aboard an LTTE-owned and operated ship.5

Employing a network of front and cover organizations around the world that are coordinated out of an International Secretariat in London, the LTTES cours the world’s arms bazaars for assault rifles, grenade launchers, antitank weapons, and Russian shoulder-launched surface-to-air missiles (which have been used to destroy both civilian and military aircraft in Sri Lanka). The operation has an increasingly transnational character that the Sri Lankan government is ill-equipped to counter. “How does a domestic government,” Gunaratna asks, “stop an insurgent group from transferring funds from a bank in Singapore to Dresden to buy explosives or from Westpack in Australia to a Swiss account to pay for an arms consignment? Modern insurgent groups are beginning to operate like multinational firms or like intelligence agencies with a global reach.”6

In my interviews with a wide range of intellectuals and opinion-makers in Colombo, both Sinhalese and Tamil, I found deep despair about the prospects for ending the war. While a few people I interviewed glimpsed the possibility of a peace breakthrough or believed that the increasingly obvious stalemate on the battlefield would finally prompt serious negotiations, few expressed any optimism about the country’s future. Instead, they described how this seemingly endless war had profoundly polarized and embittered Sri Lankan society, severely reduced opportunities for democratic dialogue, and brought the process of real institutional and political reform—that is, the process of supplying social ingenuity—to a halt. Many despaired in particular because of what they saw as the sheer fanaticism of the LTTE—a fanaticism symbolized by the group’s reliance on child soldiers and suicide bombers. As one former military officer asked me in wonder: “What is it that will lead a fifteen-or sixteen-year-old to strap high explosives around his or her waist and detonate them?”

The more people I spoke to, and the more I learned about the LTTE, the more concerned I became that this organization was a portent of things to come. Violent insurgencies and terrorist groups are becoming more high-tech, transnational, and powerful relative to the states they oppose. Gunaratna writes, “Easy acquisition of weapons with greater firepower, sophistication, and target accuracy, coupled with fanaticism of insurgents fueled by the resurgence of ethnic and religious passions can create havoc.”7 Moreover, “these transnational networks are increasingly gathering momentum and generating their own dynamic. By themselves, government bureaucracies, unlike transnational terrorist networks, are not administratively or operationally flexible [enough] to engage [these] new threats.”8

So what, some in the rich countries of the Western world might respond: Sri Lanka is on the opposite side of the planet, and events there—or in other poor and distant countries—have little relevance to our daily lives. Unfortunately, though, cases like Sri Lanka’s are not few and isolated: around the world we see a proliferation of subnational violence debilitating poor countries. Cheaper, more portable, and more lethal weapons and explosives, combined with better communication technologies and more easily available information on where to find and how to use weapons, widen the agency horizon—that is, the radius of potential destruction in time and space—of violent subgroups. Put crudely, individuals or small groups can kill more people faster, at greater range, and with greater coordination than ever before.9 Michael Klare of Hampshire College, one of the world’s authorities on the traffic in light weapons, writes: “Equipped with AK-47S alone, a small band of teen-aged combatants can enter a village and kill or wound hundreds of people in a matter of minutes.”10 In a long list of countries—including Somalia, Sudan, Algeria, Senegal, Nigeria, Congo, Rwanda, Burundi, Angola, Sierra Leone, Liberia, Russia, Bosnia, Georgia, Tajikistan, Yemen, Afghanistan, Pakistan, Philippines, Haiti, and Colombia—these technologies have increased the ability of ethnic groups, political factions, gangs, bandits, and clans to organize themselves and inflict heavy damage on each other and the state. All these societies exhibit a lethal combination of weak government, deep social cleavages, and economic hardship. All of them are also awash in small arms, from rocket-propelled grenade launchers, machine guns, and light mortars to land mines and, especially, cheap assault rifles such as the famed AK-47.

During the Cold War, hundreds of millions of these light weapons were manufactured and stockpiled by the East and West blocs. Since then, gunrunners and criminal syndicates have moved huge quantities of these weapons, along with untold numbers of cheap copies, into conflict zones in the developing world. Previously minor and manageable conflicts have, as a result, become savage, as if acid had been poured into open wounds. The result is a vicious circle: weak and illegitimate governments in these poor countries stimulate conflict, attracting an influx of light arms; the light arms then make the conflicts more extensive, bitter, and protracted, which weakens the central governments even more. As Michael Klare notes: “When societies are deeply divided along ethnic, religious, or sectarian lines and the existing government is unwilling or unable to protect minorities and maintain domestic order, the introduction and use of even small quantities of small arms and light weapons can have profoundly destabilizing effects.”11 In such situations, creating the public goods that are key to prosperity and social well-being—such as efficient markets, effective police and judicial systems, and responsive financial agencies—is next to impossible. It is too easy for ruthless opponents of positive reform to smash any progress to smithereens.

Rich countries don’t benefit if significant chunks of the world become more violent and decrepit. Zones of anarchy are not only dead weights on the world’s economy, they can also become sites of major humanitarian crises that demand external intervention (as in Somalia, Rwanda, and the Balkans), generators of waves of outward migration, and havens for transnational terrorist and criminal networks that target rich countries. Afghanistan, the North West Frontier Province of Pakistan, and perhaps Sudan have, for example, been staging grounds for attacks against American targets by groups financed by the exiled Saudi multimillionaire Osama bin Laden.

The rising power of individuals and subgroups to communicate, coordinate their actions, and wreak havoc means that rich countries will see more homegrown terrorism too. The Internet makes it easier and cheaper for hate groups and anti-government militias in rich countries to organize, plan seditious activities, and trade information on everything from recruiting tactics to weapons. Practically anything an extremist wants to know about kidnaping, making bombs, and assassination is now available on-line.12 Often the materials needed for large-scale violence are readily at hand, as were the fertilizer and diesel fuel used in the Oklahoma City bombing. But the Internet disseminates an additional essential ingredient: the sets of instructions—the technical ingenuity—needed to put these materials together in new, destructive combinations. (One of my favorite, somewhat facetious, examples of how the right set of instructions can convert everyday materials into potentially destructive devices is the “potato cannon.” With a barrel and combustion chamber fashioned from common plastic pipe, and with propane as an explosive propellant, a well-made cannon can hurl a homely spud hundreds of meters. A quick search of the Web reveals dozens of sites giving instructions on how to make this device.)

The Internet also provides access to lots of potential extremist friends. “With the phenomenal growth of the Internet,” says Don Black, a white supremacist who operates the Stormfront computer bulletin board out of West Palm Beach, Florida, “tens of millions of people have access to our message if they wish. The access is anonymous, and there is unlimited ability to communicate with others of a like mind.”13 Surprisingly, even during the strong economic growth of the late 1990S, hate sites on the Web proliferated and began aiming their recruiting messages less at their traditional audiences of urban skinheads and rural, blue-collar men and more at college-bound, middle-class youth.14 The Internet, it seems, has not only increased the scope for grassroots democracy, but also the scope for grassroots illiberalism.

These concerns are hardly new: popular media have seen ongoing commentary about the harmful effects of the Internet and the World Wide Web. Columnists and opinion leaders fret about the emergence of a netherworld of computer communication among kooks and subversives. Yet much of this concern has remained unfocused and imprecise, allowing more optimistic commentators to largely dismiss the Internet’s dangers.

Not long ago, though, at the Annual Meeting of the World Economic Forum in Davos, Switzerland, I learned the dangers are real. This meeting is an extravaganza of high-powered hobnobbing, an occasion for businessmen and political leaders to discuss emerging global trends that might affect corporations and entrepreneurs. I had been invited to talk about environmental problems in poor countries. Arriving at my hotel room overlooking Davos’s gorgeous alpine valley, I found on the desk a special issue of Time magazine that dealt with the implications of the computer revolution for global society and business. In an article titled “Dreams and Nightmares of the Digital Age,” the science-fiction novelist Neal Stephenson described several possible collective futures—some bright, some dark—given today’s rapidly evolving information technologies. Many popular fears about the Internet are overblown, he wrote, such as the fear that terrorists can easily find information about weapons of mass destruction on the World Wide Web. His own recent efforts “to find a nerve-gas recipe on the Internet were fruitless,” because, he said, of the poor quality of much of the Web’s information.15

He can’t be right, I thought: I was sure the Web contained abundant information on chemical and biological weapons; Stephenson simply hadn’t pursued the issue vigorously enough. Later in the day, I decided to check. I visited the Forum’s conference center and located a bank of advanced computers hooked to the Internet. In less than two hours of browsing, I had found detailed information on anthrax toxin and mustard gas. I had also found a Cal Poly on-line seminar for an advanced course in chemical warfare, which included an outline of the steps needed to make botulinum toxin in large quantities.

Yet perhaps Stephenson is right, and popular fears are overblown. The incidence of major terrorist attacks has generally declined in the last decade (although, until 1999, the total number of deaths each year had increased).16 And making and using chemical and biological weapons is much more difficult than commentaries in the media or even enthusiastic Web sites suggest.17 For five years, Japan’s Aum Shinrikyo cult worked to develop germ weapons without success, eventually turning to sarin nerve gas for its 1995 attack in the Tokyo subway system. Even then, the gas produced only twelve deaths, not the tens of thousands the cult wanted.18

Nevertheless, policy-makers in the United States and other Western countries now widely recognize that the risk of attack with nonconventional weapons—such as nerve gases and biological agents—is rising.19 As each year passes, the knowledge, skills, and sophisticated laboratory equipment needed to succeed become more widespread. Richard Falkenrath, Robert Newman, and Bradley Thayer, three American experts, argue that the ability of groups and organizations other than states “to master the challenges associated with NBC[nuclear-biological-chemical] attack is rising in all modern societies. This gradual increase in potential NBC capabilities is in part a byproduct of economic, educational, and technological progress. Furthermore, in most modern societies, particularly those that have entered the information age, the ability of the state to monitor and counter illegal or threatening activities is being outpaced by the increasing efficiency, complexity, technological sophistication, and geographic span of the activities, legal or illegal, of non-state actors.”20

Specialists also see unsettling evidence that a new kind of terrorist has emerged. Before the mid-1990S, most terrorist groups pursued clear political goals and were sponsored, even if only indirectly, by existing states. Now free-floating, independently funded terrorist networks are appearing, networks that express only vague political goals—often little more than a deep hatred of current institutions and authorities. For these groups, violence and destruction are not means to change the world but ends in themselves. They tend to have “amorphous religious and millenarian aims,” says Bruce Hoffman, an American authority on the new terrorism, and they represent “vehemently anti-government forms of populism, reflecting farfetched conspiracy notions.”21“New terrorism,” concurs The Economist, “is often just a cacophonous cry of protest against the West in general, and American government in particular—fueled by impotent rage over the Great Satan’s cultural and geopolitical supremacy. Its perpetrators may be religious fanatics, or simply diehard opponents of the federal government, who might come from inside, as well as outside, American territory. They see no reason to show restraint; they are simply intent on inflicting the maximum amount of pain on the enemy.”22 Such groups are magnets for fanatical and violent individuals who have been alienated by our societies’ rapid social and economic changes.

“In short,” write Falkenrath, Newman, and Thayer, “the nature of terrorism is changing in a way that suggests there will be an expanding range of groups that are both capable of using weapons of mass destruction and interested in inflicting human casualties at levels well beyond the terrorist norms of the previous decades.”23 To make matters worse, these two trends are unfolding at the very time that the world’s social, technological, and economic systems are evolving from hierarchies to networks and are becoming, in the process, broader in scope, faster-paced, and often more nonlinear and tightly coupled. In these interconnected networks, damage to a single node—that is, to a critical connection point in the system—can produce unexpected results. Sometimes the damage remains isolated, and the network exhibits great resilience, as was the case with the Sri Lankan financial system after the Central Bank bombing; other times the damage sparks cascading failures, as we have sometimes seen in the U.S. electrical, telephone, and air-traffic systems.

Much depends upon the system’s level of redundancy—in other words, on the degree to which the damaged node’s functions can be offloaded to undamaged nodes. As terrorists come to recognize the importance of redundancy, they will be better able to disable complex systems. The theorist of politics and technology Langdon Winner suggests that a first rule of modern terrorism might be “Find the critical but nonredundant parts of the system and sabotage … them according to your purposes.” He concludes that “the science of complexity awaits a Machiavelli or Clausewitz to make the full range of possibilities clear.”24

The rising complexity and interdependence of our world’s systems, if exploited effectively, thus magnify even further the disruptive power of malign individuals and subgroups. Computer viruses are probably the best everyday evidence of this magnification effect: a single nerdy kid hacking away at his computer in the basement of a college dorm can create a virus or worm that produces chaos in interlinked communications and data systems far and wide. But there’s much more to worry about than just the proliferation of computer viruses. A special investigative commission set up by President Clinton in 1997 reported that “growing complexity and interdependence, especially in the energy and communications infrastructures, create an increased possibility that a rather minor and routine disturbance can cascade into a regional outage…. We are convinced that our vulnerabilities are increasing steadily, that the means to exploit those weaknesses are readily available and that the costs [to an attacker of launching an attack] continue to drop.”25 The Internet, for instance, has a host of vulnerabilities; perhaps the most significant is the system of computers—called “routers” and “root servers”—that directs traffic around the Net. Routers depend on each other’s accuracy as they pass packets of information along, and a software error in one router, or its malicious reprogramming by a hacker, can propagate multiple errors throughout the Net.26

Rising complexity also magnifies the ability of individuals and subgroups to extract illicit gains from the systems around us. National and international regulators, for example, can’t possibly anticipate all the weaknesses and loopholes that criminals might exploit in the world’s rapidly evolving financial systems—systems now rife with unknown unknowns. Gene Rochlin, the professor of energy and resources at UC

Berkeley, suggests that the character of today’s international financial markets made it possible for Nicholas Leeson, the rogue Singapore trader for Barings Bank, to rack up $1 billion in debts, drive his firm into bankruptcy, and rattle investors around the world. “He could not have run up such huge losses,” Rochlin argues, “without the access and range given him by the new [trading] techniques, or even attempted do so before the creation of global markets in futures and derivative financial instruments.” As for the future, Rochlin goes on, “it is difficult at this point even to imagine what some of the possible modes of fraud and abuse might be. What we can learn from the history of human affairs in general, and markets in particular, is that this is one of those areas where human creativity exerts itself to the utmost.”27

As I wrapped up my visit to Sri Lanka, I decided that these varied issues all revolved around a central principle: everything pointed to the rising power of malign individuals and groups, and the increasing vulnerability of the institutions that supply the public goods—the social ingenuity—that we need to be prosperous and happy.

This uncomfortable conclusion was reinforced by something that occurred during my last few hours in Colombo. The day’s monsoon rains had receded into a muggy dusk, and my friend took me to a small reception and dinner put on for a tight-knit group of Sri Lanka’s Anglo-educated elite. Several decades before, they had all attended one of the country’s premier private schools. Today, they were all near or past retirement age, but they still represented a cross-section of Sri Lanka’s top government, military, educational, and religious institutions.

As the evening wound down, I was approached by a portly gentleman with a somber expression on his face. We had spoken earlier, and I had explained the reasons for my visit to Sri Lanka. For his part, he had told me about his experiences negotiating with the leadership of the LTTE on behalf of the Sri Lankan government. Now he drew me to one side. “The head of the Indian nuclear weapons program is a Tamil,” he began, alluding to the fact that the Indians had exploded a series of nuclear devices only a few weeks before, shocking the world. “I am almost certain,” he went on, “that this Indian scientist has already been contacted by the LTTE.” He leaned closer. “How much would it cost them to buy a nuclear weapon?”

I was shocked by the question—not so much by the idea that Sri Lankan and Indian Tamils might cooperate in such a way, but by the suggestion that the LTTE might have an interest in nuclear bombs. “What would the LTTE gain if they reduced Colombo to rubble?” I responded. “They need someone to negotiate with!”

“They would only do it out of desperation. It might be a final act of terror if the LTTE were on the ropes and saw no other options. But remember, this outfit raises upwards of $30 million a year from its diaspora. They have the cash if there are willing sellers.”

Later in the evening, on the long drive to Colombo’s international airport, past the checkpoints and the machine-gun emplacements, I reluctantly admitted to myself that the idea wasn’t so far-fetched after all. Weapons of mass destruction are getting easier to make or buy. It’s only a matter of time before terrorists or fanatical insurgencies like the LTTE start using them.
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Heat. Everywhere there was heat. It surrounded and penetrated me. It defined the world around me. Sweat gushed out of my body, running in rivulets down my chest and the small of my back, gluing my shirt to my skin. Everything was tangibly hot: tables, chairs, and pens were weirdly warm to the touch, because everything outside my body was hotter than my body. The water in my bottle felt like soup on my tongue. Any movement of the air—a draft, a slight breeze—was a relief; while any movement of my body or mind was an effort. Physical action, thought, even consciousness itself seemed to take place in slow motion, weighed down and dulled by the relentless, inescapable heat.

I had finally arrived in Patna. Unfortunately, it was early June, and my visit had coincided with one of the worst heat waves in India’s history. Every day, the temperature soared above 45 degrees Celsius, sometimes hitting 50 degrees, while hundreds of people across the country died of heat stroke, dehydration, and heart failure. (Persistent temperatures in that range are extremely rare in populated areas of the West: a few weeks later, authorities in Dallas, Texas, declared a state of emergency after ten days of temperatures reaching only 38 degrees Celsius.28) In the northwestern state of Rajasthan, fights broke out over water from standpipes. Rumors of impending natural calamities, devastating fires, and World War III swept through Lucknow, the capital of India’s most populous state, Uttar Pradesh.29 In Delhi, the temperature climbed to a fifty-four-year high just as the city was afflicted with rotating water and power outages.

Residents’ tempers flared, from the suburban tracts of apartment buildings that baked in the sun without water pumps or air-conditioning, to the slums and squatter settlements along the Yamuna river that stewed in their own fetid wastes. In a grand gesture, Delhi’s water officials promised that no one would have to pay their water bills if they received less than thirty hours of water supply a month.

The wealthy avoided going outside, staying near their air conditioners and fans, often powered by private generators. The poor lay on the sides of the streets in any scrap of shade they could find cast by a tree or building. Many didn’t have shoes to protect their feet from the blistering pavement, yet the asphalt was melting in the sun and the straight, painted lines of crosswalks and lanes were turning wavy. Through the hot middle hours of the day, these people barely moved; they slept, meditated, and waited vacantly for relief—for the evening and especially for the monsoon.

Amidst this natural trauma, amidst the power failures and water shortages, the country’s political elites were preoccupied with other matters. India and Pakistan had just tested nuclear bombs, and the pages of India’s leading newspapers were filled with threats, charges, and jingoistic analysis. The situation was bizarre; the country’s political life and its leaders’ decisions seemed utterly detached from the reality of people’s lives. India could make atomic bombs, but it couldn’t provide its citizens, even those in its capital city, with adequate water or electricity. One commentator exclaimed in The Times of India: “Already, New Delhi spends twice as much on the military as it does on health, education, and social welfare. The bomb will mean more suffering for our poor.”30

By the time I had checked into my hotel, it was already late afternoon. To reacquaint myself with Patna, I decided to walk to the railway station, several kilometers away. But the excursion was more of an ordeal than I expected: I had visited India many times before and had traveled all over the country, but this time I found Patna’s combination of heat, filth, noise, and infrastructure failure overpowering.

My hotel had intermittent air-conditioning, so walking out the front door was like being enveloped in a suffocating, muggy blanket. As usual in India, the street outside was filled with every imaginable conveyance: rickshaws, bicycles, scooters, bullock carts, cars, buses, and trucks. All the motorized traffic belched clouds of black, oily exhaust. It was a remorseless cacophony of horns, bells, radios, wailing loudspeakers, barking engines, and grinding gears.

I picked my way across a roundabout of streaming traffic and turned down the major road towards the station. Most of the city’s streets have no sidewalks, just dirt margins packed with tiny, decrepit stalls selling fruits, vegetables, and dry goods. In some spots the stalls gave way to open spaces where whole families lived—mothers, fathers, children, and withered grandparents—their entire worldly possessions of a few pots and bits of clothing compressed onto a couple of square meters of dirt. Drainage was nonexistent; the few ditches and gutters along the road were inky black with human and animal excrement, garbage, and road debris. Most of the road’s manhole covers had disappeared, and the openings had become waste pits. I walked past abandoned excavation sites and remnants of the city’s old canals, all filled with putrid water. Along their edges scampered scrawny, shoeless kids, clothed in rags and covered in dust and sores. They crawled in and out of never-emptied dumpsters scattered along the road, some flipped on their sides and spilling their rotting contents. Families of pigs rooted through these heaps of refuse, men urinated on buildings and walls along the road, and emaciated wild dogs crisscrossed through the chaos.

I stopped for a moment on a corner and watched a mother, sitting in the dust barely a meter away from roaring vehicles, pick lice out of her daughter’s matted hair. A man, dressed in the remnants of a burlap sack and so thin that I could see bones pushing through his skin, shuffled past her in disintegrating plastic thongs. Behind the mother, lining the street in both directions, were hundreds of bicycle rickshaws, battered but decked out in bright colors and chrome, their drivers sprawled listlessly on the rickshaw seats. Other drivers squatted on their haunches in small clusters, gossiping. Even the young ones seemed thin and tired. They regarded me passively—it was the first time in India that I hadn’t been badgered by rickshaw drivers. Normally they would have hailed me or clustered around me, pulling me in different directions to get my business. Now, it was simply too hot to bother.

A gust of hot wind threw dust into the air and into my eyes. Street dwellers covered their heads and faces with filthy shawls to protect themselves from the grit. When the wind died down, the smell of rotting garbage and baked urine returned, strong and penetrating. I looked up and away from the street, which till then had attracted all my attention, to study the nearby buildings. Without exception they were dilapidated and grimy, many only half constructed, with forests of reinforcement bars poking out of their walls and roofs. Many façades were missing, including some of buildings five or more stories high, as if their front walls had simply collapsed. Virtually none of the buildings had been maintained or newly painted. Signs and billboards were broken, covered with muck, and often illegible. The parking lots of important businesses, like banks and the state-owned Indian Airlines, were strewn with rocks and rubble. Many of these businesses had large, decrepit generators operating outside their front doors, like beasts from the nether-world, gushing smoke as their muffler-less reports boomed down the street.

I wandered into the Indian Airlines office. It was gloomy and bleak, with a scattering of battered desks and plastic chairs. A few ticket clerks plunked away on ancient computers. The front door didn’t shut properly, so the generator’s fumes blew into the room, and I had to shout over its noise to make myself heard. A wave of bitterness about India swept over me—it was a feeling I had experienced many times before, but Patna, at this particular moment, seemed to distill its essence. From the point of view of a rich, pampered Westerner, the people of Patna seemed to have capitulated to ugliness, wretchedness, and inhumanity towards each other. They didn’t do even the small things, like fix that front door, that would significantly improve their lives. The place was a technological, social, and moral calamity. It was a disgrace.

If Las Vegas is one vision of the future of urbanized humanity, I felt, Patna is another. Both are extreme and disturbing visions, but both highlight distinct and very real aspects of humanity’s potential. Las Vegas is a vision of the future as a hedonistic, postmodernist fantasy sustained by the heroic application of ingenuity—a lobotomized world of distraction and diversion. Patna, on the other hand, is a vision of despair, cruelty, and vulnerability, where even rudimentary solutions to the technological and social challenges of everyday life are not provided. It is a place of the most grotesque differences in wealth between the rich and the poor where, paradoxically, even the richest aren’t able to enjoy things that members of the middle class in Western societies take for granted. True, they can hire lots of servants, because labor is cheap. But they can’t drink the water running from their taps, if their taps run at all. They can’t rely on a steady supply of electricity. They can’t escape the dust, filth, and pollution that constantly infiltrate their houses, making everything dirty and sometimes making them sick. And they live with a constant, subliminal sense of insecurity, because they are surrounded on all sides by the dispossessed.

Most important, whereas in Vegas natural and social realities are usually kept at bay, in Patna they penetrate into the deepest recesses of people’s lives. Even for the richest residents, the heat, bad water, disgusting air, noise, and appalling disparities of the place cannot be avoided. And for the poorest, these things intimately define their lives and who they are.

Yet I couldn’t say that there wasn’t ingenuity in this place. Despite the dilapidation and squalor, there was ingenuity all around me—in people’s everyday, creative adaptation to their horrific circumstances and in their everyday strategies for survival. The people on that street were doing the best they could, given the terribly limited materials and opportunities available to them. But they were supplying, at most, only fragmented ingenuity to solve their diverse, local, and immediate problems of existence on the fringe of the road. There wasn’t much evidence that ingenuity was being adequately supplied to meet Patna’s larger, collective needs, like effective government, well-functioning markets, high-quality public education, and good roads, sewers, and water pipelines. For whatever reason, these people had to go without these vital public goods, and so were left with no choice but to invent their own local strategies for survival.
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In my luggage, I had three small copies of the little girl’s photograph. The morning after I arrived in Patna, I began my search for her. I knew that I needed help. I remembered roughly where I had taken the original shot, but I couldn’t simply go there myself and wave the photo around. At a minimum, I needed someone who spoke English and Bihari. I also needed the help of someone intimately familiar with the complex social customs of Indian society. Otherwise I could easily offend the girl’s family and her community.

I started making inquiries to find the help I needed. But locating the girl wasn’t the only thing I hoped to do in Patna: I also planned to conclude my research on the links between population growth, land scarcity, and institutional failure.

Bihar is a particularly interesting case for this research. Situated several hundred kilometers northwest of Calcutta, the state has a roughly rectangular shape that is longer north to south than east to west. Its northernmost edge abuts Nepal, while farther south the state straddles the Ganges. The Ganges is, in fact, Bihar’s main geographic feature, creating a broad, fertile plain and cleaving the northern third of the state from its southern two-thirds. Patna, the capital, is situated on the river’s southern shore, and the plain of the Ganges continues southward until the land rises up into the mountainous Ranchi Plateau.

With around 100 million people crammed into an area about the size of Washington State in the U.S., Bihar is the second-most-populous state in India. Eighty-seven percent of these people live in rural areas, and most farm the fertile plains north and south of the Ganges. Population densities on this agricultural land have long been among the highest in India. Because there is no new agricultural land available in the state, and Bihar’s population has tripled in recent decades, population density on the existing cropland has soared. With each successive generation, growing families and communities have divided and redivided their landholdings into smaller and smaller parcels. Now the fields of Bihar’s Gangetic plains resemble a patchwork quilt of tiny plots of cropland, many far too small to support a family.

This land has long been a divisive economic and political issue in Bihar. At the time of India’s independence in 1947, the state’s future looked exceptionally bright. It had abundant resources—rich agricultural land along the Ganges and valuable mineral deposits in the southern mountains—and it also had one of the new country’s most competent civil administrations. Unfortunately, though, Bihar’s society remained essentially feudal in structure: its principal economic and social relationships ran vertically between the rich and the poor. Most of Bihar’s land was owned or controlled by powerful landowning castes, and groups with little or no land were almost entirely dependent on these landowners for their livelihood.

The state’s political leaders realized that agriculture was key to Bihar’s post-independence economic growth. To boost agriculture, and shatter the society’s feudal structure, they had to break up the large landholdings and distribute them among the landless or almost landless poor. But a series of reforms in the 1940S, 1950 s, and 1960S largely failed, because they were circumvented or subverted by powerful castes. Although the reforms did reduce the landholdings of the uppermost castes, the main beneficiaries were not the poorest people but rather members of middle castes, who became Bihar’s new landed elite. Today, Bihar still has one of the most skewed land distributions in India. Around half of the state’s cropland is locked up in about a million medium-size and large farms (“large” in Bihar terms meaning over two hectares in size), while the remaining land is divided into twelve million small farms. Over nine million of these small farms are classified as “marginal,” which means they are tiny—under one hectare in size.31

Bihar’s population exploded from the 1950S onwards, and the ranks of these marginal farmers swelled. Many were forced to abandon farming entirely when their plots became too tiny to feed their families. They then joined the state’s ballooning population of landless agricultural laborers. The supply of this labor always exceeded demand. Even though farm productivity generally increased as cultivators introduced green-revolution technologies, wages for landless laborers stayed abysmally low. As the years passed, conflicts became increasingly severe between marginal farmers and landless laborers on one side, and middle-and upper-caste farmers, who still had relatively abundant land, on the other.

Beginning in the early 1970S, these conflicts turned truly vicious. Bands of Maoist insurgents called “Naxalites” gave voice to rural, lower-caste resentment by launching regular, brutal attacks against members of the landowning castes. In response, landowners organized private armies to protect themselves and to wreak vengeance on landless and marginalized communities. This cycle of attack, revenge, and counterattack has continued, with only occasional breaks, up to the present day. Residents of some of Bihar’s districts west and south of Patna have now witnessed several decades of horrific violence. Whole villages have been razed; groups of women have been gang-raped; and dozens of people at a time have been shot, burnt alive, or had their throats cut.32

The cycle of violence has polarized Bihar’s society and eviscerated its institutions. Government officials, judges, and especially the police—instead of recognizing and trying to defuse the legitimate anger of the landless and nearly landless—have usually sided with the powerful castes. Bihar’s government and state institutions have, over time, become little more than extensions of the interests of landowners, the wealthy, and the politically powerful. These groups generally have no concern for the broader well-being of Bihar’s society, and their utterly rapacious behavior has progressively weakened the state’s institutions, from its court system and universities to its financial and agricultural bureaucracies. The practical results are visible everywhere: mafia-style gangs or “contractors” now control much of Bihar’s economy and countryside; bribery and corruption are rampant; and con artists loot the state treasury. Once again, there’s lots of ingenuity around, but it’s ingenuity in the service of plunder for the benefit of narrow castes and cliques. So roads fall apart, irrigation and flood-control systems decay and are not repaired (because repair funds disappear through fraud), hospitals lack even the most basic supplies, and the electricity system operates at 15 percent of its capacity.33

While many other regions of India, especially its southern states, experienced a surge of economic growth in the 1990S, Bihar fell further and further behind. Growth was flat, more than half of the state’s population remained illiterate, and malnutrition stunted the development of almost two-thirds of the state’s children aged four or younger. The sociologist Bindeshwar Pathak, a native of Bihar, writes: “The state which once upon a time had the reputation of being the best administered state of the country is now synonymous with all that is worst in the country…. The laws seem to have been manipulated in such a way as to make them stand on their heads. The state is now a land of private armies armed to the teeth, always on the prowl looking out for the next target. The epicenter of senseless atrocities, Bihar has also turned out to be the breeding ground of killers in the red garb of revolutionaries. Fear and hatred stalk the countryside.”34

After a few days in Patna, I visited one of the areas worst affected by this violence, the district of Bhojpur, to the west of the city along the Ganges.35 I hired a car (no mean feat, because most drivers didn’t want to leave Patna during the heat wave) and had myself driven into the countryside. Westerners traveling in poor countries tend not to leave cities, because rural travel can be uncomfortable, even dangerous, while cities usually have some semblance of Western amenities. Yet in most Asian and African countries the bulk of the population still lives in rural areas—in India, the figure is around 70 percent, or about 700 million people—so if you don’t visit the countryside, you’re going to miss much of what is happening in those countries.

The road out of Patna, supposedly a major east–west artery, was in hideous condition, a narrow, battered strip of tarmac, steaming in the day’s rising heat and jammed with transport trucks, buses, cars, and motor rickshaws all blaring their horns. Jeeps carrying twenty or more people, some sitting on top, others hanging off their sides and back, weaved down the road, heeling over at sickening angles. Not far outside the city, the pavement narrowed to a single lane to cross a bridge over an abandoned canal, causing a kilometer-long backup of traffic on each side. Our car stalled at the entrance to the bridge, a victim of the heat. But quick action by the driver got us going again, and soon we were deep in rural Bihar.

It was the dry season, so the fields were parched and lifeless. An endless tapestry of rice paddies, their low dikes ready to trap water when the monsoons arrived, extended to the southern horizon, punctuated by clumps of palm trees. Once in a while we passed clusters of houses made of pressed mud brick and thatch, with a cow or bullock tethered outside and a hand-drawn well in the background. We crossed the river Son, a tributary of the Ganges, on a long two-lane bridge built by the British during the colonial period; the decking was almost completely worn away, so we slowed to a crawl. Eventually, after turning off the main road and following a dirt track that wound across the fields, we reached a small village.

The driver left to find himself a drink, while I wandered around the village. It consisted of no more than a few huts and stalls. There was no electricity and virtually no mechanized vehicles, such as cars or tractors. Farming here was still powered by human and animal muscles. I spied two men in the gloom of a small shed, operating, by hand, the bellows of an iron forge. The fire, contained in a pit in the shed’s floor, cast an orange glow on their faces, which were streaming with sweat.

How difficult it is to make sense of the forces behind the violence in this land! As is so often the case in the social sciences, the closer I got to the problem, the more tangled its causes seemed. Some of the experts I had interviewed in Patna emphasized the role of caste, others official corruption, and still others population growth and land scarcity. Clearly, all of these factors played a role, but the trick is to figure out how they actually interact within the complex system of rural Bihar’s economy, politics, and ecology.

Amidst this complexity, though, I felt that one fact was indisputable. The people around me in that village still intimately depended on their natural environment for their well-being, especially on renewable resources of fresh water and fertile soil. For these villagers, and for most people in Bihar, a long drought, the salinization of their cropland from over-irrigation, or the fragmentation of their farms by population pressure could mean destitution, even starvation. As I looked across the parched fields, it seemed to me that those of us in rich countries too easily forget that these are basic facts of life for half the people on the planet.

Nevertheless, despite the fact that scarcities of land and water were already causing terrible hardship for many people across the state, I didn’t think Bihar represented a Malthusian catastrophe in the making; Bihar’s soaring population hadn’t collided with absolute and inescapable limits to growth. During the previous years, as I put together the pieces of the ingenuity puzzle, I had come to the conclusion that few if any societies are in danger of soon colliding with such limits to growth. Indeed, the entire neo-Malthusian rhetoric of absolute resource limits or, to use the popular phrase, of ecological “carrying capacity,” has come to strike me as deeply misleading, because it implies impending, unbreachable constraints on human development. Human history is a triumphant record of people smashing through such constraints.

I had learned that the limits to growth a society faces are a product of both its physical context—that is, its context of natural resources and environment—and the ingenuity it brings to bear on that context. As populations and consumption rates rise, and as some resources become scarcer, societies can maintain or raise their standard of living by supplying more ingenuity. Scientists and engineers can respond by increasing the pace at which they deliver resource-conserving technologies. Politicians, bureaucrats, corporate managers, and community leaders can be cleverer “social engineers” by adjusting existing institutions, and by designing, building, and operating new ones that allow technical ingenuity to flourish and promote social adaptation to scarcity.

To an important degree, in other words, ingenuity can substitute for natural resources. This doesn’t mean, of course, that there are no limits to growth at all, and that human populations and their appetites can expand forever. Even if our societies could supply infinite amounts of ingenuity, biological and physical laws (like the laws of thermodynamics) would eventually constrain human population size and resource consumption, at least on the surface of Earth.36 But these theoretical limits are a long way off. In the meantime, the constraints we face are more practical: they are the result, in large part, of our limited ability to supply ingenuity. And because the amount of ingenuity we supply depends on many social and economic factors and can vary widely from society to society, we cannot determine a society’s limits to growth solely by examining its physical context, as neo-Malthusians try to do. Rather than speaking of limits, it is more accurate to say that some societies are locked into a race between a rising requirement for ingenuity and their capacity to supply it.

Poor countries are more likely to fall behind in this race, because an adequate supply of ingenuity depends on having adequate financial and human capital. Laboratories need money and skilled personnel to generate technologies that can alleviate scarcity’s harsh effects; entrepreneurs need credit to diffuse these technologies through the broader economy; and political leaders need financial capital to buy off special interest groups that obstruct technological and institutional reform. Poor countries usually don’t have the money to pursue advanced scientific research and so must rely on technologies developed by rich countries, which are often inappropriate for their customs and economies. In addition, capital shortages frequently result in decrepit transportation, communication, and education infrastructure, which makes it hard for governments, NGOS, and corporations to put in place new resource-saving technologies, policies, and institutions.

If a society develops a serious ingenuity gap—that is, if it loses the race between requirement and supply—prosperity falls in the regions already affected by scarcity, and people usually migrate out of those regions in large numbers. Social dissatisfaction rises, especially among marginal groups in ecologically fragile rural areas and urban squatter settlements. These changes undermine the government’s legitimacy and raise the likelihood of widespread and chronic civil violence. Violence further erodes the society’s capacity to supply ingenuity, especially by causing human and financial capital to flee. Such societies risk entering a downward and self-reinforcing spiral of crisis and decay.

This, I reflected as I wandered around the village, was precisely what had occurred in Bihar. The state’s problems had not arisen from a Malthusian crisis of population growth slamming into unbreachable resource limits, but rather from its inability to deliver an adequate supply of technologies and institutional reforms. Bihar needed efficient irrigation methods, effective agricultural extension services, and alternative jobs for people thrown off the land, but nobody had figured out how to supply them. These technologies and institutions would have loosened the grip of cropland and water scarcities on people like the villagers around me that day. They would, in effect, have loosened the coupling between those villagers and their natural environment. But in the absence of this ingenuity, the villagers’ environmental constraints were as real, intractable, and intrusive as the day’s insufferable heat.

Yet if the neo-Malthusians are wrong, I decided, so are the economic optimists who believe that natural resources aren’t important anymore. “Few components of the Earth’s crust, including farm land, are so specific as to defy economic replacement,” wrote Harold Barnett and Chandler Morse in their classic early-1960S study of the economics of natural resources.37 The idea that we can always find adequate substitutes for any specific resource (an idea I looked at in the chapter “Ingenuity and Wealth”) is now widely shared by economists in rich countries, but it struck me as meaningless, even ludicrous, in the context of the village. Even if it were technically possible, which I doubted, to find a fully satisfactory substitute for the biochemically complex soils of the Ganges plain around me, Bihar could not possibly come up with the huge investments of capital and labor that would be required, let alone the technical and social ingenuity that would support such a project—especially in the present circumstances. Bihar would remain an agricultural economy for generations to come, and during that time its soils, for all intents and purposes, would be irreplaceable.

Resources remain important because they are the raw materials that societies must work with to produce their well-being. The amount of ingenuity we must supply to achieve this depends on the properties and quantities of natural resources available to us, as I found when I wanted to escape from my office. This is clearest in poor countries where people’s dependence on their natural environment is direct and obvious, but it’s also true in rich countries. With their immense wealth and staggering capacity to produce ingenuity, especially technical ingenuity, rich countries have been able to resolve or manage many of their immediate resource and environmental problems. They have figured out how to substitute relatively abundant materials for scarce ones, they now produce far more food than they consume, they have made major headway cleaning up local air pollution (although they have had less success with regional haze), and they are beginning to use water more efficiently. But just when rich countries seem to have learned how to manage their natural environments, and to have forever loosened their coupling to specific physical resources, a whole new class of problems connected to Earth’s natural environment has appeared, problems from climate change to major alterations of biogeochemical cycles (like the nitrogen cycle) that are generally global in scope and characterized by complexity, unknown unknowns, and nonlinearities. A stable and benign climate and a normally functioning nitrogen cycle are resources important to the well-being of rich countries as much as cropland is to poor countries.

My driver came back with his drink. We got into the stifling car and bounced our way back down the dirt track towards Patna. As we passed the fields near the village, I thought about another reason why resources remain important in places like Bihar. In many poor countries around the world, scarcities of cropland, water, and forest resources don’t engender waves of ingenuity, as many economists predict they should; instead, they actually reduce the supply of ingenuity, because they lead to conflicts among groups that hinder technical and institutional adaptation to scarcity. This outcome is much more likely, it seems, when societies suffer from rising scarcities and highly unequal distributions of wealth and power. In these cases, inequality erodes the social capital around which cooperative solutions to scarcities can be built.

Once again, Bihar gives us a stark example. The state has some of the highest population densities on agricultural land in India. Standard economic theory suggests that this land scarcity should stimulate very intensive use of all the state’s cropland. Farmers should use extra labor (and machinery, if they can afford it) to eke out the maximum possible yields from their land; they should also plant multiple crops each year, as the seasons allow. Yet something curious has happened in Bihar: fallow rates are among the highest in the country. Instead of boosting the intensity of their use of their agricultural land, farmers are often leaving their land fallow! Why is this happening in a place so short of land?

During my research in the state, I thought I had found the reason: many upper-caste landowners have abandoned their land. Fearing assassination by Naxalites—or being “shortened by six inches,” which means having their throats cut—they have fled to the cities, leaving private armies to keep their idle land free of squatters. At the same time, these landowners, embittered by the conflict, thirsting for revenge, and desperately seeking to maintain their privileges, have used their power over the state’s institutions to resolutely block any serious proposals for land reform.

When economists analyze an economic crisis like Bihar’s, they usually point to weaknesses in economic institutions, such as markets and property rights, as the fundamental causes. But I felt that the hardships of the villagers I had seen were not, first and foremost, a product of such factors. Instead, their hardships were primarily derived from inequalities of wealth and power among Bihar’s castes and from the corrosive effect of these inequalities, when combined with severe resource scarcities, on the state’s political institutions. And it was the debilitation of the state’s political institutions that, in the end, prevented constructive reform of its economic institutions and policies.

Economic institutions and policies are ultimately subordinate to politics. And in Bihar, as in much of the developing world, politics is powerfully influenced by scarcities of natural resources.
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Every morning in Patna when I woke up, I turned on the hotel television to watch the Asian version of the BBC World News. Even in this poorest part of India I could connect to global society, at least when the power was functioning. Over those few days a certain small item brought up the rear of each newscast: a report on the advance of a major storm that was building in the Arabian Sea off the coast of the far western Indian state of Gujarat. It had the makings of a cyclone, and each day, it grew bigger as it moved gradually nearer to the Indian coast. But no one in India seemed to be paying much attention. The country’s debates and discussions focused on other issues, especially on India’s fevered relationship with Pakistan.

After breakfast, my routine was simple. I spent some time making phone calls to find an interpreter and guide to help me locate the little girl. Then, around midmorning, I hailed a bicycle rickshaw to take me across the city to the A.N. Sinha Institute, a center for the study of social issues with one of the country’s best libraries on Bihar’s politics, economics, and land conflicts. I spent a large part of each day gathering materials there for my research.

Like so much else in the state, the institute had been allowed to decline into woeful disrepair. It was housed in a long four-story brick building on a small, treed estate on the bank of the Ganges. It could have been a beautiful setting, but the grounds weren’t well tended, and the outside of the building looked weary. Inside, not only the building but the people it housed seemed weary too, shuffling from room to room, worn out by the heat. Gloomy offices and seminar rooms lined long, unlighted hallways. Everything was dilapidated—furniture, desks, and blackboards were all tattered. According to a friend of mine in the city, the state government had packed the institute with “scholars” of dubious merit, most never around, but all receiving fat salaries. The director himself, a rotund balding fellow in his forties, was apparently a friend of the state’s chief minister (the equivalent of a premier or governor), whom the institute had recently awarded an honorary degree. The director’s office was the only reasonably comfortable room I saw in the building, with an impressive desk, a couple of couches, and a perpetual coterie of acolytes sipping tea. On the desk sat a dysfunctional fax machine that beeped occasionally but didn’t produce any faxes; it seemed more an icon of the director’s power than anything else.

But the director was helpful, giving me the run of the institute and making sure that the members of the library staff were accommodating. The library itself was a surreal place, a long room with ranks of shelves for books and journals down one side, and slit windows at each end. Tables and chairs were laid out beside the shelves, and overhead hung two rows of ancient ceiling fans, interspersed with scattered fluorescent tubes, some working, some not. The electrical system appeared decades old, which didn’t matter very much at the moment, since the power was out much of the day. The curtains on the windows at each end were brown with dust and rotting off their rods. From a side office, I could hear the languid tapping of a manual typewriter. A half-dozen supervisors and users populated the room, a couple listlessly reading newspapers, while the others slept with their heads on their desks. The library was a long, dark, tomblike facility, the sun beating down on it from the outside, baking its human contents in the still heat.

For hours, I would sit at one of the tables, two large water bottles in front of me, poring over detailed analyses of the state’s political economy and incidents of Naxalite violence. I sat under one of the ceiling fans. When the power was on, it twirled slowly, producing a cone of moving air that made the room tolerable. When the power failed, as it did ten to twenty times a day, the air in the library was almost indescribably stifling.

In a land riven by conflict, the library’s collection of materials was extraordinarily valuable. It contained historical records and careful analysis that could be the foundation for practical solutions of the state’s crisis. I was deeply impressed by the quality of much of the research and scholarship I read there: it was painstakingly thorough and cautious, thoughtful yet passionate. Many of these scholars were natives of Bihar, and they were clearly anguished by what had happened to their homeland. Sadly, though, the institute’s library was not a good repository for their work. The only record system for its materials was an old-style card catalog. Many of the books were piled in heaps around the room; no one seemed interested in returning them to the shelves. The books themselves were obviously deteriorating in the heat and humidity; spines were broken, and many pages were brown and crumbling. Most disturbingly, after a few days one of the librarians admitted to me that, owing to funding cutbacks, the library hadn’t ordered a single new journal in five years. (The A.N. Sinha Institute, I learned, was not the only center of scholarship in Bihar crippled by funding cutbacks: Patna University, the state’s premier institution of higher learning, hadn’t produced a university handbook with basic information about its courses since 1966, and now it couldn’t even afford to purchase watermarked paper for awards certificates for its top students.38) Here again, it seemed, was another small example of the vicious cycles that plague many poor countries: Bihar’s political turmoil and economic crisis was crippling a facility that could be vital to generating the ingenuity needed to resolve that very same crisis.

On one of my last afternoons at the library, when my water had almost run out, I packed up my books and notepaper and decided to head back to my hotel. The heat was particularly bad that day. There seemed to be more than the usual number of funeral processions in the streets, with bodies wrapped in colorful shawls on stretchers, carried on young men’s shoulders and followed by lines of mourners. A wave of gastroenteritis from foul water, failed pumps, and spoiled food was sweeping through the city. In many of the state’s urban and semiurban areas, 90 percent of water taps had gone dry.39 Youth activists were burning effigies outside the Bihar State Electricity Board, calling for people to suspend payment of their electricity bills until the power outages stopped.

As usual, I walked out of the institute’s front gate and over to a nearby group of bicycle rickshaws, in the shade of a clump of trees. None of the drivers showed any interest in me. I wasn’t prepared, though, to trek the several kilometers to my hotel in the late-afternoon sun with little water, so using sign language I asked several drivers if they would take me. Eventually one agreed. He was a rake-thin fellow who seemed to be about fifty years old, but was probably only forty or so. He couldn’t have weighed more than forty-five kilograms. He had graying hair, one front tooth, and a leathery, dark face with deep, reddened eyes. He wore a ragged singlet over his torso and a gray rag wrapped around his head to keep off the sun. He had battered thongs on his feet.

I got up on the rickshaw’s raised and padded back seat, while the driver mounted the bicycle seat at the front and put all his weight on the machine’s left pedal. Slowly, painfully slowly, we began to move.

Most Westerners who travel in India find rickshaws discomforting. Although I have used them a lot over the years, in part because I sometimes feel safer to have company in strange parts of Indian cities, I have always found the experience morally jarring. Westerners tend to be big and heavy compared to Indians, and rickshaw drivers often have to use almost all their strength to move their machines with one of us on board. It seems reprehensible to sit in relative comfort on the back of a rickshaw while a nearly destitute person pedals one around for a few rupees. On the other hand, those rupees are vitally important for the driver, and it seems just as reprehensible to walk to spare oneself guilt.

We left the vicinity of the Institute and wound our way slowly through Patna’s back streets. The route to the hotel traced its way up a gentle incline through a shopping district, across several major roads, and past a park, a squatters’ settlement, and a wealthier residential area. My driver worked the pedals rhythmically, rocking all his weight back and forth from one pedal to the other. He hunched over the handlebars. Big patches of sweat spread across his singlet. I noticed that he seemed to be working far harder than any of the other drivers I had used, perhaps because he was smaller or perhaps because he was older. As one kilometer rolled into another, I became convinced that he was at his limit of exertion.

Finally, across from the park, he stopped for a rest. I had a bit of water left in my bottle, so I unscrewed the top and offered it to him. It seemed an ordinary, natural thing to do, yet he was obviously surprised. After a moment’s hesitation, he accepted the bottle and raised it to his lips. But just as the water crept to the bottle’s mouth, a chorus of catcalls arose from the other side of the street, as a group of fellow rickshaw drivers harassed him for accepting my offer. Without drinking, he lowered the bottle and gave it back to me. Clearly, he was desperately thirsty, and I can’t describe the disappointment on his face.

We continued in silence along the last kilometers to the hotel. When we arrived, I pulled out my wallet and put the rupees for the fare on the back seat; as usual, I had doubled the standard fare. But he didn’t take the money. Instead, he started waving his arms, speaking in Bihari, and gesturing in a way I couldn’t understand. Then it dawned on me that he wanted the water bottle. I fetched it out of my bag, unscrewed the top, and gave it to him again. This time, although he was uncomfortable touching his lips to its mouth, he drank the full amount. After handing the bottle back, somewhat sheepishly, he took his money. We smiled at each other, and he left.

Talking to a friend from Patna the next day about this incident, I learned that I had transgressed a yawning social and cultural gulf. To my driver, I was upper-caste, and members of upper castes usually regard members of the lowest castes as spiritually and physically impure. This is especially the upper-caste attitude towards people on the lowest rung of the ladder, the untouchables, and my driver was probably untouchable. He was literally too filthy to touch. He didn’t want to put his lips to the mouth of my bottle, because that action might have deeply offended me. He also probably didn’t know whether I’d want the bottle back after he had handled it. In his social milieu, my simple offer of a drink was fraught with difficulty. But in that moment after he had had his drink, in the baking sun, the noise, and the dirt outside my hotel, we established a fleeting bond. When we smiled at each other, we were both nothing more and nothing less than human beings, with the same basic physiological needs. We couldn’t speak to each other, our worlds couldn’t have been more different, yet in this most fundamental respect we were the same: we would both die that day without water. Nature, brutal physical reality, had penetrated into our lives and made us equal—at least in that one respect, so essential to our existence—in a land with some of the most ghastly inequalities on the planet.
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The next morning the satellite photographs broadcast on the BBC NewsS howed a mammoth cyclone in the Arabian Sea heading north towards India. But still nobody seemed to be concerned; there was no talk of warning the communities along the heavily populated Gujarat coastline. The day’s papers did, though, include some interesting commentary by meteorologists on the link between global warming and the current heat wave. As temperature records fell and as hundreds more people died each day, a consensus seemed to be emerging among the country’s climate experts that India could expect more of the same in the future.40

This was my day to search for the little girl. With the help of a local family-planning NGO, I had finally located an interpreter and guide. We decided to look for the girl early in the morning, before the heat became extreme. The NGO provided a car, and after we got into the back seat I showed the driver one of my photographs. Just by looking at the clay pots in the photo’s background, he thought he knew where to go.

As we drove across town, my guide and I talked a bit about the role of children in India’s development. Children are the raw material from which poor countries fashion their human capital—that is, their skilled work-force—and human capital is an essential input to ingenuity supply. Some experts have suggested that a rapidly growing population is a good thing precisely because it means more heads to generate and deliver ingenuity.41 But this argument assumes that growth of a society’s population automatically translates into growth in its stock of human capital. Research shows that this outcome is not inevitable. At the household level, large families must often direct their resources to short-term consumption and away from long-term investments in their children’s education. And at the societal level, as I had seen in Bihar, rapid population growth can contribute to environmental degradation and social instability, changes that undermine economic growth and, in turn, weaken the educational institutions that create human capital.42

While the effects of population size and growth on economic development are ambiguous, the effects of improvements in a population’s quality—especially in its health, skills, and education—are not. During the nineteenth and twentieth centuries, gains in health and life expectancy were major sources of economic growth in today’s rich countries. The Nobel prize–winning economist Robert Fogel has found that better nutrition and higher caloric intake boosted the fraction of the population able to work, made it possible for people in the labor force to work harder, and made the body’s conversion of food energy into work more efficient (by reducing the incidence of infectious disease and diarrhea, for example). He estimates that these changes alone accounted for about 50 percent of British economic growth between 1790 and 1980.43 And, although Fogel doesn’t stress the point, longer, healthier lives clearly allowed people to devote more years to education and to the thinking and research needed to generate useful knowledge.

In the global economy of the twenty-first century, as knowledge becomes more important as a factor of production, the quality of a country’s population will become an even more decisive determinant of its prosperity. The international relations theorist Richard Rosecrance argues that the global economy will increasingly differentiate itself into “head” countries specializing in generating knowledge and “body” countries specializing in manufacturing things on the basis of that knowledge.44 Even in “body” countries, though, the workforce will have to be healthy, highly skilled, and connected to the world’s knowledge networks.45

Looking around me at the citizens of Patna, I wasn’t optimistic about their prospects in this new world. Well over half of Bihar’s population, I knew, couldn’t even meet India’s abysmally low standard of literacy. The Internet was available to only the tiniest fraction of people in the state; institutions of higher learning were in ruins; and almost all young people with skills and aspirations were leaving for other parts of India. Yes, some of those other parts were participating in the world’s knowledge revolution, such as the high-tech triangle of the southern cities of Bangalore, Hyderabad, and Madras (recently renamed Chennai). In those cities, young computer programmers and India’s new elite of information entrepreneurs crowd into swank bars and brand-name clothing stores and live in modern apartment complexes featuring health clubs and swimming pools. But these islands of economic bustle have produced little improvement in the surrounding ocean of Indian poverty, in large part because of weak state and national governments that don’t collect adequate taxes on the new wealth.46

From the beginning of my adventure to solve the ingenuity puzzle several years before, I had had the intuition that finding the little girl in Patna would help me put in place the puzzle’s final pieces. One piece that had already helped me make sense of the larger puzzle was a better understanding of the characteristics, versatility, and limitations of the human brain. So an issue that seemed particularly pertinent to me that day, as we wound our way through Patna’s crowded streets to find a specific child, was the cognitive development of India’s children. Would they be ready, intellectually, for the next century’s knowledge-intensive, hyperdynamic, and high-pressured global economy? Would they be sufficiently adept to participate in that economy, to sell their products, services, and skills for an adequate return? These questions applied not just to India, but to developing countries in general. It’s true that, on average, children in these regions are better off than ever before. But in much of Asia, Africa, and Latin America, a wide range of stresses, from violent conflict to poor nutrition, take a heavy toll during childhood mental development. Given the skyrocketing cognitive demands of the global economy, these may turn out to be dire handicaps indeed.

The human brain’s extraordinary versatility is enhanced by its long juvenile period. At birth, our brain’s size is similar to a newborn chimpanzee’s, about 350 cubic centimeters (cc). But, while the chimp’s brain stops growing at 450 cc, the human baby’s keeps growing at the same rate as a fetus’s, tripling in size by age four.47 Even after this growth stops, the brain’s information-processing ability continues improving for many years, as external stimuli cause the brain to prune away neurons and rewire neural connections, a process often called “cognitive sculpting.” (In fact, the brain’s neurons can rewire themselves throughout a human being’s life; moreover, recent research shows that, contrary to long-held opinion, certain brain regions grow new neurons well into adulthood.48) This neuronal plasticity “is responsible for our mental flexibility,” writes the paleoanthropologist Rick Potts. “Human beings are born into a world full of options and risks. It is the brain’s lengthy out-of-womb maturation that underwrites our vast abilities to pick up data about the world.”49

The long maturation brings risks, however, since the brain is extremely sensitive to external conditions during this period.50 Circumstances of severe stress or traumatic violence, as experienced by tens of millions of children in the developing world’s war zones, often cause long-term psychopathologies, including chronic depression, irritability, and a predisposition to violent behavior.51 These mental disabilities are linked to changes in brain chemistry and neural connections.52 Richard Hellie, an historian at the University of Chicago who has studied the effect of chronic violence on the development of the early Russian society, tells us that “excess exposure to traumatic violence will alter the developing central nervous system, probably by changing receptor sensitivity, similar to that seen in cocaine sensitization. This predisposes the victim to be a more impulsive, reactive, and violent individual.”53

Of more general importance in poor countries, though, is childhood undernutrition. Because of poor diets, 40 percent of children under five in developing countries are stunted, which means they have low heights for their age; in many regions, including Bihar, the figure exceeds 60 percent. Biomedical and psychological researchers have found that, in addition to limiting height, undernutrition impairs the development of basic cognitive abilities, including locomotor and shape recognition skills.54 It acts not only by causing direct damage to the brain (damage that is sometimes reversible if nutrition improves) but also by making children sick, lethargic, and withdrawn, which keeps them from energetically exploring their surroundings.55 Dietary shortages of vitamins and micronutrients, often resulting from cultivation of nutrient-depleted soils, can also have a major effect on brain development. Of special concern is iodine deficiency, estimated by the World Health Organization in the mid-1990S to affect 1.6 billion people (500 million in China alone), or over a quarter of the world’s population. When severe, iodine deficiency produces goiter and cretinism, and when less severe it causes persistent mental and physical fatigue and varying degrees of cognitive impairment.56

The child’s maturing brain can additionally be harmed by a range of environmental contaminants, including pesticides and heavy metals.57 Exposure to lead and cadmium is associated with delinquent behavior, learning disorders, and decreases in measured intelligence, including downward shifts in children’s IQ scores of 4 to 5 percent.58 The problem of lead exposure is particularly serious in countries like India that still use the metal in motor fuels and that suffer from appalling urban air pollution. A large fraction of children in cities in the developing world, it is safe to say, suffer from chronic, low-level lead poisoning that retards their mental development.59

We were now rumbling down the dusty Patna road, parallel to the Ganges, where I had first photographed the little girl. Thinking about the needs of the children I could see all along the road’s shoulders, I started to get angry. I remembered Nicholas Negroponte’s assertion that a satellite providing Internet access stationed over Africa would immediately revolutionize the continent’s economic and political prospects. Only people totally entranced by the technological cornucopia of rich countries, I thought, and largely unfamiliar with what is happening in much of Africa, or in much of the developing world for that matter, could say such a thing. Outside the fantasy worlds of these technological and economic optimists, children in poor countries need peaceful societies, good diets, clean air and water, and adequate shoes before they need, or can even use, Internet access. The basics of life are the prerequisites to development. Until they are available, in Bihar and across wide swaths of the developing world, the human capital needed to create, absorb, and use new knowledge will not be even remotely adequate to meet the cognitively demanding challenges of the twenty-first century.

The driver stopped the car at the spot he thought corresponded to the scene in the photo’s background. From my memory of the day when I had taken the shot, I sensed he was right, so we stepped out of the car into the hubbub of the street. It was still early morning, but everywhere there was action. A stream of scooters, auto rickshaws, carts, cows, buses, and trucks jostled past us. The wide dirt margins extending out from the road’s crumbling pavement were alive with business and family life. An old barber, deftly wielding a straight razor, was shaving a younger man sitting on a stool, the implements of his trade and pan of water on a wobbly table beside him. A teenager was busily pumping up the front tire of his bicycle rickshaw. Along one side of the street were clusters of small stalls and huts, divided by narrow alleyways descending to the Ganges. Along the other side rose rickety two-and three-story buildings, of brick and whitewashed concrete, their tile roofs sloping down towards the street. Balconies hung from their upper floors, many decorated along their fronts with grates carved from brick. At street level, a series of rough-hewn wooden doors were open to reveal little shops selling clay pots, ceramic wares, and other dry goods. Overhead a tangle of electrical wires was strung from one ramshackle light standard to another.

Immediately we were surrounded by a group of inquisitive children and teenagers. The girls were dressed in colorful blouses, skirts, and saris; the boys in shorts and white singlets or grubby polyester dress shirts; most of the children were shoeless. They all jabbered simultaneously at my interpreter. She showed them the photograph, which was passed quickly from hand to hand. “He’s going to use her in the cinema,” declared one teenage boy. Another announced that he knew the girl in the picture and started to run down the street, beckoning us to follow. Soon we arrived in front of one of the rough doors that opened into a small house. The building’s broken concrete steps bridged a gutter full of rancid water. On each side of the walkway to the steps was an array of earthen water jugs, resembling large gourds with narrow, sculpted necks.

I knew this was the place.

A moment later a mother appeared at the door, with a child in her arms. It was the girl; I would have recognized her anywhere. She was now about four years old, with closely shaved hair, brown shorts, a mauve short-sleeved shirt, and thongs. Around her ankles were silver bracelets.

The mother was bewildered and more than a little embarrassed. We explained that I’d come to give her copies of the photograph that I had taken two and a half years before.60 Remarkably, she remembered me taking the shot, and she seemed pleased to receive the copies, interpreting the gesture as a sign of friendship and generosity. Soon the father arrived, as did the other two older daughters, along with a growing crowd of people, curious and amused, and all expressing opinions. This was clearly the event of the day.

The little girl’s name was Komal Kumari. I gathered from my interpreter that Komal meant “delicate” in the local language. After talking to the parents for a few minutes, we learned that both the mother’s and father’s family lines came from Patna. The father worked in a small electronics shop fixing light appliances, like radios and irons. The mother sold the water jugs on display in front of their house, jugs made from clay dug out of the bank of the Ganges, across the street. In the summer when demand was high, each four-liter jug went for twenty to twenty-five rupees (about seventy-five cents). Such jugs were the standard water container for poor and middle-class households in the city.

My interpreter later estimated that the family’s total monthly income was probably 1,200 to 1,500 rupees a month, or about thirty to forty dollars, which put them in the city’s lower middle class. Given the state of Bihar’s economy, it was unlikely that their standard of living had improved much in the last ten years. Their house was probably home to several families, each living in a single room. They likely shared a water tap and perhaps a bathroom in the back of the house, but all the household effluent drained into the gutter out front. They also likely owned a television, which, my interpreter suggested, most families valued above proper drains and clean water. “There’s a lot of peer pressure to have a TV,” she told me. The family’s daily diet would consist of rice, lentils, flatbread, and vegetables; they would not be able to afford eggs, milk, or meat, except as a rare treat.

As I took some more photographs of Komal Kumari’s family and the street where they lived, her mother told us that both older daughters were going to a government school, with the eldest, Rajani, in the equivalent of grade four. My interpreter guessed that she would probably continue in school for another five years or so, being fully literate at the end of the process. “It’s a good thing that they’re living beside the street,” my interpreter remarked as an aside, “because the mother can have income at the same time that she manages her house.”

The advantages weren’t immediately apparent to me. By this point, the crowd had swelled to twenty or thirty people, and with the roaring and honking traffic right beside us, it was almost impossible to carry on a conversation. We decided to cross the street and walk down to the Ganges. Much of the crowd, especially the children, followed, and soon we were looking out across the river. It was blessedly quiet. A few people were bathing along the shore, while two young men were busy making the water jugs we had seen in front of Komal’s house. Rows and rows of them lined the river’s upper bank. Nearby was a small temple housing a beautiful red, green, and gold statue of the monkey god Hanuman, with remnants of flowers and other offerings strewn around its feet.

I had come all this way in my travels and my learning and exploration. Now was the moment of truth: what did it all mean? Looking out across the Ganges, with a group of Indian children around me, their eyes scanning me in curiosity and silence, I understood that contradictions were at the heart of the story. These contradictions played themselves out on many levels and in many ways. Some were intriguing, and some were productive. Others were frightening. But whatever way these contradictions played out, they rendered the past, present, and future fundamentally ambiguous. I realized that there was no single right or correct interpretation of the world around us, no one answer to my quest, and no single, definitive arrangement of the pieces of the ingenuity puzzle.
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Komal Kumari (on the right) with her sisters

Our world is a highly complex system, and complexity itself is full of contradictions. Complex systems are intricate tangles of shifting and often opposing—contradicting—forces that unfold in unpredictable and frequently totally surprising ways. The behavior of complex systems often confounds, or contradicts, our expectations. The human brain, an instrument that gives us unparalleled versatility to adapt to our complex world, is the evolutionary product of the constant shocks and volatility of an ancient African ecology, volatility that threatened, or contradicted, our prospects for survival. Similarly, the oppositions, or contradictions, in the world around us today evoke the ingenuity that we need to improve our lives—oppositions between what we have and what we want, between what we fear and what we love, and between what we regard as cruel and what we think is just.

Chatting with the children pressing up against me, I pondered the contradictions they and Komal Kumari represented. Although the standard of living of Komal’s family might not have improved much in the last ten years, there was no doubt that she was much luckier to be alive today than a hundred or even fifty years ago. Only a few short decades ago, a female baby in India could expect to live to her early forties; today, Komal Kumari would probably see her mid-sixties. She was reasonably healthy, she had access to an adequate if not varied diet, and she had the prospect of obtaining a basic education. (In these respects, she was actually better off than many other children in Bihar.)

Yet as I thought about her, and about the children I’d seen in Bhojpur, I couldn’t help juxtaposing their realities with the starkly different, contradictory, realities of people’s daily lives in Canary Wharf, Washington, Toronto, and Las Vegas. Here on the banks of the Ganges, nature was an ever-present and intrusive force; there, it was hidden and marginalized. Here, medieval technologies, like the iron forge and hand bellows, were still in wide use; there, lightning-fast technological change was a fact of everyday life. Here, at least with respect to the Internet and modern communication technologies, a “zone of silence” prevailed; there, computers and the Internet were compressing time and space and creating vast new wealth by helping people exploit the increasing returns to investment in knowledge and ideas.61 It might be true that the lives of Komal Kumari and most other children in Bihar were, on average, slowly improving. But, at the very same moment, children in rich countries were shooting into the future at blinding speed, and Komal Kumari was being left in the dust.

Neoclassical economists suggest that standards of living of poor and rich societies should converge over time. Yet one sees little evidence of convergence in Patna. Komal Kumari is simultaneously next door in space, but infinitely far away in terms of what she can expect from her life. How, in a converging world, could we be so close yet such strangers? For me, this was the most profound, and disturbing, contradiction of all.

Just when communication technologies and jet travel are binding our planet together ever more tightly, history’s biggest differences in wealth, opportunity, and human experience are emerging. Two hundred years ago, in my great-great-grandfather Thomas Dixon’s time, over 90 percent of the people on the planet lived in farming communities, and most everywhere you went the cadence of people’s lives was fundamentally similar. But today, on the same tiny planet, we have subsistence farmers in Bihar next to the virtual realities of webware designers at Comdex; we have the high-tech hyperactivity of investment bankers in Canary Wharf next to the struggle for survival of rural mothers in Africa who must walk kilometers for their daily water; and we have the gated elite communities of Orange County, California, next to the bombed-out rubble of Jaffna.

Yes, thanks to economic globalization and the homogenizing effects of modern communications and travel, the planet’s richest two billion people are converging in wealth and culture. But if we expand our view to encompass all humanity, all six billion of us, we see rapidly widening gulfs between the planet’s richest and poorest groups and between individuals and societies that thrive in the face of our world’s dramatic new challenges and those that fail and succumb. We also see that despite the miracles of modern communications, our national and global societies are, in many respects, fragmenting into a montage of discrete realities. In more ways than technological and economic optimists dare to admit, the differences among us have never been so great.

I put my camera back in its case and zipped the flap shut. It was a standard 35 mm model—a single, compact package of technology worth three years’ income for Komal Kumari’s family. Such large disparities of wealth and opportunity do not presage a peaceful future. In times of economic and social crisis, they are likely to inspire fear and envy, ethnocentrism and ill will. As in Indonesia in early 1998, the relatively advantaged and successful will want to protect what they have, while the relatively disadvantaged, like the young men in Jakarta’s slums, will want to take, or at least destroy, what they don’t have. Thanks to the spread of TV, today’s disadvantaged know better than ever before what they are missing. And thanks to the spread of cheap, portable, and powerful technologies of violence, they also have a greater capacity than ever before to harm the targets of their anger.
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The next day, the cyclone plowed into the Gujarat coastline. Sucking energy from the hot Arabian Sea, the storm’s winds and waves ripped through India’s busiest port, Kandla, turning its cargo jetties, cranes, and railway sidings into twisted heaps of scrap metal. Thousands of unregistered migrants who worked in the port and surrounding salt flats and who lived in rough huts along the coast were swept out to sea. In the aftermath, a howl of protest at the lack of warning or preparation arose across the country. “The hunt for scapegoats,” one journalist wrote in The Financial Times, “is already on.” But the tragedy pointed to “a deeper malaise in Indian society: a failure of governance and of business ethics, a basic disregard for the lives of the poor. And that is likely to remain long after the port begins functioning again.”62



EPILOGUE
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A WEEK AFTER I had found Komal Kumari, my late-night flight to Europe climbed away from New Delhi and turned northwest across the Punjab. I was going home. Before long the captain told us we were flying above the Khyber Pass and would soon be over Kabul, the capital of Afghanistan. I got up from my seat, stretched my legs, and squinted into the inky darkness through the window in the cabin door.

Down below and a world away was a territory that my grandfather—Thomas Dixon’s grandson—had come to know in the waning years of the nineteenth century. As a private in the Fifth Dragoon Guards of the Imperial Army’s Tirah Expeditionary Force, he had served with Winston Churchill along the chaotic fringe of the British Empire between the Northwest Frontier Province and Afghanistan, fighting the Afghani Pathan on foot and horseback with carbines. That was one hundred years ago. Afghanistan at the time was ruled by Abdur Rahman Khan, the “Iron Amir,” who assumed control in 1880 and began the arduous process of unifying and modernizing his country. Struggling to remain independent of British influence, he created a standing army and put down the fratricidal violence among his country’s chieftains.

Now I was flying 11,000 meters overhead, surrounded by the genius of modern human engineering. The 747’s six million finely crafted and fitted parts were humming in concert to carry me home.1 But the Afghanistan we were soaring over was not the country the Iron Amir had sought to create. It was instead a country ravaged by two decades of almost continuous warfare and brutal hardship—first by Soviet invasion, then by vicious rivalries among ethnic groups armed to the teeth with leftover weaponry, and today by the medievalism of the country’s Taliban government. War has ruined half the buildings in Kabul, much of the city has no municipal electricity, and only a third of its inhabitants have running water. Seventy percent of the working-age population is jobless, while one in every four children dies before the age of five.

But the desperate remnants of Afghan society were, quite understandably, the farthest thing from the minds of my fellow travelers inside the jet at that moment. Wealthy Indians and Westerners, they were on their way to make business deals, see their families, or explore tourist destinations on the other side of the world. Kabul, as far as they were concerned, could have been on the moon. But the city was actually only eleven kilometers away—straight down. Like my grandfather’s world in time, it was proximate to us in space: and eleven kilometers, or a hundred years, is really not so far away. As I peered out the plane’s window—seeing nothing, but trying to imagine the land and people below—I was reminded how easily we live with these contrasting realities, even acknowledge them, without truly juxtaposing or seeing them.

The vicissitudes of the ancient environment in Africa helped endow us with extraordinarily versatile brains. To use the paleoanthropologist Rick Potts’s delightful phrase, our brains are “mirrors of nature’s quicksilver.” Today, they not only allow us to create miraculous machines like the 747 out of the rough materials of our natural world, but their versatility and flexibility allow us to survive, even thrive, in an astounding range of circumstances, from Baffin Island in the Arctic to the windswept deserts of the Australian interior. And they have given us an almost infinite capacity for optimism and hope, even when our circumstances are utterly miserable—as they are for families living on Patna’s streets in 50 degrees of heat.

These are wonderful attributes, but they have a negative side too. We adapt so easily to changes in our world that we often forget where we’ve come from, and we neglect to ask where we’re going. Perhaps more important, we lose sight of the sharp edges and contrasts around us. We adjust to things like the upsurge of homelessness in the streets of North American cities: once it was appalling, now we don’t even see it; we walk around people sleeping on subway grates, and we ignore tin cups in outstretched hands. In the same way, we’ve come to accept the perpetual butchery in parts of Africa as simply a fixture of the geopolitical landscape. And we acknowledge, then forget about, the grotesque differences in wealth on this planet. The wretchedness of Kabul may be eleven kilometers away, but we can be completely blind to it. After a while, it isn’t jarring anymore, and our outrage fades away.

Our brains give us other abilities, though, that can help us compensate for this tendency to adjust and forget. One is our capacity for metaphor—to see patterns and similarities among vastly different things and to allow ideas to flow across the porous boundaries of the specialized intelligences in our minds. Metaphors open windows to new ways of seeing ourselves and our situation; without them I could not have put together the pieces of the ingenuity puzzle that lie all around us. In Las Vegas, artificial light, the night sky, and pyramids became for me metaphors for our technological prowess, for the mystery of the natural world and the awe it should inspire, and for our attempts to retain authority in an increasingly chaotic world. In Las Vegas, and especially in Patna after sharing a drink with my rickshaw driver, I came to see water as not only something urgently real and essential to our lives, but also as a metaphor for our intimate dependence on the natural world and for our common needs that cut across all boundaries of class, caste, religion, and ethnicity.

And then there was Komal Kumari’s face. I recalled it as she’d stood in the doorway of her parents’ house just a week before. It no longer looked weary or distant as in the photograph on my office wall. She looked shy, a bit bewildered, and happy because of all the attention she was suddenly getting. While this time Komal Kumari’s face seemed animated by emotions that were entirely different from those that my camera’s eye had caught before, I knew it at once.

I’d traveled to the other side of the planet to find one face among billions. I could do this because our brains give us a truly uncanny ability to remember faces, to identify one in a vast crowd. And this ability, and that child’s face in particular, came to represent for me our vital capacity to use recognition and empathy to link ourselves together into larger communities. If I could just imagine the faces of the people in Kabul, down on the ground below me—if I could hold in my mind’s eye, just for a moment, an image of what they might look like—maybe I could overcome my pernicious tendency to adjust and forget. Faces turn people into individuals, and by recognizing, remembering, and imagining faces, we can make bridges between our separate selves and turn individuals into communities.

As ingenuity gaps widen the gulfs of wealth and power among us, we need imagination, metaphor and empathy more than ever, to help us remember each other’s essential humanity. I believe this will be the central challenge of the coming century—one that will shape everything else about who we are and what we become. Anatol Rapoport, a pioneering mathematical psychologist and one of the wisest people I have ever known, once told me: “The moral development of a civilization is measured by the breadth of its sense of community.” Have we paid enough attention to the moral development of the global civilization we are creating today?

A sense of community, of shared humanity, isn’t the only thing we need. If we’re to maintain and improve our civilization in the next century, we also need to close, as best we can, those ingenuity gaps that debilitate people and societies. And here a final metaphor—the metaphor of flight—may point us in the right direction. The idea of flight wound its way through my entire quest to piece together the ingenuity puzzle. Some-times—as with United Flight 232 or the troubles plaguing the U.S. air-traffic control system—it stood for the perils and unknown unknowns of modern technology. Other times, though, it stood for how technology often frees us from age-old constraints and allows us to seek new horizons. In the pop mythology of our modern civilization (and even in myths going all the way back to Icarus), the idea of flight is closely associated with the idea of freedom, and there are similar links between the ideas of flight, exploration, and discovery. In my own quest, flight gave me the freedom and opportunity to explore diverse places around the world—from Canary Wharf to Las Vegas—and it allowed me to find one face among billions.

But what can flight tell us about closing our ingenuity gaps? It turns out that we can learn some practical lessons from the experience of United 232. The captain of that ill-fated aircraft, Al Haynes, has since identified several factors that contributed to the relative success of the crash-landing, in particular luck, communications, preparation, and cooperation.2 The people on the flight were lucky because it was daytime, the weather was good, and the accident occurred close to an airport. Good communication with the ground meant that the right personnel and equipment were ready when the plane touched down. And the people of Sioux City were well prepared because, amazingly, the city’s airport, hospitals, fire departments, and other emergency teams had conducted a full drill for exactly that kind of accident only two years before. Perhaps the most critical factor of all, though, was cooperation, especially cooperation among members of the flight crew. Nearly a decade previously, United Airlines had started training cockpit crews to solve problems by sharing their expertise cooperatively, especially in emergencies, rather than by simply following the captain’s commands. This training paid off brilliantly for United 232; in fact, Al Haynes believes that without it no one would have survived.

The factors that Al Haynes identified take on their greatest importance in times of crisis, when we have to supply ingenuity in response to sudden, nonlinear events, like the explosion of a plane’s engine, a panic in financial markets, or a sharp, unfavorable change in climate. While we can’t do much about luck in such circumstances (we can only hope that it generally works in our favor), we can do a lot about communications, preparation, and cooperation. For instance, we can ensure in advance that there are good communication links between the key people and groups who will need to talk to each other, and we can practice over and over again our responses to a wide range of possible emergencies. Most important, we can develop procedures for cooperative decision-making to make sure that people’s experiential knowledge—the wisdom that comes from years of working with a complex system like a plane or a financial market—is available and used when it’s needed most.

If we want to close the ingenuity gaps that we face in our fast-changing world, we need to recognize that each gap actually presents us with two distinct problems represented by the two “sides” of the gap: there’s the problem of the rising requirement for ingenuity, and then there’s the problem of supplying that ingenuity. Solutions to an ingenuity gap can involve either reducing the requirement for ingenuity or increasing its supply (or both). But for some reason we tend to think first—and sometimes almost exclusively—about increasing supply. It seems that we would rather look for after-the-fact solutions to the difficult problems we face than prevent our problems from becoming so difficult in the first place.

It’s true that boosting ingenuity supply is often a sensible way to go. The metaphor of flight suggests we’re very good at inventing things to free ourselves from constraints and to explore new possibilities for our lives. Whether it’s a matter of meeting our energy demand by inventing new types of fuel, feeding a still rapidly growing world population by boosting grain yields, stabilizing the international financial system by making available more information on countries’ finances, or stopping mass violence by setting up an international rapid-reaction force, we need to supply more and better ingenuity for more and better technologies and institutions.3 This means that we should dramatically increase our funding for scientific research in critical areas—like energy and agriculture—in the hope we can invent new technologies. And it also means that we should reform existing international institutions (from the IMF to the UN) and build a range of new institutions (for example, to deal with climate change) to ensure global prosperity and peace. While a formal world government is probably not in the cards, at least not for a long time, we must accept that our governance of our global affairs has to become vastly more elaborate and sophisticated.4

But it’s essential that we not forget about the other side of our ingenuity gaps—about our soaring requirement for ingenuity. Partly because of our larger populations, rising wealth per capita, and more powerful technologies, and partly because of our hypercompetitive economic and social systems, we seem to be doing more of everything, over larger areas, faster than ever before. It’s as if we’ve got our collective foot slammed down on the world’s accelerator pedal. We need to think creatively about how we might slow things down, how we might ease up a bit on that pedal. I’m convinced that if we don’t—if we allow the complexity and turbulence of the systems we’ve created to go on increasing, unchecked—these systems will sometimes fail catastrophically. In other words, nonlinearities will, at some point, slow down and simplify things for us, whether we like it or not.

There are reasons for hope on this score: things are already happening that may slow our skyrocketing need for ingenuity. Birth rates are falling around the world, which in time will bring our population growth to an end; people are coming up with ingenious technologies for lowering our consumption of natural resources, which will lessen the burden we are imposing on the planet’s environment; and there are some well-developed, albeit controversial, ideas for dampening the volatility of international capital flows.5 But one fundamental change that could slow things down gets far too little attention: change in our values and in our perception of ourselves.

This can be most clearly seen in our consumption habits. What we value as wealth and as the “good life” has an enormous effect on our need for ingenuity. People in poor countries quite reasonably want more material things—things that those of us in rich countries think are essential and take for granted, like refrigerators, electricity, and good clothes. But are sports utility vehicles, five-bedroom houses, year-round air-conditioning, private summer cottages, and vacations in the Caribbean also essential elements of the good life? Do they really make us that much happier? Probably not, yet most of us in rich countries aspire to these things, and when we get them we greatly increase our environmental burden, especially, for instance, our output of carbon dioxide. A shift to less material values in rich societies would help reduce our overall need for ingenuity to manage our relationship with our environment.

More profoundly, we need to rethink our most basic perceptions of ourselves. Our seemingly limitless ingenuity has convinced many of us that we can have everything we want, that all things are within our grasp, and that we can separate ourselves from the essential foundations of life on the planet. But we really need to think less about what we want, and to remember instead our place in the broader scheme of things; to feel occasionally some awe before nature; and to reintroduce some real humility and prudence into our collective consciousness.

The great British geneticist and philosopher J. B. S. Haldane once wrote: “The universe is not only queerer than we suppose, but queerer than we can suppose.”6 He was right. But this is more than just a matter of fact: it’s fundamentally an emotional, moral, and even spiritual matter, and it’s in these terms that we can most clearly see the danger of our technocratic arrogance. Our modern approach to solving our problems tends to be rational and analytic—and thus starkly impoverished. I believe that reason by itself is not—cannot be—our ultimate salvation, and that we must instead call on our uniquely human capacity to integrate emotion and reason: to mobilize our moral sensibilities, create within ourselves a sense of the ineffable, and achieve a measured awareness of our place in the universe. These moral abilities are also innate human strengths, and if we can use them to root out some of our arrogance about our capacity to understand and control the complex systems around us, maybe we’ll be more inclined—to paraphrase Mike Whitfield—to tread softly in their presence.
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Just over nine hours later, the 747 touched down at Heathrow airport. I had a twelve-hour layover before my flight to Toronto, so after checking my bags I caught a cab into London to meet a friend in Lewisham, a borough across the Thames from the Isle of Dogs. It was early on a weekend morning, the streets were largely deserted, and the cabby was able to take me right through the heart of the city. Again I felt as if I had hyperlinked to an entirely different reality: from New Delhi with its congestion, heat, grime, and omnipresent poverty to the tidy, modern, wealthy, and weirdly empty streets of London.

After breakfast, I talked my friend into visiting Canary Wharf, since we could see Cesar Pelli’s bold tower, capped with its pyramid, from her house. This time, though, I approached from a different direction: we took the Greenwich foot tunnel under the Thames into the Isle of Dogs and walked north through Millwall towards the tower. We passed the things I’d seen on my last visit—the restored loading cranes looking like praying mantises, the newspaper printing plant, and the redoubt of low-income housing surrounded on all sides by fences and walls. In the sun of a fresh, midsummer morning, though, everything looked far more benign than it had in the evening gloom many months before.

Soon, with Canary Wharf now in full view in front of us, we reached the edge of South Quay, a broad stretch of water that blocked our progress. This was where I had crossed that futuristic pedestrian bridge—the one constructed in a long horizontal spiral like a writhing snake. But this time the bridge wasn’t there: it had been turned sideways on its pivot in the middle of the quay, so we couldn’t cross. According to a local resident out for a morning stroll, the bridge’s deck was very slippery when wet, and someone had recently been blown off it in a storm, so the bridge was closed till it could be made safer. Maybe, my friend remarked, a little less architectural finesse, and a little more practical engineering, would have made a better bridge.

Three kids, boys about ten years old or so—probably from the low-income houses nearby—were sitting on their battered bikes by the edge of the quay. They seemed to be waiting for the bridge to turn back so they could cross. We talked to them about the bridge for a couple of minutes, and they accepted that waiting any longer would be futile.

“Do you know,” one of the boys asked, as they got ready to leave, “if there’s a fountain over there?”

“Sure,” my friend replied, “there’s a fountain right in front of that big tower.”

“Are there coins in it?”

“I don’t know. Why?”

“Because we want to get some coins from the fountain!” And with that they laughed and rode off down the side of the quay, taking the long route to the tower. Now that was one of life’s sharp edges! Three boys from a poor zone of London going to look for coins in the central fountain of a complex of buildings housing the immense forces of capitalism and worth hundreds of millions of dollars.

As the boys disappeared in the distance, we followed them on foot around the edge of the quay, and down the grand, Haussman-like avenue into the center of Canary Wharf. We were now in Cabot Square, in the middle of a bowl of huge buildings, with Pelli’s tower soaring above us on one side and with five distinct types of architecture surrounding us on the others. One building recalled nineteenth-century Neoclassicism, another 1920S Modernism, and yet another the dreary utilitarianism of the 1960S. I looked at the tower. “The important buildings,” I remembered Pelli had said, “are not in the scale of the body of man, but in the scale of his ideas. St. Paul’s was like that, and I hope in its own way the tower will be as well.”

On my previous visit to London I’d had dinner with an investment banker who worked in these buildings. He told me about an incident that had occurred two years before the IRA bombing on the other side of the writhing bridge. According to a security guard at the complex, a truck full of explosives had been discovered early one morning parked in this very square. The bomb’s detonator had failed to go off. I later checked through back issues of London papers for any references to this event, but found none. Although I couldn’t confirm that the story was true, it certainly didn’t sound implausible. In this confined space, the damage would have been horrific. For a split second an image flashed through my mind—a boiling purple and orange fireball rising upwards, the buildings around us heaving from the force of the explosion, façades disintegrating and floors collapsing on each other, office workers’ faces—faces again—shredded by shrapnel of concrete and glass.

There will be more attempts to attack the symbols of wealth and power in our rich societies—attacks by aggrieved people with newly acquired knowledge about the technologies of violence. Because our governments are acutely aware of this danger, very few will succeed. But as the head of the Central Bank of Sri Lanka told me, a terrorist only has to be successful once, while we’ve got to be alert all the time. And the potential costs of a successful attack could be much higher than we realize: an acquaintance of mine who has closely studied the risks of bio-terrorism argues that a single large-scale strike on a major Western city—say an attack in New York, Washington, London, or Paris that killed 50,000 people—could send urban property values plummeting in cities around the world, as people suddenly realized how vulnerable they are in dense urban cores.7 An impossibly apocalyptic scenario, surely—until we remember that one such group, Aum Shinrikyo in Tokyo, tried to launch exactly this kind of attack.

Our intertwined global economic and financial systems are resilient enough to absorb a wide range of shocks, but a worldwide collapse of urban property values is almost certainly not one of them.

It was peaceful in Cabot Square—a couple of cabs idled quietly at a taxi stand and a family of tourists craned their necks to admire the buildings. The three boys, though, were nowhere to be seen. We strolled over to the fountain and the large circular pool that surrounded it and sat down on the carved low wall of black granite containing the pool. A shaft of sun reached us from high between the buildings. I looked down into the pool, past its rippled surface, and into its cool, dark depths.

There were no coins in the fountain.





AFTERWORD
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HEADLINE NEWS FROM the opening weeks of 2002: The United States bombs mountain hideouts in Eastern Afghanistan to root out the remnants of Al Qaeda. The Japanese economy tips into yet another recession, and no one offers any clear policy to stop the slide. Wildfires rage around Sydney, Australia. Food riots metastasize across Argentina as the country defaults on its international debt. India and Pakistan teeter on the brink of war. The European Union introduces the euro.

Meanwhile, scientists announce that the previous year was the second warmest on record. “Temperatures are getting hotter, and they are getting hotter faster now than at anytime in the past,” says Michel Jarraud of the World Meteorological Organization.

Yes, things are indeed getting hotter. But most of us in rich countries don’t really notice the rising background temperature—either of Earth’s climate or of the political, economic, and technological systems surrounding us. Occasionally a staggering development, such as the terrorist attacks of September 11, 2001, pushes these issues sharply into our consciousness. Usually, though, distracted as we are by the pressures of our increasingly hectic and turbulent lives, our minds register the world’s great events only as a staccato of fleeting impressions.

These impressions don’t easily add up to an integrated, comprehensive picture. We tend to perceive the events behind the headlines as disparate and discrete. But if we look closely we find that they’re often intimately connected. Underneath the froth of the day’s passions and breathless commentary, these seemingly separate events weave themselves into far larger and more disturbing patterns.

In The Ingenuity Gap I’ve identified some of these patterns. Most of the book was written in 1997 and 1998. After it was published in the fall of 2000, I traveled across the United States, Canada, and England presenting its arguments and stories to tens of thousands of people, and listening carefully to their comments. I learned an astonishing amount, and my thinking about the ingenuity gap became vastly richer as a result. But nothing during this period prompted me to revise my basic thesis. In fact, I’m now even more convinced that this book’s underlying analysis is exactly right.

What are, then, the deep patterns that connect today’s news headlines and profoundly define our age? First, we have the relentlessly rising complexity, speed, and connectedness of practically all humanity’s affairs. One of the headline events of early 2002 was the introduction of the euro, a new currency that will dramatically boost Europe’s economic integration and hence the speed and efficiency of economic transactions. While the euro simplifies life for many Europeans, especially for those who travel or trade goods and services within Europe, this simplification has been bought at the price of far greater complexity elsewhere in the system, especially in institutions of monetary policy, like the new European Central Bank. Over time, the euro will make possible countless novel and ever-more elaborate economic arrangements and connections across the continent and abroad.

Although most economists assert otherwise, this rising complexity, speed, and connectedness does not guarantee greater human well-being—in fact, it sometimes greatly undermines this well-being. Take Indonesia, the fourth biggest country in the world by population. Indonesia has not remotely recovered from the global financial crisis of 1997 and 1998—a crisis made immensely worse by the herd behavior of speculators and investors in the tightly interconnected world economy. The country was once a golden success story of rapid development, an example widely touted by Western experts who provided the advice and ideological guidance underpinning its economic policies. Now Indonesia’s currency stumbles along at a fraction of its previous value, vast numbers of able-bodied people remain unemployed or underemployed, malnutrition has soared, and insurgencies and ethnic and criminal violence have exploded across the archipelago. A great many economists and policy-makers in international financial institutions, banks, and Western governments—advisors deeply implicated in the origins of this disaster—should be red-faced with embarrassment. Instead Indonesia has conveniently slipped off the policy radar screen. These advisors aren’t learning from their grievous mistakes; instead they’ve largely forgotten the country and the wreckage they left behind.

The Indonesian case points to a second deep pattern connecting the headlines: the world economic system is profoundly dysfunctional and standard economic solutions—such as privatization, deregulation, and freer trade—aren’t working in many cases. In early 2002, it’s hard for people in North America and Europe to see this pattern, because their economies are basically strong, despite the first American recession in a decade. North Americans and Europeans are largely buffered from the evidence—increasingly abundant as time passes—that key economies elsewhere are in dire trouble.

Argentina is a good example. During the 1990s, Argentina was a model of economic reform. Dani Rodrik, a professor of international political economy at Harvard, notes that “the country undertook more trade liberalization, tax reform, privatization, and financial reform than virtually any other country in Latin America. And no country tried harder to gear itself to international capital markets.”1 For all its efforts, by late 2001 Argentina was rewarded with economic catastrophe: a bankrupt economy, widespread riots and strikes, a discredited democratic political system, and a middle class fleeing overseas.

Argentina’s leaders certainly made mistakes in economic policy in the 1990s; in particular, they took advantage of the country’s strong currency to borrow huge amounts of money to fund unsustainable spending at home, often to the benefit of themselves and their cronies. But these policies weren’t dramatically worse than those of many rich, developed economies, and (as in Indonesia) the crisis that befell Argentina was completely out of proportion to the extent of its economic mistakes. Most important, some of the key policies that led to this calamity—like the adoption in the early ’90s of a currency board linking the value of the peso one-for-one to the U.S. dollar—were intended precisely to assuage the fickle concerns of international investors in a tightly coupled global economy. Argentines, and citizens of other developing countries, could be forgiven for concluding that they’re damned if they adopt such economic policies, and damned if they don’t.

Perhaps the most telling story, though, is Japan’s. In early 2002, the country is locked in a deflationary spiral, with no end in sight. Mountains of bad debt hobble banks and businesses; consumers are scared that they’ll lose their jobs, so they don’t spend; and an aging population desperately tries to ensure its security in retirement by boosting its savings. The less people spend, the more prices drop, and the greater the incentive to delay spending further. Japan’s central bank has cut interest rates to zero, while the government has borrowed and spent gargantuan amounts of money on unneeded make-work projects to sustain people’s buying. As a result, Japan’s government debt as a percentage of GDP is now by far the highest of the major economies.

A critical factor linking all these cases is inadequate economic demand. In early 2002, the global economy probably has 30 to 40 percent excess productive capacity. Put simply, global capitalism is superb at producing vast amounts of stuff but nowhere near as good at generating sufficient demand for that stuff. Relative to the level of demand, there are too many factories, farms, mines, airliners, hotels, book publishers, and the like. In fact, global capitalism’s relentless “creative destruction”—the constant churning of technological change that overturns corporations and repeatedly throws people out of work—often erodes the very consumer demand that capitalism desperately needs to sustain itself.

In a tightly integrated global economy characterized by inadequate demand, a country’s economic policy must emphasize—first and foremost—competitiveness. As if caught on an ever-faster treadmill, policymakers must race to make their own country’s economy more efficient, more productive, and more nimble than all the rest. If their country succeeds in producing its goods and services more cheaply than its competitors, it will capture a sizable slice of available demand. If not, it will probably be left far behind. Argentina, with its expensive dollar-pegged currency, priced itself out of world markets and suffered horrible consequences. In early 2002, with demand collapsing at home, Japan is trying to boost its exports by letting the value of its currency fall. Needless to say, Japan’s neighbors—especially China—aren’t at all happy about this policy, because they want to increase their exports too.

This is the basic dynamic of a winner-take-all global economy. It’s an economy that seems to be increasingly volatile in its overall behavior—increasingly prone to sharply nonlinear, boom-bust cycles and to contagion effects, as a crisis in one national economy cascades outwards to affect others. It’s also a global economy that contributes to two other patterns linking the headlines mentioned at the beginning of this afterword: rapidly widening gulfs between the world’s richest and poorest people—gulfs that undermine political stability and contribute to war and terrorism—and a severely strained global ecosystem.

Today’s global economy is helping to create greater economic and social inequality. Indeed, never in human history have the differences of wealth and opportunity among us been so great. Capitalism, of course, is not the only cause of this trend—government failure in many poor societies, national culture, rapid population growth, and a host of other factors also contribute. But numerous societies, encompassing large swaths of humanity, simply can’t compete in today’s ferocious global productivity race. While countries like China, Malaysia, and some parts of India are keeping up in this race, parts of Latin America (including Peru and Bolivia) and almost all of Sub-Saharan Africa are losing dramatically. Alarmingly, large and important countries such as Pakistan and Indonesia seem to have recently slipped from the “keeping up” to the “losing” category.

Research shows that societies with a high degree of economic inequality tend to be violent. Rapidly growing inequalities in wealth and opportunity breed envy, frustration, and, ultimately, anger. Since global society is becoming ever-more unequal, we can expect more violence around the planet. It may take the form of war, because the leaders of countries losing the global economic race will sometimes pick fights with neighboring countries to distract their populaces from economic hardship. A good example is Pakistan in its confrontation with India over Kashmir, a confrontation that could spark the world’s first war between nuclear powers. More often, though, violence will happen inside poor societies, in the form of rebellions, riots, ethnic clashes, and perhaps revolutions.

We can also expect more terrorism, directed against the perceived winners of the global economic race—that is, against us. The widening gaps between rich and poor countries create resentments and political instabilities around the world that are easily exploited by megalomaniacs like Osama bin Laden. People who are miserable, or who strongly identify with those who are miserable, look for an explanation for that misery. Rightly or wrongly, they often focus their anger on those who are doing better than themselves. Inevitably, in a large group, some will be susceptible to wild and fantastic ideas that say the solution to misery is terrorism against the rich, the powerful, and the successful. We live in a seething, discontented world, and we ignore that fact at our peril.

The dynamics of today’s capitalism also force us to choose solutions to our economic problems that may, in the long run, make our situation worse. For instance, our policy-makers try to deal with demand shortfalls by pumping up consumption through interest-rate cuts, tax cuts, and higher government spending. They urge us to buy more SUVs, big houses, and trips to far-off vacation resorts. They want us, in other words, to maximize our use of materials and energy, because that’s good for the economy.

But it’s not good for the global ecosystem. As our consumption of materials and energy increases, we have to invent better technologies and institutions—that is, supply more technological and social ingenuity—to avoid wrecking our environment. Unfortunately, the technologies and institutions we’re using today aren’t good enough, and our entrepreneurs don’t have strong incentives to make them better. So, in general, as our level of consumption rises, our impact on the environment rises. We’re left with a direct contradiction between the needs of our economy and the needs of our environment, which is a major reason why we haven’t reached international agreement on a truly meaningful global warming treaty.

The wildfires raging around Sydney, Australia, may not be the result of global warming—fires of such scale are not unprecedented there. But this is exactly the kind of event we should expect if severe global warming occurs. There are now signs of warming appearing all over the planet, from the Arctic to the Amazon. It’s increasingly clear that we aren’t going to address this problem effectively until we address, and change, some of the fundamental forces operating within our national and global economies.

We can discern key patterns behind the news headlines, if we look carefully for them. But taken together, what story do these patterns tell us? I believe the story goes as follows: In recent decades, humankind has created, without paying much attention, a dangerous world of tightly coupled and sometimes highly unstable political, economic, technological, and ecological systems. These include an international financial system prone to flip between stable and turbulent modes, a perturbed climate that may be on the cusp of dramatically new patterns of behavior, and a global political-economic regime that’s generating immense stresses and potential for mass violence.

Many of the challenges humankind now faces are unlike anything we’ve confronted in the past. Never before have we been able to disrupt the fundamental processes of Earth’s climate and ecology; and never before have we created technological and social systems—from continent-wide industrial agriculture to the international financial system—with the enormous complexity, connectedness, and speed of operation that we see around us today. Whether we are talking about new antibiotic-resistant diseases or shiploads of migrants from poor countries dumped on our shores, the problems that we face today spill across geographical and intellectual boundaries, their complexity often exceeding our wildest imaginations, and they converge and intertwine in totally unexpected ways.

Yes, the temperature is rising, and it’s going to get much hotter yet. We can now make a plausible case that we’re on the cusp of a planetary emergency. Humankind is facing an increasing risk of a synchronous failure, arising from multiple stresses acting powerfully at multiple levels of our social, economic, and biophysical systems. At the moment, these stresses are acting in the background, quietly eroding the resilience of these systems. The danger is that several will reach a crisis point simultaneously. For instance, a sharp shift in climate that cripples food production and destabilizes regimes across Asia could occur at the same time as another international financial crisis and a string of major terrorist attacks on several Western capitals. Such a combination could overwhelm the adaptive capacity and resilience of even rich and powerful societies. A breakdown of institutional and social order might then happen very suddenly—essentially “out of the blue.” We aren’t thinking in these terms, because we tend to treat our problems in isolation and not see the links between them. So we aren’t at all prepared for the challenge barreling down the road toward us.

I haven’t provided in these pages a checklist of solutions to this challenge. No one book or person could hope to do so adequately. And in any case, one of my main themes here has been an argument against the triumphalism and hubris that have become so prevalent in the West. It would be more than a little hypocritical to suggest, at the end of such an argument, that I have all the answers.

But I do hope that The Ingenuity Gap has provided the beginnings of a new way of looking at the world—a new set of lenses through which we can better see our problems and the connections between them. Tempering our hubris and seeing our troubled world in all its daunting complexity must be our first steps toward making it a better place.

—THOMAS HOMER – DIXON 
Toronto, January 30, 2002
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For their ideas and their help on various subjects, many thanks also to Ed Anderson, Bob Anglin, Angela Antonelli, Edward Barbier, Carl Benn, Alastair Cairns, Dan Churniak, Joel Cohen, Ron Deibert, Jack Drake, Mark Engel, Wendy Feldman, Josh Foster, Barney Gilmore, Allen Hammond, Rod Knight, Doug Napier, Eli Noam, William Nordhaus, Anatol Rapoport, Don Razy, Sandro Rizoli, Peter Ross, David Shenk, Joe Speidel, David Victor, Patrick Watson, Edward O. Wilson, Robert Wright, and the members of the Committee on International Security Studies of the American Academy of Arts and Sciences. The William and Flora Hewlett Foundation provided financial support for writing this book.

In Toronto I was blessed with a wonderful group of researchers and support staff. Kimman Chan, Ashllie Claassen, Robbie Diamond, Michele Rizoli, and Jane Willms helped with research, while Jennifer Szalai and Sarah Bondy worked on the book’s illustrations. Often they had to scour the world to find particular experts, key documents, or obscure bits of information. They never told me that I was crazy, but I’m sure they would have been justified if sometimes they had. Instead, as we worked together through each stage of the project, they gave me countless small and large ideas for improving the book, and our friendships grew. Outside the University of Toronto, a number of people helped us locate good illustrations, including Stephen Cammer, Bob Cleveland, Roger Doyle, José Galves, M. Imhoff, Joel Pett, Nancy Rabalais, Frank Reynolds, Alex Tropsha, and Jen Turner.

Finally, in South Asia, I had the assistance of many old and new friends. In Sri Lanka, D.L.O. Mendis spent days with me as I visited and interviewed numerous experts on the sad state of that country. D.L.O. also arranged my meeting with the Governor of the Central Bank of Sri Lanka, Amarananda Jayawardena, who was exceedingly generous with his time. In Patna, Meera Dutt and her family welcomed me once again into their home. K. Gopalakrishnan (or “Gopi,” as he is universally known) rescued me from a chaotic Indian Airlines queue; and it was members of his staff, particularly Gopa Chatterjee and Vimla Menzies, who eventually helped me locate the little girl. Thanks so much to them all. And thanks especially to that little girl, Komal Kumari, who began the journey with me in spirit and finished it on the doorstep of her home.
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