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More Praise for Life Finds a Way


‘From molecules to moths to mountains, Andreas Wagner’s Life Finds a Way weaves a coherent and compelling narrative about how nature achieves creativity. Not only that, we also learn how to cultivate creativity in our own lives, and – perhaps more importantly – how to avoid smothering it with good intentions.’


George Dyson, author of Turing’s Cathedral


‘Life Finds a Way presents an impressively broad, tenable, interesting perspective on creativity. Especially compelling is the idea that creativity is something we all share. Too often, creativity is associated with genius, or with the arts, and it is much, much broader than that. As convincing as it is practical, this book explains how creativity has played an enormously significant role in evolution – of humanity and the universe.’


Mark Runco, author of Creativity


‘Creativity is a necessity not a luxury, says Andreas Wagner. In a tour of genetics, scientific breakthroughs and artistic peaks, he draws parallels to the human processes that generate leaps of progress: analogy-making and metaphor, among others. He makes the definitive case for embedding creative thinking in the classroom, if we are to see the survival of the fittest.’


Kerry Ruef, founder of The Private Eye Project




Praise for Andreas Wagner’s Arrival of the Fittest


‘A truly revolutionary book.’


Independent


‘Eminent evolutionary biologist Andreas Wagner fills in the parts of the puzzle even Darwin didn’t understand.’


Mail on Sunday


‘Brilliantly polarises scientists’ research into the mystery of life itself.’


Financial Times


‘Elegantly explores the cunning short cuts nature uses to achieve the seemingly impossible.’


Sunday Times


‘Arrival of the Fittest should be mandatory, corrective reading…mind-bending…tremendously exciting.’


BBC Focus


‘Wagner’s book is an eye-opener. As a bonus, his writing is clear and elegant, with vivid analogies and concrete examples to illustrate his key points. You’ll never think about evolution in the same way again.’


New Scientist
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Prologue


Long before life itself arose, nature created not just swirling galaxies and the thermonuclear engines of suns. It also created glittering crystals, like the diamonds that take millions of years to gestate in the womb of our planet. And it created the complex organic molecules found in interstellar gases, meteorites, and deep-sea vents that would become the building blocks of life. Once these building blocks had assembled into the earliest living cells, Darwinian evolution kicked in. It taught life to sate its boundless hunger by harvesting energy from sunlight and from energy-rich molecules. Equipped with molecular power plants, life could then conquer every habitat of our planet, from open equatorial oceans to frigid Arctic ice shelves, from hot subsurface rocks to endless arid plains and ice-sheathed mountains.


As time passed, life’s single cells assembled into specialized teams with thousands, millions, and eventually billions of members. These multicellular organisms evolved sensors that helped them navigate the world by smell, sound, and light. They learned to escape enemies and attack prey by burrowing, swimming, walking, and flying. And, eventually, their nervous systems evolved complex brains that could create and comprehend abstract symbols, such as those on this page. To them we owe the cave paintings of Lascaux and the landscapes of Monet, simple abacuses and complex supercomputers, Sumerian accounting tablets and James Joyce’s Ulysses, Pythagoras’s theorem and Schrödinger’s equation.


As different as all these may appear, they are all products of nature’s creativity, a phrase that might bring to mind the finches that use tools to scare insects from hideouts, or the chimpanzees that fashion primitive spears to hunt bush babies. But I mean a more universal form of creativity manifest in chemistry, biology, and culture.


Much of human creativity fits a definition widely used by psychologists: a creative idea or product is an original and appropriate solution to a problem.1 Some problems are simple, such as how to hold a stack of paper together, and these problems often have simple solutions—staples or paper clips. Other problems are mind-bogglingly complex, such as how to beat humans in strategy board games like Go, and so are their solutions—artificial intelligences like AlphaGo. These examples are technological, but defining creativity as problem solving is useful in many other domains, including the arts. Yale University’s George Kubler—a towering art historian of the twentieth century—said: “Every important work of art can be regarded . . . as a hard-won solution to some problem.”2 And that’s more than just one man’s opinion. We will later see that artificial intelligences can use problem-solving strategies to create artistic products, like stirring melodies. To be sure, today’s artificial intelligences are not on a par with the greatest human creators, and perhaps no psychological definition of creativity will ever be able to capture a Mozart symphony, a Picasso painting, or a Rodin sculpture. But the psychological definition of creativity is still immensely useful because it covers a broad spectrum of human creative expression.


Even more important, it is useful far beyond human affairs because it applies to problems that life solved before brains like ours—or any brains at all—arose. An enzyme that cracks the chemical bonds of an energy-rich molecule is one solution to the problem of how to harvest energy. The optical marvels of eyes are solutions to the problem of how to escape predators or hunt prey. And the antifreeze proteins of cold-blooded animals are a solution to the problem of how to survive in subzero temperatures. Viewing creativity as problem solving is even relevant for problems that the universe solved long before life itself arose. A crystal, for example, is a solution to the problem of how to find a stable arrangement of atoms or molecules.


I am an evolutionary biologist, and my life’s work is to understand the creative powers of biological evolution that are embodied in microscopic algae and giant redwood trees, in gut bacteria and African elephants. Every one of the millions of species alive today is the most recent link in a nearly endless chain of creative achievement that goes back all the way to life’s origins. Every organism is the product of countless innovations, from the molecular machines inside its cells to the physical architecture of its body. They account for life-forms that move at lightning speed, are perfectly camouflaged, or are covered with solar panels. Life’s overflowing creativity fascinates me to no end.


At my Zurich laboratory, a team of some twenty researchers and I study the DNA of diverse organisms to investigate how nature creates new forms of life and new kinds of molecules. We also observe microbes in the laboratory over thousands of generations to study how they evolve to surmount seemingly insurmountable challenges. And we compare how their exploits resemble creative processes in other fields, including how crystals take shape, how molecules self-assemble, and how algorithms solve problems.


But I am not just a scientist. I am also a father and an educator, and I am looking for better ways to raise children, to educate the next generation of scientists, to hire the most creative researchers, and to build and sustain a team of them. These very practical problems have led me to explore a vast literature on human psychology, education research, organizational management, and the economics of innovation. In these explorations I have discovered astonishing similarities between natural and human creativity.


This book is about these similarities and much more. First, it is about things Charles Darwin did not know. His theory of evolution by natural selection was a monumental achievement, but it was only a beginning. One of the things Darwin did not—could not—know is that natural selection can face obstacles that it alone cannot overcome. This book explains what these obstacles are. And it explains the mechanisms of evolution that can overcome them.


Second, this book illustrates the similarities between human creativity and a modern, augmented view of Darwinian evolution. These similarities are not only numerous but also deep, as psychological, historical, and biological research will testify later in the book.


Third, and perhaps most important, this book explains how these similarities can help us solve many of the problems facing humans today. They can help us raise children to live more fulfilling lives, enhance businesses innovation, and prepare entire nations for a world where innovation drives global leadership.


One reason why creativity in nature and culture are similar is that difficult problems—how to create a regular diamond lattice, an energy-efficient predator, or a sensitive radio antenna—share a fundamental property: they have myriad solutions—many of them poor, some a bit better, fewer really good, and a rare few that are superb—and we can think of these solutions as forming a mountainous landscape, where poor solutions correspond to low foothills and the best solutions form the highest peaks (Figure 1).


Such a landscape is called an adaptive landscape, a concept that originated with the Harvard-trained geneticist Sewall Wright. In the early twentieth century, Wright performed breeding experiments at the US Department of Agriculture that aimed to create superior cows, hogs, and sheep.3 Through these experiments, Wright discovered something fundamental and odd: the Darwinian recipe of selecting the best animals can fail to create a superior breed. And he found out why. To explain his insights to others, he created the concept of an adaptive landscape.
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Figure 1.


Evolving populations of organisms—sharks that must conserve energy while hunting, bacteria that must disarm deadly antibiotics, or herbivores that need to survive on nutrient-poor leaves—explore solutions to the problems they face more or less blindly. Wright saw that such problem solving amounts to climbing a peak in an adaptive landscape. A Darwinian method to find a best solution would start with any solution, no matter how bad, and tinker with it, preserving only the steps that improved it. Preserving the good and discarding the bad is the essence of both natural selection and its closest human analog—competition among people and their organizations.4 Natural selection is perfectly suited to conquering an adaptive landscape whenever that landscape has a single peak. Always driving uphill, selection will reliably find the highest peak of such a landscape. But in a more complex landscape with two peaks, a dozen peaks, hundreds of peaks, or too many peaks to count, natural selection is more than just imperfect. It can fail disastrously. Evolving organisms that need to get from one peak to the next-higher one—from one solution to a better one—need to traverse the valleys between them, and that’s where natural selection comes up short. Because selection never accepts the worse for the better, it allows not a single downhill step and can therefore get stuck far below Mount Everest. The importance of this problem is hard to overstate. All of evolution’s creative products—a million species and counting—are the end points of journeys through such landscapes. Natural selection is essential for this journey, but in a rugged, multipeaked landscape, it is not sufficient.


Sewall Wright discovered not only this problem with natural selection, but also one potential solution. It is a force of evolution called genetic drift. To understand what it achieves, consider a human analogy involving professional musicians, artists, or athletes whose performance has plateaued, and no matter how much they practice, they fail to rise above this plateau. Such professionals often need to deconstruct and relearn their most basic techniques. Champion golfer Tiger Woods did exactly that when he reconstructed his golf swing in 1997. He suffered a lackluster 1998 season, but broke new records in the years thereafter. Sometimes things need to get worse before they can get better.


Genetic drift allows life to do the same thing, and it is at least as important for evolution as natural selection is. An additional and separate mechanism, recombination, enables evolving organisms to make giant leaps through an adaptive landscape and helps them vault over obstacles on their way to the highest peaks. Recombination takes place wherever sex happens, be it the plain vanilla sex humans indulge in or the more bizarre and mysterious forms that enable even bacteria and plants to exchange genes with each other.


Landscapes have become a fundamental concept in modern science, one whose importance goes far beyond biology. Just as evolving organisms journey through adaptive landscapes, so too do bonding atoms and molecules journey through something called an energy landscape. Energy landscapes can be no less rugged than evolution’s landscapes. Studying them reveals not just how nature creates sparkling diamonds and glittering snowflakes, but also how we can create better molecules to serve us.


The problems of computer science, whether routing air traffic at busy airports or playing the game Go, also have multiple solutions, which form what is known as a solution landscape. And computers can solve complex problems with the same methods that enabled life to evolve. Even more important, these methods can help computers produce creative works, including patentable electronic circuits and musical compositions that rival human compositions.


But even more intriguing than artificial intelligences are the problem solvers most familiar to us. These are our own minds, which navigate a mental landscape of possibilities with Darwinian processes similar to those that life, molecules, and algorithms use to explore their landscapes. Some of these creative journeys, like those of the painters Raphael and Paul Gauguin, take creators through different countries and continents, but many other journeys explore an inner realm. Among them is the journey described in 1891 by physicist and physician Hermann von Helmholtz about some problems he had solved in the theoretical physics of liquids:


I had only succeeded in solving such problems after many devious ways . . . and by a series of fortunate guesses. I have to compare myself with an Alpine climber, who, not knowing the way, ascends slowly and with toil, and is often compelled to retrace his steps because his progress stopped; sometimes by reasoning, and sometimes by accident, he hits upon traces of a fresh path, which again leads him a little further; and finally, when he has reached the goal, he finds to his annoyance a royal road on which he might have ridden up if he had been clever enough to find the right starting-point at the outset.5


And so here we see, some thirty years before Wright published his work, Wright’s own theory foreshadowed and applied to the human mind. Indeed, because our minds create using mechanisms not quite identical but similar to drift and recombination, applying the lessons of biological evolution—what I call landscape thinking—can help us make our individual and collective minds work better. Landscape thinking can help us improve how we think, how we raise our children, and how we enhance innovation with the right schools and universities, business policies, and governmental regulations. But landscape thinking is also about more than maximizing innovation, productivity, or economic output. It shows us how creativity comes from a single source: the ability to explore vast and complex landscapes, a principle so fundamental that it applies wherever the new, the useful, and the beautiful originate. Like all good science, then, it shows us something profound about ourselves and our world.







Chapter 1


The Cartography of Evolution


It was spring of 1915 when the German army first unleashed weaponized chlorine gas on Allied soldiers in World War I. That’s when John Burdon Sanderson Haldane saved thousands of Allied lives by inhaling chlorine gas himself. J.B.S., as he was known, was a twenty-three-year-old officer who had trained in mathematics and the classics at Oxford University and was serving on the front lines in France when the gas attacks began. Unfortunately, the British army had issued ninety thousand useless gas masks to its troops. Together with his father, a physiologist at Oxford, J.B.S. was charged with developing more effective gas masks. They built themselves a small gas chamber, in which they breathed chlorine gas with and without gas masks until their lungs became “duly irritable.”1


Self-experiments like this had a long tradition in the Haldane family. Haldane’s father, who also inspected mines for the British government, had taught the young J.B.S. the effects of methane gas by letting him read Shakespeare aloud in a contaminated mine until he fainted. Later on, as a fellow at Oxford, Haldane manipulated his blood’s acidity by consuming hydrochloric acid and other toxic chemicals in experiments that left him in serious pain, or with violent diarrhea, or panting for several days.2


But Haldane was much more than an oddball scientist with a penchant for self-experimentation. He was arguably the greatest polymath of his generation. A precocious child who learned to read before age three, Haldane was as well versed in the classics as he was in science and was described by a contemporary as possibly “the last man who might know all there was to be known.”3 In the sciences, he made discoveries in fields ranging from physiology and statistics to genetics, evolution, and biochemistry. Curiously, like other eminent creators we will encounter later, he was a bit myopic—not to say blind—when judging which of his breakthroughs was the most important. He thought it was a discovery about cytochrome oxidase—an enzyme important for respiration—but history issued a different verdict.4


Haldane is today best remembered for a body of mathematical work with singular importance for twentieth-century biology. Together with the English statistician Ronald Fisher and the American geneticist Sewall Wright, Haldane formed a triumvirate that turned evolutionary biology from a domain of naturalists like Darwin into an exact, mathematical science.


Darwin’s key insight—that all life emerged from a common ancestor with a lot of help from natural selection—is well known.5 Less well known is the sheer breadth of supportive evidence that his naturalist’s mind amassed. This evidence includes the spectacular success of breeders, whose artificial selection brought forth attractive roses and productive wheat, as well as dogs as different as pugs and Rottweilers.6 The evidence also includes an endless procession of ever-changing fossil forms, from traces of primitive worms in the most ancient of rocks to sophisticated invertebrates like ammonites and more recent life-forms like fishes, amphibians, reptiles, and eventually mammals. It includes the anatomy of animals as superficially different as rats and bats, whose skeletons are variants of the same blueprint and reveal their deep relatedness. It includes useless atavistic traits like the rudimentary eyes of fish whose ancestors took up residence in dark caves and the embryonic teeth of birds, which first grow and later melt away again—remnants of birds’ toothy reptilian ancestors.


And Darwin’s evidence includes the motley collections of species found on remote islands like Hawaii or the Galapagos—profuse in unusual birds, insects, and bats but impoverished in mammals and amphibians. This contrast is mystifying until one realizes that island faunas are not the febrile dream of a mad creator. Instead, they contain those continental species that can get there by wind or flight and are liberated from competition to radiate into a cornucopia of new forms.7


Darwin’s theory emboldened naturalists to search for further evidence of evolution in action, and they did not have to search long before they found the intriguing case of the peppered moth Biston betularia. Like so many other organisms favored by biologists—for example, the tiny fruit fly Drosophila and the even tinier bacterium Escherichia coli—the peppered moth is anything but flashy. It is a perfectly inconspicuous inhabitant of our planet, and that’s the point: it aims to fit in. The grainy salt-and-pepper speckles on its gray wings are perfect camouflage on the lichen-covered tree bark in its English habitat. The moth is possibly the most literal illustration of the term “survival of the fittest” that one could find.8 Moths with speckled wings fit a tree’s texture best—they are best adapted to the tree’s surface—and thus stand a better chance of eluding the sharp eyes of predatory birds. Experiments that pin moths to a tree and monitor how often they get eaten by birds prove just that: in a forest of light-barked trees, darker moths get eaten more often. They are less fit, less well adapted.9


Dark moths arise from occasional DNA mutations that alter a gene affecting wing color. Such mutations create a new form—a new allele—of this gene, which helps turn the wing darker and exposes the moths to predators. The misfortune of dark moths changed after the start of the Industrial Revolution, when trees became increasingly covered in black soot that concealed dark moths and revealed light moths to predatory birds. Dark moths carrying this new allele were better adapted to polluted trees, and more of them survived bird attacks. As air pollution increased and covered more trees in soot, dark moths spread at the expense of their lighter brethren until they became the prevalent forms in polluted areas.


Together, short-lived moths, their large populations, and a quickly changing environment offered an opportunity for mathematically inclined scientists like Haldane. In the industrial town of Manchester, dark-winged moths had completely replaced light-winged moths within half a century. Knowing this, Haldane developed mathematical equations that allowed him to calculate how much more likely it was that a light moth would be eaten by a bird than a dark moth. The answer turned out to be about 30 percent.10 This modest difference in fitness sufficed to transform an entire population’s wing color within a human life span.11


The wing colors of the peppered moth are discrete variants, each caused by a different allele with a major effect on color. But most variation in nature is not like that. It is graded, continuous variation, like the many hues of green in the trees of a forest, the innumerable shades of brown in the coats of dogs, the wide-ranging sizes among different grains of wheat, and the extensive differences in human stature, from the famously short Pygmies to the famously tall Dutch people. This is polygenic variation, influenced by not just one but hundreds of genes, each with a tiny effect.


Here is where the second member of our triumvirate, Ronald Fisher, comes in. A Cambridge-trained mathematician, he helped father not only modern statistics, but also population genetics (and eight children, to boot). Fisher worked for ten years at Rothamstead, an agricultural research station. There, he analyzed data from plant breeders, which helped him extend Haldane’s mathematical feat from discrete variation to such polygenic traits as height or yield. He demonstrated mathematically how strong selection must be—how many individuals must be culled from a herd of cows, what fraction of wheat plants should be allowed to survive—to predict how fast traits like milk yield and grain size could evolve in one generation. Not only was Fisher’s work useful, its mathematical precision also made it a capstone to much of Darwin’s work.


Sewall Wright, the third member of the triumvirate, worked in parallel to Fisher and Haldane. Like Fisher, Wright was tackling practical problems in agriculture, in his case about breeding the most productive cows, hogs, and sheep. But unlike the theoretician Fisher, Wright was not just mathematically adept, but also a dyed-in-the-wool experimentalist who performed breeding experiments on more than thirty thousand guinea pigs. (The milk yield of guinea pigs may interest no one, but they are vastly superior to cows for breeding experiments because they are smaller, reproduce faster, and can be kept in larger populations.) And during these experiments Wright noticed something odd: selecting the best animals for reproduction—Fisher’s prescription for breeding success—when repeated over and over for multiple generations, did not always work well to create a superior breed. For example, during ongoing selection to improve one trait, like beef quality or milk yield, other traits often deteriorate, including two crucial ones: mortality and fertility. And when that happens, a breeder’s greatest hope may have become just another evolutionary dead-end.


Wright also investigated more than a hundred years of pedigrees and records kept by animal breeders. All this data helped him see what the theoretician Fisher had missed: genes interact in mind-bogglingly complex ways. A gene that increases milk yield can reduce meat quality, another one that increases meat quality may reduce fertility, and a third one that increases fertility may also increase a cow’s risk of dying from disease. And Wright’s mathematical analysis taught him that these interactions are the reason why natural selection, although essential, need not be sufficient for evolution’s progress.12


You might ask what guinea pigs and dairy cows could possibly teach us about how nature creates. The creative powers of animal breeding do indeed seem modest when we view breeds of cattle and varieties of corn against the millions of species in life’s glorious diversity. But Darwin himself already reminded us in the Origin of Species of how much diversity human breeders have created in some species. A modern corn cob is barely recognizable as a descendant of its grass-like ancestor teosinte from Middle America, and Chihuahuas are so different from Great Danes that it stretches the imagination to call them members of the same species. The success of breeding is a microcosm of evolution’s creative power, and it uses the same principles that evolution has employed for almost four billion years. This is why Wright’s insights eventually helped us understand nature’s creativity on a larger scale.


In 1932, Wright was invited to present his work at the Sixth International Congress of Genetics to a general audience of biologists. Unfortunately, the mathematics were beyond the average biologist’s skill, and Wright needed to communicate his ideas in a more accessible way.13


This is how the fitness landscape was born.


A fitness landscape, also known as an adaptive landscape, is a visualization that allows us to picture evolution at work. It looks much like a topographic map of a mountain range, except that its axes—corresponding to the east–west and north–south dimensions of a map—describe different characteristics of an organism that can vary over a continuous range of values. Such characteristics might include a giraffe’s height, a rose petal’s color, or the wing coloration of the peppered moth, as shown on the horizontal axis in Figure 1.1. An organism at one location in the landscape has a specific trait value, such as a wing with a specific shade of gray. A DNA mutation that creates a different shade of gray moves the organism along one axis of the landscape. The vertical dimension in the landscape corresponds not to altitude but to the fitness that comes with the trait value. In the years before industrial soot soiled English forests, lighter moths fit the tree background better than darker moths, so they occupied higher elevations closer to the landscape’s peak.
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Figure 1.1.


Even a highly simplified two-dimensional landscape like that of Figure 1.1 already confers useful information. For example, the landscape has a single hump or “peak” close to the light end of the gray scale. All-black moths are easily picked off by birds, hence their fitness—on the far left—is far below peak. At the other extreme, snow-white moths also have some handicap because they are not perfectly matched to the mottled pattern of lichen-covered trees.


Over multiple generations, an evolving population of moths can be driven across this landscape by various evolutionary forces. One such driving force is DNA mutation, which creates new alleles. Mutation is blind, so a moth becomes either lighter or darker regardless of whether being lighter or darker would be the better move. A second force is natural selection—those moths who occupy the lowest parts of the slope farthest from the peak are most likely to get eaten by birds. Jointly, mutation and selection herd a population toward a peak, where most individuals are well adapted and resemble each other. Selection then keeps the population near the peak by culling those mutant outliers that are too far downslope.


As the environment changes, the locations of the peaks in a landscape can change, too. For example, the climate may become hostile to moths, or a new predator can appear, or pollution can transform lichen-covered trees into soot-covered trees. In this latter case, the landscape’s peak shifts such that dark moths are preferred over light moths, as shown in Figure 1.2. The combined action of mutation and selection are still at work, but now they drive the population in the opposite direction, up the new peak.
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Figure 1.2.


This simple visualization of what natural selection does—it drives a population up a landscape’s peak—helped spread Wright’s ideas among biologists. Wright used the landscape as a metaphor and was deliberately vague about the traits it could represent.14 That turned out to be fortuitous because it allowed the landscape concept to become a veritable Rorschach inkblot for evolutionary biologists, permitting ever-evolving interpretations of the basic idea. Among the first who realized its broad explanatory power was the paleontologist George Gaylord Simpson, who used landscapes to describe evolutionary transformations that were more ancient and glacially slower than the recent and swift evolution of the peppered moth. In his 1944 book, Tempo and Mode in Evolution, Simpson illustrated the idea of a fitness landscape with today’s horses and their fifty-five-million-year-long evolution from a diminutive ancestor.15 This ancestor was the dog-sized Eohippus—literally “dawn horse.” Eohippus had teeth typical of animals that feed on soft leaves, protected by only a thin layer of the rock-hard enamel that prevents abrasion. During the Miocene, some twenty million years ago, grasslands expanded and forests receded, which created new habitats for horses. Feeding on grass rather than foliage, however, requires teeth that can resist the wear and tear caused by the harder grass blades. Horses ascended the new fitness peak by evolving increasingly thick enamel, piled higher and higher on their teeth, which led to the high-crowned teeth of today’s horses.16


Wright had also shown that not all adaptive landscapes are single-peaked like that of Figure 1.1, and that landscapes with two or more peaks can arise from complex interactions among genes. A two-peaked landscape was conquered by another group of ancient organisms: the now extinct spiral-shaped mollusks known as ammonites.17 As an ammonite grew, it expanded its shell by adding material to the shell’s growing rim, and it eventually secreted a wall—visible as a rib-like suture on the outer surface—to seal the shell’s outermost part from its interior. Through multiple episodes of growth and wall building, the animal created a series of ever-larger sealed compartments that spiraled around a central axis (Figure 1.3). Unlike snail shells, ammonite shells were multi-chambered, but the animal inhabited only the outermost chamber. This chamber connected to the others through a siphuncle, a thin tube used to empty or fill these chambers, much like a submarine’s ballast tanks, allowing the animal to rise toward the surface or descend into the depths of the ocean.


Although the soft parts of ammonites are rarely preserved, we can get an idea of how these animals propelled themselves through the water from a present-day relative, the nautilus. Ancestors of the nautilus discovered the principle of jet propulsion, which the nautilus still exploits, expelling water through a tube-like syphon near its mouth to push itself backward through the water.18 Pushing your home through the water uses a lot of energy, and because energy is scarce out in the wild blue, it is important that a nautilus or an ammonite swims as efficiently as possible. A home with the right shape is crucial to achieving this efficiency.
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Figure 1.3.


Even though ammonites come in many sizes and shapes, the paleontologist David Raup realized in 1967 that these shapes could be categorized by two simple quantities. The first is the rate at which an ammonite increases its diameter while it grows and adds chambers, and the second is related to the diameter of the largest chamber opening, which is its gateway to the outside world.19 A prototypical ammonite has the shape shown in the photograph on the left side of Figure 1.3, but other shapes also occur.20 For example, ammonites that expand their diameter very slowly but have large chamber openings would resemble the one in the middle of Figure 1.3, whereas the opposite extreme—fast expansion and small opening—would correspond to the shape on the right side of the figure.


These two quantities are the two axes of a three-dimensional fitness landscape. The elevation reflects how easily an ammonite can propel itself through the ocean. John Chamberlain, a graduate student of Raup, was the first who measured this swimming efficiency.21 He created dozens of Plexiglas models of various ammonite shapes and dragged them through a water tank to measure their drag coefficient, which is directly proportional to the amount of force needed to propel an animal through the water. The higher the drag coefficient, the more energy the animal needs in order to swim at a given speed.22


Chamberlain found that ammonites were ten times less efficient swimmers than those truly streamlined animals with an internal skeleton, like squid, fish, and dolphins.23 That’s the price they paid for being protected by a hard external skeleton. But swimming efficiency also varied among ammonites. This means that the three-dimensional fitness landscape of swimming efficiency is not flat. In fact, it turns out that the landscape has two peaks, a bit like the landscape shown in Figure 1.4.24 That is, two distinct ammonite shapes are more efficient than all other shapes. The peaks corresponding to these shapes are separated by a valley of inferior shapes. If evolution has optimized ammonite shape for efficient swimming, then actual ammonite shapes should cluster near the peaks. Otherwise, they should be scattered haphazardly across the peaks and valleys.


To find out which was the case, Raup and others analyzed shape data from hundreds of ammonites, but they were in for a surprise. They found a third, unexpected possibility: the ammonites clustered around only one peak. The other one was mysteriously vacant. This could have happened if no mutations had ever created ammonite shapes near the vacant peak. In that case, natural selection would have had nothing to select, so the peak would have remained unoccupied. But the actual solution to this mystery was more mundane: a lack of data. By 2004, when scientists had recorded the shapes of hundreds of additional ammonites, they found the second peak well occupied after all.25 Among all possible ammonite shapes, evolution favored the two that swam most efficiently. In Wright’s genetic language, the two peaks would correspond to different combinations of genes that helped create two different but equally optimal shapes for swimming. Sadly, we may never know which genes, nor how ammonites climbed those peaks, because they all died so many millions of years ago.
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Figure 1.4.


The fitness landscapes of ammonites, horse teeth, and peppered moths are built on the hard foundation of physics—the hydrodynamics of swimming, the mechanics of mastication, and the optics of camouflage. But other fitness landscapes are grounded in the softer realities of animal behavior, for example in a genus of flashy tropical butterflies known as Heliconius, the passion-vine butterflies.


One could be forgiven for wondering why a slow-flying, delicate creature like a butterfly would not adopt the same strategy that has guaranteed the survival of the peppered moth through the millennia: hide. That’s because passion-vine butterflies do exactly the opposite. Coming in a profusion of resplendent wing colorations, they aim to show off. Some species sport a single red stripe on a solid black wing, a minimalist pattern of sleek elegance, some add a splash of yellow, others a fan of red rays radiating from the body, and yet others parade a sunburst of bright orange and yellow patches.


To see why an animal would advertise its presence with a flourish, it helps to know some other organisms that do the same. They include the gaudy but venomous coral snake and the dazzling but toxic poison dart frog. Their message could not be clearer: back off.


While passion-vine butterflies do not have dangerous fangs, they have a special trick to keep their enemies at bay: their larvae feed on passion vines, which produce dangerous self-defense chemicals, including cyanogenic glycosides. Butterfly larvae can tolerate these poisons, but once a butterfly larva has ingested them, the animal becomes toxic as well.26


Like billboards on a highway, which are most effective when you see them more than once, warning colors—the technical word is aposematic colors—are best remembered if many animals carry them. In other words, poisonous animals display strength in numbers. If many toxic butterflies in a patch of forest share the same color pattern, they reduce any one animal’s risk of getting eaten. A naïve predator that survives biting a chunk out of one distasteful butterfly will remember that experience for life and avoid all others. But it will gladly take a bite out of a butterfly with a new color pattern, as experiments performed in 1972 by University of Washington zoologist Woodruff Benson prove. He painted over the red stripe on the wings of Heliconius butterflies with the wings’ black background color. Sure enough, when he released the altered butterflies, he found that more of them than the originals were killed over time, and more of the survivors were mutilated, showing bite marks from predatory birds, reptiles, or mammals.27


With all of this in mind, imagine a fitness landscape whose two cardinal axes distinguish different color patterns on a butterfly wing. For example, one axis might quantify the amount of red, and the other the amount of yellow, relative to a black background. If many butterflies share a similar protective pattern, they create a peak in this landscape. Mutant butterflies whose colors lie off-peak are not protected and must run the gauntlet of hungry predators.


In the fitness landscape of warning coloration, a peak pulls evolving butterflies toward it because it guarantees safety in numbers. This pull turns out to be so great that even different species of passion-vine butterflies—distinguishable by their antennae, genitals, and other features—have evolved the same warning coloration.28 They are all better off near the peak than anywhere else in the landscape. This is a remarkable example of convergent evolution, a process in which natural selection helps make different species more similar. It is also an example of Müllerian mimicry, the phenomenon where some toxic species mimic other toxic species, named after its discoverer, the nineteenth-century German naturalist Fritz Müller.


In contrast to a peppered moth, whose wing color needs to match that of a tree’s bark, a butterfly’s warning color is arbitrary, as long as many other butterflies share it and predators can recognize it. Nothing would prevent Heliconius butterflies in different geographical areas from showing different color patterns. In one population, all individuals might share that black wing with a single red stripe, whereas in another they might sport the sunburst of orange and yellow.


This is indeed the case, and in not just two but more than a dozen different areas, some covering thousands of square miles in the Amazon basin. What is more, different areas don’t just harbor butterflies with different warning flags. Two species that mimic each other in one area often also mimic each other in another area. That would be less remarkable if the protective color patterns in the two areas were the same, because it could be explained if the species migrated between areas. But the color patterns in different areas can be completely different from one another. In other words, species in different areas have converged independently on their area’s protective color pattern. Such multiple instances of convergent evolution underscore the power of the protection provided by a prevalent color pattern.29


We may never know with certainty how the geographic diversity of these warning color preferences originated, but a hint comes from the much cooler climate that existed on our planet in the Pleistocene starting some 2.5 million years ago. During this time, when large regions of the planet were sheathed in ice, the Amazonian forest habitats of Heliconius may have retreated to smaller forest islands separated by vast areas of open grasslands that could not be traversed by butterflies.30 Imagine such isolated pockets of hospitable land as hothouses of evolution, where different butterfly populations could evolve different warning colorations. Once the globe warmed up again, these forest islands expanded into enormous and continuous swathes of rainforests. Butterfly populations expanded with them but were kept separate by natural barriers such as rivers and mountains.


Whatever the true origin of their different color patterns, the main take-home message is that the fitness landscape of passion vine butterfly coloration is not simple. It has multiple peaks, each corresponding to the warning color that dominates in a different region of the Amazon basin.31


[image: image]


When Sewall Wright conceived the fitness landscape, he did not have ammonites or butterflies in mind; he was thinking about his breeding experiments and the complex gene interactions they revealed. Wright’s maths showed that such interactions could bring forth fitness landscapes with many more than two or even a dozen peaks. More than that, he realized that their topography could be so complex that it defies imagination.


To see where Wright was coming from, let’s revisit the peppered moth. While its wings can display many shades of gray, it turns out that a population of moths would mostly consist of two types: a light one referred to as typica and a dark one referred to as carbonaria.32 In genetics jargon, these moths have two different phenotypes—a term that refers to any observable feature of an organism—and these phenotypes are encoded by two different genotypes, the DNA that is responsible for their appearance. The two genotypes are two different alleles of the same gene, which can be inherited in the indivisible, atom-like fashion that Gregor Mendel first discovered when he crossed pea plants in his monastery garden.33 And because a moth’s wing is basically either light or dark, one can replace the continuous light–dark axis of the one-dimensional landscape from Figure 1.2 with something simpler—the two points at the ends of the light–dark continuum, as shown in Figure 1.5a. Each of these points has a different value of fitness that describes how well a moth of that color can survive and reproduce. (The figure does not show that value.)


If it were only wing color that mattered to a moth’s survival, the story would end here. But other traits also contribute, and that’s where the complications begin. Wing size is one of these traits, and we know that mutations in some genes can alter it.
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Figure 1.5.


Moths with one allele of such a gene would have normal large wings, whereas moths with the other, mutant allele would have smaller wings. Smaller wings reduce lift and impair flight and thus decrease fitness. Together with the two wing-color alleles, the two wing-size alleles can form four possible genotypes, which can be visualized as the four corners of the square shown in Figure 1.5b.


It gets still more complicated. Now consider a third gene, this one influencing the size of the moth’s antennae. These marvelous sensory organs allow a male to home in on a female that is miles away and to follow a faint scent trail of just a handful of female pheromone molecules per cubic meter. Moths with one variant of this antenna gene have normal antennae, whereas moths with another have smaller antennae that are less sensitive, so they might get lost when tracking a female. Needless to say, getting lost while searching for your mate is not great for your ability to reproduce, another important aspect of fitness. With the addition of these alleles that encode antenna size we have eight possible genotypes: two for antenna size, two for wing color, and two for wing size. They can be placed on the corners of the cube in Figure 1.5c, where the paired, leaf-like objects stand for the antenna. (Just like Figures 1.5a and 1.5b, this figure does not show the genotypes’ fitness values.)


Other genes affect further traits, such as the acuity of vision and the ability to endure starvation, evade attackers, or extract energy from nectar. With each new trait and allele pair that we add, the number of genotypes doubles. For one, two, and three traits, we were able to write the possible genotypes as the end points of a line, the corners of a square, and the vertices of a cube—objects in one, two, and three dimensions. But for four traits and their sixteen possible genotypes, we would need an object like a cube—but in four dimensions. Mathematicians call such high-dimensional cubes hypercubes. We can’t visualize them well, but mathematics can describe them because their geometry follows straightforward laws. For example, the number of a hypercube’s vertices doubles with every added dimension. A four-dimensional hypercube has sixteen vertices, a five-dimensional hypercube has thirty-two, a six-dimensional has sixty-four, and so on.


Despite the leading role that moths played in early evolutionary biology, they were soon surpassed by the tiny fruit fly Drosophila melanogaster. Geneticists cherish the fruit fly for several reasons: It is small, so one can easily keep thousands of flies in the lab. It’s not a picky eater—a bit of yeast, cornmeal, or sugar, and happiness ensues. It reproduces very quickly. And despite its small size it has many traits that one can study with just a low-powered microscope, such as the shape of its wings, the color of its eyes, or the size of its antennae.


These advantages allowed geneticists like Thomas Hunt Morgan to scour thousands of fruit flies for mutant genes. Starting in 1908, Morgan toiled for two years before his first big break, when he discovered an allele he christened white because it turns the usually bright-red eyes of flies white.34 After this first mutant allele was discovered, others quickly followed over the next years. They modified not only eye color, but all sorts of traits, including the size and shape of wings and body, the structure of important sensory organs like eyes, antennae, and bristles, as well as key traits like fertility and life expectancy.


By the time Wright proposed the fitness landscape concept in 1932, fruit fly experiments had already identified mutations in four hundred different fruit fly genes.35 Even if each of these four hundred genes had only two alleles, there would be 2400—or 10120—possible genotypes, each with a fitness value potentially different from every other genotype. That’s a very large number, much larger than the comparatively puny number of 1090 hydrogen atoms in the universe. As with the moths in Figure 1.5, each of these genotypes can still be placed on one vertex of a cube, albeit a four-hundred-dimensional one, with as many vertices as there are genotypes. The resulting landscape looks nothing like a familiar three-dimensional mountain range. Instead, each vertex of the cube corresponds to one “location” in the landscape—a fly with a specific allele combination—and its fitness is the “altitude” at this location.


This abstraction, far removed from our daily experience of a landscape, is what Wright had in mind when he introduced the landscape idea. But, like the rest of us, he could not visualize it with limited three-dimensional geometry. So he did what most of us do when faced with complexity far beyond our mind’s grasp: he ignored it. He continued to talk about fitness landscapes as if they were three-dimensional and showed the kinds of peaks and valleys we are familiar with. And who can blame him? All our intuition about geometry comes from the three-dimensional world we live in. It may not apply to higher dimensions, but it is all we have.


Despite their limitations, even highly simplified landscapes and their peaks can be enormously valuable. Their topography can hold clues to how innovations emerge in biological evolution and how its creative process produced well-camouflaged moths, efficiently swimming ammonites, and gaudy poisonous butterflies. What’s more, we shall see later that these landscapes are just as useful for understanding other forms of creativity. And even where the three-dimensional landscape metaphor fails—especially where it fails—it can teach us important lessons about creativity.


The complexity of evolution’s landscapes also makes another point: when geneticists like Morgan and Wright first glimpsed life’s genetic complexity, they got more than they had bargained for.


But, as it turns out, they had seen nothing yet.




Chapter 2


The Molecular Revolution


Morgan and his research associates—also known as the fly boys—discovered much more than the white gene. They also discovered that genes are located on chromosomes, a discovery that earned Morgan the 1933 Nobel Prize. And Morgan invented genetic mapping, which allowed scientists to locate genes like white on each of the five fruit fly chromosomes. Morgan’s work still resonated half a century later, when his ideas helped locate in the human genome those genes involved in diseases like breast cancer. But an even bigger prize eluded him: to understand how different alleles of a gene cause different pheno-types to appear. That discovery had to wait for a molecular revolution in biology, which Morgan’s work had prepared, but which would not get going until decades later.


It began when Oswald Avery showed in 1944 that DNA extracted from the corpse of a pneumonia bacterium can transform other, harmless bacteria into dangerous killers, as dangerous as live pneumonia bacteria. And it continued when, in 1953, James Watson and Francis Crick first elucidated the chemical structure of genotypes when they discovered DNA’s double-stranded spiral staircase.1 Each strand of this celebrated DNA double helix is built from four different nucleotide building blocks, distinguished by the four bases adenine, guanine, cytosine, and thymine and abbreviated by the letters A, C, G, and T that together form DNA’s molecular alphabet. A molecule with this structure is an ideal information carrier because different sequences of the four letters, like different texts in the English language, can encode different information—the kind that parents pass on to their offspring.


When a cell decodes the information in a gene’s DNA, it first transcribes the DNA’s letter sequence into an RNA, or ribonucleic acid, copy. This RNA molecule is usually a mere intermediary. Its role is to be translated into a protein’s letter sequence of amino acids. Once created, this amino acid string is incessantly jostled by the endless vibrations—also known as heat—of nearby molecules that collide with it. The energy in these collisions helps a protein fold into an intricate three-dimensional shape that biochemists call a conformation or a fold. The folded protein also vibrates with heat, and these vibrations allow proteins to perform myriad useful jobs. Protein enzymes catalyze thousands of different chemical reactions that take place in organisms on this planet, each enabled by an enzyme’s unique three-dimensional shape. Proteins import hundreds of different nutrients into cells and help excrete just as many kinds of waste molecules. Proteins stiffen the molecular skeleton that prevents our cells from collapsing into amorphous blobs, and that makes brain cells visibly different from liver cells. Protein hormones keep our body working, like the insulin that controls our blood sugar, the prolactin that enables milk production, or various pain-reducing endorphins.2 And proteins keep life on the move by spinning bacterial flagellae—themselves made of protein—and by contracting mammalian muscles. Without these workhorse molecules, life might never have crawled out of the primordial soup. All these proteins are encoded in the genes of the organisms that produce them. We humans have more than twenty thousand genes, an organism like a fruit fly has some fifteen thousand genes, and simpler organisms like the bacterium Escherichia coli still have a few thousand.3
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