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PROLOGUE


Decades spent cracking rocks have changed the way I see living things. If you know how to look, scientific research becomes a global treasure hunt for fossils of fish with arms, snakes with legs, and apes that can walk upright, all ancient creatures that tell about important moments in the history of life. In Your Inner Fish, I described how planning and luck led my colleagues and me to find Tiktaalik roseae in the High Arctic of Canada: a fish with a neck, elbows, and wrists. This creature bridged the gap between life in water and life on land, to reveal the important moment when our distant ancestors were fish. For almost two centuries, discoveries like these have told us how evolution happens, how bodies are built, and how they came into being. But paleontology has arrived at an important moment of change, one that coincided with the start of my career almost four decades ago.


Growing up on National Geographic magazine and television documentaries, I knew from a relatively early age that I wanted to join expeditions to discover fossils. This interest led me to graduate school at Harvard University, where I ended up leading my first fossil-hunting trips in the mid-1980s. Lacking the ability to launch excursions to exotic locales, I explored the rocks along roadsides south of Cambridge, Massachusetts. Returning from the field after one of these trips, I found a pile of journal articles atop my desk. This stack of papers was my introduction to how the world of paleontology was about to change dramatically.


A fellow graduate student found articles in the library that described how a number of laboratories had discovered DNA that helps build animal bodies, revealing genes that work to make the heads, wings, and antennae of flies. That fact alone was incredible, but there was more: versions of the same genes were making the bodies of fish, mice, and people. The pictures in these papers held glimmers of a new science, one that could explain how animals are assembled in the embryo and how they evolved over millions of years.


Experiments with DNA promised to answer questions that were formerly the sole purview of fossil hunters. Moreover, an understanding of DNA could get to the genetic mechanism that drove the changes I was seeking to explain among ancient rocks.


Like fossil species in our past, I was going to have to evolve or go extinct. If extinction for a scientist is irrelevance, then a deep dive into genetics, developmental biology, and the world of DNA would keep me part of the intellectual action. Ever since those first journal articles, I have run a kind of split-brain laboratory, spending summers in the field looking for fossils and working the rest of the year with embryos and DNA. Both approaches can be deployed in the service of answering a single question: How do large changes in the history of life come about?


For the past two decades, technological advances have arrived at a dizzying pace. Genome sequencers are now so powerful that the Human Genome Project, which took over a decade and cost billions of dollars, could now be completed in an afternoon for under one thousand dollars. And sequencing is only one example: computing power and imaging technologies allow us to peer inside embryos and even to see molecules at work in cells. DNA technology has become so powerful that animals as diverse as frogs and monkeys can now be readily cloned, and mice can be engineered with the genes of humans or flies inside. The DNA of almost any animal can now be edited, giving us the power to remove and rewrite the genetic code that builds bodies of almost every species of animal and plant. We can ask, at the level of DNA, what combination of genes makes a frog different from a trout, a chimpanzee, or a human?


This revolution has brought us to a remarkable moment. Rocks and fossils, when coupled with DNA technology, have the power to probe some of the classic questions that Darwin and his contemporaries struggled with. New experiments reveal a multibillion-year history filled with cooperation, repurposing, competition, theft, and war. And that is just what happens inside DNA itself. With viruses continually infecting it, and its own parts at war with one another, the genome within each animal cell roils as it does its work in generation after generation. The outcome of this dynamism has been new organs and tissues, biological innovations that have changed the world.


Once life emerged, the entire planet was a microbial zoo for billions of years. About a billion years ago, single-celled microbes gave rise to creatures with bodies. A few hundred million years more saw the origin of everything from jellyfish to people. Since that time, creatures have evolved to swim, fly, and think as each invention presaged the next. Birds use wings and feathers to fly. Animals that live on land have lungs and limbs. The list goes on. From simple ancestors, animals have evolved to live at the bottom of the ocean, inhabit barren deserts, thrive on the tops of the highest mountains, and even walk on the moon.


The great transformations in the history of life have brought about wholesale shifts in how animals live and how their bodies are organized. The evolution of fish to land-living creatures, the origin of birds, and the beginnings of bodies themselves from single-celled creatures—these are but a small number of revolutions in the history of life. And the science that probes them is full of surprises. If you think feathers arose to help animals fly, or lungs and legs to help animals walk on land, you’d be in good company. You’d also be entirely wrong.


Advances in this science can help answer some of the basic questions of our existence: Is our presence on this planet the result of chance? Or was the history that brought us here inevitable in some way?


The history of life has been a long, strange, and wondrous trip of trial and error, chance and inevitability, detours, revolution, and invention. That path, and the way we have come to know it, is the story of this book.
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Five Words


SOME PEOPLE FIND THE SUBJECT of their life’s work in a laboratory or in the field. I found mine in a single projected slide.


Early in my graduate student days, I took a class taught by a senior scientist on the greatest hits in the history of life. It was a whirlwind course, a form of speed dating with big puzzles in evolution. Fodder for each week’s discussion was a different evolutionary transformation. In one of the initial sessions, the professor displayed a simple cartoon that showed what we knew back then, in 1986, about the transition from fish to land-living animals. At the top of the sketch was a fish and at the bottom was an early fossil amphibian. An arrow pointed from the fish to the amphibian. It was the arrow, not the fish, that caught my eye. I looked at that figure and scratched my head. Fish walking on land: How could that ever happen? This seemed like a first-class scientific puzzle on which to hang my shingle. It was love at first sight. Thus began four decades of expeditions to both poles, and several continents, in the hunt for fossils to show how this event transpired.


Yet when I tried to explain my quest to relatives and friends, I was often met with pained glances and polite questions. Transforming a fish into a land-living animal meant developing a new kind of skeleton, one with limbs for walking rather than fins for swimming. Moreover, a new way of breathing, using lungs rather than gills, had to arise. So, too, feeding and reproducing had to change—eating and laying eggs in water is entirely different from what happens on land. Virtually every system in the body would have to transform simultaneously. What good would it be to have limbs for walking on land if the animal couldn’t breathe, feed, or reproduce? Living on land requires not just a single invention but the interplay of hundreds of them. The same difficulty holds for each of the thousands of other transitions in the history of life, from the origins of flight and bipedal walking to the origins of bodies and life itself. My quest seemed doomed from the start.


The solution to this dilemma is embedded in a famous quote from the playwright Lillian Hellman. In describing her life—from being blacklisted by the House Un-American Activities Committee during the 1950s to her hard-living ways—she once said, “Nothing, of course, begins at the time you think it did.” With that phrase, she unintentionally described one of the most powerful concepts in life’s history, one that explains the origin of most every organ, tissue, and bit of DNA in all creatures on Planet Earth.


The seeds for this idea in biology began as a consequence of the work of one of the most self-destructive figures in all of science, who, true to form, changed the field by being wrong.


To grasp the meaning of recent discoveries in the genome, we need to turn to an earlier age of exploration. Victorian Britain was a crucible for enduring ideas and discoveries. There is something poetic to the notion that knowing how DNA works in the history of life relies on ideas developed during an age when people didn’t know that genes even existed.


St. George Jackson Mivart (1827–1900) was born to zealously evangelical parents in London. His father had risen from being a butler to owning one of the city’s major hotels. Mivart Senior’s position gave his son the chance to achieve the social standing of a gentleman and accorded him the privilege of entrée into the career of his choice. Like his contemporary Charles Darwin, Mivart was born with a passion for nature. As a child, he collected insects, plants, and minerals, often making copious field notes and devising classification schemes. Mivart seemed destined for a career in natural history.


Then the dominant theme of his personal life—struggle with authority—intervened. In his preteens, Mivart became increasingly uncomfortable with his family’s Anglican faith. To the great consternation of his parents, he converted to Roman Catholicism. This move, bold for a sixteen-year-old, had unforeseen consequences. Mivart’s newfound allegiance to the Catholic Church meant that he couldn’t attend Oxford or Cambridge, because entrance to English universities was closed to Catholics at that time. Unable to matriculate to any program in natural history, he took the only remaining option—studying law at the Inns of Court, where one’s choice of religion was not an obstacle. Mivart became a lawyer.


It is not clear if Mivart ever practiced law, but natural history remained his passion. Using his status as a gentleman, he entered scientific high society, where he developed relationships with key figures of the day, most notably Thomas Henry Huxley (1825–95), who was soon to become a prominent defender of Darwin’s ideas in the public sphere. Huxley was an accomplished comparative anatomist in his own right and had assembled a cadre of keen apprentices. Mivart became close to the great man, working in his lab, even taking part in Huxley family gatherings. Under Huxley’s tutelage, Mivart produced seminal, albeit mostly descriptive, works in primate comparative anatomy. These detailed accounts of the skeleton remain useful today. By the time Darwin published his first edition of On the Origin of Species in 1859, Mivart considered himself a supporter of Darwin’s new idea, likely a by-product of being enveloped by Huxley’s fervor.


But, as had happened with the Anglican faith of his youth, Mivart developed strong doubts about Darwin’s ideas and intellectual objections to the Darwinian idea of gradual change. He began to voice his notions in public, first meekly, then with greater force. Marshaling evidence in support of his dissenting view, he composed a response to On the Origin of Species. If he had any remaining friends among his old pals in the natural history world, he lost them with his single-word variant of Darwin’s title: On the Genesis of Species.
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St. George Jackson Mivart, who managed to offend every side in the evolution debate


Mivart then started giving the Catholic Church a hard time too. He wrote in church periodicals that virgin birth and the infallibility of church doctrine were as implausible as Darwin’s ideas. With the publication of On the Genesis of Species, Mivart was virtually excommunicated from science. His writings led the Catholic Church to formally excommunicate him six weeks before his death in 1900.


Mivart’s challenge to Darwin offers a window into the intellectual knife fights of Victorian Britain and articulates a stumbling block that many people continue to have with Darwin. Mivart opened his attack by referring to himself in the third person, using language intended to establish his credibility as open-minded: “He was not originally disposed to reject Darwin’s fascinating theory.”


Mivart begins making his case with a substantial chapter outlining what he saw as Darwin’s fatal flaw, calling it “the incompetency of natural selection to account for the incipient stages of useful structures.” The title is a mouthful, but it encapsulates a crucial issue: Darwin envisioned evolution as consisting of innumerable intermediate stages from one species to another. For evolution to work, each of these intermediate stages had to be adaptive and increase an individual’s ability to thrive. To Mivart, intermediate stages often didn’t appear plausible. Take the origin of flight, for example. What possible use could an early stage in the origin of wings have? The late paleontologist Stephen Jay Gould called this issue the “2% of a wing problem”: a tiny incipient wing in a bird ancestor would appear to have no utility at all. At some point it might be big enough to help an animal glide, but a tiny wing couldn’t be used for any type of powered flight.


Mivart offered one case after another in which intermediate stages seemed implausible. Flatfish have two eyes on one side of the body, giraffes have long necks, some whales have baleen, various insects mimic tree bark, and on and on. What use could tiny fractional displacements of the eyes, elongations of necks, or subtle variations in coloration have? How about a jaw with only a sliver of baleen to feed an entire whale? Evolution, it would appear, consisted of innumerable dead ends between the endpoints of any major transition.


Mivart was one of the first scientists to call attention to the observation that major transitions in evolution do not involve a single organ changing; rather, whole suites of features across the body have to change in concert. What was the use of evolving limbs to walk on land if a creature didn’t have lungs to breathe air? Or, as another example, consider the origin of bird flight. Powered flight requires many different inventions—wings, feathers, hollow bones, high metabolisms. It would be useless for a creature with bones as clunky as an elephant’s or a metabolism as slow as a salamander’s to evolve wings. If entire bodies have to change for any great transformation, and many features need to change simultaneously, then how could major transitions happen gradually?


In the century and a half since the publication of Mivart’s ideas, they have been a touchstone for many critiques of evolution. At the time, however, they also served as a catalyst for one of Darwin’s great ideas.


Darwin saw in Mivart a truly important critic. He published the first edition of On the Origin of Species in 1859; Mivart’s tome appeared in 1871. For the sixth, definitive edition of On the Origin of Species, published in 1872, Darwin added a new chapter to respond to his critics, Mivart chief among them.


True to the conventions of Victorian debate, Darwin opened by saying, “A distinguished zoologist, Mr. St. George Mivart, has recently collected all the objections which have ever been advanced by myself and others against the theory of natural selection, as propounded by Mr. Wallace and myself, and has illustrated them with admirable art and force.” He continued: “When thus marshaled, they make a formidable array.”


Then he silenced Mivart’s critique with a single phrase, followed by copious examples of his own. “All Mr. Mivart’s objections will be, or have been, considered in the present volume. The one new point which appears to have struck many readers is, ‘That natural selection is incompetent to account for the incipient stages of useful structures.’ This subject is intimately connected with that of the gradation of the characters, often accompanied by a change of function.”


It is hard to overestimate how deeply important those last five words have been to science. They contain the seeds for a new way of seeing major transitions in the history of life.


How is this possible? As usual, fish provide insights.


Breath of Fresh Air


When Napoleon Bonaparte invaded Egypt in 1798, he brought more than ships, soldiers, and weapons with his army. Seeing himself as a scientist, he wanted to transform Egypt by helping it control the Nile, improve its standard of living, and understand its cultural and natural history. His team included some of France’s leading engineers and scientists. Among them was Étienne Geoffroy Saint-Hilaire (1772–1844).


Saint-Hilaire, at twenty-six, was a scientific prodigy. Already chair of zoology at the Museum of Natural History in Paris, he was destined to become one of the greatest anatomists of all time. Even in his twenties, he distinguished himself with his anatomical descriptions of mammals and fish. In Napoleon’s retinue he had the exhilarating task of dissecting, analyzing, and naming many of the species Napoleon’s teams were finding in the wadis, oases, and rivers of Egypt. One of them was a fish that the head of the Paris museum later said justified Napoleon’s entire Egyptian excursion. Of course, Jean-François Champollion, who deciphered Egyptian hieroglyphics using the Rosetta Stone, likely took exception to that description.
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Étienne Geoffroy Saint-Hilaire, scientific prodigy


With its scales, fins, and tail, the creature looked like a standard fish on the outside. Anatomical descriptions in Saint-Hilaire’s day entailed intricate dissections, frequently with a team of artists on hand to capture every important detail in beautiful, often colored lithographs. The top of the skull had two holes in the rear, close to the shoulder. That was strange enough, but the real surprise was in the esophagus. Normally, tracing the esophagus in a fish dissection is a pretty unremarkable affair, as it is a simple tube that leads from the mouth to the stomach. But this one was different. It had an air sac on either side.


This kind of sac was known to science at the time. Swim bladders had been described in a number of different fish; even Goethe, the German poet and philosopher, once remarked on them. Present in both oceanic and freshwater species, these sacs fill with air and then deflate, offering neutral buoyancy as a fish navigates different depths of water. Like a submarine that expels air following the call to “dive, dive, dive,” the swim bladder’s air concentration changes, helping the animal move about at varying depths and water pressures.


More dissection revealed the real surprise: these air sacs were connected to the esophagus via a small duct. That little duct, a tiny connection from the air sac to the esophagus, had a large impact on Saint-Hilaire’s thinking.


Watching these fish in the wild only confirmed what Saint-Hilaire inferred from their anatomy. They gulped air, pulling it in through the holes in the back of their heads. They even exhibited a form of synchronized air sucking, with large cohorts of them snorting in unison. Groups of these snuffling fish, known as bichirs, would often make other sounds, such as thumps or moans, with the swallowed air, presumably to find mates.


The fish did something else unexpected. They breathed air. The sacs were filled with blood vessels, showing that the fish were using this system to get oxygen into their bloodstreams. And, more important, they breathed through the holes at the top of their heads, filling the sacs with air while their bodies remained in the water.


Here was a fish that had both gills and an organ that allowed it to breathe air. Needless to say, this fish became a cause célèbre.


A few decades after the Egyptian discovery, an Austrian team was sent on an expedition to explore the Amazon in celebration of the marriage of an Austrian princess. The team collected insects, frogs, and plants: new species to name in honor of the royal family. Among the discoveries was a new fish that, like any fish, had both gills and fins. But inside it also had unmistakable vascular plumbing: not a simple air sac, but an organ loaded with the lobes, blood supply, and tissues characteristic of true human-like lungs. Here was a creature that bridged two great forms of life: fish and amphibians. To capture the confusion, the explorers gave it the name Lepidosiren paradoxa—Latin for “paradoxically scaled salamander.”


Call them what you will—fish, amphibian, or something in between—these creatures had fins and gills to live in water but also lungs to breathe air. And they weren’t just one-offs. In 1860 still another fish with lungs was discovered in Queensland, Australia. This fish also had a very distinctive set of teeth. Shaped like a flat cookie cutter, such teeth were known from the fossil record from a species that was long extinct—an animal named Ceratodus found in rocks over 200 million years old. The implication was clear: lunged, air-breathing fish were global and had been living on Planet Earth for hundreds of millions of years.
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Lungfish have both lungs and gills. They use lungs like ours to breathe air when the oxygen content of the water doesn’t meet their needs. Other fish have swim bladders that aid in buoyancy.


An aberrant observation can be a game changer for how we see the world. Fish lungs and swim bladders spawned a generation of scientists interested in exploring the history of life by looking both at fossils and at living creatures. Fossils show what life looked like in the distant past, and living creatures reveal how anatomical structures work, as well as how organs develop from egg to adult. As we’ll see, this is a powerful approach.


Linking studies of fossils and embryos was a fruitful area of inquiry for the natural scientists who followed Darwin. Bashford Dean (1867–1928) had an unusual distinction in academic circles—he is the only person ever to hold a curatorship at both the Metropolitan Museum of Art and, directly across Central Park, the American Museum of Natural History. He had two passions in life, fossil fish and battle armor. He founded the armor collection and displays at the Met, and he did the same for the fish collection at the Museum of Natural History. Befitting a person with such interests, he was a quirky individual. He designed his own armor and even took to wearing it on the streets of Manhattan.


When he wasn’t donning medieval faulds, Bashford Dean was studying ancient fish. Somewhere locked inside the embryo’s transformation from egg to adult, he believed, were answers to the mysteries of history and the mechanism of current fish’s descent from ancestral species. Comparing fish embryos with fossils and reviewing the work in anatomy labs at the time, Dean saw that lungs and swim bladders look essentially the same during development. Both organs bud from the gut tube and both form air sacs. The major difference is that swim bladders develop on the top of the tube, near the spine, while lungs bud from the bottom, or belly side. Using these insights, Dean argued that swim bladders and lungs were different versions of the same organ, formed by the same developmental process. Indeed, some kind of air sac is present in virtually all fish but sharks. Like many ideas in science, Dean’s comparison has a long history. Its antecedents can be seen in the work of nineteenth-century German anatomists.


[image: image]


Bashford Dean, a curator at the Metropolitan Museum of Art and at the American Museum of Natural History, loved both battle armor and fish.


But what do air sacs say about Mivart’s critique and Darwin’s response?


A surprising number of fish can breathe air for extended periods of time. The six-inch-long mudskipper can walk and live on the mud for over twenty-four hours. The aptly named climbing perch can wiggle from pond to pond as needed, sometimes even climbing branches and stepping over twigs in the process. But that perch is only a single species. Hundreds of species can gulp air when the concentration of oxygen in the water they inhabit declines. How do these fish do it?


Some, like the mudskipper, absorb oxygen through their skin. Others have a special gas-exchange organ above their gills. Some catfish and other species absorb oxygen through their guts, gulping air like food, only to use it to breathe. And a number of fish have paired lungs that look like our own. Lungfish live in water and breathe with their gills most of the time, but when the oxygen content of their stream is not sufficient to support their metabolism, they will push to the surface and gulp air into their lungs. Air breathing is not some crazy exception in an oddball fish—it is the common state of affairs.


Recently, researchers at Cornell University revisited the comparison of swim bladders to lungs, using new genetic techniques. Their question: What genes help build fish swim bladders during development? In looking at the catalog of genes that are active in fish embryos, they found something that would have pleased both Dean and Darwin. The genes that are used to build swim bladders in fish are the same ones used to make lungs in both fish and people. Having an air sac is common to virtually all fish; some use them as lungs, while others use them as buoyancy devices.


Here is where Darwin’s answer to Mivart becomes so prescient. DNA clearly shows that lungfish, Saint-Hilaire’s bichirs, and other fish with lungs are the closest living fish relatives to land-living creatures. Lungs aren’t some invention that abruptly came about as creatures evolved to walk. Fish were breathing air with lungs well before animals ever stepped onto terra firma. The invasion of land by descendants of fish did not originate a new organ—it changed the function of an organ that already existed. Moreover, virtually all fish have some kind of air sac, whether lung or swim bladder. Air sacs shifted from being used for a life in water to later enabling creatures to live and breathe on land. The change did not involve the origin of a new organ; instead the transformation was, as Darwin said more generally, “accompanied by a change of function.”


Causing a Flap


The target of Mivart’s complaint against Darwin hadn’t been fish or amphibians but birds. At the time, the origin of flight was a colossal mystery. In the first edition of On the Origin of Species in 1859, Darwin made very specific predictions. If his theory of a common ancestry for life on Earth was true, there should be intermediates in the fossil record, ones that represent transitions between different forms of life. At the time, none were known, let alone any that linked flying birds to creatures that dwelled on the ground.


Darwin did not have to wait long, however. In 1861, workers at a limestone quarry in Germany discovered a remarkable fossil. The quarry’s fine-grained limestone made it an ideal stone for the slabs used in lithography, the printing process of the day. The limestone was formed in a very gentle lake environment, meaning that whatever was captured inside it was relatively undisturbed. These rocks can be nearly perfect for preserving fossils.


This slab held a curious impression, capturing something long and pinnate. It looked like a perfectly formed feather. But why there would be a feather in these rocks was a mystery.


The limestone that held the strange impression dated from the Jurassic Age. Decades before this discovery, the German aristocrat and naturalist Alexander von Humboldt (1769– 1859) had noticed distinctive limestone in the Jura Mountains, bordering France and Switzerland. This limestone formed a layer that extended for miles. Von Humboldt named it Jurassic for its distinctive features, suggesting that it might date to a special age in the history of the Earth. Soon afterward other scientists noticed that the Jurassic layer is often filled with fossils, such as large coiled, shelled creatures known as ammonites. Similar fossils were found around the world, leading researchers to recognize the Jurassic as a distinctive age more globally, not particular to France and Switzerland.


Then, in the early 1800s, large teeth and jaws were found in Jurassic rocks in England. Similar discoveries started to crop up everywhere. It soon became clear that the Jurassic had been the era not only of coiled, shelled creatures but of dinosaurs. The feather impression revealed even more. Were birds flying above the dinosaurs on land during the Jurassic?


An isolated fossil of a feather was tantalizing. Perhaps it was attached to a Jurassic bird? Or maybe some unknown kinds of creatures also had feathers? That hypothesis could not be ruled out.


A few years after the discovery of the feather in 1861, a farmer traded a fossil in exchange for medical services. This fossil came from the same limestone as the isolated feather. The doctor who bought it was a trained anatomist who had a passion for fossils. Consequently, he knew at first glance that this was no ordinary slab of limestone. The fossil inside had feather impressions that covered the body and tail, and they were attached to a nearly complete skeleton with hollow bones and wings. Knowing the specimen’s value, the doctor opened up a bidding war among museums for it, eventually extracting 750 pounds from the British Museum.


Over the next fifteen years, more specimens turned up. In the mid-1870s a farmer named Jakob Niemeyer traded a fossil to a quarry owner for the price of a cow. The quarry owner, knowing the renown of the physician who had parlayed the previous specimen to London, sold the fossil to the same physician in 1881. This skeleton fetched a thousand pounds from the Museum of Natural History of Berlin. As of today, a total of seven specimens have been discovered.


The feather-covered creature, dubbed Archaeopteryx, had a curious mix of features. Like a bird, it had wings replete with feathers and hollow bones. But unlike any known bird, it had teeth like a carnivore, a flat breastbone, and three sharp claws on the bones at the tips of its wings.


This discovery couldn’t have happened at a better time for Darwin’s theory. When Thomas Henry Huxley examined the teeth, limbs, and claws of Archaeopteryx, he saw a deep resemblance between Archaeopteryx and reptiles. He compared Archaeopteryx to another creature from Jurassic limestone, a small dinosaur known as Compsognathus. The two creatures were of the same size and had a similar skeleton except for feathers. Huxley proclaimed Archaeopteryx to be proof of Darwin’s theory—it was an intermediate between reptiles and birds. Darwin even made a reference to Archaeopteryx in his fourth edition of On the Origin of Species: “Hardly any recent discovery shows more forcibly than this how little we as yet know of the former inhabitants of the world.”


Comparisons such as Huxley’s ignited a wide-ranging controversy. If Archaeopteryx was evidence that birds were related to reptiles, which reptiles were their ancestors? There were several obvious candidates, each with its own defenders. Some proposed that the long tail of Archaeopteryx and form of its skull revealed that the ancestors of birds were small, carnivorous, lizard-like creatures. Others compared birds to another group of flying reptiles from the Jurassic, the pterosaurs. The difficulty with this theory was that while pterosaurs had wings and flew, the bones that formed their wings are very different from those of birds. Pterosaur wings are supported by an elongated fourth digit, while bird wings are supported both by feathers and by a combination of digits. Still others were impressed by Huxley’s comparison of Archaeopteryx and the small dinosaur.


The idea that the ancestor of birds was some kind of dinosaur gained prominent detractors over the years, each relying on different arguments. One researcher claimed to find a fatal flaw in birds’ dinosaurian ancestry: birds have clavicles whereas dinosaurs, unlike all other reptiles, do not. Other researchers saw dinosaurs and birds as completely different in lifestyle and metabolism, so much so that dinosaurs could never be seen as bird ancestors. Dinosaurs were, with few exceptions, large slow-moving beasts, not very similar to highly active small birds. Archaeopteryx, to many, was just a bird and did not say much about the transition. The struggle continued, largely because Mivart’s essential criticism remained: How could feathers and all other specialized features of birds, including those of Archaeopteryx, have arisen?


The idea that dinosaurs were massive and lumbering beasts has a long history. So does the demise of this view, which began with the work of an eclectic scientist who, like Bashford Dean, loved to don military costumes.


Franz Nopcsa von Felsõ-Szilvás (1877–1933), known as Baron Nopcsa of Săcel, was a man of intense passions and great intellect. At eighteen, he discovered some bones on his family’s estate in Transylvania. After teaching himself anatomy, in 1897 he published a formal scientific description of them as a large dinosaur. Nopcsa went on to write a seven-hundred-page tome on the geology of Albania, as well as dozens of scientific papers in multiple languages. He served as a spy for Austria and worked to organize Albanians’ resistance to the Turks to gain their freedom. The baron’s real dream was to assume the throne of Albania. Sadly, his life ended when, after racking up large debts, he shot his lover, then turned the gun on himself.


After his encounter with the bones on his family land in 1895, Nopcsa amassed a large fossil collection and took to studying Transylvanian dinosaurs, both their bones and the trackways they left in stones preserved throughout eastern Europe. Looking at trackways preserved in the rocks, he saw traces of living, breathing creatures walking through muds. The markings in the mud showed that the animals that left them could clearly run fast. These animals were pushing hard against the ground, and the distance between the footprints revealed that they were using a running gait. The implication was clear—far from being slow-moving beasts like elephants, dinosaurs were fast-running and active predators. Nopcsa took this idea even further: because running dinosaurs would need to be fast and light, they would make excellent precursors for birds. The need for speed, in his view, would have driven them to the air, and feathered wings would have aided the protobirds to flap their arms to increase speed and catch prey.
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Baron Nopcsa in Albanian uniform. Like Dean, he studied the deep history of evolutionary innovations and also relished sporting armor and military regalia.


When he published his idea in 1923, Nopcsa suffered the fate that is a nightmare of most scientists: he was ignored. The long-dominant theory, by this time forcefully promulgated by the eminent Yale paleontologist O. C. Marsh, held that dinosaurs were large and slow-moving, and that birds arose from ancestors that were gliders. Powered flight presumably had its origins in tree-dwelling animals that used gliding to move from branch to branch. Over time flight evolved from these gliding ancestors. The intuitive appeal of this theory is seen in the diverse gliding animals that exist today, from frogs and snakes to squirrels and lemurs. As relatively fewer complex inventions are needed to become a glider rather than a flier, gliding seemed a logical first step in the origin of powered flight.


In the 1960s John Ostrom, then a junior scientist at Yale, was trying to understand how duck-billed dinosaurs had lived. These familiar denizens of the dinosaur halls of almost all major museums often have huge crests in their skulls that project away from their eponymous beaks. For years, museum displays depicted them as slow-moving plant eaters that moved on four legs, almost like reptilian elephants. But the more Ostrom looked at the bones, the less sense this interpretation made. First off, the front limbs were relatively short. Puny forelimbs with robust hind limbs would have made them strangely hunched for an animal that walked on four legs. Moreover, the crests and projections on the hind limbs suggested they had powerful muscles to move them. Taken together, these observations implied that duckbills had been mostly bipedal. Ostrom went even further: he saw duckbills not as lumbering beasts like elephants but as relatively active two-legged runners. Bipedal buffalos, he called them.


The Mivart-Darwin exchange from the 1800s gained new meaning when Ostrom took to the badlands of Wyoming in the 1960s. Like most paleontologists, Ostrom lived two existences: that of a buttoned-down scholar and teacher during the school year and a dusty, rough-and-tumble life on expedition in summertime. In August 1964 he was finishing an unremarkable expedition near the town of Bridger, Montana, by scoping about for sites for the next year’s work. Ambling down the side of a bluff, he and an assistant were stopped in their tracks by something sticking out of the rocks. It would turn out to be a hand, about six inches long. “We both nearly rolled down the slope in our rush to the spot,” Ostrom later said, describing the experience. The reason for the rush lay in what extended from the hand: sharp outsize claws, the likes of which they had not seen before.


As this was a last-day reconnaissance hike, they had no tools on them. Students of paleontology who read this paragraph should ignore what they did next. Breaking the prime directive of paleontological fieldwork in their excitement, they dug rapidly with their hands and penknives to expose more of the beast. Returning the next day with proper tools, they exposed a foot and some teeth. The teeth were those of a predator, with a sharp point and serrated edges. Two more years of digging led to the recovery of much of the skeleton.


Ostrom’s dinosaur was the size of a large dog, but its bones were strangely light and hollow. The creature had a muscular tail and extremely powerful hind limbs with claws. The claws were set on joints, implying they could be used to shuck prey. Ostrom named the beast Deinonychus (Greek for “terrible claw”). In his later scientific monograph, buried in the normally standard dry prose of the form, he described Deinonychus as being “highly predaceous, extremely agile, and very active.”


Deinonychus was only the beginning. Ostrom and those who followed him changed how we think of dinosaurs and, in the process, exposed the power of Darwin’s response to Mivart. They looked at every bump, hole, and feature on reptile bones and compared them to the bones of fossil and living birds. They soon concluded that dinosaurs, particularly the bipedal ones, and birds shared many characteristics. These species, theropod dinosaurs, have suites of bird features, including hollow bones and relatively fast growth rates. They were likely very active animals with high metabolisms.


Although these dinosaurs had numerous similarities to birds, they were missing one important feature: feathers. Feathers were seen as the sine qua non of being avian, associated with the success of birds and the origin of flight.


[image: image]


Deinonychus, the “terrible clawed” dinosaur


In 1997 the Society of Vertebrate Paleontology held its meeting at the American Museum of Natural History in New York. Most of us in attendance knew something strange was afoot. This international gathering is usually a pretty staid affair, with talks and posters punctuated by cocktail parties and social events. At the time, members of the society tended to fragment into cliques, mostly defined by the creatures they worked on. Mammal researchers would attend mammal presentations, fish pale-ontologists would go to fish talks, and so on. We would socialize, then go our separate ways for the scientific sessions.


But 1997 was different. There was a buzz in the air in every hall and in every clique: “Have you seen it?” “Is it for real?”


Chinese colleagues had shown up with pictures of a new beast that had been discovered by farmers in the province of Liaoning, just northeast of Beijing. With hollow bones, clawed hands and feet, and a long tail, it had all the characteristics of a Deinonychus-like dinosaur. But this fossil was exquisitely preserved. It was embedded in the fine grains characteristic of rocks that preserve impressions or fragments of fossilized soft tissues. And that was what the buzz was all about: surrounding the dinosaur were unmistakable feathers. Not full feathers, but very simple downy ones. This dinosaur had had a primitive feathered covering.


Ostrom was in attendance. I was a junior scientist at the time and remember seeing him at a coffee break between sessions, talking to one of the more senior paleontologists. He was crying. His thirty years of controversial work had been vindicated by a fossil. At the time, he was quoted as saying, “I literally got weak in the knees when I first saw photos. The apparent covering on this dinosaur is unlike anything we have seen anywhere in the world before.” He was later to say, “I never expected to see anything like this in my lifetime.”


The feathered dinosaurs we saw in New York in 1997 were the first of a tidal wave of new fossils discovered in these Chinese sites. In the following decades, roughly twelve species of feathered dinosaurs emerged from China, painting a picture of carnivorous dinosaurs with a range of coverings. The most primitive of the lot have feathers of a simple tubular shape. The dinosaurs most closely related to Archaeopteryx and birds, however, have true feathers with a central shaft and fibers extending outward. Feathers are not a highly specialized feature of birds; they are found in virtually all carnivorous dinosaurs.


Birds are distinguished by more than feathers: they have wishbones, wings, and specialized wristbones used for flight. A bird wing has the classic pattern of one bone, two bones, wrist-bones, and digits. Bird limbs only have three digits, not five, and the central one is elongated, serving as a point of attachment for feathers. Birds have fewer wristbones, including one that is shaped like a large crescent moon, the aptly named semilunate bone.


[image: image]


Feathered dinosaurs vindicated Ostrom and others who said that dinosaurs are the closest relatives of birds.


The more we look, the more we see that the anatomical inventions that birds use to fly, such as feathers, are not unique to them. Carnivorous dinosaurs get successively more birdlike over time. Primitive species have five-fingered limbs. Over tens of millions of years species lose digits until they are left with the bird pattern of three, including an enlarged central one that in birds serves as the base of the wing. Like birds, these dinosaurs lose wristbones and develop a semilunate bone, akin to the one that birds use in flapping flight. They even develop wishbones. None of these dinosaurs can fly, but all of them have some sort of feathers, from a simple downy covering in primitive forms to those with greater organization like Archaeopteryx and later dinosaurs. So what did feathers do in dinosaurs? Some pale-ontologists have proposed that they served as a kind of display to help them find mates. Others have suggested that primitive downy feathers served as a form of insulation, keeping the internal temperatures of the body warm. Perhaps feathers served in both roles. Whatever their function in dinosaurs, the origin of feathers is most definitely not related to flight.
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