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Timeline of Birds

[image: A chart shows the development of birds. It begins 252 million years ago with the first feathers evolving as simple strands. 66 million years ago an asteroid kills all dinosaurs except for the crown group birds. 60 million years ago the modern bird family takes shape. 30 million years ago birds begin assuming modern distributions. 5 million years ago the first humans appear. The last entry is dodo goes extinct.]





Bird Family Tree

[image: The bird family tree, from dinosaurs to birds to crown group birds to core landbirds to songbirds including corvids.]





Prologue

Birds All Around Us

[image: A gull sketched in flight with wings spread wide and head angled downward.]

A dive-bombing lesser-backed gull





One Saturday afternoon in spring, when the sun had finally broken through months of gray Scottish gloom, my wife, Anne, and I joined some friends for a boat ride. The journey was quick, just a few minutes by water from the pier on Edinburgh’s North Sea coast to Inchcolm Island, site of a decaying twelfth-century monastery. As the ferry glided toward the ruins, a plump puffin swam alongside our wake, paddling with its feathery wings, looking up with its wide eyes, and crooning a sweet ballad with its orange-and-black-striped beak. It peeled off as we reached the harbor and dropped anchor, off to catch fish for lunch, or maybe charm tourists in the cruiser behind us. Time now for us to disembark—and as we did so, the captain shouted out a warning, about a decidedly less enchanting bird.

“Don’t provoke the gulls. It’s their breeding season!”

Anne and I heeded the captain’s command, as did most of our group. But our friend Dan Goldberg was more cavalier. A mathematician who builds computational models of glaciers, he’s a keen hiker and hill walker when he’s not in front of his laptop screen. But it had been a long winter, and he was a little too eager to be outdoors. He leapt in front of us and bounded onto the path toward the abbey, past the crumbling cloisters, off to the rocky edge of the island, where old World War II fortifications blended into the shoreline. We tried to keep pace but couldn’t catch up.

That was when we heard it. A shriek so shrill that, had you been one of the monks marooned on the island centuries ago, you might have thought it was a demon.

Dan turned back toward us and broke into a sprint. A flash of gray and white raced across the sky. Dan stumbled, and his hand shot up to his neck.

“It got me!” he shouted, his head darting this way and that, looking up and down and left and right, attempting to make sense of what happened, trying to spot his assailant.

After a few moments of calm, he picked himself up off the ground and brushed the dirt from his knees. “That was stupid,” he said as he realized he had gotten too close to the gull’s chicks. Shaking his head, he snickered with the self-deprecating confidence of someone who thought they had survived a funny ordeal. And we were laughing too.

[image: A boat sails across calm waters under a partly cloudy sky. Seagulls fly above, and rocky shores frame the serene coastal scene.]

Inchcolm Island with gulls flying (author photo)



But the danger was not over. High above, riding thermals of rising air, the mother gull was contemplating her next move. Dan had stumbled into her nursery, and her vulnerable chicks were still down below, in the nest on the ground, made of grass and lichens and feathers. Just a few days old, they could barely walk, much less fly. The father gull was out finding food, so it was up to the mother to protect her brood from this careless computer programmer, who to her was simply a mammalian interloper.

Dan motioned for us to come forward, thinking it was safe. But as he started back on the path, walking toward the coastline, a dive-bomber stormed down from the heavens. An aerial assassin on a mission of motherly love. Her bright yellow beak was her weapon, a pair of scissors and a spear in one, the natural red spot near its tip camouflaging the bits of blood she drew each time she circled back and pecked Dan on the neck.

[image: A herring gull with gray and white feathers stands on grass, surrounded by small white flowers.]

European herring gull (Larus argentatus) in England (Daniel Field)



All he could do was run. And us too, back to the safety of the monastery, where we took sanctuary within the walls of the old church.

To be honest, while I look back at it with humor, those few minutes were actually quite harrowing. The mother gull on the warpath, nature red in tooth and claw. And it stirred other emotions in me too. I couldn’t shake a feeling—it felt, in a way, prehistoric. In her feistiness, her nastiness, her agility, her cunning strategy, her brutal tactics—this gull was behaving like one of the Velociraptors in Jurassic Park. I could sense her inner dinosaur.

I know a dinosaur when I see one. I’m a paleontologist, and it’s my job to dig up fossils—the buried and petrified remnants of ancient life—to study the fantastic, superlative creatures that ruled the Earth millions of years ago. Only a month before that boat trip to Inchcolm Island, I was on another beautiful Scottish island, the Isle of Skye, leading my crew of fellow scientists and students as we searched for the remains of 167-million-year-old dinosaurs that lived in the Jurassic Period. Over the years of doing fieldwork on Skye, we’ve found the teeth of little “raptors” similar to Velociraptor and the giant limb bones of bigger meat-eating cousins of Tyrannosaurus rex, and dozens of their three-toed footprints, which look like oversized chicken tracks, except they are capped with the impressions of murderous claws. And while dinosaurs get most of the attention in the public eye, we collect all the fossils we can find: crocodile jaws and mammal teeth, corals and snail shells, carbonized leaves and chunks of petrified wood. We want to understand entire ecosystems, to make connections between the world of the past and the world of ours.

It is these connections that matter. And for that reason, while long-extinct species captivate me, so equally do the animals of today. None more so, I must admit, than birds. And I’m far from alone. Some 40 million people in the United States enjoy birdwatching as a hobby, and every year more than 100 million sightings are uploaded to the eBird online platform, one of the world’s great scientific databases, which allows anyone with an eye for birds and access to a phone or computer to document what they’ve seen—a crowd-sourced archive invaluable for conservation efforts. Many of us keep birds as pets, and many more of us relish their eggs for breakfast, or the feel of a downy pillow stuffed with their feathers.

Birds are fascinating. Billions of them share the planet with us, and we encounter them regularly in our daily lives, whether we see them, or hear them, or are forced to sidestep the shed feathers and pasty droppings they leave behind. While our mostly drab-colored mammal cousins largely hide away, keeping to the shadows or coming out at night, birds are exhibitionists. With their flamboyant plumage and joyous songs, we can’t help but notice them. And when we do, they inspire us. They can do something that humans have longed to do since time immemorial: to fulfill the dreams of poets and slip the bonds of Earth and dance the skies. To do so—to defy gravity—they have transformed their bodies into feathery, winged, lightweight, beaked, toothless, hyperenergetic, fast-growing flying machines. Some of the most unusual, the best adapted, the most fine-tuned animals that live today, and that have ever lived, in the 4.5-billion-year history of the Earth.

While we cannot fly like birds, in other ways we see ourselves in them. Birds are smart. They are attentive. They solve problems and learn from their mistakes, and some can even fashion tools and plan for the future. You can almost sense human emotions when watching them: cunning at times, often playful, sometimes mournful or ebullient. They can go to outlandish extremes to woo a mate—like us, companionship is important to them. Many of them take great care in building nests—they ache for a safe home. Many of them spend enormous amounts of time and energy raising their babies—they value their families. Some will stretch the bounds of belief and migrate thousands of miles to find food or shelter or a place to lay their eggs. Others are so proficient in songwriting that they voice something akin to a human language—so much so that some can even mimic our own speech. I’ve heard a parrot repeat words in English more clearly than my five-year-old son.

When I look at a bird, I feel awe. But I also recognize something familiar. Something perceptible to me because of my professional life as a paleontologist. The reason those dinosaur footprints on the Isle of Skye resemble bird tracks, and reason the dive-bombing gull reminded me of a hunting Velociraptor, boils down to one simple fact.

Birds are dinosaurs.

This realization is one of the greatest achievements in the history of paleontology. It is not a new insight proclaimed by brazen scientists of my generation. Rather, it goes back to the time of Charles Darwin and the earliest days of his theory of evolution in the 1860s. But like so many bold ideas from the past, it gradually fell out of favor. It disappeared from the textbooks, as new discoveries of immense dinosaur skeletons in the 1870s and beyond stereotyped these ancient reptiles as brutish and dim-witted monsters, ill-suited to a changing world and destined for extinction. It was only in the 1990s, with the discovery of fossil dinosaurs shrouded in feathers, that we truly understood that not all dinosaurs fit this mold, and that some were small, agile, energetic, and downy. And thus, the dinosaur-bird theory came back in vogue. Yet, although I think many people are generally familiar with the idea, and although by now there are feathery dinosaurs in the newer Jurassic World films, the fact that birds are dinosaurs has yet to really sink into the public consciousness.

It is truly a startling concept. When we think through its ramifications, it forces us to confront a mind-bending, if not unsettling, fact. Dinosaurs, those great icons of extinction, aren’t really dead. Sixty-six million years ago, when a six-mile-wide asteroid fell from the sky and ended the dynasty of T. rex and Triceratops, it didn’t finish the job. There was no clean break between the prehistoric era and the modern world. The past isn’t completely in the past.

So I will repeat it again: Birds are dinosaurs. On its face, it may seem so astounding that it can’t be true. After all, a sparrow or a finch or even a dive-bombing gull looks nothing like a T. rex or Brontosaurus. You may be thinking: There must be some catch. Maybe it’s a rhetorical sleight of hand—academic scientists harping on a technicality, or shifting the definition of words you thought you understood, like those astronomers who say that Pluto is a planet one day, but backtrack the next.

But that’s not what the dinosaur-bird connection is about. It’s much simpler. Birds evolved from dinosaur ancestors, and in a genealogical sense are direct descendants of dinosaurs, and part of the dinosaur family tree. Scientists classify species by ancestry, so birds are dinosaurs in the same way I am a Brusatte. For me, it is because I descended from the Italian ancestors who came to America, changed the spelling of their name, and established a new family. For birds, it is because they descended from the reptilian ancestors who modified their pelvis, started walking upright, and established a new evolutionary line. This line is what we call dinosaurs. Although we sometimes think of dinosaurs as a catch-all term for a bunch of prehistoric, primeval giants, that’s not what a dinosaur is—no, a dinosaur is a member of this one particular group on the family tree. T. rex, Brontosaurus, Triceratops, and thousands of other species are part of this group, and they have those signature features of the pelvis, and thus they are all called dinosaurs. So, birds must be too.

But ironically enough, not pterodactyls: those flying reptiles of the Age of Dinosaurs were not dinosaurs, or birds, or bird ancestors, as they evolved flight independently, with wings of skin not feathers, and are not part of the dinosaur group on the family tree.

I can guess what you might be thinking. Birds look mighty odd when lined up alongside noodle-necked behemoths bigger than jet planes and T. rexes that crushed the bones of their prey. They seem so different from other members of the family, so why not regard them as something else? But that’s not how families work. Not all members of the Brusatte clan look the same, and just because one of my cousins might be taller or shorter, or freckled, or have more luscious hair than most of us balding Brusattes, they do not cease being members of the family. When it comes down to it, though, the words we use to name and classify things are labels we devise. People can, after all, change their names. But no matter what you call yourself, you cannot escape the DNA of your family bloodline. So call a bird what you want, but the reality is, birds evolved from dinosaurs. And once they got started, they’ve been adapting and changing ever since, for over 150 million years.

That is the evolutionary story I am going to tell in this book. The complete journey of birds, from their origins among small carnivorous dinosaurs, through the twists and turns of volcanic eruptions and asteroid impacts and drifting continents, to the more than ten thousand species that persist today, from hummingbirds that can fit on your thumb to nine-foot-tall ostriches. The first few chapters focus on where birds came from: how their dinosaur ancestors developed feathers and wings and took to the skies. In these chapters, I lay out exactly what scientists like me mean when we say that birds are dinosaurs. The second part of the book takes the story forward, and focuses on what birds did after they originated, chronicling the wonderful things they’ve experienced from the Jurassic until today. Reshaping themselves into ever-better fliers, expanding into new habitats in the trees and water, outlasting their dinosaur cousins during a spasm of environmental carnage, rebuilding themselves from the wreckage of mass extinction, diversifying into the major groups we know today, and, for some of them, giving up the very superpower that their ancestors took such pains to achieve: flight.

Along the way, we will meet many fantastic birds known only from fossils. “Colossus penguins” the size of gorillas that were top predators in the oceans. “Elephant birds” that stood as high as a basketball hoop and laid eggs as big as watermelons. “Terror birds” that hunted with the ferocity of T. rex and hammered their prey into submission using their razor beaks. Soarers with twenty-foot (six-meter) wingspans, which looked like hang gliders and traveled the world by riding the wind. So-called demon ducks that weighed more than a cow. And so on.

This book is written from the perspective of a paleontologist who studies extinct creatures and long-term trends in Earth history. There are many books on birds, from field guides and textbooks to pop science tomes about migrations and intelligence to memoirs about how some of us have found ourselves, or learned to love nature, by watching birds. This book is different. Although I touch on some of the most incredible things birds do today—their songs and feats of cognition and long-distance migrations—this really isn’t a book about modern birds. It is a book about bird history, one that tells their origin story, how they came to be.

What I want to convey here is twofold. First, I want to convince you that birds are dinosaurs, and I want you to recognize that many of the keystone features of birds today—from feathers to wings to their nesting strategies and big brains and high-wire metabolism—are actually dinosaur features they inherited from their ancestors. Second, I want you to revel in all that birds have done over their 150-million-year history: how evolution took dinosaurs, molded them into aerodynamic dynamos, and then constantly adapted them to an ever-changing world, setting the stage for the birds we see today through our binoculars and hear from the treetops.

All throughout, I want you to keep one theme in the back of your mind. When we look at birds today, we see such utterly specialized, transformed, and remarkable animals. How did they get that way? In coming to grips with this, we can better appreciate evolution itself, and the forces that have shaped us, and the other plants and animals on our planet, for billions of years. And hopefully will, for millions or billions of years to come.

This is the story of birds.

Steve Brusatte

Edinburgh, Scotland

AUGUST 19, 2025
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Birds Are Dinosaurs

Some Dinosaurs Become Small, Light, Fast, and Energetic

[image: A small, birdlike dinosaur with a long tail and slender body is depicted catching a small insect in front of it.]

The coelurosaur theropod dinosaur Compsognathus





I don’t have to tell you what a bird is. We recognize them immediately when we see them. Spot a sparrow nesting on your roof, you know it’s a bird. Trip over a pigeon, feed a duck at the pond, watch chickens pecking in the farmyard, marvel at an eagle soaring overhead, gawk through the glass as penguins swim at the zoo, or jump away as a gull dive-bombs you at the beach (or the ruins of a Scottish monastery). All obviously birds.

The reason it’s obvious is because birds are so distinctive. They are unique among the millions of other animals that live on Earth today, and nothing else—no amphibian, no lizard, no crocodile, no mammal (dare I say it, not even a bat, with its furry coat and milky diet)—is likely to be confused with a bird. Much of it comes down to looks: Birds have an unusual body plan, an anatomical blueprint that sets them apart.

Foremost are feathers. Soft but strong, pliable and colorful, so intricately constructed out of strands of protein—they are by far the most complex things that grow from the skin of any animal. Perhaps no other body part is so synonymous with its bearer than the feathers of a bird. Try imagining a fish or frog with plumage; it’s absurd. Chances are, if you ask someone why they know a parrot and a penguin are both birds, the answer will be: They have feathers.

Those feathers cover most of a bird’s body, but are especially glorious on the arms, where they weave and layer together to make wings. Wings are but one part of the signature profile of a bird. Compared to other animals, the arms that sport those wings are outlandishly long, which isn’t so apparent when we see a bird walking on the ground with their wings tucked against their chest, but becomes evident when the wings are unfurled, and even more so if you look at the bones of the skeleton. On top of that, birds have compact and (mostly) small heads, capped with beaks, perched on gracefully curved necks. They have lightweight physiques, as their hollowed bones are full of air, and they stand only on their hind legs, a most unusual posture that we take for granted as humans, but which is exceedingly rare in the animal kingdom. Plato, after all, defined humankind as “featherless bipeds.” Add it together, and birds have an unmistakable silhouette.

Birds also behave in stereotypical ways: They are hyperactive and energetic, smart and alert, grow outrageously fast, and are highly communicative with their squawks and chirps and tweets. Many take good care of their babies. And of course, the vast majority of them can do something so ludicrous that we should celebrate it as a biological superpower. They can flap their wings, break free from the Earth, and power themselves through the skies. And still, even those few species that do not fly and do not have large wings, like ostriches and emus, are so clearly birds.

Where did such sublime animals come from?

This was the question that consumed Thomas Henry Huxley, the mutton-chopped titan of Victorian science, as he stood to address the Royal Institution in London on a dark Friday evening in February 1868.

Just a couple decades earlier, few people would have thought to ask such a thing. In Britain, and across the Western world, nature was considered to be stable. The plants and animals we see today had always been around, created by God, or the gods, or another distant force. And they hadn’t been around for that long, because the Earth was probably only a few thousand years old. A species was a species. Each one was placed in its own box, defined by the essential characteristics of its anatomy, from which it could not escape. The only possible deviations were the normal minor variations in size or color we might see among populations—say, how some sparrows might be slightly larger or lighter colored than others, but still all sparrows nonetheless. So, too, for the higher categories of biological classification. Birds were birds, defined by their fixed blueprint: feathers, wings, long necks, bipedal posture, hollow bones, and so on. They started as birds, and have always been birds, since time immemorial.

Then along came Charles Darwin. His 1859 publication of On the Origin of Species incited a revolution. The essence of his theory of evolution by natural selection was simple. Species are variable, and sometimes one of those variations confers a survival advantage. For instance, maybe the slightly lighter feathers in some of those sparrows provides better camouflage against predators than darker feathers. The lighter sparrows will therefore have better odds of surviving longer, and reproducing more. If their lighter feathers are heritable—if sparrows can pass them along to their offspring—then over time they will cascade through the entire population. All of the sparrows will now be light-feathered. Light feathers have been naturally selected; the sparrows have evolved.

The implications were profound. Species are not fixed entities, but they can change over time. One species can give rise to another. The world wasn’t created a few thousand years ago and immediately set in plasticine, to stay perfect forever. No, life has been a moving drama, of plants and animals adapting to shifting climates and new environments, species changing and begetting new species, each time adding a new branch to the great family tree of life that becomes ever more verdant over time. And this has been going on for billions of years. Geologist contemporaries of Darwin recognized that the Earth must be very old, and a few decades later developed chemical techniques that use the principles of radioactivity to date rocks. Earth, it turns out, is 4.54 billion years old, and the first living things probably arose sometime around 4 billion years ago.

Initially, Huxley was skeptical. Then he read a draft of Darwin’s book, and the evidence swayed him. The numerous finches of the Galápagos, different species on each island, each with their own bespoke beaks for eating a particular type of food. Fossils progressing through the layers of geological time, and the petrified remains of long-extinct species found in the same areas where their descendants live today. All the different ways humans can cause modern-day animals like pigeons and dogs to mutate through selective breeding. It all made sense, and Huxley became a born-again evangelist for evolution. He was heralded as “Darwin’s Bulldog,” and traveled the length of Britain and beyond spreading the new gospel.



[image: A bearded man stands by a large drawing of an animal skull on a blackboard.]

Thomas Henry Huxley in 1870 (public domain)



It was service to Darwin that brought Huxley to the Royal Institution that winter evening. He was not there to pontificate to other scientists or gentlemen. Although he had by now become a public intellectual with membership in many of London’s elite societies, Huxley was at heart a proud progeny of the middle class, the son of a teacher who survived turmoil and poverty. It showed in his personality. Tough, tenacious, caustic, part street brawler and part smooth political operator, Huxley was willing to go anywhere, speak to any audience. Tonight, it would be the workingman. His lecture was a public one.

He was there to address one of the most frequent criticisms of Darwin during the first decade after the publication of On the Origin of Species. Darwin’s theory held that all species are connected in a single genealogy, and all of today’s animals have evolved by gradual modification from ancestors. Yet, wouldn’t this mean that if you lined up all living things, they would grade into each other? Instead, we see gaps: Insects are easily distinguished from fish, fish from reptiles, reptiles from mammals. And most troubling of all, birds, so demarcated from all other animals. It was a thorny problem, but Huxley had a solution.

“The gaps were once non-existent,” he proclaimed. “The connecting forms existed in previous epochs of the world’s history, but . . . they have died out.”

Huxley laid out his case with the skill of a lawyer, as if his audience were a jury. Today if you want to prove that somebody is related to somebody else—say, in a paternity lawsuit—you would use DNA. But Huxley had no idea what DNA was; neither did Darwin. It would be another eighty-five years until James Watson, Francis Crick, and Rosalind Franklin figured out that a chemical arranged as a double-helix structure carried the genetic information in our bodies. What Huxley did have, though, was something much more straightforward. Clues that could be deciphered by anybody, whether a scientist like him or the bricklayers and butchers and carriage drivers in his audience. Anatomy. The size, shape, and structure of bones and other body parts. If Darwin was correct, and species changed into other species over time, you could recognize common ancestry through shared anatomical features. It’s something we understand innately; my brothers and I all have the same high forehead and large nose because we inherited them from our common ancestor—our father.

Huxley coaxed his jury. A few years earlier, he had proposed that among living groups, birds seem most similar to reptiles. Or, at least more similar to reptiles than they do to mammals, amphibians, or fish. The reasons were obscure: little traces hidden in the skeleton, like the way the jaws hinge together, the shape of the sutures between the bones surrounding the brain, and the structure of the ankle joint. But Huxley acknowledged the crowd’s disbelief. “Placed side by side, a hummingbird and a tortoise, an ostrich and a crocodile, offer the strongest contrast,” he admitted, “and a stork seems to have little . . . in common with the snake it swallows.”

The crowd fidgeted. Where was Huxley going? Was he turning his back on Darwin, admitting that there are indeed gulfs between species that evolution cannot bridge?

No, to understand the evolution of life, Huxley preached, we must turn to the dead. What is alive today is but a fraction of what has ever lived. It’s not that today’s lizards evolved into crows and cassowaries, just like my living cousins did not produce me. Rather, there was a series of ancestors that once linked reptiles and birds, like our deceased great-great-grandparents connect my cousins and me. Those bird and reptile ancestors are long gone, and it is their extinction that makes it appear there is a gap between the two groups today. Find those ancestors and the gap will be filled, exposed as nothing but an illusion. And how does one find these dead and missing ancestors? By searching for fossils.

Huxley abruptly changed his tone. He now challenged his audience. Would they accept his argument, and admit there is no gap between reptiles and birds, if he was able to do two simple things? What if he could identify fossil birds that are more reptilian than any birds now living, and conversely, fossil reptiles that are more “birdlike” than any modern reptiles?

This logic was easy to follow. The crowd nodded along. “I shall endeavour to show that both these questions must be answered in the affirmative,” a confident Huxley bellowed.

First, Huxley described a curious fossil unearthed a few years earlier, in the Jurassic-age limestones of Bavaria, as quarry workers split sheets of rocks to be used for lithographic printing. The creature was given the name Archaeopteryx, and it was undoubtedly a bird, as testified by its petrified feathers and wings. But it was no ordinary bird. Whereas today’s birds have only a nubbin of bone behind their hips, this fossil bird had a long and skinny tail. While today’s birds have heavily fused hand bones, this fossil bird had large and curved claws. Later fossil discoveries would even show that this creature had pointed teeth lining its jaws, not a toothless beak like today’s birds. Teeth, sharp claws, a long tail: all characteristics of reptiles. Archaeopteryx was something of a reptile-bird hybrid—a fossil bird, more reptilian than any modern bird. Huxley was halfway there.

Now, he turned his attention to the other end of the reptile-bird gap. “Can we find any extinct reptiles which approached . . . birds?” he asked. Yes, he said, enticing the assembly, “I imagine that we can, if we cast our eyes in what at first sight seems to be a most unlikely direction.”

Dinosaurs.

The word “dinosaur” had been invented only a quarter century earlier, to classify an assortment of large reptilian fossils turning up across the English countryside, given names like Megalosaurus and Iguanodon. In this new class of gigantic primeval reptiles, Huxley saw a missing link. Although most dinosaurs felt brutish and alien, their skeletons contained a surprisingly large number of birdlike characteristics. Huxley began to list them: Some dinosaurs had a bipedal stance where only the hind limbs held up the body, extra vertebrae connecting the backbone and hips, an elongated ilium bone of the upper pelvis, a femur (thigh bone) that connected to the pelvis in a way that held the leg straight underneath the body, a long tibia (shin bone) with a huge crest for powerful muscles, a fibula bone to the side of the tibia that tapers to a point, and feet with three main toes. Other than a few random exceptions, like bipedal humans, no mammals had these things. No lizards. No crocodiles. No frogs. Only modern-day birds and these bewildering, extinct dinosaurs.

With the jury enraptured, Huxley went for the knockout. Dinosaurs shared a medley of features with birds. But one new dinosaur in particular was astoundingly avian in its anatomy. Called Compsognathus, it too had recently been found in the same German limestones that yielded the fossil bird Archaeopteryx. Roughly the size of a chicken, it was much smaller than those colossal English species that formed the original concept of Dinosauria. A few years earlier, a German anatomist had noticed that the hind leg of Compsognathus—particularly how one of the ankle bones is fixed to the bottom of the shin bone by a tab-like sheet—almost perfectly matched the anatomy of an embryonic chicken, before those bones become indistinguishably fused in the adult. Huxley concurred with this observation and added several insights of his own. Compsognathus was tiny, had a small head supported by a long and slender neck, stood only on its hind legs, and walked on three toes. This was the ideal embodiment of a fossil reptile, more birdlike than any living reptile.

Huxley had now demonstrated reptilelike bird fossils, and birdlike reptile fossils. The gap between living birds and reptiles had been closed. Dinosaurs had helped close it.

“Aves (birds) has its root in the dinosaurian reptiles!” he bellowed.

The bakers, stonemasons, and blacksmiths in the crowd leapt to their feet. Their applause was thunderous, because they grasped what Huxley had done. He hadn’t merely catalogued the features of a few new fossils. His achievement was far grander: He had narrated an epic story from the depths of time, of dinosaurs turning into birds. Which meant Darwin was right. Evolution was real.

Less than two years later, in the autumn of 1869, Huxley again found himself in front of a London audience. This time, he wore sartorial garb as he held court in the rarefied air of the Geological Society, of which he was president. With more august language, he set to convince the scientists, naturalists, clergy, and other learned men of Victorian high society of the reptile-bird connection. In precise technical prose, he outlined thirty-five features of the skeleton linking dinosaurs and birds. Most concerned the pelvis and hind limb, and by now it was becoming evident that this part of the body held the strongest similarities between reptiles, dinosaurs, and birds. Having numbed the room with his attention to anatomical detail, Huxley suddenly transformed into a carnival barker, and ended his lecture with one of the greatest microphone drops in scientific history:

[image: Fossil of a small dinosaur embedded in rock. A ruler for scale shows the body is about 16 centimetres with a similar sized tail.]

The two key fossils studied by Huxley: Compsognathus (author photo, H. Raab)



[image: Fossil of a dinosaur with feathers, displayed on a textured stone slab.]

The two key fossils studied by Huxley: The London specimen of Archaeopteryx (author photo, H. Raab)



[image: Close-up of a bird’s foot with rough, scaly skin and sharp, curved claws on a grassy background.]
The reptilian feet of modern birds: ptarmigan (Arnstein Rønning, author photo)


[image: Close-up of an emu’s foot resting on sandy ground next to large, textured eggs.]

Emu (Arnstein Rønning, author photo)



“If the whole hind quarters, from the ilium to the toes, of a half-hatched chicken could be suddenly enlarged, ossified, and fossilized as they are, they would furnish us with the last step of the transition between birds and reptiles; for there would be nothing in their characters to prevent us from referring them to Dinosauria.”

Huxley’s language may seem a little old fashioned, but he’s essentially saying that the leg of a barnyard chicken is a miniature version of any T. rex leg you see in a museum.

Unbeknownst to Huxley, other scientists were independently converging on his findings. Across the ocean, the young Philadelphia naturalist Edward Drinker Cope was ruminating about the “extinct reptiles which approach the birds” as early as 1867. Today we remember Cope as a villainous character, one of the protagonists of the so-called Bone Wars, in which he and his Yale rival Othniel Charles Marsh lied, fought, and stole from each other in an egotistical blitz to describe the most, and the best, and the biggest dinosaurs. Had the Bone Wars not happened, we would surely embrace Cope in a warmer light, and perhaps give him—and not Huxley—most credit for deciphering the dinosaur-bird link.

After all, Cope did figure it out too. In the giant predatory dinosaur Laelaps, pried from a New Jersey marly clay pit, he saw the same hind limb, ankle, and hollow bones as modern birds, just at much grander size. This dinosaur also solved another riddle, which provided more ammunition for the dinosaur-bird link. For decades, people had been reporting three-toed footprints from the Connecticut River Valley in New England; they were not in the soft sands and muds of the riverbank, but rather embedded into Triassic- and Jurassic-age rock. They looked so much like the footprints of birds that locals called them turkey tracks, and others wondered if they were the footfalls of Noah’s raven, the biblical bird that heralded the end of the deluge. They were an utter mystery. Were they really bird tracks? Some of the tracks were a foot and a half long; could birds get so big? Cope, though, recognized what they truly were: the footprints of dinosaurs, like Laelaps or Compsognathus, with birdlike feet.

Before long, the connection between dinosaurs and birds became widely accepted. Even Cope’s great foe Marsh acknowledged, “It is now generally admitted by biologists . . . that birds have come down to us through the dinosaurs.” It was a theory, he said, that could “hardly be questioned.” Meanwhile, as Darwin continued to revise On the Origin of Species, in his 1872 sixth edition he included an update that must have warmed the heart of his greatest disciple, Huxley. He held up the dinosaur-bird connection as support for his theory of natural selection: “The wide interval between birds and reptiles has been . . . bridged over in the most unexpected manner, on the one hand, by the . . . extinct Archaeopteryx, and on the other hand, by the Compsognathus, one of the Dinosaurians—that group which includes the most gigantic of all terrestrial reptiles.” If any scientist or educated layperson had not yet heard of the dinosaur-bird link, they surely would now that Darwin was writing about it.

[image: Close-up of a three-toed dinosaur footprint fossil embedded in textured gray rock. Close-up of a mute swan footprint in wet mud.]

The footprint of a Jurassic theropod dinosaur (left) compared to that of a modern-day mute swan (right) (author photo and Tone Blakesley)



But, as is often the case in science, as an idea approaches consensus, it attracts contrarians. So too with the dinosaur-bird link. Maybe, some critics whispered, the commonalities between dinosaurs and birds were too superficial. As Darwin, Huxley, and Cope’s generation left the stage, and the nineteenth century turned to the twentieth, this doubt intensified. Part of the problem was that Huxley’s and Cope’s proposals were vague. They agitated for a general relationship between birds and dinosaurs—dinosaurs as an ancestral stock from which birds arose, with something like Compsognathus closest to the transformation—but they realized that none of the fossils were likely to be direct avian ancestors.

To salvage Huxley and Cope’s theory, a new generation would have to be much more specific. Which types of dinosaurs did birds evolve from?



I am one of those fortunate people who digs up dinosaur bones for my job. Paleontologists like me are always on the hunt for new fossils, each one a clue from a distant age that can tell us something about how evolution works and how the Earth has changed over time. That, and we get an intoxicating buzz whenever we find something weird or awesome.

I write these words almost exactly two hundred years to the day the first dinosaur was given a formal scientific name: Megalosaurus, a jeep-size carnivore whose enormous limbs and jaws were discovered by English quarrymen cutting roofing tiles. These workers were not the first people to find a dinosaur, not by a long shot. Native Americans, central Asian tribes, and indigenous people in South America had all encountered giant bones and pondered their meanings, and articulated their thoughts through art or oral stories. But it was in the 1820s in Great Britain that a new cohort of professional scientists, based at universities and museums, began to systematically study these bones and recognized them as belonging to a family of large, reptilian creatures that once lived, but no longer do. Thus began our cultural fascination with dinosaurs.

Since that initial description of Megalosaurus, paleontologists have named and described some two thousand species of fossil dinosaurs, give or take (we love to argue over which subtleties in bones are enough to establish a new species). Although several of the earliest recognized dinosaurs were from England, soon bones surfaced in Germany and France, and then western North America. Today, dinosaur fossils are known from every continent, and the most exciting discoveries are made by young paleontologists in countries like China, Brazil, Argentina, South Africa, and Mongolia. These fossils tell the story of a prehistoric empire, which spanned over 160 million years of the Triassic, Jurassic, and Cretaceous Periods of prehistory.

Dinosaurs were forged out of the greatest catastrophe in Earth history. For millions of years—starting around 252 million years ago at the end of the Permian Period—Siberian volcanoes spewed out tsunamis of lava, belched toxic fumes, and burned so much of the Earth’s crust that the products of that combustion—greenhouse gases like carbon dioxide—caused runaway global warming. This triggered a mass extinction, the biggest one ever, which might have killed up to 95 percent of all species. Prior to this slaughter, forebears of mammals were the largest carnivores and herbivores in many ecosystems around the world. Afterward, most large animals were gone, and among the few plucky survivors scurrying through the wreckage were furry critters that would eventually give rise to true mammals.

Alongside them was another type of diminutive animal, covered in scales and maybe a little bit of fluff. They were reptiles, but most unusual ones. No bigger than a house cat, they walked upright, their arms and legs held straight underneath their wispy bodies. They stood only on their toes. They were fast and agile, and grew fairly quickly. These assets might have helped them survive the carnage of extinction, and definitely helped them persevere as the world healed and a new age dawned: the Triassic Period.

We call these peculiar reptiles dinosauromorphs. They were the very closest cousins and ancestors of dinosaurs. With a few modifications of their pelvis, making the connection between backbone and hip stronger, they became what scientists since the 1800s have called dinosaurs. The oldest fossils of these true dinosaurs are about 230 million years old, and they were humble, about the size of dogs. They moved only on their hind legs, a major anatomical transformation that freed their arms and hands to do other things. The world they inhabited would be alien to us. Instead of various continents separated by seaways, all land was fastened together into the supercontinent of Pangea, which stretched from North Pole to South. The unique geography bequeathed unique weather patterns. Global temperatures were hot, terrifying megamonsoon storms pummeled the Pangean coasts, and vast stretches of desert extended on both sides of the boiling equator.

At first, dinosaurs had trouble coping with not only the weather but some of the other animals living on Pangea. Other reptiles had survived the extinction, too, and some of them gave rise to a dangerous new group: crocodiles and their closest kin. These Triassic croc cousins were a varied bunch, some carnivorous and others herbivorous, some apex predators with deep jaws and steak knife teeth, others with beaks, decorative sails on their backs, or spikes covering their bodies. For tens of millions of years, these croc cousins reigned supreme on the supercontinent. They were more diverse than dinosaurs, more abundant, more varied in their ecological roles. Their success held the first dinosaurs in check, and no Triassic dinosaur was probably much larger than a giraffe. If you observed these dinosaurs in their native surroundings, you would never guess they would eventually evolve into behemoths like Brontosaurus and T. rex.

Then dinosaurs caught a break—maybe one of the luckiest opportunities in Earth history. Around 201 million years ago, the supercontinent began to crack apart. This is why we have separate continents today; South America and Africa look like two puzzle pieces that could fit together because they once did. The Atlantic Ocean now marks the fracture zone, the place where Pangea first split, east dividing from west. But before water rushed in, the creaking land bled lava, which once again led to global warming, which once again caused a mass extinction. It wasn’t as serious as the one 50 million years earlier, but it was enough to wipe out most of the crocodile cousins. Dinosaurs not only survived but barely felt the pang of death. We’re not sure why. Maybe it was because of their upright posture, bipedal stance, ability to move quickly, or fast growth. Maybe it was something else. Regardless, as the volcanoes extinguished and the Triassic Period ended, the next age dawned, and with their competitors out of the way, dinosaurs were primed to prosper.

This next time interval was the Jurassic Period. There is a reason Michael Crichton titled his book Jurassic Park, a branding that continued with the films and later morphed into Jurassic World. If it was Triassic Park, it would have been a story about snarling primordial crocs feasting on dog-size dinosaurs. An epic to be sure, but not one in which dinosaurs are the heroes and villains. The Jurassic Period is when dinosaurs became those types of animals we know and love, the stars of films, the monsters that captivate us as children, the heavyweights whose skeletons mesmerize us in museums. It was during the Jurassic Period that the family tree of dinosaurs grew like a weed, new groups and species blossoming at a frantic pace. Huge, long-necked herbivores heavier than several elephants put together; bus-size flesh-eaters; and dinosaurs with horns, spikes, plates on their backs, and frills and domes and bizarre bony crests on their heads—all children of the Jurassic.

For the next 135 million years, throughout the Jurassic and the Cretaceous Periods, dinosaurs thrived. They were along for the ride as the old supercontinent fractured into ever-smaller pieces, adapting as they went, spinning off new species suited for new lands. Some of the long-necked herbivores became heavier than Boeing 737 airplanes, the biggest animals to ever live on terra firma. T. rex developed from smart, human-size ancestors into the greatest terror in the annals of evolution, a forty-foot-long murderer that hunted with its brain and killed with its brawn. Rex was there on that fateful day—the worst of the more than one trillion spins of the axis in Earth history—when a six-mile-wide rock fell from the sky, detonated with the force of more than a billion nuclear bombs, and kicked off the next mass extinction.

As the Cretaceous Period ended in a bang 66 million years ago, so too went the dinosaurs. Or, at least most of them. All except for birds, if Huxley and Cope were correct about the dinosaur-bird link. Their theory, however, was falling out of favor.

Our current conception of dinosaurs would be unfathomable to Huxley, Cope, and the other pioneering paleontologists of the nineteenth century. When they were first drawing comparisons with birds, they had only a handful of dinosaurs to scrutinize. Within the next few decades—in large part due to Cope and Marsh’s mad competition—that handful became dozens, then hundreds of species. Now there are thousands.

Before long, this dizzying diversity of dinosaurs became a problem. It was not enough anymore to say that birds evolved from reptiles via the dinosaurs, which is the essence of what Huxley and Cope proposed. What did that mean exactly? Surely birds did not evolve from a Brontosaurus, and as ever larger and stranger dinosaurs turned up in the late nineteenth and early twentieth centuries, suspicion grew. Dinosaurs were big. Dinosaurs were weird. Dinosaurs were specialized—maybe too specialized to give rise to birds. One prominent critic wrote an entire book about how the supposed lack of clavicle bones in dinosaurs precluded them from being bird ancestors, because birds need these bones in order to fuse them into wishbones, one of their anatomical trademarks and a core part of the shoulder and chest apparatus that allows them to fly. It was an argument that convinced many, remarkably even after clavicles actually were reported in a couple of dinosaur skeletons. A few decades into the twentieth century the paradigm had shifted: Dinosaurs were not the ancestors of birds. Birds had probably evolved from another type of reptile, something smaller and more generalized, perhaps an unknown group that never fossilized.

This was where scientific consensus stood as a young Yale professor named John Ostrom strode into the prairies along the Wyoming-Montana border in the late summer of 1964. While prospecting the grassy hillocks, Ostrom spied the hand of a dinosaur emerging from the rock. It was big, with sharp claws. Scattered around it were serrated teeth with razor-sharp edges. For the following two years, Ostrom brought his team back to the site, and they found more than one thousand bones. It was a new species of dinosaur, in one sense familiar, in another exotic. No doubt it was a theropod, a member of the major group on the dinosaur family tree that includes Tyrannosaurus rex, and also Huxley’s Compsognathus, Cope’s Laelaps (since renamed Dryptosaurus), the hatchet-jawed Allosaurus named by Marsh during the Bone Wars, and dozens of other pointy-clawed and knife-toothed meat-eaters.

It was no normal theropod, though.

Ostrom gave it a name, Deinonychus, in homage to the sickle-shaped “terrible claws” sticking off its second toes, used to clasp and eviscerate prey. With its lithe build, long limbs, and extreme predatory adaptations, Ostrom imagined it as “an extremely active and agile animal, fleet of foot and highly predaceous in its habits.” Such a caricature was totally at odds with how paleontologists at the time viewed dinosaurs. Dinosaurs had become stereotyped as graceless monsters, big and clumsy, slow and dim-witted. This dinosaur seemed to be none of those things. Nor were a few other small meat-eaters that had recently been discovered elsewhere, like the poodle-size Velociraptor of Mongolia. These so-called coelurosaur theropods—named after their hollow bones—were a different breed, a branch of their own among the theropod lines on the family tree, distinguished by their small size, nimble builds, and light bodies.

The disposition of Deinonychus and the other coelurosaurs felt familiar to Ostrom. Their arms were long and highly mobile, so unlike the pathetic appendages of T. rex and many other stub-armed theropods. Their pelvis was modified to shift the center of mass backward, probably to compensate for those long arms. Their necks were graceful, curving upward in a smooth S-shape, upon which rested their small heads. Ostrom was an experienced anatomist. He had seen these qualities before—in birds.

This realization prompted Ostrom to take a closer look at Archaeopteryx, the extinct Jurassic bird discovered during Huxley and Cope’s era, and a century later still the oldest definitive bird in the fossil record. What Ostrom now saw astounded him. Archaeopteryx looked just like a coelurosaur. In 1973, Ostrom wrote a one-page essay in Nature summarizing his findings. It is probably the single most important page ever written about dinosaurs. Like Lincoln’s Gettysburg Address, although frugal in word count, it was overflowing with wisdom. Ostrom outlined twenty-one features of the Archaeopteryx skeleton characteristic of coelurosaurs, among them the long arms, a hand reduced to three fingers, and a moon-shaped wrist bone that helps fold the arm against the chest. “The skeletal anatomy of Archaeopteryx is almost entirely that of a coelurosaurian dinosaur,” Ostrom wrote.

[image: A skeleton of the dinosaur Deinonychus, with a long tail and sharp claws, displayed on rocky terrain.]

Deinonychus, the birdlike raptor discovered by John Ostrom (Jonathan Chen)*



Remember, though, that Archaeopteryx was undeniably a bird, because it had wings and feathers. Ostrom did a thought experiment: “If feather impressions had not been preserved all Archaeopteryx specimens would have been identified as coelurosaurian dinosaurs,” he predicted. What, then, to make of this conundrum: a coelurosaur body but a feathery wing? Ostrom could see it clearly. “The only reasonable conclusion is that Archaeopteryx must have been derived from an early or mid-Jurassic theropod.”

The dinosaur-bird link was back. Ostrom had resurrected Huxley and Cope’s theory and, in doing so, gave it the specificity it had lacked. It wasn’t simply that birds materialized from a generalized dinosaur ancestor. Birds had evolved, precisely, from small coelurosaur theropods like Deinonychus and Velociraptor.

To firmly grasp Ostrom’s argument, we need to think of evolution in terms of family trees. Scientists like me use genealogies to decipher the relationships of species over time, just as many of us compile our own family trees to untangle the history of our ancestors.

Technological advances in the 1980s allowed scientists to better trace the connection between living and extinct species. Computer algorithms were developed to make family trees by grouping species that shared derived aspects of their skeletons. To function, they require databases of anatomical features assessed across a range of animals. Compiling these datasets is a methodical bookkeeping task, but a young paleontologist with a francophone name but thoroughly American birthright, Jacques Gauthier, was up to the job. Amassing a large list of features of birds, dinosaurs, and other animals, Gauthier chronicled the number of bones in different parts of the body, differences in the sizes and shapes of bones, and the presence or absence of bumps and grooves and muscle attachments. Put through the algorithmic ringer, a family tree appeared. Birds were placed among the coelurosaurs, just as Ostrom suspected.

Ever since, paleontologists have been advancing on Gauthier’s work. Our datasets keep growing: more dinosaur species, more anatomical characteristics. The core of my PhD thesis at the American Museum of Natural History—under the tutelage of one of Gauthier’s good pals, the eminent dinosaur hunter Mark Norell*—was a genealogical analysis of theropod dinosaurs, attempting to pinpoint which coelurosaurs were the very closest relatives to birds. I inspected 853 skeletal features in 152 species; a lot of information to be sure, but I was standing on Gauthier’s shoulders. My family tree showed what Gauthier and many others had been arguing for decades: Among the coelurosaurs, it is the small raptor dinosaurs called dromaeosaurids (the Deinonychus and Velociraptor group) and another cluster of small, smart speedsters called troodontids that are the closest kin to birds.

Thinking about genealogy in terms of family trees illuminates how dinosaurs are connected to birds. Dinosaurs are not merely a hazy link between birds and reptiles. Birds are nested within the dinosaur family tree. Family trees are like a set of nested Russian dolls—groups within groups. So, birds are a type of coelurosaur, which is a type of theropod, which is one of many types of dinosaur. Dinosaurs, by long-standing definition, are the group that traces their heritage back to that Triassic common ancestor that fortified its pelvis and began walking on two legs. Similarly, scientists define mammals as those animals that evolved from a Triassic common ancestor that grew hair and fed their babies milk. And thus when we say that birds are dinosaurs, we mean it in the same way that humans are mammals.

Many dinosaurs—most dinosaurs, in fact—look nothing like birds, sometimes to the point of farce. But birds did not evolve from T. rex or Brontosaurus, any more than humans evolved from elephants or wolves. Birds evolved from small coelurosaurian theropods that would have looked like Deinonychus or Velociraptor. That means they are dinosaurs, one branch among many thousands, all descending from that Triassic ancestor, all with that hallmark pelvis. Birds are as much a card-carrying dinosaur as a T. rex can claim to be.

When it comes to how scientists classify organisms, though, it doesn’t matter if birds look or behave different than other dinosaurs. Scientific classification follows the same rules as the mafia: If you’re born into the family, you can’t get out—even if you’ve changed dramatically. In the case of a human family like mine, I’m always a Brusatte even though I’ve moved away from our home in Illinois and no longer work in the same professions as my grandfathers. And in the case of birds, they are still dinosaurs even though they learned how to fly and transformed themselves into a very different type of creature.

We should think of birds like we think of bats. What is a bat? A mammal, obviously, as it evolved from mammals, and is part of the mammal family tree, and its heritage is betrayed by the mammalian features it possesses, like hair and molar teeth. But it is a most unusual mammal, one that got small, evolved wings, and developed the ability to fly. Still, it remains a mammal.

A bird is the dinosaur version of a bat. A dinosaur that got small, evolved wings and developed the ability to fly but retains many hallmarks of its dinosaur ancestors, like its refined pelvis. It remains a dinosaur.

Recently, the dinosaurian nature of birds received startling support from unexpected sources.

Developmental biologists in the early twenty-first century invented new techniques for visualizing how embryos mature before hatching. These were marshaled by the brilliant young paleontologist Chris Griffin—who was taking a break from his PhD work on dinosaurs to study embryology with Yale anatomist Bhart-Anjan Bhullar. Chris showed that if you follow the growth of a quail or chicken, tucked up in its egg, it starts off looking like a tiny dinosaur before morphing into a bird. Gander at a six-day quail embryo and you see a pelvis that, to me as a dinosaur anatomy specialist, is a dead ringer for the hips of a theropod. There is a big forward-facing pubis bone with a large muscle attachment at its end, like in T. rex or Allosaurus, but a couple days later it shifts backward and loses the muscle scar, assuming the characteristic retroverted pelvis shape of birds. Meanwhile, the tail starts off long and slim, comprised of many individual vertebrae just like in an average theropod, and then gradually shortens and fuses into the pygostyle bone of birds. Other embryologists even showed that some mutant chickens are capable of growing pointy little teeth that look, for all the world, like those of a typical theropod.

[image: A bird with intricate feather patterns stands on moss in a natural setting.]

Rufous-breasted wood-quail (Odontophorus speciosus) in Peru. (Daniel Field, Chris Griffin)



[image: A diagram showing the comparison between embryo development and dinosaur evolution.]

 When a quail develops in the egg, its pelvis grows in a way that mimics changes on the evolutionary line from dinosaurs to birds. (Daniel Field, Chris Griffin)



Clearly dinosaur traces are still hidden in the DNA of today’s birds. Pause a quail embryo at six days old, and it resembles a classic theropod dinosaur. It is as if the development of a single chick is a running tape, recording the evolutionary transformation of dinosaur into bird. The feeble embryo first develops general dinosaur characteristics, then features of theropods, then coelurosaurs, and finally the derived conditions of beaks, backward-pointing hips, and stubby tails so emblematic of the bird body plan. Or put another way, birds pass through dinosaur stages as they grow. Not frog stages, or lizard stages, or mammal stages. As they develop, they mimic a march up the dinosaur family tree.

What, you might ask, about DNA? Most contemporary biologists construct family trees of animals using DNA for the same reason it is used in paternity tests: It carries a genetic record of inheritance. The genetics of living animals are well studied, and when DNA is used to make family trees, birds consistently group together with crocodiles. Birds and crocodiles, therefore, are each other’s closest relatives. They are more closely related to each other than either is to lizards. In other words, birds nest within reptiles on the family tree. They aren’t simply next to reptiles or just closely related to reptiles; they don’t nest within or even nearby other groups, like mammals or amphibians. Birds are embedded in the reptile family. It is definitive proof that birds evolved from reptiles, just as Huxley proposed as he began contemplating bird origins in the 1860s.

For better or for worse, the movies aren’t (yet) true, and nobody has ever found undoubted fossilized DNA from a Triassic, Jurassic, or Cretaceous dinosaur. How glorious it would be to know the genome of a Deinonychus, as that would be the last and final test of the dinosaur-bird connection. Alas, DNA breaks down quickly once an animal dies, and currently the oldest preserved in situ samples are slightly more than a million years old—snippets of genes found in a mammoth bone. A few years back, scientists did report minuscule fossilized protein residue in the bones of a T. rex. Proteins—which are much heartier than DNA, and thus easier to preserve in fossils—also carry a genealogical signal, and when the researchers added the dinosaur sample to a large dataset of living organisms and used algorithms to build a family tree, the T. rex came out right next to the ostrich and chicken—closer to birds than to crocodiles, lizards, mammals, amphibians, and fish. The identification of these dinosaur proteins has met with some skepticism, and other researchers still need to corroborate the results, but it is certainly intriguing.

In any case, I offer here a wager: If a brazen young scientist eventually does find dinosaur DNA and subjects it to the paternity test, that dinosaur will nestle with birds in the genetic family tree.

Go to a museum or a taxidermy shop, or download a photo from the internet. Stare at a bird skeleton. Treat it like the intellectual equivalent of one of those magic eye pictures. Squint and you will see a dinosaur.

We began this chapter with an ode to the obvious: Birds are unique among modern animals, easily distinguished from amphibians or reptiles or mammals, because of their many unusual features. They have a signature blueprint: bipedal posture, long arms, graceful necks, hollow bones, wishbones, and the like. But that blueprint didn’t appear all at once. It’s not like a Velociraptor mutated into a bird in one fell swoop. Instead, birds were assembled over evolutionary time, one adaptation after another, as a whole series of dinosaur ancestors changed features of their anatomy and biology to better survive the rigors of their own time and place. Many so-called bird features—the traits that allow us to so easily recognize a bird we see soaring or perching today—aren’t avian trademarks at all. They have a deeper history. They originated in dinosaur ancestors. They are dinosaur features.

As we have already alluded to, several components of the bird body plan appeared early in dinosaur evolution, and characterized many—or all—dinosaurs. Erect posture is one: Even those dinosauromorph ancestors of dinosaurs stood upright, on their toes, their limbs directly underneath their bodies. Bipedalism is another: The common ancestor of all dinosaurs, living some 230 million years ago, balanced on its hind legs, and only later did some dinosaurs like the bulky sauropods and plate-backed stegosaurs shift back to walking on all fours. As some of those Triassic proto-dinosaurs became theropods, their bodies changed further, for various reasons. Their bones became lighter, their necks became longer, and they fused their collarbones into wishbones. We don’t often know why, exactly, these changes occurred. They were happening millions of years ago, and we weren’t there to observe them. Perhaps the wishbones, for instance, were a way to stabilize the arms and shoulders as these meat-eaters grabbed their prey. But how to prove it?

We can, however, rule out some explanations. None of the adaptations discussed so far could have possibly evolved for flight. In modern birds, every one of them is necessary for flight to work: upright bipedal posture for the takeoff, hollow bones to keep the body lightweight in the air, wishbones as springs to store energy during the wing stroke. All of these qualities, though, first developed in dinosaurs that were too big to fly, whose short arms lacked wings. These “avian” features developed for other reasons, millions of years before any dinosaur took to the skies, and much later were repurposed to function as parts in a flying machine. The Wright brothers, after all, did not invent the wheel or the propeller. But they put them together and got them working in a new way—as an airplane.

By the middle of the Jurassic Period, some 170 million years ago, theropods had endured the volcanoes that tore apart Pangea and were now thriving. Countless species lived on the newly separating continents. There was a swarm of carnivores, ranging from the size of dogs to stretch limousines, which raced about on their hind legs, hands free to do other things, wishbones linking their arms, their bodies light and spry, their bones full of air. They would have littered the ground with three-toed footprints as they chased their prey, each footfall leaving a mark like a scaled-up chicken track.

[image: A diagram showing the transition between dinosaurs and birds, highlighting 4 key species: Compsognathus, Deinonychus, Archaeopteryx, and Cardinal bird.]

A sequence encapsulating the transition between dinosaurs and birds, highlighting key species: the ground-living theropod dinosaur Compsognathus, the ground-living winged coelurosaur raptor Deinonychus, the primitive flying bird Archaeopteryx, and a modern cardinal. All scale bars equal ten centimeters. (illustrated by Sarah Shelley)



Then, a group of these theropods did something unorthodox. While their fellow dinosaurs were growing large, they got smaller.

These were the coelurosaurs. The ancestor of all theropods probably weighed in the 20- to 65-pound (10- to 30-kilogram) range, and many Triassic and Jurassic theropods got much larger than that. Allosaurus, the butcher of the Jurassic, weighed more than 2.5 tons. Coelurosaurs, however, got so small that the dromaeosaurid and troodontid species that nudge next to birds on the family tree weighed only about two pounds (one kilogram). That’s roughly the size of a large crow or raven. This, too, was approximately the size of Archaeopteryx, which still today, more than 160 years after it was plucked from its Bavarian limestone tomb, is the oldest fossil with full-on feathery wings that could flap and stay airborne—the first species we can legitimately call a bird.

Why were coelurosaurs becoming smaller? It’s more straightforward to first ask how they were doing it. This was addressed by one of my oldest friends in the field, Roger Benson, a leading paleontologist of our generation who recently assumed the job of dinosaur curator at the American Museum of Natural History after my PhD mentor, Mark Norell, retired. Roger and I first met at a conference in 2006; he was in the early stages of his PhD, and I had just started my master’s, and we were both obsessed with theropod dinosaurs. We hit it off and went on a road trip, traveling to museums around the world—from the quaint seaside of England’s Isle of Wight to the smoggy bustle of Beijing—to study and redescribe assorted theropods. We were a bit of a paleontological odd couple, Roger’s sardonic British humor contrasting with my American boisterousness. Roger is brilliant at describing dinosaur anatomy, but even better at using mathematical and statistical techniques to study long-term trends in evolution.

Most important for our story, Roger has shown how coelurosaurs miniaturized. He achieved this by compiling an enormous dataset of the weights (body masses) of hundreds of dinosaurs. Because limb bones must hold up an animal against the force of gravity, heavier animals need thicker limb bones. Studies of modern animals reveal a simple equation: If you know the thickness of the main weight-bearing bones—the femur and the humerus for those animals that walk on all fours—you can accurately predict an animal’s weight. Roger used this technique to estimate the masses of dinosaurs, mapped them on the family tree, and analyzed the trends over time. There was no long, sustained marathon of theropods getting smaller and smaller over tens of millions of years. Instead, body size decreases happened in a few quick pulses.

There must have been reasons why some theropods shrank so rapidly. Perhaps it was ecological: Shrinking physiques might have given these dinosaurs entry to new habitats and niches, like trees, low brush, or even burrows. Or maybe it was physiological. Many factors influence body size in modern-day animals, but there is a well-known general relationship with temperature. Larger animals have less surface area relative to their volume, so they shed body heat slower, and can therefore often inhabit colder regions. Conversely, smaller animals that can more easily lose body heat might do better in warmer areas. Not only that, but as exemplified by Ostrom’s Deinonychus, many of these coelurosaurs were active, vigorous dynamos, and they were surely developing higher metabolisms and growth rates. It was probably easier, at least initially, to become a highly energetic animal at smaller size, for the simple reason that smaller animals need less food and oxygen than bigger ones.

Regardless of why these coelurosaurs were getting smaller, it is clear that the dwindling of their bodies was intertwined with many other changes happening to their anatomy, behavior, and metabolism. As they were dwarfing, their arms elongated and became able to fold against the body, thanks to a modified wrist. To counterbalance the bulkier arms, some bones of the pelvis shifted backward, and these dinosaurs assumed a more crouched stance at the knee. Eventually, the thigh bone became fixed into the body wall, functionally a part of the pelvis; the knee joint between the thigh and shin bones would assume the function of the hip joint and act as the fulcrum of hind limb motion. Simultaneously their bones were becoming lighter, carved out with more hollows, full of even more air.

These smaller dinosaurs also got a facelift. Anjan Bhullar, the Yale anatomist who worked with Chris Griffin to identify dinosaur-like stages in bird development, has made a career at the interface of two disciplines that, at first glance, couldn’t seem more contradictory: the gold rush exhilaration of fossil hunting with the clinical milieu of developmental biology and embryology. While still a PhD student, Anjan noticed something peculiar when observing the fossil skulls of baby dinosaurs, even quite primitive ones like the Triassic theropod Coelophysis. The baby dinosaurs looked like adult birds. They had the same short snouts, big eyes, and expanded bones around the brain that give birds their unmistakable visage. Yet, as these dinosaurs grew into adults, they morphed into a different shape: Their snouts stretched out, their eye sockets shrank, and the bones around the brain shriveled.

This led Anjan to propose an alluring theory. As coelurosaurs got smaller, some of them truncated their development at an earlier phase. Perhaps this was how they were actually able to become tinier, by stopping their growth early. As a consequence of this arrested development, they were stuck with the skulls of baby dinosaurs, even though they were adults. When we look into the face of a bird, therefore, we can see an infant dinosaur staring back. This makeover had profound consequences. The proportionally larger eyes could see better. The bigger braincase bones housed a larger brain, relative to body size, than in the adult ancestors, probably imparting greater intelligence. The jaw muscles were not as swollen or strong, and the bones to which they attached were thinner and looser, making it harder for these coelurosaurs to kill prey through brute force but better able to fashion their skull bones into many different configurations for feeding on a variety of foods.

In the meantime, these shrinking coelurosaurs were growing faster and accelerating their metabolisms. Eventually, somewhere along the line to birds, true warm-bloodedness developed. Called endothermy by scientists, warm-bloodedness is shared by mammals, but otherwise is rare in the animal kingdom. Endotherms—whether hummingbird or human—use heat released by internal body functions to maintain their body temperatures at a high and constant level. The upside is that endotherms can live in a greater range of environments: Their internal furnace means they can function on a chilly winter day, or in the shade, or in the colder higher latitudes, or even just first thing in the morning, without needing to warm themselves up by basking in the sun like a cold-blooded animal (called an ectotherm). The downside is that endothermy requires comparatively huge amounts of energy, oxygen, and brainpower.

It is hard to tell whether an extinct species was warm-blooded or not. We can’t stick a thermometer inside of them and check if their body temperature changes throughout the day or across the seasons. There is, however, plenty of circumstantial evidence that endothermy leaves behind in bones. The evidence is not foolproof, and paleontologists are still vociferously debating whether some dinosaurs were warm-blooded a half century after Ostrom’s rambunctious hippie-haired student, Robert Bakker, declared them so. Still, the evidence is enough to give a general impression of dinosaur activity levels.

Growth bands in bones record age, just like the rings in a tree. If paleontologists find several bones of the same species, they can cut them up, count the rings, and determine the age at which each individual died. They can then use the size of each fossil to estimate the size of the whole body at the point of death. By plotting age against size, this gives a growth curve, showing the rate at which a dinosaur bulked up over its lifetime. Using this method, coelurosaur rates were found to be intermediate between the languid growth of modern reptiles and the insanely rapid growth of birds, which often mature from hatchling to adult in a matter of months, or even weeks (as we will later see). Whether such rates imply warm-bloodedness is debatable, but what they clearly show is that coelurosaurs (and many other dinosaurs) had elevated metabolisms relative to modern reptiles.

This is corroborated by another line of evidence, from the chemical composition of fossil dinosaur bones, teeth, and eggshell. Some chemical elements, notably oxygen, have slightly different forms that combine in different proportions depending on temperature. Hence, they are a paleothermometer, which can record the temperature at which a fossil bone or tooth once grew. When analyzed, some coelurosaurs have the oxygen signals of animals with body temperatures higher than their environment. This is not necessarily proof of true endothermy but is consistent with it. Regardless, it is a hallmark of an active lifestyle, and surely a more active lifestyle than modern reptiles and non-coelurosaur dinosaurs that have been studied with similar methods, like long-necked sauropods.

The emerging picture is one of highly active, fairly fast-growing coelurosaurs with high body temperatures and elevated metabolisms. Maybe they were fully warm-blooded, maybe not. Metabolism is not black-and-white, and there are many shades of gray in between full-on endothermy and ectothermy (cold-bloodedness). But no doubt these were energetic animals, probably faster growing and with more regulated body temperatures than many other dinosaurs.

Coelurosaurs, then, were getting smaller, their arms longer, their postures more crouched, their bones lighter, their metabolisms increasing, their development truncating so that their heads looked like the babies of their ancestors, which brought with them sharper eyes and bigger brains relative to their shrinking bodies. These transitions were happening in concert with each other, as part of a package deal. It’s a form of evolution called correlated progression, in which changes in one feature or behavior influences another.

The upshot of this frenzy of correlated progression was that, by at least 150 million years ago, in the Late Jurassic, there was a menagerie of pint-size coelurosaurs living around the world. They grew fast, were smart and agile, had long and flexible arms, and probably could reside in a mix of environments, from the shrubbery to subterranean caverns. These dinosaurs would have looked like Velociraptor—not the oversize, scaly counterfeits that we see on the silver screen, but the real ones, merely the dimensions of a miniature poodle, with hideous sharp teeth and claws inherited from their distant theropod ancestors, but also the extended arms and limber bodies of coelurosaurs.

Not all dinosaurs looked like this; most did not. Living alongside these coelurosaurs were sauropods that shook the earth with each footstep, stegosaurs that wooed mates with their gaudy backplates, Triceratops and kin with motley jumbles of horns and spikes sticking off their faces, and other theropods that did the converse of coelurosaurs and buffed up to bus size. All were dinosaurs; each strange and fascinating in its own way, but all part of the same family tree, different branches on a luxuriant canopy. Out of the great thicket of dinosaur diversity, the coelurosaurs that gave rise to birds were one group of many. But they were the only group that would survive the ravages of time and extinction, keep evolving and diversifying and adapting, and eventually produce the birds of today.

From Huxley and Cope’s first perceptions that dinosaurs and birds were alike, through Ostrom’s discovery of Deinonychus, Gauthier’s family tree, and the newer evidence from developmental biology and embryology, a compelling story coalesces. And indeed, by the 1980s, most paleontologists had jumped on board the dinosaur-bird bandwagon.

Some scientists, though, continued to hold out. Many of them were ornithologists, so familiar with the anatomy and habits and lifestyles of modern birds. They couldn’t shake a nagging suspicion: Could those resemblances between dinosaurs and birds, even between Ostrom’s Deinonychus and birds, be explained in another way? Might they be convergences, similar structures of the arms, pelvis, legs, and feet that evolved independently because some dinosaurs and birds were living similar lifestyles, or shaped by similar evolutionary forces, and not because they were closely related? Maybe it was all a coincidence.

But sometimes there is an anatomical structure so unique, so intricate, so complex, so one of a kind that there’s no reasonable way it could have evolved multiple times. If different species share it, they must be closely related.

To prove that birds evolved from dinosaurs, the holdouts demanded, paleontologists needed to find a dinosaur with feathers.
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