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To Ms Schultz, Mrs Roberts, Mrs Boam,
and all of my science teachers –
and all of my teachers –
at Wallace Grade School in Ottawa, Illinois.


Thanks for teaching me about the world
beyond the cornfields, and for reading all of
those stories and ‘books’ I wrote . . .






‘BEING A PALEONTOLOGIST IS LIKE BEING A DETECTIVE.


With each new discovery, each new study,


we learn a little more about dinosaurs


and their incredible story’


Steve Brusatte
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Permian Period


299–252 million years ago: Before the dinosaurs, when mammal ancestors and other reptiles and amphibians ruled the world


Triassic Period


252 million years ago: End-Permian mass extinction


250 million years ago: First fossils of the dinosaur lineage: Prorotodactylus tracks from Poland


230 million years ago: Oldest true dinosaurs: Herrerasaurus, Eoraptor, Eodromaeus, and other species from Ischigualasto, Argentina


215 million years ago: The first giant dinosaur: Ingentia from Argentina


212 million years ago: Dinosaurs remain rare and less successful than the pseudosuchians and giant salamanders, as shown by the Hayden Quarry fossils


201 million years ago: Pangea begins to split and the end-Triassic mass extinction occurs


Jurassic Period


200–170 million years ago: Dinosaurs become larger, spread around the world, and become dominant


170 million years ago: Giant long-necked sauropods roam the lagoons of Skye, Scotland


170 million years ago: Tyrannosaurs originate as small, second-tier predators


156–146 million years ago: Sauropods and Allosaurus dominate the Morrison Formation ecosystems


145 million years ago: The Jurassic Period ends as the climate and sea levels change


Cretaceous Period


145–94 million years ago: Sauropods begin to decline and are replaced by smaller plant-eating dinosaurs, and carcharodontosaurs are the top predators around the world


125 million years ago: Feathered dinosaurs thriving in China


100–95 million years ago: Carcharodontosaurus rules Africa


92–90 million years ago: Tyrannosaurs like Timurlengia evolve big brains and keen senses while still no larger than horses


84 million years ago: Tyrannosaurs evolve giant body sizes


68–66 million years ago: T. rex and Triceratops rule North America, tyrannosaurs and hadrosaurs live in Asia, giant titanosaurs and abelisaurids thrive in the southern continents, and dwarf dinosaurs live in Europe


Paleogene Period


66–23 million years ago: Mammals and birds prosper after the non-bird dinosaurs go extinct
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Introduction


A few years ago, on a cold November morning, I got out of a taxi and entered the railway station in Beijing, the capital city of China. The station was packed with people on their way to work. I was there for work too. I am a paleontologist, a scientist who studies fossils – the remains of ancient plants and animals – so I can understand what Earth was like millions of years ago, long before humans were alive. I had travelled to China from my home in Scotland to see a secret new fossil – the skeleton of a dinosaur! – that had just been discovered by a farmer.


I met my friend Junchang Lü, who had invited me to come to China and help him study this new mystery dinosaur. I was still a young scientist. Only a couple of years earlier, I had finished my PhD degree. Junchang, however, was a famous professor. He had discovered and named dozens of new dinosaur species, and he was often on television. Junchang and I had worked together many times, studying many dinosaurs.


‘We need to go now!’ Junchang yelled to me as he pointed to a train behind him, which was starting up its engines.


We both ran on to the train, and for the next four hours, we crawled past concrete factories and hazy cornfields in the countryside of China. Occasionally I nodded off, but I couldn’t sleep much. I was far too excited! I had seen a few photos of the mystery dinosaur, and I knew it would be special.


Finally, the train stopped at our destination: the city of Jinzhou, in the Liaoning province at the far northeastern corner of China.


Junchang and I were met by a group of local citizens, who immediately took us to the city’s museum, a plain building on the edge of town. It all felt very thrilling, like we were part of a secret undercover mission. And in a sense, we were: nobody except for us, and the farmer, knew about this dinosaur skeleton. Inside the museum, there was a 125-million-year-old fossil, and we would be the first people to ever study it.


Once through the museum doors, we were led down a long hallway with flickering neon lights, and then into a side room with a couple of desks and chairs. A slab of rock was balanced on a small table, so heavy that it looked like the table might collapse. One of the locals spoke in Chinese to Junchang, who then turned to me and gave a quick nod.


‘Let’s go,’ he said.


The two of us stepped towards the table and approached the treasure.


I was astonished. In front of me was one of the most beautiful fossils I had ever seen. The skeleton was about the size of a mule, with chocolate-brown bones standing out from the dull grey rock surrounding it. It was a dinosaur for sure. Its steak-knife-sharp teeth, pointy claws, and long tail immediately showed that it was a close cousin of Velociraptor, the villain from Jurassic Park.
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Junchang Lü and Steve Brusatte studying the fossil of Zhenyuanlong.


But this was no ordinary dinosaur. Its bones were light and hollow, and its legs long and skinny. Its slender skeleton clearly belonged to an active, fast-moving animal. And not only were there bones, but there were feathers covering the entire body. Bushy feathers that looked like hair on the head and neck, long branching feathers on the tail, and big quills on the arms, lined together and layered over each other to form wings.


This dinosaur looked just like a bird!


About a year later, Junchang and I described this skeleton as a new species, which we called Zhenyuanlong.


It is one of about fifteen new dinosaurs that I’ve identified over the past decade, as I’ve enjoyed a career that has taken me from my roots in the American Midwest to my job teaching at the University of Edinburgh in Scotland, with many stops all over the world to find and study dinosaurs.


Zhenyuanlong is unlike the dinosaurs I learned about in primary school. I was taught that dinosaurs were big, scale-covered, stupid animals that lived in an ancient world that was totally different from today’s Earth. The books I read when I was young often called dinosaurs ‘failures’, because they died out or went extinct. Many people told me that dinosaurs were not important to learn about, and that studying them was a waste of time.


But all these ideas are wrong!


We now know that dinosaurs were remarkably successful, thriving for more than 150 million years. They were some of the most amazing animals that ever lived: some species became larger than jet airplanes, and others developed into today’s birds (meaning that dinosaurs are not actually extinct!). The dinosaurs lived on the same Earth that we now live on, and they had to deal with many things: volcanic eruptions, asteroid impacts, the land moving around, sea levels rising and falling, temperatures getting hotter and colder. The dinosaurs were always changing and adapting.


How do we know this? Because paleontologists are discovering so many new dinosaur fossils, and are using new technologies to study them.


Somewhere around the world – from the deserts of Argentina to the icelands of Alaska – a new species of dinosaur is currently being found, on average, once a week. Let that sink in: a new dinosaur every . . . single . . . week. That’s about fifty new species each year – Zhenyuanlong among them.


Why are there so many new dinosaur discoveries? The answer is simple. There are more people looking for dinosaurs than ever before, all over the world. It used to be that paleontology was a strange career, and was mostly limited to a few people who worked at big universities or museums in the United States, Canada, and western Europe. But now there are large communities of young scientists in China, Argentina, Brazil, and so many other countries. People also used to think that dinosaurs were a ‘boy thing’. Little boys would be encouraged to learn about dinosaurs, but girls often were not. Thankfully, that has changed too.


Paleontologists like me also have many high-tech ways of studying dinosaurs in our laboratories. We use CAT scanners, just like medical doctors do, to X-ray the inside of dinosaur skulls to study the brain and ears. We use computer animation software, just like movie-makers and video-game designers do, to study how dinosaurs moved. We even use high-powered microscopes to examine the skin and feathers of dinosaurs, which can tell us what color these dinosaurs were when they were alive. All these technologies help us understand dinosaurs as real living, breathing, moving, growing animals.


I love my job. Being a paleontologist is like being a detective. With each new discovery, each new study, we learn a little more about dinosaurs and their incredible story.


That is the story I am going to tell in this book. It is the story of dinosaur evolution: how dinosaurs changed over time as their world changed around them. It is an epic tale of where dinosaurs came from, how they spread around the world and became dominant, how some of them became huge and others developed feathers and wings and turned into birds, and then how the rest of them disappeared when the environment suddenly changed. In doing so, I want to explain how we’ve pieced together this story using the fossil clues that we have, and show what it’s like to be a paleontologist whose job it is to hunt for dinosaurs.


The rise and fall of the dinosaurs is an incredible story, and I think there is a lot that we can learn from the dinosaurs.


Steve Brusatte
Edinburgh, Scotland
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‘Bingo,’ my friend paleontologist Grzegorz Niedźwiedzki shouted, pointing at a cliff. His fingers traced the line where a strip of shale (rock hardened from ancient mud) connected with a much thicker layer of conglomerate (rock made up of pebbles and boulders glued together).


Grzegorz and I were exploring an abandoned limestone quarry in the tiny village of Zachełmie, Poland. The sky was grey, the mosquitoes were biting, and the wind made a strange, lonely noise.


‘This is the extinction line,’ Grzegorz said with a big smile. ‘There are many footprints of big reptiles and mammal cousins below, in the shale rock, but then they disappear. And above, we see no fossils in the conglomerate rock, but then afterwards come the dinosaurs.’


Grzegorz determined this by carefully studying the rocks, because rocks record history. Different rocks form in different types of climates and environments, and a skilled geologist – a scientist who studies rocks – can look at them and envision what the world was like when they formed. Sandstone, for instance, might have formed on a sandy beach. Mudstone could have been made from the mud by the side of a lake. A conglomerate might come from the layer of pebbles on the bottom of a fast-moving river.


Rocks are also important to paleontologists because fossils, like dinosaur bones, are found inside rocks.


Follow the fossils, find the clues


Fossils are a sign of ancient life, and they come in many forms. The most familiar are bones, teeth, and shells – the hard parts that form the skeleton of an animal. After being buried in sand or mud, these hard bits are gradually replaced by minerals and turned into rock, leaving a fossil. Sometimes soft things, like leaves, can fossilize as well, often by making impressions in the rock. The same is sometimes true of the soft parts of animals, like skin, feathers, or even muscles. But to capture these as fossils, we need to be very lucky: the animal needs to be buried so quickly that these fragile tissues don’t have time to break down or decay or get eaten by predators.


Everything described above is what we call a body fossil, an actual part of a plant or an animal that turns into stone. But there is another type of fossil, a trace fossil, which records the behavior of an animal, or is something that an animal produced. The best example of a trace fossil is a footprint, but others are burrows, bite marks, coprolites (fossilized poo!), and eggs and nests. These can be very valuable because they can tell us how prehistoric animals interacted with each other and their environment – how they moved, what they ate, where they lived, and how they reproduced.


You can think of fossils as clues, and you can think of paleontologists as detectives. A police detective might go to a crime scene and collect fingerprints, hairs, and other evidence to help understand how a crime was committed. Similarly, a paleontologist collects fossils to identify plants and animals that used to be alive, and use them to study and understand their world.
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Paleontologists Steve Brusatte and Richard Butler search for fossils at a site in Poland.


The fossils that I’m most interested in belong to dinosaurs and the animals that came immediately before and after them. Dinosaurs lived during three periods of ancient history – the Triassic, Jurassic, and Cretaceous periods. Together, these three periods form the Mesozoic Era – the so-called Age of Dinosaurs. The Triassic Period began about 252 million years ago, and the Cretaceous Period ended about 66 million years ago. Everything in between was the Age of Dinosaurs.


In the beginning . . .


We often think of the dinosaurs as being very, very old. And they are. But there were many things that lived long before the dinosaurs.


The Earth is incredibly ancient. Our planet formed 4.6 billion years ago out of a ball of dust and gas. The first tiny bacteria evolved a few hundred million years later. Then, for about two billion years, bacteria ruled the world. They were the only living species; there were no plants and animals. These came much later, about 600 million years ago. At first, animals were simple – just soft sacs of goo, like sponges and jellyfish. But then they evolved shells and skeletons, which allowed them to better protect themselves. Some animals developed an internal skeleton of bone. These animals, called vertebrates, kept evolving, first swimming in the water as fish, and then some developing arms and legs and moving on to the land, about 390 million years ago. The descendants of these land-colonizing fish include all vertebrates that live on land today: frogs and salamanders, crocodiles and snakes, and then later dinosaurs, and even us.


Rocks tell the story


We know this story because of fossils, and the rocks that contain the fossils. Paleontologists like me are obsessed with finding fossils, and we often go to great lengths to discover new ones. We might head into the desert or up a steep mountain to find fossils, but other times we can find them alongside streams or where construction workers cut into the ground to build roads. Sometimes we just have to go into a rock quarry, which is exactly what Grzegorz and I were doing in Poland.


Why did we choose this particular quarry? If we want to find fossils, we need to look in rocks of the right age and the right type. The rocks there were formed about 252 million years ago, right as the Triassic Period – and the Age of Dinosaurs – was beginning. These rocks tell the story of a terrible environmental crisis that ultimately led to a worldwide mass extinction, which is a short period of time when a huge number of plants and animals die out all at once. And most important, the rocks in this Polish quarry contain lots and lots of fossils.


We can’t just go digging in our backyards and expect to find dinosaurs. Instead, we look at maps produced by geologists, which show the types of rocks that are exposed on the surface of the Earth. We locate places with rocks that formed during the Mesozoic Era, in environments that dinosaurs lived in. So, for example, we might target a Jurassic-aged mudstone that formed on the edge of a lake. But we would never look in a two-billion-year-old basalt rock formed by a volcano – these rocks are far too old to contain dinosaur bones, and they formed in a fiery environment that dinosaurs would never live in.


And then, when we find suitable rocks on the geology maps, we simply go to those places, walk around, and look for fossils sticking out of the ground! There is no fancy equipment, no radar or sonar that helps us see inside the rocks. We just use our eyes. This means that we always need good luck, as well as patience.


Grzegorz knew that the rocks in this quarry were perfect for finding fossils. He grew up in this part of central Poland, the Holy Cross Mountains, and started collecting fossils as a child. He developed a talent for finding trace fossils like footprints and handprints.


An animal has only one skeleton, but can leave millions of footprints


The footprints in the quarry tell an amazing story of change over time. The first footprints, found in the mudstone rocks near the floor of the quarry, were made by animals living in the Permian Period, the time right before the Mesozoic Era, before dinosaurs existed. It was a time even before there were separate continents like today. There was no North America or Africa. Instead, all the land was joined together into one giant ‘supercontinent’ called Pangea, which was surrounded by a single ocean called Panthalassa.


Imagine if we were standing where the quarry is now, but 252 million years ago, during the very end of the Permian Period. There would have been no birds in the sky, no squirrels in the trees, and no flowers or grass. We would have been sweating because it was hot and very humid, probably similar to the climate in Florida or Spain today. Raging rivers drained the Holy Cross Mountains, which jutted high into the clouds. The rivers wound their way through thick forests of conifer trees – early relatives of today’s pine trees – before emptying into a giant lake.


And this lake was the centre of life. Many fish swam in its crystal-blue waters, and many other animals flocked to its edge. We would not recognize these animals, though. There were slimy salamanders bigger than dogs, stocky reptiles called pareiasaurs that waddled on all four legs, and plump reptiles called dicynodonts that used their sharp tusks to dig up roots to eat. All these animals lived in fear of the gorgonopsians, bear-sized hunters that used their long, sharp canine teeth to kill their prey. These were the animals that ruled the Polish lake, and the entire world of Pangea, right before the dinosaurs. We know that because we find so many of their footprints in Poland and all over the world.


Then something changed


The Earth began to rumble deep inside. Currents of magma – hot liquid rock – started to flow upward and burst out of volcanoes in what is now Russia. These were not ordinary volcanoes, like the cone-shaped hills that sometimes erupt today. Instead, these were megavolcanoes: big cracks in the Earth, often miles long, which continuously released lava (what magma is called when it reaches the Earth’s surface) for hundreds of thousands of years. The lava covered several million square miles of northern and central Asia, which is about the same as the area of modern-day Europe.


But the lava wasn’t the biggest problem. When volcanoes erupt, they also release poisonous gases like carbon dioxide and methane. These are greenhouse gases: they help the atmosphere keep in heat, which in turn makes the Earth warmer. At the end of the Permian Period, these gases caused the Earth to get warmer by about 10 degrees Celsius (50 degrees Fahrenheit), which was a huge temperature increase in such a short amount of time. Plants and animals could not cope with such rapid change. Therefore, a mass extinction occurred. Around 95 per cent of all species died out! This was the largest single period of dying in Earth’s history. It was the closest life has ever come to completely dying out.


A new beginning


Most of those animals that lived in that Polish lake died. But over time, the volcanoes stopped erupting. The temperature returned to normal. Plants started to grow again. The surviving animals came out of their burrows and found themselves with a nearly empty world to explore.


The mass extinction marks the end of the Permian Period and the beginning of the Triassic Period – and thus the Mesozoic Era. The Age of Dinosaurs was just beginning.


Among the few survivors of the extinction was a small type of reptile. We don’t know much about it because we haven’t found its fossils yet. But we have found handprints and footprints of one of its descendants, an animal that was living near the Polish lakes just one or two million years after the volcanoes erupted. These tracks go by the name of Prorotodactylus.


The Prorotodactylus tracks are small – just about an inch (2–3 centimeters) long – about the size of a cat’s paw. They are arranged in trackways (the sequence of handprints and footprints), with the handprints positioned in front of the slightly larger footprints. The handprints have five fingers, while the footprints have three long toes in the middle, with a tiny toe on each side.
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A handprint overlapping a footprint of Prorotodactylus.


The best place to find these tracks is near a tiny Polish village called Stryczowice, which is not too far from the quarry in Zachełmie. Grzegorz discovered the site when he was a teenager, and he took me there during one of my trips to Poland. It was a hot July day, full of rain and thunder. We parked our car at a bridge, scrambled through thornbushes, and finally came to a narrow stream. Layers of mudstone rock poked out of the stream, surrounded by swarms of mosquitoes. By this point we were very wet, but we went up to the rocks. I became very excited when we found new Prorotodactylus tracks!


Whose tracks are they?


But what type of animal made the Prorotodactylus tracks? To answer this question, we needed to compare the handprints and footprints to the hands and feet of fossil skeletons to see what animal has the closest match to the footprints.


When I looked at the tracks, I noticed that the trackways are very narrow; there is very little space between the left and right hands, and the left and right feet. There is only one way for an animal to make tracks like this: it has to be walking upright, with the arms and legs underneath its body. Humans walk upright, so when we leave footprints on the beach, the left and right ones are very close together. Other mammals like horses and cows walk upright too. But this style of walking is actually very rare in the animal kingdom. Salamanders, frogs, and lizards move in a different way. Their arms and legs stick out sideways from the body. This is called sprawling, meaning their trackways are much wider, with big separation between the left and right hands and the left and right feet.


Does this mean that Prorotodactylus was a mammal, perhaps a close relative of humans? No, because there were other animals that evolved an upright way of walking during the Triassic Period, long before humans. They are a type of reptile called archosaurs. By tucking their limbs under their bodies, these archosaurs were able to run faster, cover greater distances, and track down prey more easily. Their limbs wasted less energy by moving back and forth in a simple manner, rather than the twisting way that a sprawler has to walk.


In the earliest part of the Triassic Period, after the volcanoes stopped erupting, the archosaurs began to thrive. They split into two major groups, which both survive today. The first group includes crocodiles and their extinct relatives. The second includes pterosaurs (the flying reptiles also known as pterodactyls), dinosaurs, and today’s birds (which descended from the dinosaurs).


Prorotodactylus was an archosaur, but what type of archosaur was it?
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Two Prorotodactylus dinosaurs – close dinosaur cousins


Some strange features in the footprints provide the answer. Only the toes make an impression in the rock, not the metatarsal bones that form the arch of the foot. The three central toes are bunched very close together, and the two other toes are so small that they are almost absent. The back end of the footprint is straight and razor sharp. These are all features of dinosaurs and their very closest relatives!


We see the same things in the foot skeletons of dinosaurs and their closest cousins. These animals have a digitigrade foot – that means that they walk on their toes, like ballerinas. They have a very narrow foot in which the central toes are bunched together. They have a foot with three main toes in the middle, and reduced or absent outer toes. And they have a simple hinge-like ankle joint, which can only move back and forth like a flap. This is why the back end of the Prorotodactylus tracks is so straight.


So what does it all mean?


This means that Prorotodactylus is in the dinosaur group! In strict scientific terms, it is a dinosauromorph, meaning it is a member of the group that includes true dinosaurs and their very closest cousins. In the next chapter, I will explain in more detail how a true dinosaur differs from a dinosauromorph. But for now, this is what you need to know: Prorotodactylus is basically an ancestor of the dinosaurs. And by studying Prorotodactylus, we can understand what types of animals dinosaurs evolved from.


If we could see Prorotodactylus alive, we probably wouldn’t be very impressed. It wasn’t nearly as big as a Brontosaurus or as scary as a T. rex. It would have been a very simple and humble animal, about the size of a house cat and probably weighing around 10 pounds (4.5 kilograms). It walked on all four legs, and both its arms and legs were very long. Its small hands were good at grabbing things, and its long feet were perfect for running. It was also a very rare animal. Less than 5 per cent of the total tracks found at Stryczowice belong to Prorotodactylus. It is found alongside many more tracks of small reptiles, amphibians, and crocodile relatives.


But Prorotodactylus was only the beginning. As the Triassic Period continued to unfold and the world continued to heal from the end-Permian megavolcanoes, the dinosauromorphs continued to evolve. They got bigger, they spread around most of the world, and some started to walk on only their hind legs. Most of them ate meat, but some of them turned vegetarian. They moved quickly, grew fast, ate a lot of food, and were much more active and dynamic than the sprawling reptiles they lived alongside.


And then, at some point in the middle part of the Triassic Period, these dinosauromorphs gave rise to the dinosaurs.
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Paleontologists find fossils all over the world. While the Prorotodactylus footprints were discovered in Poland, the oldest dinosaurs are found in Argentina, South America. These dinosaurs lived about 230 million years ago and there were many different species, including Herrerasaurus, Eoraptor, Eocursor, and Panphagia. And while there are similarities among them, there are also distinct differences.


What makes a dinosaur a dinosaur?
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