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INTRODUCTION 


Our Mammalian Family
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FOR THE FIRST TIME IN years, the sun broke through the darkness. There was still a whiff of smoke wafting from the gray clouds, which blanketed the ground in shadow. Down below, the land was wrecked. It was all dirt and mud, a wasteland absent any greenery or color whatsoever. Silence hung in the wind, punctured only by the churn of a river, its currents clogged with sticks and stones and the residue of decay.


The skeleton of a beast lay upon the riverbank. Its flesh and sinew were long gone, its bones a moldy beige. Its jaws were agape in a scream, its teeth busted and scattered in front of its face. Each one the size of a banana, with the sharp edges of a knife, the murder weapons this monster had used to dismember and crush the bones of its prey.


It was, once, a Tyrannosaurus rex, the tyrant lizard, the King of the Dinosaurs, the oppressor of a continent. Now its entire species was no more. And little else seemed to be alive.


Then, from somewhere within the behemoth, a soft sound. A clicking chatter, a flutter of footsteps. A tiny nose poked out between a couple of T. rex ribs, haltingly, as if afraid to go any farther. Its whiskers trembled, in expectation of danger, but it found none.


Time to come out of hiding. It leapt upward, into the light, and scurried onto the bones.


Clothed in fur, with bulging eyes and a snout full of teeth that looked like mountain peaks and a whiplash tail, this critter couldn’t have been more different than a T. rex.


It paused for a moment to scratch the hair on its neck, turned its ear to the air, and scampered forward on all fours. Hands and feet planted firmly underneath its body, it moved fast, with purpose. Up the rib, across the backbone, and onto the dinosaur’s skull.


There, on the side of the head, where the eye of this T. rex once glared at herds of Triceratops, the furball stopped. It looked back in the direction of the rib cage, and let out a high-pitched squeak. From the bowels of the beast, out bounded a dozen smaller furballs. They raced toward their mother, and latched onto her belly, lapping up a breakfast of milk as they experienced their first minutes aboveground.


As she nursed her babies, the mother stared into the sunlight. The world now belonged to her, and her family. The Age of Dinosaurs was over, put to rest with the fiery destruction of an asteroid and a long, dark, global nuclear winter. Now the Earth was healing. The Age of Mammals had begun.


SOME 66 MILLION years later, more or less, another mammal stood in the same spot, swinging a pickaxe. Sarah Shelley was my first PhD student after I started my job as a paleontologist at the University of Edinburgh in Scotland. We were in New Mexico, on a fossil hunt, searching for the bones and teeth and skeletons that would help us understand how mammals survived the asteroid, outlasted the dinosaurs, and made the world their own, becoming the furry animals that we know, love, and sometimes fear today.


Mammals are the most charismatic and beloved creatures on the planet—with all due respect to reptiles and birds and the other eight-million-plus animal species that are not mammals. Perhaps this is because many mammals are simply cute and fluffy, but in part, I think it’s because, on a deeper level, we can relate to them, and see ourselves in them. The cheetahs and gazelles locked in chase on the television screen, as David Attenborough’s dulcet tones narrate the drama. The mother otter playing with her pups on the cover of a nature magazine. The elephants and hippos that make every child beg their parents to take them to the zoo, and the endangered pandas and rhinos that pull at our heartstrings when so many other appeals for charity might annoy us. The foxes and squirrels that tolerate our cities, the deer that encroach on our suburbs. Whales with bodies longer than basketball courts, emerging from the abyss to spray blowhole geysers several stories into the sky. Vampire bats that literally drink blood, lions and tigers that make our hair stand on end. Our cuddly pets, of the feline or canine or sometimes more exotic variety. For many of us, our food—beef burgers, pork sausages, lamb chops. And, of course, us. We are mammals, in the same way that a bear or a mouse is.


As a porcupine shaded itself from the New Mexico afternoon in the nook of a cottonwood, and a colony of prairie dogs chirped in the distance, Sarah brandished her pickaxe. Each strike into the rock released a haze of foul, sulfur-smelling dust. Each time she would wait for the dust to clear, to see if anything interesting had loosened from the Earth. For at least an hour, each strike brought only more rock. Until, with one thwack, something with a shape, a different texture, a different color poked out. She knelt down to take a look. And then hollered a victory cheer so loud, and so happily profane, that I can’t repeat it here.
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Sarah Shelley and me in New Mexico, collecting teeth from mammals that lived soon after the dinosaurs went extinct. (photo by Tom Williamson)


Sarah had found a fossil, her first major discovery as a student.


I rushed over to see her prize, and she handed me a set of jaws, fused together at the tip. The teeth were coated in gypsum, and as they sparkled in the desert sun, I could see that there were sharp canines near the front and big, grinding molars at the back. Mammal! And not just any mammal, but one of the very species that assumed the crown from the dinosaurs.


We exchanged high fives, and got back to work.


Sarah’s jaws belonged to a species called Pantolambda, and it was big, about the size of a Shetland pony. It lived just a couple million years after the dinosaur extinction, generations after that little mother peered out from the T. rex rib cage, in my fictional but credible story. Already, Pantolambda was considerably larger than any mammal that ever saw a T. rex or Brontosaurus. Some of those meek creatures—none bigger than a badger—endured the asteroid, by virtue of their smallness and adaptability, and suddenly found themselves in a dinosaur-free world. They grew in stature, and migrated, and diversified, and soon began forming complex ecosystems, replacing the dinosaurs—which had ruled the Earth for over 100 million years.


This particular Pantolambda lived in a jungle, on the edge of a swamp (hence the nasty odor of its entombing rocks). It was the largest herbivore of this environment. As it waded into the cooling waters after a lunch of leaves and beans, it would have seen or heard an abundance of other mammals. Overhead, kitty-size acrobats negotiated the tree branches with their grasping hands. At the swamp’s edge, mutts with gargoyle faces burrowed into the mud, their claws seeking roots and tubers packed with nutrition. In the patchier parts of the forest, daintier ballerinas raced through the meadows on their hoofed toes. All the while, camouflaged in the thickest subtropical weeds of this Paleocene-aged jungle, a terror lurked: the apex predators, built like a stocky dog, with flesh-slicing teeth.


The death of the dinosaurs allowed these mammals—in ancient New Mexico and all around the world—to become ascendant. But mammals have a much deeper history. They—or rather, we—actually originated around the same time as the dinosaurs, over 200 million years ago, when all land was gathered together as one supercontinent, scorched by vast deserts. Those first mammals had an even deeper legacy, tracing back to about 325 million years ago, to a humid realm of coal swamps, when the ancestral mammal lineage split from the reptile line on the great family tree of life. Over these immense stretches of geological time, mammals developed their trademark features: hair, keen senses of smell and hearing, big brains and sharp intelligence, fast growth and warm-blooded metabolism, a distinctive lineup of teeth (canines, incisors, premolars, molars), mammary glands that mothers use to nourish their babies with milk.


From this long and rich evolutionary history came today’s mammals. Right now, there are over six thousand mammal species sharing our world, our closest cousins among the millions of species that have ever lived. All modern-day mammals belong to one of three groups: the egg-laying monotremes like the platypus, marsupials like kangaroos and koalas that raise their tiny babies in pouches, and placentals like us, which give birth to well-developed young. These three types of mammals, though, are simply the few survivors of a once-verdant family tree, which has been pruned by time and mass extinctions.


At various points in the past, there have been legions of saber-toothed carnivores (not only the famous tigers, but also marsupials that turned their canines into spears), dire wolves, giant woolly elephants, and deer with ridiculously enormous antlers. There were supersized rhinos that lacked horns but sported long necks to guzzle leaves high in the treetops to sustain their nearly twenty-ton girth—mammals mimicking Brontosaurus, setting the record for largest hairy beasts to ever live on land. Many of these fossil mammals are familiar: they are icons of prehistory, stars of animated movies, and exhibits at any reputable natural history museum.


But even more fascinating are some of the extinct mammals that have never quite made it into pop culture stardom. There were once wee mammals that glided over the heads of dinosaurs and others that ate baby dinosaurs for breakfast, armadillos the size of Volkswagens, sloths so tall they could dunk a basketball, and “thunder beasts” with three-foot-long battering-ram horns. There were oddballs called chalicotheres that looked like an unholy horsegorilla hybrid, which walked on their knuckles and pulled down tree branches with their stretched claws. Before it docked with North America, South America was an island continent for tens of millions of years, and hosted a whole family of wacky hoofed species whose Frankenstein mashup of anatomical features flummoxed Charles Darwin—and whose true relationships to other mammals has only just been revealed by the shocking discovery of ancient DNA. Elephants were once the size of miniature poodles, camels and horses and rhinos once galloped across an American savanna, and whales once had legs and could walk.


Clearly, the history of mammals is far bigger than the mammals we can see today, and it’s about so much more than our own human origins and migrations over the last few million years. All of these fantastic mammals I’ve just mentioned, you’ll meet in these pages.


I started my scientific career by studying dinosaurs. Growing up in the midwestern United States, it was T. rex that fascinated me most, and I went to college and did a PhD and carved out a niche as a dinosaur specialist. A few years ago, I told the story of dinosaur evolution, from their humble origins to apocalyptic extinction, in my book The Rise and Fall of the Dinosaurs. I’ll always love dinosaurs, and will continue to study them. But since I moved to Edinburgh and became a professor, I’ve started to drift. Perhaps it’s logical: having studied the dinosaur extinction, I’ve become obsessed with what happened afterward. I’ve become obsessed with mammals.


Sometimes people ask me why. Children everywhere dream of growing up and digging up dinosaurs, so why do anything else? And why mammals? My retort is simple: dinosaurs are awesome, but they are not us. The history of mammals is our history, and by studying our ancestors, we can understand the deepest nature of ourselves. Why we look the way we do, grow the way we do, raise our babies the way we do, why we have back pain and need expensive dental work if we chip a tooth, why we are able to contemplate the world around us, and affect it so.


And if that’s not enough, consider this. Some dinosaurs were huge, as big as Boeing 737 airplanes. The biggest mammals—blue whales and kin—are even larger. Imagine a world where mammals were extinct, and all we had were their fossil bones. No doubt they would be as famous, as iconic, as dinosaurs.


We’re learning more about the history of mammals at breathtaking speed. More mammal fossils are being found than ever before, and we can study them with an array of technologies—CAT scanners, high-powered microscopes, computer animation software—to reveal what they were like as living, breathing, moving, feeding, reproducing, evolving animals. We can even get DNA from some mammal fossils—like those strange South American mammals that infatuated Darwin—which like a paternity test tells us how they are related to modern species. The field of mammal paleontology was founded by Victorian men, but is now increasingly diverse, and international. I’ve been privileged to have mentors who welcomed me—just another dinosaur guy—into their territory of mammal research, and now I find my greatest joy in mentoring the next generation, like Sarah Shelley (whose illustrations grace these pages!), and many other excellent students who will continue to write mammal history with their discoveries.


In this book, I will tell the story of mammal evolution, as we know it now. Roughly the first half of the book covers the early stages of the mammal lineage, from the time they split from the reptiles until the extinction of the dinosaurs. This was when mammals acquired nearly all of their signatures—hair, mammary glands, and so on—and morphed, piece by piece, from an ancestor that looked like a lizard into something we would recognize as a mammal. The book’s second part lays out what happened after the dinosaurs died: how mammals seized the opportunity and became dominant, adapted to constantly changing climates, rode along on drifting continents, and developed into the incredible richness of species today: runners, diggers, flyers, swimmers, and big-brained book readers. In telling the tale of mammals, I want to convey how we’ve pieced together this story using fossil clues, and give you a sense of what it’s like to be a paleontologist. I’ll introduce you to my mentors, my students, and the people who have inspired me, and whose discoveries have provided the evidence that allows me to chronicle the narrative of mammalhood.


This book does not focus obsessively on humans; there are plenty of others that do. I will discuss human origins: how we emerged from primate antecedents, reared up on two legs, inflated our brains, and colonized the world—after living alongside many other early human species. But I’ll do so in one chapter, and give humans about the same attention as horses and whales and elephants. After all, we are but one of many amazing feats of mammalian evolution.


Our story is one that needs to be told, however, because although we’re only a single mammalian species and we’ve only been around for a fraction of mammalian history, we are impacting the planet like no mammal before. Our phenomenal success in building cities and growing crops and connecting the globe with highways and flight routes is having an adverse effect on our closest kin. More than 350 mammals have gone extinct since Homo sapiens came out of the forests and swept across the world, and many species are at high risk of extinction today (think tigers, pandas, black rhinos, blue whales). If things continue at the current pace, half of all mammals might succumb to the same fate as woolly mammoths and saber-toothed tigers: dead and gone, with only ghostly fossils to remind us of their majesty.


Mammals are at a crossroads, at the most precarious point in their—our—history since they—we—stared down the asteroid that killed the dinosaurs. And what a history it has been. During our long evolutionary run, there have been times when mammals cowered in the shadows and times when they were dominant. Periods when they flourished and others when they were knocked back, and nearly knocked out completely, by mass extinctions. Eras when they were held in check by dinosaurs and eras when they were the ones doing the checking; times when none were bigger than a mouse and times when they were the biggest things that ever lived on Earth; times they weathered heat spikes and times they faced mile-thick glaciers, during the Ice Age. Times when they could occupy only the lower rungs of the food chain, and times when some of them—us—got conscious and became able to shape the entire Earth, in good and bad.


All of this history laid the foundation for today’s world, for us, and our future.


Steve Brusatte


Edinburgh, Scotland


JANUARY 18, 2022
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SOMETIME AROUND 325 MILLION  YEARS  ago—give or take a few million years—a group of scaly creatures clung to a tangled raft of ferns and broken logs. They were usually solitary and preferred to lie camouflaged in the dense greenery of the jungle, occasionally emerging to snatch an insect before returning to anonymity. But desperate times had steered them together. Their world was changing, fast. Their swampy paradise, perched at the boundary between water and land, was becoming engulfed by the sea.


The small critters—the largest were barely a foot long—looked about nervously. They had the manner of a gecko or an iguana, in the way that their arms and legs stuck out to the sides and their long, thin tail dragged behind. Some of the smaller ones ambled across the rotting vegetation, holding on with their skinny fingers and toes. The older animals just stared out at the vastness of the sea, their tongues flickering as they bobbed in the waves, water lapping up against them.


A few weeks earlier, all had seemed normal. From their well-hidden dens, they would have peered into a forest dripping with humidity. Greens of every imaginable shade surrounded them. Ferns choked the forest floor, their spores dancing through the sticky air with each welcome gust of wind. Larger seed-bearing shrubs, some of which were distant ancestors of today’s evergreen trees, formed the midstory. Whenever it rained—which was much of the time—their marble-size seeds poured down with the showers, covering the ground with a layer of ball bearings that made walking treacherous.


With their tiny eyes, the scaly critters could not have seen the top of the forest, which seemed to stretch infinitely toward the heavens. Two types of trees made up the bulk of the canopy, both of which grew to around a hundred feet (thirty meters) high. One was called Calamites, and it looked like an emaciated Christmas tree, with a straight bamboo-esque trunk that spit out intermittent bunches of branches with whorls of needle-shaped leaves. The other was Lepidodendron, whose six-foot-thick trunks were naked except for a thicket of branches and leaves only at the very tiptop—a mop of foliage on a giant stalk. They grew remarkably fast, going from spore to sapling to the pinnacle of the canopy in only ten or fifteen years, before dying, being buried and turned to coal, and replaced by another generation.


The scaly critters were one of hundreds of animal species that, at least until today, had called the swamp forest home. These ranged from the mundane to the fantastic. Insects were common, making them a perfect food source. Spiders and scorpions clambered through the leaf litter and up the tree trunks. Primitive amphibians gathered along streams, stocked with fish and patrolled by eurypterids: armor-covered brutes that resembled giant scorpions, some the size of humans, which snapped their prey with nutcracker claws. Back during those calmer times, the streams trickled into a river, which fanned out into a delta that led into the quiet tidal waters of a brackish bay.


Occasionally, a creepy slither pierced the stillness. This was Arthropleura, a monstrous millipede more than six and a half feet (two meters) long, slurping up spores and seeds. Sometimes an even more terrifying sound echoed through the swamp: the wingbeats of Meganeura, a pigeon-size dragonfly with four enormous, translucent wings that buzzed as it searched for bugs. If it was hungry enough, it might even attack one of the scaly critters—another reason why they preferred to stay hidden.


As the group of scaly critters latched on to their makeshift boat of leaves and twigs, the fear of a Meganeura attack seemed quaint. The danger now was much greater. They were encircled by water, and the currents were growing stronger. Far to the south, a massive ice cap was melting, shedding water into the oceans and raising the sea level. All around the world, coastlines were flooding, drowning the mangrove bayous of Calamites and Lepidodendron and their animal inhabitants. The scaly critters had no way of knowing this. All they could sense—as frothy eddies of dead shrimp and jellyfish rocked up against them—was that their forest was no more.


Then, a flash of lightning. As thunder crashed overhead, a storm wind pushed a wall of water onto the raft, turning it over and breaking it in half. Some of the scaly critters were washed away by the surge, their limp bodies joining the rotting jellyfish and shrimp. Most of them, however, were able to scramble back onto one of the two remnants of the divided raft. As rain pelted the bay and the winds howled, the currents split: one sweeping to the east and the other to the west. The two rafts—and their scaly cargo—headed in opposite directions.


A few days later, as the storm subsided, the rafts washed up on different shores. As the two bands of critters ventured out into their new homes, they were faced with different challenges—different habitats, climates, and predators. Over the course of many generations, both groups became well adapted to their new environments, to the point where each became a new species. Both species then begat other species, and two major lineages were born. One of them developed two windowlike openings behind the eye socket, to provide room for bigger and stronger jaw muscles. The other developed a single, expansive opening.


The first group, with their two skull openings, were the diapsids. They would eventually evolve into lizards, snakes, crocodiles, dinosaurs, birds, and turtles (which closed up their holes). The second group, with their single skull opening, were the synapsids. They would diversify into a dazzling array of species, including—more than a hundred million years in the future—the mammals.


THIS IS A story, and this exact sequence of events probably did not happen. But it is true that around 325 million years ago—during a time in Earth history called the Pennsylvanian Period (also known as the Late Carboniferous Period)—there was an ancestral stock of small, scale-covered critters that lived in lush swamp forests, which were frequently inundated by rising seas. They split apart, with one side of the family tree leading to reptiles and the other toward mammals.


How do we know this? Paleontologists—scientists like me who study ancient life—have two key lines of evidence. It’s this evidence that I will marshal throughout this book to tell the story of mammal evolution.


First, there are fossils, and the rocks that entomb them. Fossils are direct evidence of species that used to be alive; they are the clues that paleontologists travel around the world searching for, often braving heat, cold, humidity, rain, lack of money, mosquitoes, war zones, or other obstacles. Many of us fancy ourselves as deep-time detectives, and in this analogy, fossils are the equivalent of hair or fingerprints left at a crime scene. They tell us what lived where, and when, and in some cases fossils can reveal prehistoric dramas of predators slashing prey, victims swept up in floods, survivors enduring grim extinctions. The most familiar fossils are body fossils: actual parts of a once-living organism, like a bone, tooth, shell, or leaf. Others are trace fossils: records of an organism’s behavior or something that it left behind, like footprints, burrows, eggs, bite marks, or coprolites (fossilized dung).


We don’t find fossils lying on the street or in the soil of our backyards, but rather inside of rocks like sandstone and mudstone. Different rocks formed in different environments, and some rocks can be dated using chemical techniques, which count the amount of radioactive parent and daughter isotopes to calculate an age, based on reference to known rates of radioactive decay from lab experiments. This all provides critical context for understanding when, and in which habitats, the fossilized creatures lived.


The second type of evidence is all around us, and doesn’t require any special skill (or luck) to find. It’s DNA, which we and all other organisms carry inside of our cells. DNA is the blueprint that makes us what we are, the genetic code that controls what our bodies look like, our physiology and growth, and how we produce future generations. DNA is also an archive; evolutionary history is written into the billions of base pairs that make up our genome. As species change over time, their DNA changes. Genes mutate, move around, and are switched on and off. Stretches of DNA are duplicated or erased. New bits of DNA are inserted. Consequently, as two species diverge from a common ancestor, their DNA will become progressively more different over time as each species goes its own way and adapts to its own changing situations. Thus, you can take the DNA sequences of modern-day species, line them up and compare them, and make a family tree by grouping together species with the most similar DNA. There’s also another nifty trick. You can take any two species, count the number of DNA differences, and then knowing something about the rate DNA changes in lab experiments, back-calculate to figure out when those species separated from each other.


I used both types of evidence in creating this story of the flood-ravaged swamp. DNA studies predict that the reptile and mammal lines separated from each other around 325 million years ago. Fossils and rocks tell us what this lost world was like, a landscape that was much different than today.


A map of the Pennsylvanian-aged Earth would have been scarcely recognizable. There were only two big landmasses, one called Gondwana centered on the South Pole and another named Laurasia that hugged the equator, fringed by a series of smaller islands to the east. Over many millions of years, Gondwana drifted northward, at about the rate that our fingernails grow, before colliding with Laurasia. This was the beginning of the birth of Pangea, the supercontinent on which the early stages of mammal and dinosaur evolution would eventually unfold. As the two slabs of crust slammed into each other, they deformed into a long stretch of mountains paralleling the equator, similar in scale to today’s Himalayas. Today’s modest Appalachian Mountains are a remnant of this once-towering chain.


The tropical and subtropical regions on both sides of the equatorial mountain range were havens for life. These were the coal swamps, so-called because much of the coal that fueled the Industrial Revolution—particularly that mined in Europe and the midwestern and eastern United States—formed in these very swamps. It was made from the dead, buried, and compressed remnants of those gigantic, fast-growing Lepidodendron and Calamites trees. These were not at all like the palms, magnolias, and oaks that are so common in similar lush environments today. In fact, these ancient trees didn’t have flowers, or produce any fruits or nuts. They were close relatives of club mosses and horsetails, primitive plants that persist today as rare parts of the understory, a sad remnant of what they once were. The Pennsylvanian trees—and the supersize dragonflies that buzzed around their branches and millipedes that scurried around their trunks—were able to grow so large because there was much more oxygen in the air then, some 70 percent more than today.


The trees formed vast rain forests, which clutched the shores of the shallow seas that lapped far onto the growing supercontinent, and the many streams, rivers, deltas, and estuaries that fed into them. An aerial survey of these swamps probably would have looked something like the Mississippi River bayous of modern Louisiana: a dense blanket of trees and smaller plants, twisted together, some perched on islands of mud between tangled stream networks, others with spidery roots extending into the water, with all sorts of creatures climbing and jumping and flying about. But no birds, no mosquitoes, no beavers or otters or other fur-covered mammals. All of them would evolve much later, in a very different world, although their ancestors did inhabit the coal swamps.


Why were so many trees getting buried and turned to coal? It’s because the swamps were constantly flooded. Sea level was always rising and falling, in a pulsating rhythm. The Pennsylvanian was a glacial world—in fact, it was the last major ice age before the most recent one, when mammoths and saber-toothed tigers reigned (a story we will get to later). The entire planet was not frigid; certainly the coal swamps weren’t. But over the South Pole of Gondwana, and then southern Pangea, there was an enormous ice cap. It owed its very existence to the coal swamps: the growth of so many giant trees drew carbon dioxide out of the atmosphere, and with less of this greenhouse gas to insulate the planet, temperatures plummeted. Over tens of millions of years, the ice cap waxed and waned in size, a conductor controlling the global sea level. Ice would melt, seas would rise, swamps would drown, trees would die and get buried. Then the ice would grow, sucking up water from the seas, lowering the sea level, making room for swamps to thrive. Back and forth it went. We know this because Pennsylvanian rocks often form barcode sequences called cyclothems, repeated series of thin layers formed on land and in the water, with coal seams tucked in between.


Fossils from this time are plentiful, especially where I grew up in northern Illinois. They are embedded in the cyclothems, above and below the coal. The best ones are found along the banks of Mazon Creek, a gentle tributary of the Illinois River, and the strip mines to the east. During the Pennsylvanian this was where sea met swamp, where denizens of the rain forests were flushed into the water, sunk to the bottom, and encased in ironstone tombs—oval, flattened, rust-colored nodules that you can pluck from the creek bed or mine tailings. As a teenager I searched for these nodules, near the tiny Route 66 town of Wilmington, where my mother was raised. I scoured the spoil piles of the long-closed mines, which more than a century earlier had beckoned my Italian great-grandparents to a new life in Middle America. I put the nodules in a bucket, took them home, put them outside in the brutal Chicagoland winter, and let them repeatedly freeze and thaw as the temperature fluctuated. When it looked as if one was starting to crack, I would finish the job with a hammer.


If I was lucky, the nodule would break open and a treasure would be revealed: a fossil on one side, its impression on the other. Each time it was an otherworldly experience, knowing that you were the first person to see this thing—which was once alive!—that had died over 300 million years ago. Many of the cracked nodules had plants inside: fern leaves, pieces of Calamites bark, chunks of Lepidodendron roots. I was particularly fond of jellyfish—what veteran Mazon Creek fossil hunters dismissively called “blobs”—and always enjoyed catching sight of a shrimp or worm.


What I really wanted—and never had the fortune of finding—was a tetrapod, a land-living animal with bones. I knew from the textbooks I was devouring, after school and on quiet weekend afternoons, that tetrapods had evolved from fishes and crawled onto land about 390 million years ago, before the Pennsylvanian Period. These first tetrapods were amphibians, which still needed to return to the water to lay their eggs. Some primitive amphibian skeletons—remote relatives of frogs and salamanders—had even been found at Mazon Creek.


Sometime during the Pennsylvanian a new group spun off from these amphibians. They were the amniotes, more specialized tetrapods named for their amniotic eggs, whose internal membranes surround the embryo to protect it and prevent it from drying out. These new eggs unlocked a great new potential: the amniotes no longer were handcuffed to the water but could lay their eggs inland, giving them access to new frontiers. Treetops, burrows, plains, mountains, deserts. Only with the advent of the amniotic egg did tetrapods truly divorce themselves from the seas, and properly conquer the land.


It was from the amniotes that the reptile and mammal lines—the diapsids and synapsids—arose, by splitting from each other like two siblings from their parents. This is not simply an analogy; it is how evolution produces new species, new families, new dynasties. Species are always changing as their environments change—this is Darwin’s evolution by natural selection. Sometimes populations of a single species become separated from each other, maybe by a flood, fire, or a rising mountain range. Each population will continue to change through natural selection, and if they are separated long enough, they will change in their own idiosyncratic ways, to become adapted to their different circumstances, so much so that they no longer look the same, or behave the same, or can mate with each other. At this point one species has become two. The two new species might then split again, two becoming four, and so on. Life is always diversifying in this way, branching like a tree that has been growing for over 4 billion years. This is why we use family trees to visualize genealogy—both for extinct species and our own human families—rather than family nets, or road maps, or triangles, or some other type of graphic aid.


The diapsid-synapsid split—which really would have begun inconspicuously with one small, scaly ancestral species dividing into two—was one of the keystone moments in vertebrate evolution. And I knew that the diapsids and synapsids—each characterized by their own unique system of skull holes and jaw muscles—were setting off right around the time the Mazon Creek nodules were forming. With each whack of the hammer, I hoped to find a Holy Grail fossil that would help tell this story, but alas, it never came.


Other fossil hunters in other parts of North America, however, were more successful. One important discovery was made in 1956, when a Harvard field team led by the legendary paleontologist Alfred Romer surveyed an abandoned coal mine in Florence, Nova Scotia, near the Atlantic coast. One of his technicians, Arnie Lewis, noticed several fossilized stumps of a tree called Sigillaria, a close relative of Lepidodendron, whose crown of leaves forked at the top, giving it the impression of a giant brush. The stumps were in life position, as if they had been drowned by rising seas only yesterday, not around 310 million years ago, their true age. Wading through the narrow shafts of the flooded mine, the team was able to collect five of the stumps. When they looked inside, they found quite the surprise: dozens of fossil skeletons! The poor creatures may have sought shelter in the trees as the seas encroached, not realizing they were entering their graves. One particular tree had more than twenty animals inside, including amphibians, diapsids, and synapsids: the trifecta of early land-living tetrapods.


[image: Start of image description, A drawing of an Archaeothyris, a lizard-like creature with a long tail and 4 legs. The large mouth features strong jaws and sharp teeth, including a pair of enlarged canines. End of image description ]


Archaeothyris (illustrated by Todd Marshall)


The synapsids were later described as two new species, Archaeothyris and Echinerpeton, by a master’s student, Robert Reisz, who had just emigrated from Romania to Canada. Now one of the world’s leading paleontologists, Reisz cut his teeth on these early synapsids. He chose the name Archaeothyris—meaning “ancient window”—to highlight the most important feature of this animal: its large, portholelike opening behind its eye, which housed larger and more powerful jaw-closing muscles than its ancestors. It is this single opening, technically called the lateral temporal fenestra, which defines what it means to be a synapsid. All synapsids—from the coal swamp pioneers to today’s bats and shrews and elephants—have this fenestra, or a modified version of it. So do we, and we can feel it every time we close our jaws. Put your hand on your cheekbone, take a big bite, and feel the muscles of your cheek contracting. Those muscles are passing through the remnant of the fenestra, which in modern mammals has more or less merged with the eye socket, but still anchors the temporal muscles that stretch from the side of our head to the top of our lower jaw, powering our bites. This single opening developed early in synapsid history, right after they split from the diapsids, which went on to evolve two such openings behind their eyes.


[image: Start of image description, Three skulls illustrate diapsids and synapsids. Petrolacosaurus, a diapsid, has 2 temporal fenestrae each side. Archaeothyris, a synapsid, has one. Humans are also synapsid. End of image description ]


The two main skull types of land-living vertebrates: diapsids with two openings for jaw muscles behind the eye and synapsids—including humans—with a single opening. Arrows denote the jaw openings. (illustrated by Sarah Shelley)


If you saw it scampering through the coal swamps, Archaeothyris would have looked unexceptional. It was about one and a half feet (fifty centimeters) long from snout to tail, with a small head perched on a long, slender body. Its limbs are not well known, but the preserved bones leave no doubt that the arms and legs sprawled out sideways, akin to a lizard or crocodile. Clearly, it was not built for speed. On closer inspection, however, it was exceptional in other ways. Not only were those bigger jaw muscles hiding inside its skull, but its snout bore a series of curved, pointed teeth. One of the front ones was noticeably larger than the others, such that it looked like a minicanine. Amphibians, lizards, and crocodiles do not have canines. All these animals have uniform teeth, which basically look the same across the entire jaw. Mammals, though, have a much more varied dentition, split into incisors, canines, premolars, and molars—a division of labor that allows us to grab, bite, and crush all at the same time. The full mammalian dentition would assemble later, over many evolutionary steps, but the little canines of Archaeothyris are the whispers of a dental revolution.


Taken together, the big jaw muscles, sharp teeth, and canines of Archaeothyris were an arsenal of weapons for feeding on big insects, and maybe other tetrapods, like Echinerpeton. This second Nova Scotian synapsid could have easily curled up and fit in between the pages of this book. But its scrappy fossils do show one peculiar feature, which gives it its name: “spiny reptile.” The spines on the neck and back vertebrae—the individual bones that make up the backbone—expand upward as elongate tabs. When lined up together they would have formed a small sail along the back, which might have been used for display, or as a solar panel to heat up the body on cool days, or a fan to shed heat on warm days, or something else entirely.


There is another, much more famous extinct animal with an even bigger sail on its back: Dimetrodon, which lived during the next interval of time after the Pennsylvanian, the Permian Period. All too often Dimetrodon is mistaken for a dinosaur, sharing space with T. rex on dinosaur posters, jostling with Brontosaurus and Stegosaurus in dinosaur toy sets. But it is not a dinosaur; it is a synapsid. More specifically, it is a type of primitive synapsid called a pelycosaur.


The pelycosaurs were the first big evolutionary wave of the synapsid lineage; they were the first to diversify and spread around the growing supercontinent of Pangea, and the first ones to start developing some of the trademark features that, some 300+ million years later, are still the things that make mammals stand out from amphibians, reptiles, and birds. Features like the temporal muscle opening, and the canine teeth. Features that we’ve already seen, in Archaeothyris and Echinerpeton. That’s because these two Nova Scotia species are the very oldest pelycosaurs, the founders of the first great dynasty on the journey toward Dimetrodon, and ultimately mammals.


AS THE PENNSYLVANIAN Period drew to a close, there were pelycosaur synapsids living across the equatorial regions of Pangea, on both sides of the still-rising mountain range. Some ate insects, others preyed on small tetrapods and fish, and a few started to experiment with a new food type that thus far had been ignored: leaves and stems. They were diversifying, but they remained minor components of their ecosystems, which were overrun with amphibians that could easily reproduce, and thus prosper, in the damp coal forests.


Then, between about 303 and 307 million years ago, the world dramatically changed during a spasm called the Carboniferous Rainforest Collapse. The climate became drier, temperatures swung cold and hot, and the ice caps melted, eventually disappearing for good in the ensuing Permian Period. The coal swamps were devastated, as the soaring Calamites, Lepidodendron, and Sigillaria trees found it harder to grow in the more arid conditions. They were replaced by conifers, cycads, and other seed-bearing plants, which were more drought resistant. The ever-wet rain forests gave way to more seasonal, semiarid drylands in the tropics, and other parts of Pangea became parched deserts. This is reflected in the rock record by the sudden shift from coals and cyclothems to “red beds,” full of rusty iron formed in dry climates.


These changes had a striking impact on biodiversity. Plants were hit especially hard. Not only was there a shift from Pennsylvanian coal swamp vegetation to the more dry-adapted seed plants, but there was an extinction event. Many of the Pennsylvanian species disappeared, some leaving no descendants or close relatives, others only their smaller, much less impressive cousins. All told, about half of the Pennsylvanian plant families were extinguished. This is one of only two mass extinctions recognized in the plant fossil record. The other occurred at the end of the Permian, a story we’ll get to shortly. That means that the Carboniferous Rainforest Collapse was a greater botanical catastrophe than the end-Cretaceous asteroid impact that killed the dinosaurs.


What about the animals living in the coal forests? A study by a young researcher, Emma Dunne, tells the tale. Emma, who grew up in Ireland and went to England for her PhD, is a leader among the new generation of paleontologists. She collects fossils, like the legions of bone-hunters before, but also specializes in big data and advanced statistical methods. It’s always tempting to spin snappy stories based on a couple of new fossils, but to really understand the patterns and processes of evolution, Emma’s generation thinks like a stock market analyst or investment banker: collect tons of data, use statistical models to take into account uncertainty, and explicitly test hypotheses against each other using numbers rather than intuition.


In this spirit, Emma constructed a database of over one thousand tetrapod fossils of Carboniferous and Permian age, noting which groups they belonged to and where they were found. She used statistical tools to smooth out sampling biases that, inevitably, can plague paleontological studies that are so reliant on chance fossil discoveries from those few lucky places that preserve bones or teeth for hundreds of millions of years. Finally, she built statistical models to test how the overall diversity and the distribution of these species—amphibians, diapsids, and synapsids among them—changed as the rain forests collapsed.


The results were unsettling. There was a massive drop in diversity as the Carboniferous transitioned to the Permian, as many coal-forest tetrapods went extinct. This likely didn’t happen all at once, but over several million years, as the drylands gradually replaced the coal forests in the tropics, in a march from west to east. This change of habitat—more of a transition, it seems, than a collapse—produced more open landscapes, which favored migration. Tetrapods that could tolerate the drier climates now could move much more widely. These were not the amphibians that had long dominated the Pennsylvanian wetland world, because their reproductive strategies tied them to the water. The diapsids and synapsids, however, now found themselves with a superpower that was perfect for this new reality: their amniotic eggs, with membranes to nourish, protect, and keep their embryos moist. They moved freely across the land, establishing connections between regions that were previously isolated, and in doing so, evolving new species, new body types, larger size, new diets, new behaviors.


As the coal swamps became open drylands, and the Permian Period unfolded, Earth became a pelycosaur planet. Nothing epitomizes the new age of pelycosaur dominance like Dimetrodon, that sail-backed icon best known from dozens of skeletons from Texas. There’s a reason Dimetrodon is often mistaken for a dinosaur: its body looks, for lack of a better term, reptilian. It was big and bulky, with a long tail, and sharp teeth, and it couldn’t move very fast on its stubby, sprawling limbs. Even its brain was small and tube-shaped, like those of dinosaurs and unlike the larger brains of mammals, which have hugely expanded, spaghetti-textured cerebrums that impart greater intelligence and heightened senses. In these features, Dimetrodon probably wasn’t much modified from those small, scaly ancestral critters that split into synapsids and diapsids in the Pennsylvanian.


In other characteristics, however, Dimetrodon was very different from its ancestors. Nowhere is this more apparent than in the mouth, where the teeth look nothing like the uniform series of blades or pegs seen in most amphibians and diapsids. The front of the snout sported large, rounded incisor teeth, followed by a big canine, and ending with a set of smaller, sharply curved postcanine teeth along the cheek. This was another step in the evolution of the classic mammalian dentition, following the development of canines in early pelycosaurs like the tree-stump-hiding Archaeothyris. In concert with the dental changes were alterations to the jaw muscles, which got larger and attached to a stronger and deeper lower jaw, which promoted an even stronger bite. Changes were also happening in the backbone, where the individual vertebrae now connected in a way that limited the awkward, side-to-side undulation so characteristic of reptiles and amphibians.



[image: Start of image description, Two skeletons. A dimetrodon. The sail is formed by elongated neural spines projecting from the vertebrae. A caseid, with a small head, large body, and long tail. End of image description ]



Pelycosaurs, primitive synapsid forebears of mammals: the sail-backed Dimetrodon (top) and a pot-bellied, plant-eating caseid (bottom). (photos by H. Zell and Ryan Somma, respectively)



[image: Start of image description, A diagram illustrates the evolution of skulls and teeth during synapsid history. It shows 5 skulls, Archaeothyris, Dimetrodon, Thrinaxodon, Morganucodon, and a dog. End of image description ]



The evolution of skulls and teeth during synapsid history, illustrating how the teeth become more complex and split into incisors, canines, premolars, and molars in mammals. Scale = 3 cm. (illustrated by Sarah Shelley)


Dimetrodon, therefore, has a mixture of primitive and advanced characteristics. It is something of a Frankenstein creature that combines ancient reptilian-style traits and more derived hallmarks of mammals. This is exactly what you would expect, given its position on the family tree. In older textbooks, you might see Dimetrodon and similar animals referred to as “mammal-like reptiles,” which although evocative, is an outdated term. This is because despite its appearances, Dimetrodon was not a reptile nor did it evolve from actual reptiles—because reptiles themselves stemmed from the diapsid group. Its “reptilian” features are simply primitive traits that it had yet to shed. Instead, in the parlance of scientific classification, it and the other pelycosaurs are “stem mammals”: extinct species on the evolutionary lineage toward the modern mammals, more closely related to mammals than to any other group that’s still alive today. It was on this stem lineage where the body plan of mammals was constructed, piece by piece, over millions of years of evolutionary time. Along the mammal stem lineage, creatures that started off looking like a reptile—even though they were not reptiles!—morphed into small, furry, big-brained, warm-blooded mammals.


And do you know what that means? Dimetrodon is more closely related to you and me than it is to T. rex or Brontosaurus.


During the early Permian heyday of Dimetrodon—from about 299 to 273 million years ago—mammals were a still unrealized concept, which evolution had yet to assemble. True, Dimetrodon and kin were evolving features that today we recognize as mammal trademarks, but they were not evolving them to become mammals. Natural selection doesn’t plan for the future, it only works in the present, to adapt organisms to their immediate circumstances. In the grand scheme of Earth history, these are usually trivial things: shifts in local weather or topography, the arrival of predators into a new pocket of forest, the sudden availability of a new food type. For Dimetrodon and the other pelycosaurs, diet was probably driving much of their evolution, and thus the development of these initial mammalian characteristics.


Dimetrodon was not an animal to be messed with. It was the top predator in its ecosystems, verdant lowland forests dotted with ponds and crossed by rivers. The coal swamps were long gone, but these ecosystems still had a swampy, aquatic component to them. At around 15 feet (4.5 meters) long, and weighing up to 550 pounds (250 kilograms), Dimetrodon ate whatever it wanted. On the menu were other land-living tetrapods, including both synapsids and diapsids, plus the amphibians that moved along the stream banks, and freshwater sharks that swam in the rivers. The sail-backed menace would stalk the evergreen groves and shorelines, using its newly evolved incisor teeth to grab its victims, its scythe-shaped canines to deliver a killing bite, and its cheek teeth to break apart muscle and tendon before swallowing. If the prey tried to escape during any point, then snap!, those huge jaw muscles would come clenching down. In behaving this way, Dimetrodon was one of the first truly big, powerful apex predators that ever lived on land: a founder of the niche that so many of its distant mammalian inheritors—like lions and saber-toothed tigers—would eventually fill.


If Dimetrodon was feeling particularly adventurous, or hungry, it might attack another pelycosaur species, a doppelgänger called Edaphosaurus. This similarly sailed creature was a bit smaller than Dimetrodon in overall length, but slightly heavier, with a plump belly and a little head. Once Edaphosaurus opened its mouth, however, you could immediately tell it was not only a different species than Dimetrodon, but had an entirely different diet. Instead of incisors and canines, Edaphosaurus had a more standardized row of sharp teeth, shaped like triangles. It also had a second battery of peculiar, flatter teeth on the palate and the inner surfaces of the lower jaws. This one-two punch was perfect for eating plants: the cheek teeth of the upper and lower jaws worked together, somewhat like a pair of garden shears, to cut leaves and stems, and the internal teeth did the crushing and grinding.


Eating plants might not seem very special; it is such a common way for animals to make a living today. During the Permian, however, it was a hot new trend. Edaphosaurus was one of the very first tetrapods to specialize in vegetation. Its Pennsylvanian-aged ancestors began testing this diet before the Rainforest Collapse, but it was in the more arid and seasonal world afterward, rich with seed-bearing plants, that it became a normal lifestyle. In fact, different groups of pelycosaurs independently evolved a taste for greens, a sign that this diet was going from fad to mainstream. One such group, the caseids, were perhaps the weirdest synapsids of all. With their tiny heads and barrel-chested bodies, they looked more like Star Wars characters than functional animals produced by evolution. But they were very real, and very good at eating plants, and some of them became the heftiest synapsids of their time, like the half-ton Cotylorhynchus. It needed such a fat, wide gut to digest all the leaves and twigs it was gobbling. Together, the Edaphosaurus group and the caseids inaugurated the big base-of-the-food-chain herbivore niche, which so many mammals—from horses and kangaroos to deer and elephants—would later occupy.


The flesh-gouging Dimetrodon, plant-vacuuming Edaphosaurus, and pudgy caseids were but a few of the many pelycosaurs that flourished in the early Permian. For a few tens of millions of years, the world—particularly the tropics, which were more humid and less seasonal than other parts of Pangea—was theirs. But then, when they seemed to be at their peak, the pelycosaurs declined. The reasons are not so clear, but probably related to the culmination of the warming and drying trend that began with the Carboniferous Rainforest Collapse, and the final disappearance of the ice cap on the South Pole. As the early Permian ticked over to the middle Permian, about 273 million years ago, pelycosaurs living in the tropics cratered in diversity, as these areas became more arid. Once again, it was not a sudden cataclysm, but a drawn-out death march over millions of years. There were big changes in the higher-latitude temperate regions as well, with a near complete turnover of species. In both the tropics and temperate zones, a new type of synapsid appeared, and quickly diversified into a wealth of new species, among them carnivores and herbivores, shadow-dwellers and giants.


These were the therapsids. They evolved from Dimetrodon-like pelycosaurs, and then developed many advanced features relating to faster growth, higher metabolism, keener senses, more efficient locomotion, and stronger biting. They were the next major step on the line to mammals.


THE KAROO OF South Africa is a beautiful, but tough, place. Its endless blue skies give an air of tranquillity, but the cloudless vistas mean little rain. This is classic desert, roasting in the day, shivering in the night, heavy with dry air that barely rustles the aloes and other heat-adapted shrubs that pop up from the sand and rocks. The first European intruders made many attempts to settle it, to no avail. Of course, Indigenous people were able to live there, not that the Dutch and British paid much attention. The locals were safe for a while, until the colonists built roads and railways, and imported windmills to pump water from deep in the ground. Soon the Karoo became farm country, the heart of South Africa’s lamb and wool industry.


Building the roads was tricky. Not only did work crews have to endure the cruel climate, they had to blast through quite a bit of rock. Rock is everywhere in the Karoo; it’s carved into mountains and valleys and litters the desert floor. Layer after layer of rock—mostly sandstones and mudstones formed in ancient rivers and lakes and dunefields—stacked like a giant wedding cake, some six miles (ten kilometers) thick. Back during the Carboniferous and Permian times, and continuing into the subsequent Triassic and Jurassic periods, the Karoo was a spacious basin—teeming with plants and animals—which accumulated mud and sand as rivers drained mountains on its rim. It was a hungry basin, never quite getting its fill, because as the rivers emptied their loads, fault movements made sure the basin floor kept falling. By the time this standoff ended, the Karoo held a 100-million-plus-year record of Earth history, a sequence of rocks recording the Carboniferous Rainforest Collapse, Permian aridification of the land, transition from glacial icehouse to greenhouse, and the assembly of the supercontinent Pangea.


Good engineers were needed to carve roads through these rocks, and one of the best was Andrew Geddes Bain. Born in the Scottish Highlands, Bain moved to South Africa as a teenager, when his uncle, a colonel, was stationed in the Cape Colony, then part of the British Empire. After trying out many careers—saddler, writer, army captain, farmer—he was commissioned by the military to build roads in the Karoo. With each mile of road that he laid, the more familiar with the rocks he became. Eventually, he added geologist to his impressive list of careers, when he made the first detailed geological map of South Africa. Bain also started collecting curiosities found inside the rocks, including Permian-aged skulls of tusked, dog-size animals that resembled nothing in South Africa’s modern savanna fauna. He found the first of these in 1838, while working near Fort Beaufort, a small village founded as a religious mission and later turned into a military encampment. There was no local museum to exhibit the fossils, so he sent some to London, and kept them coming when the Geological Society started paying him.


In the British capital, Bain’s fossils found their way to Richard Owen, anatomist and naturalist extraordinaire. Then in his early forties, Owen was a titan of Victorian Britain’s scientific establishment. Just a few years earlier, he had coined the word “dinosaur” to describe the skeletons of ancient giants turning up in southern England. A few years later, he would be made natural history director at the British Museum, and toward the twilight of his life, he helped establish the Natural History Museum, in the posh South Kensington district of London. He was a favorite of the royal family; he served as tutor to some of Victoria and Albert’s children, which along with his scientific work earned him a knighthood. If there was a medal or prize for scientific achievements in the Victorian realm, you could bet that Owen won it at some point in his long career. Which speaks to his genius, given that he was an acerbic, paranoid, two-faced egomaniac, who always relished a fight and cultivated far more foes than friends.


In 1845, Owen published a description of some of Bain’s fossils, one of which he named Dicynodon. It was a puzzling animal, with a reptilian-like head capped by a beak, but also a growling set of canine tusks—hence its name, which means “two-dog tooth.” Another species, described in a subsequent publication, he called Galesaurus: the “weasel lizard.” To Owen, the name reflected what he saw in the fossils: an unusual mix of lizardlike and mammal-like features. He was particularly enamored by the teeth in many of Bain’s skulls, which were partitioned into the familiar incisors, canines, and cheek teeth of mammals. But otherwise, these animals seemed like reptiles in their build and proportions—so much so that Owen incorrectly classified some of them as dinosaurs.


Owen encouraged Bain to collect more fossils, which he continued to study and name as they arrived from the distant colony. He even recruited the teenage Prince Alfred—fourth child of Victoria and Albert, and second in line to the throne—to gather additional specimens on a visit to South Africa in 1860. The prince obliged, bringing back two skulls of Dicynodon. Even with the growing inventory of Karoo fossils, Owen didn’t know what to make of them. They seemed similar to mammals in so many ways, which he conceded in his essays and lectures, and later in his milestone 1876 catalog of South African fossils. Even so, Owen couldn’t quite bring himself to consider them mammal ancestors, the links in an evolutionary chain between primitive reptilelike animals and modern mammals. That’s because he was embroiled in a feud with Charles Darwin about evolution itself. A staunch social conservative and fiery defender of the status quo, Owen didn’t accept Darwin’s theory of evolution by natural selection, penning a caustic review of The Origin of Species that stands as one of the greatest failed put-downs in the history of science. It’s not that Owen didn’t think species were able to change, it’s just that he thought Darwin’s ideas about mechanism were all wrong. That, and he plainly held a personal grudge.


[image: Start of image description, Three images show the skull and assembled skeletal remains of a Dicynodon. End of image description]


Dicynodonts, primitive synapsid forebears of mammals: skull of Dicynodon from Richard Owen’s 1845 monograph (top) and skeleton (bottom). (photo by Christian Kammerer)




No surprise, then, that Darwin’s most steadfast defender—Thomas Henry Huxley, naturalist and coiner of the term “agnostic” to describe his religious views—couldn’t bring himself to acknowledge the mammalian features of Owen’s Karoo reptiles, or the possibility that mammals evolved from them. Instead, Huxley made an argument that, in hindsight, seems farcical: mammals evolved from salamander-type amphibians. As the years ticked by, Owen and Huxley continued to bicker. When they both passed away in the 1890s, the debate hadn’t yet been resolved—although most evidence was breaking in Owen’s favor. Among these clues was a certain newly discovered sail-backed “reptile”: Dimetrodon. In describing it and other fossils from North America, paleontologist Edward Drinker Cope—remember the name, as we’ll meet him later in a more adventurous setting—advocated a link between the “reptilian” pelycosaurs, Owen’s Karoo fossils, and today’s mammals.


Owen and Cope were finally vindicated a few decades later, by another Scotsman who followed Bain’s path and emigrated to South Africa. Robert Broom was born in Paisley, famous for its weaving industry, and trained as a medical doctor in Glasgow. For a few years, he was an obstetrician in the Glasgow Maternity Hospital, but he grew scared of contracting tuberculosis, so he moved abroad, first to Australia and then South Africa. It wasn’t just fear that forced him to move, however; it was also obsession. Obsession with figuring out the origin of mammals. Broom was a keen naturalist as a child and took university courses in comparative anatomy, which hooked him on paleontology. After his time in Australia, where he studied the continent’s quirky marsupial fauna, he specifically moved to South Africa so he could collect and study “mammal-like reptiles” from the Karoo. For several decades, he practiced medicine, frequently moving jobs between provincial towns, while pursuing fossils as a hobby, and occasionally serving as town mayor.


During the first half of the twentieth century, Broom was one of the most prominent scientists in South Africa. He wrote more than four hundred articles on Karoo fossils and described over three hundred species of “mammal-like reptiles.” Before his arrival, most of the Karoo fossils had been studied in a haphazard way, even by Owen, who frankly gave them low priority compared to his dinosaurs, dissections of modern mammals, Victorian societal commitments, and his quarrel with Darwin. Broom, on the other hand, made these fossils his life’s mission, and he approached the task like a neurotic comic book collector. He systematically surveyed the Karoo desert, befriending farmers and road builders and training them to recognize fossil skeletons. In a remarkable testament to his legacy, the progenies of one such construction worker (Croonie Kitching’s son James) and one such farmer (Sidney Rubidge’s grandson Bruce) left their family trades and became two of South Africa’s most eminent academic paleontologists. Today, Rubidge and his colleagues at the University of the Witwatersrand pay it forward by working closely with local communities and Indigenous students.


Broom’s great achievement was proving, once and for all, Cope’s hypothesized link between pelycosaurs, the Permian-aged Karoo fossils, and mammals. In 1905, Broom invented the term “therapsid” to categorize many of the Karoo “mammal-like reptiles,” and argued forcefully that mammals evolved from this group. Then, in 1909 and 1910, he visited the United States, where he studied fossils of Dimetrodon and other pelycosaurs. He saw unmistakable similarities between pelycosaurs and therapsids, and in a landmark monograph, he made the case that they were closely related. In doing so, he put the two pieces together and advocated a pelycosaur-therapsid-mammal connection. He recognized therapsids as more advanced than pelycosaurs, particularly in their well-developed and more upright limbs, which allowed them to stand up straighter, with their bellies farther from the ground. In this sense, they were progressively more mammalian. Thus, the pelycosaurs came first, and then the therapsids were the next step on the line to mammals.


What were these therapsids like? There were hundreds of species, and they came in a bewildering variety. We’ve already met Owen’s Dicynodon, the namesake for the most diverse Permian therapsid subgroup: the dicynodonts. When Owen named Dicynodon, it became something of a celebrity, taking its place alongside the newly discovered dinosaurs Iguanodon and Megalosaurus in London’s famed 1854 Crystal Palace exhibition. The two Dicynodon sculptures in the exhibit—which can still be seen today, albeit slightly decayed—helped introduce the Victorian masses to the prehistoric world. This fame also had a downside: as the first representative of the dicynodont group discovered, Dicynodon became a taxonomic dumping ground for legions of new fossils. Some 168 new species were assigned to Dicynodon over the next century and a half, causing Broom to lament it as “the most troublesome genus we have to deal with,” which caused him “utter confusion.”


Only in 2011 was this mess resolved, by another paleontologist as obsessive and detail-oriented as Broom: Christian Kammerer. I first met Christian when he was a PhD student, and I an undergraduate, at the University of Chicago. Christian was one of the Big Men on campus; everyone knew who he was and had stories about his prowess. At normal universities this would mean athletic achievements or fraternity stunts, but the University of Chicago—where, as the slogan has it, fun goes to die—is no such place. Christian earned his reputation through Chicago’s legendary scavenger hunt, a four-day nerd fest of collecting weird, wonderful, and impossible items, like homemade nuclear reactors (extra points if functional). This collector mindset served Christian well when it came to untangling the Gordian knot called Dicynodon.


Years of careful research culminated in Christian’s monographic review of Dicynodon, which he wrote while sitting across from me in our office at the American Museum of Natural History, the next stop on our strangely entwined academic journey. In it, he recognized only two valid Dicynodon species. All the other stuff that was once called Dicynodon belonged to a bevy of distinct dicynodont lineages, made up of species of varying shapes and sizes, which formed a bushy family tree. For years, the wastebasket of Dicynodon had been concealing incredible diversity.


Dicynodonts were the most numerous synapsids, and often the most numerous vertebrates period, in most middle-to-late Permian land ecosystems, all over the world. They were plant-eaters, and probably lived in large social groups. Most dicynodonts lacked most of their teeth—save their walruslike canines—and replaced them with a beak for cropping leaves and stems, which they then pulverized with a powerful backward-angled bite. With their short legs, blubbery bellies, and ludicrously small tails, they would have cut an unmistakable profile as they were stripping leaves from branches or using their tusks and stubby arms to dig up tubers.



[image: Start of image description, Two skeletons, positioned as if walking. End of image description ]



Therapsids, primitive synapsid forebears of mammals: a saber-toothed gorgonopsian (top) and the head-butting dinocephalian Moschops (bottom). (photos by H. Zell and AMNH Library, respectively)


For a brief period of time, dicynodonts shared the herbivore niche with another therapsid subgroup, the dinocephalians. These “terrible headed” brutes were named for their ugly craniums, which were big, bulky, and often covered in gnarly knobs, bumps, or horns. The bones of the skull were exceedingly thick and dense. One species, Moschops, had skull bones nearly five inches (twelve centimeters) thick, which it probably used to head-butt rivals in fights over mates or territory. It’s a terrifying scene to conjure: two Moschops alpha males—their grotesque heads, stocky builds, and arching backs giving them the appearance of characters out of Where the Wild Things Are—bashing each other’s brains while the rest of the herd gathered ringside. It’s even more terrifying when you consider that, while some were herbivores, other dinocephalians were fierce carnivores. One of them, Anteosaurus, grew up to sixteen feet (five meters) long and weighed about half a ton, the same general size as a polar bear. It was among the largest synapsid predators that ever lived, before the advent of modern mammals.


There was another type of therapsid predator, a little bit smaller, but probably more ferocious. These were the gorgonopsians, the terrors of the middle and late Permian. They ranged in size from a small dog to monsters like Inostrancevia, which was 11.5 feet (3.5 meters) long, weighed around 650 pounds (300 kilograms), and had a 2-foot-long head. Their most vicious weapons were their enlarged canines, of the saber-tooth style. Their jaws could open obscenely wide, clearing enough space for the canines to puncture the hides and windpipes of their prey. But unlike saber-toothed tigers—which are proper mammals like us—gorgonopsians replaced their teeth throughout life, so they could attack their victims with the confidence that a broken canine could simply be regrown if anything went wrong. Rounding out their armory were sharp nipping incisors, for manipulating struggling prey, and expanded jaw muscles that bulged with anticipation, sticking out farther backward and to the sides compared to other therapsids. One thing they weren’t, though, was very intelligent, as they retained the unremarkable, tube-shaped brains of their pelycosaur ancestors.


These and other therapsids became triumphant. The middle-late Permian world was theirs—in the same way that dinosaurs and mammals would later claim dominion. Together, various therapsids formed complex ecosystems, which for the first time in Earth history were completely detached from the water. Pelycosaurs, you might recall, were a waypoint on this journey in the early Permian, but they still lived near lakes and streams, and were parts of food chains that included sharks and other fish. The Karoo therapsids, however, comprised a community that wasn’t too different—in general ecological structure—than the modern African savanna fauna. Herds of shrub-eating dicynodonts formed the base of the food pyramid, outnumbering the carnivorous gorgonopsians tenfold. The land plants were the primary producers, the plant-eating therapsids the primary consumers, and the meat-eating therapsids the apex predators. Not too different from the grasses-wildebeestlion trifecta in the savanna today.


All this therapsid diversity—from dicynodonts to dinocephalians, from gorgonopsians to the many other subgroups I haven’t even mentioned—evolved from a common ancestor, which was a midsize, meat-eating pelycosaur, probably weighing somewhere between 100 and 220 pounds (ca. 50–100 kilograms), that lived no later than the early-middle Permian boundary. It seems as if this ancestor, and the early therapsids that sprang from it, came from the temperate regions—distant from the humid tropics, where it was always summer.


These early therapsids started to do something unusual: they began to raise their metabolism and develop better control of their body temperatures. It’s not exactly clear why. Perhaps their higher latitude homes forced them to deal with more seasonal climates, and by finely tuning their internal furnaces, these therapsids could better survive both cold spells and heat waves. Or maybe it was driven by hunger. The pelycosaur ancestors of therapsids, with their sprawling limbs and slow-moving ways, were probably “sit-and-wait” predators, which loitered around most of the time, occasionally bursting out to capture prey. Some therapsids, however, became foragers, ranging across wide areas and seeking out prey on foot. This method of hunting would have required more energy, and thus, perhaps, higher metabolisms. Debate continues. No doubt, though, that the physiology of therapsids was changing in the Permian. Regardless of the reason, these animals were taking the critical first steps in the development of one of the most mammalian of abilities: our warm-blooded—or in scientific parlance, endothermic—metabolism.


There are a few lines of evidence that therapsids—although not yet fully warm-blooded—were growing faster and were more metabolically active than their pelycosaur ancestors. The best clues come from making thinner-than-salami slices of bone, mounting them on slides, and looking at the texture under the microscope. Different types of textures are indicative of different rates of growth, and some bones even have yearly growth lines inside—like the rings of a tree trunk—that tell you how old the animal was when it died. The South African paleontologist Anusuya Chinsamy-Turan is one of the pioneers of this field, called bone histology.


Anusuya grew up in Pretoria in the apartheid era. She dreamed of becoming a science teacher, but higher education options were limited for young women of her background. Instead of abandoning her aspiration, she told what she calls a “white lie” when applying to the University of the Witwatersrand, which required nonwhite students to provide a persuasive reason for wanting to attend their largely white university. She said she wanted to study paleoanthropology—a field that Wits was uniquely famous for, by virtue of the rich fossil hominin record of South Africa. That meant she had to take paleontology classes, and much to her surprise, her fib turned into her passion. She went on to do a PhD, become a world expert in deciphering the texture of fossil bone to determine growth rates, and in 2005 was named South African Woman of the Year in honor of her scientific contributions.



[image: Start of image description, Anusuya Chinsamy-Turan smiles as she sits at her desk in her lab. On the desk is a microscope and the computer screen is displaying images of bone. End of image description]



Anusuya Chinsamy-Turan studying microscopic images of bone in her lab. (photo courtesy of Anusuya Chinsamy-Turan)


Anusuya and her colleagues Sanghamitra Ray and Jennifer Botha cut up a lot of therapsid bones, particularly the ribs and limb bones of dicynodonts and gorgonopsians. They found that these bones had a predominant type of texture, called fibrolamellar bone, haphazardly arranged into an entwined pattern. The chaotic arrangement is the result of rapid growth: the bone was deposited so quickly that collagen and minerals were laid down in a random pattern. This differs from the more regular lamellar bone of slower-growing animals, which forms ordered layers of mineral crystals. The presence of widespread fibrolamellar bone meant that these therapsids were growing briskly, at least during parts of the year. Because these bones also had growth lines, growth must have stopped at times, probably during the winter or dry season. Thus, these therapsids had elevated growth rates compared to typical “reptilian” species, and some control over body temperature, but they probably weren’t able to maintain constant high temperatures like fully warm-blooded mammals.


There’s another clue that therapsids were raising their metabolisms and better controlling their body heat.


Hair.


Therapsids, it appears, invented hair. Coprolites—fossilized dung—with therapsid bones inside also include tangled masses of hairlike structures. These are controversial, but if they are hair, odds are they belonged to the therapsids. Regardless, there is a stronger line of evidence for hair: many therapsid fossils are pocked with pits and grooves on their facial bones, similar to the network of canals that bring blood and nerves to the whiskers of mammals today. That’s not to say that therapsids were furry, with hair all over their bodies. Maybe they were, but more likely, they had a mangier coat of hair, or maybe their hair was restricted to small regions, like around the head and neck. The point is: it seems as if hair originated in the therapsids.


Hair is among the most quintessential of mammalian novelties. It is a fundamental component of our fleshy and glandular skin, so different from the scaly integument of our tetrapod ancestors, maintained in reptiles today. Hair likely began as a sensory aid (like whiskers), a display structure, or as part of a gland-based waterproofing system, and was later repurposed as a body coating to retain heat. Once an animal has a lot of hair on its body, it’s a telltale sign that it is producing at least some body heat internally, and doing its best to keep it from escaping. Making heat is expensive. If you’re going to run your furnace at full blast, you’ll want to close the windows, too, lest your gas bill will become unsustainable. For mammals, hair is that closed window.


The increased growth rates and higher metabolism of therapsids were profound evolutionary acquisitions and were related to a series of other changes to therapsid anatomy and biology. The limbs moved farther underneath the body, resulting in a more upright posture—as Broom recognized when comparing therapsids to their pelycosaur ancestors. Dicynodonts had erect hind limbs but sprawling forelimbs—evident not only from the shape of the shoulder and pelvic joints, but also from fossilized trackways of narrow footprints trailing more sprawling handprints. The more advanced gorgonopsians, however, had straighter forelimbs and hind limbs. The limbs were also becoming more flexible. Therapsids lost the awkward screw-shaped shoulder joint that constrained the arms of pelycosaurs to a slow-moving sprawling gait, thus freeing the forelimbs to do all sorts of new things—running, digging, and climbing.


These changes were happening in concert with one another, and in many cases, it’s hard to unravel what was driving what. The renowned early mammal expert Tom Kemp calls this “correlated progression”: many anatomical, functional, and behavioral aspects of therapsids were changing in unison, and in doing so these animals were evolving—step by step—features that characterize today’s mammals. Put another way, they were progressively becoming more mammal-like as the Permian played on.


By the late Permian, this long march of correlated progression had produced a new type of therapsid, which was smaller, with even more upright limbs, faster growth, and higher metabolism than its dicynodont and gorgonopsian antecedents. Its teeth, jaw muscles, brains, and sensory systems were changing too. These creatures—Owen’s “weasel lizard” Galesaurus among them—were the cynodonts, and they were the next big step on the line to mammals.
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Thrinaxodon









AS THUNDER BOOMED IN THE distance, and rain streamed down, an animal stuck its head out of its burrow. It twitched its nose and set its whiskers to the wind. Time to leave, fast.


When this weasel-size creature—a Thrinaxodon—dug its burrow a few months earlier, the land was parched. It hadn’t rained for months. The river was nearly dry, and the ferns and club mosses that had once gripped its banks were reduced to wilted husks. Dust devils swept across the valley, burying herds of potbellied herbivores on a desperate search for the last edible leaves and roots. Some of them stuck out from the sand dunes, dead and mummified, their sharp tusks giving the dystopian scene an even more sinister air.


By then it was clear that there was no food left. No sight of insects, no sniff of tasty amphibians, and only dry, desiccated flesh to scavenge from the corpses. So the furry creature had no choice: burrow, hunker down for a while, and conserve precious energy until conditions improved.


Now, as if a switch had been flipped, the valley was being pelted by monsoonal rains. The river had burst its banks and water was entering the burrow, slowly filling the bulbous chamber in which the Thrinaxodon had been resting. Outside, green shoots were starting to poke through the mud, which the engorged river had spread across the dunes, covering up the creepy mummies. The slate, it seemed, had been wiped clean. Life was returning, the dry months a distant memory. But in this bipolar world, the rains wouldn’t last long, so the Thrinaxodon had to take advantage.


It first needed to eat, to kick-start its metabolism. Thrinaxodon was a greedy feeder. Its voracious appetite fueled its fast growth and gave it the energy reserves necessary for hunkering down in its den and keeping its body temperature at a high, steady level during the months of torpor. Fasting had made it even hungrier than usual, and it relished the thought of piercing its sharp, multicusped teeth into the exoskeletons of insects, or the slimy skin of small amphibians that were congregating near the river.


Then, with its belly full, it could move on to the next important task: finding a mate. This Thrinaxodon had been born less than a year earlier, toward the end of the last rainy season. For a few weeks it clung close to its mother and siblings, gorging on insects and learning the topography of the river valley, before setting off on its own, finding a nice patch of muddy floodplain to dig in, and curling up in its den when it could no longer handle the heat. Now that the rains had returned, this would probably be its only chance to mate—one shot in a short, strange life of birth, inertia, and a final frenzy of gluttony and reproduction.


At least there were a lot of potential mates, though, as Thrinaxodon burrows peppered the flatlands on both sides of the river. Their internal bedrooms opened to the surface as small holes, in a pockmarked pattern that looked like the craters on the moon. All around it, our Thrinaxodon could see many of its compatriots sticking their heads out of their burrows, twitching their noses, rain streaming down their hairy faces, their whiskers straining to sense what was happening. They were all considering the same question: Stay or go?


Our Thrinaxodon made its choice. It wiggled out of its burrow, scrunching its limbs underneath its body so it could fit through. It ambled onto the mud flat, all soupy and mucky, and spread its arms and legs wider to brace itself. As it watched its burrow fill with water, the Thrinaxodon scurried off into an uncertain future. Food and a mate might await, or they might not. Either way, it would all be over soon.


This particular Thrinaxodon didn’t know it, but it was living in interesting times. True, it didn’t have the brainpower to reason out its place in the history of life, of evolution, of Earth. But then again, people living during interesting times usually don’t realize it, either, too caught up in the moment, focused on the next meal, or their families, or a myriad of other things. You often don’t realize you are living through upheaval until things have settled, and hindsight sets in. These Thrinaxodons, as it turned out, were living through the greatest cataclysm in the history of Earth—a short period of a few tens to hundreds of thousands of years, which began with a catastrophic extinction, saw the start of a halting recovery, and helped forge mammals from their ancestral therapsid stock.


THRINAXODON IS A cynodont, which lived about 251 million years ago, during the very earliest Triassic Period. Cynodonts were part of the mammal “stem lineage.” They were members of the therapsid group, alongside the tusked dicynodonts (the mummies in the above story), head-butting dinocephalians, and saber-toothed gorgonopsians. Therapsids evolved from pelycosaurs, which stemmed from that “scaly critter” that split into the synapsid and diapsid lines during coal forest times, which in turn can trace its ancestry back to those tetrapods that evolved from fishes, crawled onto the land, and developed amniotic eggs.


All this we learned in the last chapter. But life goes back much, much further: fishes evolved from the first vertebrates, minnowy swimmers that started reinforcing their bodies with bone during the whirlwind of evolutionary change called the Cambrian Explosion, between about 540 and 520 million years ago. This was the same time that so many of today’s most familiar groups of ocean-living species invented their own skeletons and began to prosper—mollusks like mussels and clams, echinoderms like sea urchins and starfish, arthropods like shrimp and crabs. Before that, these animals had soft-bodied ancestors that lived during the Ediacaran times, beginning around 600 million years ago, which left ghostly impressions of their blobby bodies in sandstone. These were the first animals, and they evolved from bacteria that were able to clump themselves together into larger, more complex, multicellular forms. This happened around two billion years ago, which was some two billion years after the first single-celled bacteria evolved, which was only about half a billion years after Earth formed from a cloud of gas and dust.


Life has been a four-billion-year evolutionary spectacle, which, of course, is still running today. During this entire time, the closest life has ever come to being extinguished—completely wiped out, leaving Earth a barren planet—was at the transition between the Permian and Triassic periods, between 252 and 251 million years ago. This was not long before Thrinaxodon was hiding in its burrows—during the tortured recovery phase of this catastrophe—in what is now the Karoo of South Africa.


The end-Permian was the mother of all mass extinctions, and it claimed something like 90 percent of all species, maybe more. Unlike with many other mass deaths in the fossil record, there is no murder mystery. Volcanoes did it—so-called megavolcanoes, fed by a hot spot of magma deep within the earth’s mantle, which parked itself underneath what is now Siberia but was then on the northern fringes of the Pangean supercontinent. These eruptions were different from any that humans have ever witnessed, thankfully. Their size and scale were preposterous. For several hundred thousand years, lava spewed from giant cracks in the ground—a sprawling network of volcanic vents, each one up to several miles long, bleeding lava like the earth had been slashed with a supersized machete. There were bursts of fire and quieter periods, and by the end of it all, several million square miles of North Pangea were crusted over with basalt, the hardened remnant of the lavas. Today, even after more than 250 million years of erosion, this basalt covers about a million square miles—about the same land area as Western Europe.


These volcanoes ruptured the peace of a therapsid world, a time when these early mammal antecedents paraded across the arc of Pangea. There were so many species, of astounding shapes and sizes, with their tusks and beaks and head-smashing domes and stabbing canines, eating so many things and filling so many niches, as snarling predators to plant-connoisseurs. From the vantage point of the latest Permian, right before the first volcanoes bubbled, it might seem like therapsids would continue their dominion, but it was not to be.


During the late Permian, many therapsids lived in what is now Russia, not too far from the volcanoes. Gorgonopsians sunk their sabers into dicynodonts, and cynodonts were there, too, lurking in the seed fern forests. They would have been the immediate victims of the eruptions, and many of them were probably literally engulfed in lava, as in a kitschy disaster film. But they were not the only casualties, because these volcanoes were much deadlier than they appeared. Bubbling up with the lava came silent killers, noxious gases like carbon dioxide and methane that seeped into the atmosphere and spread around the world. These are greenhouse gases, which trap heat in the atmosphere by absorbing radiation and beaming it back to Earth, and they caused runaway global warming. Temperatures increased by about 9 to 14 degrees Fahrenheit (5–8 degrees Celsius) within a few tens of thousands of years—similar to what is happening today, although actually at a slower pace than modern warming (a fact that should give everyone reading this pause). Still, it was more than enough to acidify the oceans and starve them of oxygen, causing widespread death of shelled invertebrates and other sea life.


On land it wasn’t any better, and the best record of what happened—what died, what lived, how quickly things recovered—comes from the Karoo. As the volcanoes erupted and the atmosphere warmed, the Karoo climate became hotter and drier in the earliest Triassic. The seasons became more pronounced, as did temperature fluctuations during the day. In effect, the Karoo became a desert, not unlike what it is today, with one big exception: it was occasionally pummeled by monsoons, which tore across Pangea. The diverse Permian forests, dominated by the seed fern Glossopteris and evergreen gymnosperms, collapsed, as plants endured their second and final mass extinction—the only one after the Carboniferous Rainforest Collapse some 50 million years earlier. They were replaced by ferns and club mosses—much smaller relatives of the coal swamp Lepidodendron trees—which grew fast from spores rather than seeds, allowing them to better cope with the intense seasonality and fluctuations in rainfall. As the vegetation changed, the wide, meandering river systems of the Permian gave way to faster-moving braided waters in the Triassic. Without roots of large trees to stabilize their banks, these rivers scoured the land during the rainy season, but trickled to nothing during the arid months.


This environmental cascade had disastrous effects on the animals living in the Karoo, particularly the therapsids. Before the extinction, there was a thriving community with several plant-eating dicynodonts at the base of the food chain, preyed on by smaller carnivores called biarmosuchians—another type of therapsid, with gaudy bumps and hornlets on their heads—and the apex hunter gorgonopsians. Rare cynodonts like Charassognathus—the oldest-known member of the group, the size of a squirrel—ate insects, sharing the small-bodied vertebrate niche with a bounty of reptiles and amphibians, some of which also ate bugs, others fish. But, as the climate changed, the forests withered, and about 70–90 percent of surface vegetation disappeared. This caused the entire ecosystem to fall like a house of cards. Food webs simplified—with only a few herbivores and carnivores—in the earliest Triassic, and for about five million years afterward suffered boom-bust cycles before finally stabilizing as the volcanoes stopped erupting and temperatures normalized.


If you were a therapsid, you had three possible fates. The first was extinction—that’s what happened to the gorgonopsians, which would never terrorize Triassic prey with their saber canines and wide-jawed bites. The second was survival but degeneration—that’s what happened to the dicynodonts, which made it through the destruction and re-diversified, but never quite replicated their Permian successes before wasting away and being put out of their misery by the next mass extinction, at the end of the Triassic. The third was survival and domination—that’s the path the cynodonts took, persevering through the volcanoes, global warming, aridi-fication, monsoons, forest collapse, ecosystem implosion, and the 5-million-year slog of recovery all the stronger for it. They would continue to diversify during the remaining 50 million years of the Triassic, spinning out a great variety of species—big ones, small ones, meat-eaters, plant-eaters. One of these cynodont lines led to mammals, picking up more “mammalian” features along the way.


Why were the cynodonts—along with some of their dicynodont cousins—able to survive? I acutely remember when I learned the answer. It was at the annual meeting of the Society of Vertebrate Paleontology, when it was held in Los Angeles in 2013. I had recently finished my PhD and started my new faculty job in Edinburgh, and I was presenting my doctoral research in the Alfred Sherwood Romer Prize session—named for the legendary Harvard paleontologist who led the expeditions to Nova Scotia that discovered the tree stumps full of early synapsids that we learned about in the last chapter. The Romer Prize is the premier award for graduate students in my field, and I was hoping to wow the judges with my work on the origin of birds from dinosaurs. Alas, I did not win the prize, but it couldn’t have gone to a more deserving colleague: Adam Huttenlocker. He stood up a few slots after my talk and captured the audience by explaining the mystery of cynodont survival at the end-Permian. By the time he sat down, I was resigned to my fate. Once again, mammals (or in this case, proto-mammals) would best the dinosaurs.


Adam described a peculiar evolutionary phenomenon that happened during and after the extinction: the Lilliput effect. Named after the fictional island in Gulliver’s Travels, inhabited by tiny humans, the Lilliput effect is a decrease in body size in animals that survive a mass extinction and prosper afterward. It doesn’t always happen, but it did in the case of cynodonts and their close relatives, and this was a big part of their endurance. Adam marshaled an enormous database of Karoo therapsid fossils and found a pronounced decrease in both maximum and average body size in the earliest Triassic therapsids compared to their latest Permian precursors. The difference was due to the heightened extinction of larger-bodied species as the volcanoes erupted and the temperature boiled. Being big, it seems, was a hindrance during this unstable time. Cynodonts, which were smaller than most other therapsids, thus had a better chance of making it through the chaos.


Why was small size beneficial? For one, smaller animals could hide more easily and wait out bad weather, temperature swings, and dust storms in their burrows. And burrow they did. The Karoo rocks above the extinction layer—mudstones formed on a river’s floodplain, interspersed with mummies buried by windblown dust—are full of fossil burrows, some of which have skeletons inside. Skeletons of Thrinaxodon itself, the hero of our chapter-opening story. The most remarkable of these burrow graves contains a Thrinaxodon lying side by side with a small, injured amphibian. The little salamander relative had suffered trauma to its ribs but was healing, while it rested alongside the curled-up, sleeping Thrinaxodon. As the burrow was a tight space, and Thrinaxodon a sharp-toothed predator, it seems odd that another creature could just recuperate there unnoticed. The only satisfying explanation is that the Thrinaxodon was estivating: lying dormant, perhaps for several weeks or months, to conserve energy and ride out the dry season.



[image: Start of image description, A pair of Thrinaxodon skeletons, around 15 centimetres long, and one 25 centimetres long. End of image description ]



Thrinaxodon skeletons (top) and CT scan of a Thrinaxodon fossilized in a burrow next to an amphibian (bottom). (images by Christian Kammerer and from Fernandez et al., 2013, PLoS ONE, respectively)


Second, small size is linked to many other aspects of growth and metabolism. Jennifer Botha, working with Adam and a team of colleagues, laid these out in an important 2016 study. The earliest Triassic cynodonts—like Thrinaxodon—grew fast, started reproducing at a young age, and had very short lives, probably of no more than a couple of years. How do we know this? Bone histology—examining thin slices of bone under the microscope—holds the key. Permian therapsids, for the most part, have many growth lines in their bones, meaning that it took them many years to reach adult size. The earliest Triassic cynodonts, however, have fewer growth marks, and in fact, Thrinaxodon usually doesn’t have any. They must have grown at frenzied speed, perhaps becoming mature, reproducing, and dying all within a single year. In effect, they were breeding young to compensate for dying at an earlier age. While no single Thrinaxodon individual would live to see old age, this growth strategy was better for perpetuating the species. By growing fast and reproducing earlier, they would have a better chance of successfully making it through a mating season, ensuring that they passed on their genes to the next generation in this harsh, mercurial world.
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