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[image: Start of image description, A timeline chronicles the development of mammals across the Phanerozoic eon, including the Paleozoic, Mesozoic, and Cenozoic eras. In the Carboniferous period of the Paleozoic era, between 359 and 299 million years ago, we see the first synapsids (stem mammals), as mammal and reptile lineages split from each other. In the Triassic period of the Mesozoic era, between 252 and 201 million years ago, the first mammals appear; at the end of the period mammals diversify but stay small as dinosaurs rule. At the end of the Cretaceous and the beginning of the Paleogene periods, 66 million years ago, an asteroid kills the dinosaurs, mammals survive and get larger and diversify. Around 56 million years ago, more “modern” placental mammal groups diversify, including true primates. At the end of the Paleogene period, between 5 and 2.6 million years ago, the first hominins (human group) appear. In the Quaternary period of the Cenozoic era the first Homo sapiens appear around 10,000 years ago. End of image description]
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[image: Start of image description, A map of the Earth during the Pennsylvanian stage of the Carboniferous period, 320 million years ago. During the period the super continent, Pangaea, was formed. A map of the Earth at the boundary of the Triassic and Jurassic periods, 200 million years ago. During the Triassic period, the Earth’s land mass was concentrated into a single supercontinent centered around the equator. Pangaea took the form of a giant Pac-Man shape with an east-facing mouth. A map of the Earth at the end of the Cretaceous period, 66 million years ago. The Pangaea supercontinent completed its breakup into the present day continents. At this time, an asteroid impact caused the extinction of the dinosaurs. End of image description]

[image: Start of image description, A map of the Earth during the Eocene period, 50 million years ago. The continents continue to drift toward their present day locations. At the beginning of the Eocene period, Australia and Antarctica are still connected. A map of the Earth during the Miocene period, 20 million years ago. The continents are close to their present day positions. The land bridge between South America and North America is missing. India’s collision with Asia causes the emergence of the vast Himalaya mountain range. A map of the Earth illustrates the last advance of the Ice Age, 21,000 years ago. The polar regions undergo significant periods of glaciation and thaw. The resulting ice melt caused world sea levels to rise about 35 metres in the early part of the Holocene. End of image description]




INTRODUCTION 

Our Mammalian Family

[image: Start of image description, A drawing of the top part of a Tyrannosaurus rex skull, on which stand two small mouselike mammals. End of image description]




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.

[image: Start of image description, Sarah Shelley and the author kneel in the New Mexico desert and carefully collect mammalian teeth. End of image description]

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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[image: Start of image description, A drawing of a Dimetrodon. It has a large neural sail along its back with spines extending from the vertebrae. Dimetrodon walked on 4 legs and had a large, curved skull with large teeth. End of image description]

Dimetrodon
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[image: Start of image description, A drawing of a Thrinaxodon, shown to be covered in hair, with 15 dark stripes perpendicular to the spine and 7 on the tail. It has a carnivore’s teeth. End of image description]

Thrinaxodon
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[image: Start of image description, A drawing of Vilevolodon, gliding using the membranous wing-like structures between its fore and hind legs. its long, fur-covered tail is extended, End of image description]

Vilevolodon
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[image: Start of image description, A drawing of Kryptobaatar, a mouselike mammal. End of image description]

Kryptobaatar
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[image: Start of image description, A drawing of Ectoconus, walking or hunting, front right foot raised. End of image description]

Ectoconus
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[image: Start of image description, A drawing of Eurohippus walking. Its feet have three toes. Its fur is dark with many pale spots. End of image description]

Eurohippus
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[image: Start of image description, A drawing of Deinotherium, with a trunk similar to an elephant and tusks curving down and back. End of image description]

Deinotherium
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[image: Start of image description, A drawing of Teleoceras, a type of grazing rhinoceros. It has shorter legs than modern rhinos, a broad chest, and a single small nasal horn. End of image description]

Teleoceras
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[image: Start of image description, A drawing of Megalonyx, a slothlike creature, walking on its wrists with its claws turned inwards. End of image description]

Megalonyx
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[image: Start of image description, A drawing of Ardipithecus, a hair-covered hominin, pictured walking with an upright gait on clawlike feet. End of image description]

Ardipithecus
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[image: Start of image description, A drawing of an African lion with a prominent mane, a muscular body, a short, rounded head, round ears, and a hairy tuft at the end of its tail. End of image description]

African lion




NOTES ON SOURCES

The following notes mention supplementary material and sources that I used, and which I direct you to for more information on the subjects covered in the chapters.

In general, I relied extensively on a handful of excellent books, including Tom Kemp’s The Origin and Evolution of Mammals (Oxford University Press, 2005), Liam Drew’s I, Mammal (Bloomsbury, 2017), David Rains Wallace’s Beasts of Eden (University of California Press, 2004), Donald Prothero’s Princeton Field Guide to Prehistoric Mammals (Princeton University Press, 2017), Donald Prothero and Robert Schoch’s Horns, Tusks, and Flippers (The Johns Hopkins University Press, 2002), Kenneth Rose’s The Beginning of the Age of Mammals (The Johns Hopkins University Press, 2006), Zofia Kielan-Jaworowska’s In Pursuit of Early Mammals (Indiana University Press, 2012), and Ross MacPhee’s End of the Megafauna (W.W. Norton & Company, 2019). When describing the paleogeography of ancient Earth, I used the industry-leading maps of Ron Blakey (https://deeptimemaps.com/).

CHAPTER 1: MAMMAL ANCESTORS

The story of the “scaly critters” is set in a Carboniferous-aged coal forest. In some parts of the world, the Carboniferous is regarded as a single geological period spanning from about 359 to 299 million years ago; in other parts of the world, notably North America, it is split into separate Mississippian (359–323 million years ago) and Pennsylvanian (323–299 million years ago) periods. To bring the coal swamp to life, I relied on descriptions of the Mazon Creek fossil site in Illinois, most importantly the review of Clements et al. (Journal of the Geological Society, 2019, 176: 1–11), Shabica and Hay’s influential book Richardson’s Guide to the Fossil Fauna of Mazon Creek (Northeastern Illinois University Press, 1997), and Jack Whitry’s books The Mazon Creek Fossil Fauna (2012) and The Mazon Creek Fossil Flora (2006), both published by the Earth Science Club of Northern Illinois. I supplemented this with information from another similar coal swamp fossil site, Joggins (Nova Scotia), as summarized by Falcon-Lang et al. (Journal of the Geological Society, 2006, 163: 561–76).

My description of the fictional “scaly critters,” which represent the most recent common ancestor of synapsids and diapsids, is based on Hylonomus (the oldest well-known unequivocal diapsid in the fossil record) and Archaeothyris (the oldest well-known unequivocal synapsid with reasonably complete fossils). The DNA molecular clock estimate for the synapsid-diapsid split is a mean of 326 million years ago (range of 354 to 311 million years ago), from Blair and Hedges (Molecular Biology and Evolution, 2005, 22: 2275–84). A very similar divergence estimate (mean 324.51, range 331–319 million years ago) was reported by Ford and Benson (Nature Ecology & Evolution, 2020, 4: 57–65), using morphological clocks on a phylogeny of extinct amniotes. The phylogenetic relationships reported in the Ford and Benson study are the framework I use to discuss the relationships of amniotes. This exciting new study, based on a comprehensive data set and analyzed with a variety of methods, finds some novel relationships compared to the long-held consensus view of early amniote genealogy. Most notably, the varanopids—long considered early synapsids—group with the diapsids. This is why I do not include varanopids in my narrative on early synapsid evolution, whereas older publications often do so.

For more information on the climate of the coal swamp world, and during the Carboniferous Rainforest Collapse, there are two excellent papers by Isabel Montañez and colleagues (Montañez et al., Science, 2007, 315: 87–91; Montañez and Poulsen, Annual Review of Earth and Planetary Sciences, 2013, 41: 629–56). For information on how oxygen has changed over Earth history, and how geologists calculate past oxygen levels, please consult David Beerling’s 2007 book The Emerald Planet (Oxford University Press) and Berner (Geochimica et Cosmochimica Acta, 2006, 70: 5653–64).

There is a huge literature on the origin of tetrapods and the early evolution of amniotes. There is no better source than the masterful book Gaining Ground (Indiana University Press, 2012) by Jennifer Clack, the world’s expert on the fish-tetrapod transition, who sadly passed away in the spring of 2020, as I was writing this book. There are also two outstanding pop-science books on the subject, by two of the finest science writers I know: Your Inner Fish by Neil Shubin (Pantheon, 2008) and At the Water’s Edge by Carl Zimmer (Free Press, 1998).

The Florence synapsids Archaeothyris and Echinerpeton were described by Robert Reisz in a 1972 paper (Bulletin of the Museum of Comparative Zoology, 144: 27–61). More recently, Echinerpeton has been redescribed by Mann and Paterson (Journal of Systematic Palaeontology, 2020, 18: 529–39). The Romer expeditions to Nova Scotia, including the discovery of the skeleton-bearing tree stumps, is recounted by Sues et al. (Atlantic Geology, 2013, 49: 90–103). Robert Reisz’s career is profiled in a touching biographical article by Laurin and Sues (Comptes Rendus Palevol, 2013, 12: 393–404).

Emma Dunne’s paper on the Carboniferous Rainforest Collapse, written with several colleagues, was published in Proceedings of the Royal Society, Series B (2018: 20172730). It follows up—in some cases updating, in other cases contrasting with—an earlier study by Sarda Sahney and colleagues (Geology, 2010, 38: 1079–82). Another fascinating paper on climate changes across the Carboniferous-Permian transition, and its impact on vertebrate evolution and distribution, was recently published by Jason Pardo and colleagues in Nature Ecology & Evolution (2019, 3: 200–206). Extinctions and diversification in the plant fossil record—including the finding that there have been only two mass extinction events—is covered by Cascales-Miñana and Cleal (Terra Nova, 2014, 26: 195–200). For more information on the Carboniferous and Permian ice caps, and why they formed, consult the paper by Georg Feulner (Proceedings of the National Academy of Sciences [USA], 2017, 114: 11333–37), and references therein.

The pelycosaurs are what paleontologists call a “grade” of species. They do not form a “clade,” which is defined as a group that includes a common ancestor and all of its descendants. Instead, a grade is a series of species on the line toward a clade—an ancestral stock. So when I talk about pelycosaurs I am talking about a succession of species on the line toward the more advanced therapsid clade (which includes mammals). I generally do not like to talk about grades, or give them names, but in this case, it is convenient because the pelycosaurs are generally similar in anatomy and biology and are the stock that the therapsids evolved from. In effect, the therapsid clade evolved from a single common ancestor that was part of the pelycosaur grade. There is a huge literature on Dimetrodon and other pelycosaurs, including papers by many of the leaders of nineteenth-century and early-twentieth-century paleontology: Cope, Case, Matthew, Olson, Sternberg, Romer, Vaughn, and so on. This is expertly summarized by Tom Kemp in his book The Origin and Evolution of Mammals, which I used extensively.

If you still doubt that Dimetrodon is more closely related to us than to dinosaurs, check out the clear and well-written essay by Ken Angielczyk—one of the world’s leading experts on early synapsid evolution (Evolution: Education and Outreach, 2009, 2: 257–71). This essay is also an excellent introduction to “tree thinking”: how paleontologists construct and talk about family trees. The grade vs. clade issue should be a lot clearer after reading Ken’s essay, as should the step-by-step sequence of changes across the mammal stem lineage, from pelycosaurs to therapsids to mammals.

The collapse of pelycosaurs around the Early-Middle Permian boundary is part of an extinction event called Olson’s Extinction, named for the paleontologist (E. C. Olson) who first noted it (Geological Society of America Special Papers, 1982, 190: 501–12). Olson, a fellow alum (although many decades earlier) of the University of Chicago’s geology program, was a prolific researcher on Permian synapsids, and published landmark papers such as his 1962 monograph comparing North American and Russian species (Transactions of the American Philosophical Society, 52: 1–224). There has been debate about whether Olson’s Extinction was a real event or a mirage, caused by a biased and unevenly sampled fossil record (a view suggested by Benson and Upchurch, Geology, 2013, 41: 43–46). Recently, another young, statistically minded paleontologist of Emma Dunne’s generation—Neil Brocklehurst—led a team that addressed this debate using big databases and statistical analyses, which found that the extinction was a real event (Proceedings of the Royal Society, Series B, 2017, 284: 20170231).

A key concept I try to articulate in this chapter is that the characteristics that today make mammals unique (compared to other tetrapods, like birds, lizards, and amphibians) did not all evolve at once but were acquired piecemeal over millions of years of evolution, along the mammal “stem lineage”: the series of synapsid groups on the line to mammals, including pelycosaurs, therapsids, and cynodonts (note that therapsids and cynodonts are both clades; so mammals are technically part of each group!). As usual, Tom Kemp does the best job of summarizing a long and deep literature on the subject. His book The Origin and Evolution of Mammals, particularly chapters 3 and 4, is required reading for anyone interested in the subject, as are two essay-style reviews (Journal of Evolutionary Biology, 2006, 19: 1231–47; Acta Zoologica, 2007, 88: 3–22) and his chapter in the 2012 book The Forerunners of Mammals. Bruce Rubidge and Chris Sidor have also written an influential review (Annual Review of Ecology and Systematics, 2001, 32: 449–80), and more recently Ken Angielczyk and Christian Kammerer have done a marvelous job of summarizing where the evidence stands now (in their chapter in the Handbook of Zoology: Mammalian Evolution, Diversity and Systematics, DeGruyter, 2018). For a more technical look at this issue, consult Sidor and Hopson (Paleobiology, 1998, 24: 254–73).

The Karoo Basin of South Africa is the world’s premier place for preserving fossils of Permian therapsids. An accessible review of the basin, its rocks, and its fossils is given by Roger Smith and colleagues in their chapter in the 2012 book The Forerunners of Mammals (Indiana University Press). The story of Andrew Geddes Bain’s first therapsid discoveries and Richard Owen’s early work on these “mammal-like reptiles” (forgive my use of the term) are covered by David Rains Wallace in his book Beasts of Eden. Owen’s two most important works on therapsids, which I mention, were published in 1845 (Transactions of the Geological Society of London, 7: 59–84) and 1876 (Descriptive and Illustrated Catalogue of the Fossil Reptilia of South Africa in the Collection of the British Museum, Taylor & Francis, London). Edward Drinker Cope outlined the link between “reptilian” ancestors like the Karoo fossils, pelycosaurs, and mammals in 1884, as recounted by Henry Fairfield Osborn (The American Naturalist, 1898, 32: 309–34), and Angielczyk and Kammerer in their review chapter cited above.

Robert Broom, his life, and his research are touchingly recalled in an obituary by D. M. S. Watson (Obituary Notices of Fellows of the Royal Society, 1952, 8: 36–70) and a review essay by Bruce Rubidge, the grandson of Broom’s most productive farmer-collector, Sidney Rubidge (Transactions of the Royal Society of South Africa, 2013, 68: 41–52). Broom’s magnum opus, his 1910 monograph linking pelycosaurs and therapsids, was published in the Bulletin of the American Museum of Natural History (28: 197–234). At this point, I must acknowledge that, while his work set the foundation for mammal origins, Broom was a vexing figure. He claimed that spirits guided him to fossils, argued that spirits inside animals acted on their chromosomes to cause evolutionary change, and most troubling, espoused racist ideas and was involved in grave robbing (in addition to mammal origins, he also studied human origins). For a discussion of the legacy of racism in human origins research, including Broom’s work, see Christa Kuljian’s book Darwin’s Hunch: Science, Race and the Search for Human Origins (Jacana Media, 2016).

Many of my descriptions of dicynodonts, dinocephalians, and gorgonopsians are inspired by Tom Kemp’s meticulous prose in The Origin and Evolution of Mammals. My description of the common ancestor of therapsids is taken from Kemp’s 2006 paper, cited above.

Christian Kammerer’s revision of Dicynodon was published in 2011 (Society of Vertebrate Paleontology Memoir, 11: 1–158). This monograph also includes a historical review of Dicynodon research (it is here where the term “taxonomic dumping ground,” which I use, was coined!), and a comprehensive genealogical analysis of dicynodonts, which Christian and colleagues updated in 2013 (PLoS ONE, 8: e64203), and continue to update, with the most recent version (as of this writing) published in 2021 (Kammerer and Ordoñez, Journal of South American Earth Sciences, 108: 103171). Two other essential works on dicynodonts were published by G. M. King, including a review article in the Handbuch der Paläoherpetologie, Gustav Fischer Verlag, 1988) and a book (The Dicynodonts: A Study in Palaeobiology, Chapman & Hall, 1990).

Dinocephalian head-butting was proposed by Barghusen (Paleobiology, 1975, 1: 295–311) and has recently been explored in more detail through synchrotron scanning of the internal skull anatomy of Moschops, which shows that its brain and other neural structures were encased in extra thick bone to protect from impact (Benoit et al., PeerJ, 2017, 5: e3496). Information on the giant Anteosaurus was gleaned from Boonstra (Annals of the South African Museum, 1954, 42: 108–48) and Van Valkenburgh and Jenkins (Paleontological Society Papers, 2002, 8: 267–88).

There is debate about the jaw mechanics of gorgonopsians. The wide-gape hypothesis is supported by the work of Tom Kemp (Philosophical Transactions of the Royal Society of London, Series B, 1969, 256: 1–83) and L. P. Tatarinov (Russian Journal of Herpetology, 2000, 7: 29–40), whereas a dissenting view was articulated by Michel Laurin (Journal of Vertebrate Paleontology, 1998, 18: 765–76). The brain anatomy and sensory systems of gorgonopsians were recently described by Ricardo Araújo and colleagues, using computed tomography (CT) scan data (PeerJ, 2017, 5: e3119).

For an excellent review on the origin of higher metabolisms and finer temperature control in therapsids, hypotheses for why this happened, and a thorough review of the diverse literature on this subject, check out the paper by James Hopson published in 2012 (Fieldiana, 5: 126–48).

Anusuya Chinsamy-Turan described her methods of making and studying bone thin sections in her 2005 book The Microstructure of Dinosaur Bone (Johns Hopkins University Press). She wrote or coauthored several chapters in the 2012 book The Forerunners of Mammals (which she edited), on the bone texture, growth, and metabolism of mammal antecedents. Other key papers on this subject are her coauthored study with Sanghamitra Ray and Jennifer Botha (Journal of Vertebrate Paleontology, 2004, 24: 634–48), and studies by Huttenlocker and Botha-Brink (PeerJ, 2014, 2: e325), Olivier et al. (Biological Journal of the Linnean Society, 2017, 121: 409–19), and Rey et al. (2017, eLife, 6: e28589). Details of Anusuya’s life and career were taken from an interview with her, published online: https://scibraai.co.za/anusuya-chinsamy-turan-breathing-life-bones-extinct-animals/.

The evolution of more upright locomotion in therapsids is discussed by Blob (Paleobiology, 2001, 27: 14–38), and in the dicynodont works of King cited above. A recent study by another brilliant PhD student, Jacqueline Lungmus, and her advisor, Ken Angielczyk, showed how therapsids developed a greater variety of forelimb shapes and motions, allowing them to ecologically diversify (Proceedings of the National Academy of Sciences, 2019, 116: 6903–07). Liam Drew’s book I, Mammal has a fantastic chapter on the origin of hair, which has a detailed description of the sensory, display, and waterproofing hypothesis, and of how hair became co-opted for physiological reasons. Permian coprolites with hairlike structures have been described by Bajdek et al. (Lethaia, 2016, 49: 455–77) and Smith and Botha-Brink (Palaeogeography, Palaeoclimatology, Palaeoecology, 2011, 312: 40–53). The blood vessels and nerves in the skull that innervate the hair are reviewed by Benoit et al. (Scientific Reports, 2016, 6: 25604). Currently, it seems as if the facial bones of early therapsids have equivocal evidence for hair, but there is no doubt that later therapsids like cynodonts and close relatives had evolved whiskers and hair.

CHAPTER 2: MAKING A MAMMAL

The story of the burrowing Thrinaxodon, waiting out the dry season and setting out to eat and mate when the rains came, is based on the fossil and rock record of the Karoo Basin across the Permian-Triassic boundary. My primary sources were papers by Smith and Botha-Brink (Palaeogeography, Palaeoclimatology, Palaeoecology, 2014, 396: 40–53) and Botha et al. (Palaeogeography, Palaeoclimatology, Palaeoecology, 2020, 540: 109467), along with work by Peter Ward and colleagues (Science, 2000, 289: 1740–43; Science, 2005, 307: 709–14).

The best pop-science book on mass extinctions is The Ends of the World, by Peter Brannen (Ecco, 2017). I think Peter is one of the finest science writers working today, and his earth science writing is on par with my favorite all-time geologizing author, John McPhee. There are two excellent pop-science books on the end-Permian extinction, one by my former master’s advisor Michael Benton (When Life Nearly Died, Thames & Hudson, 2003) and the other by Douglas Erwin (Extinction: How Life on Earth Nearly Ended 250 Million Years Ago, Princeton University Press, 2006). Zhong-Qiang Chen and Mike Benton wrote an accessible review of the extinction and subsequent recovery for Nature Geoscience (2012, 5: 375–83). Updated information on the timing and nature of the volcanic eruptions that caused the extinction was published by Seth Burgess and colleagues (Proceedings of the National Academy of Sciences USA, 2014, 11: 3316–21; Science Advances, 2015, 1: e1500470). An important paper on climate change and warming during the extinction was published by Joachimski and colleagues (Geology, 2012, 40: 195–98); this is my source for the figure of 9–14 degrees Fahrenheit (5–8 degrees Celsius) warming.

The ecological collapse of the Karoo ecosystems, and the prolonged recovery, has been studied by Peter Roopnarine, Ken Angielczyk, and colleagues, using ecological food web modeling (Proceedings of the Royal Society, Series B, 2007, 274: 2077–86; Science, 2015, 350: 90–93; Earth-­Science Reviews, 2019, 189: 244–63). Adam Huttenlocker’s work on the Lilliput effect was published in PLoS ONE (2014, 9: e87553), and Adam was part of a team led by Jennifer Botha-Brink that addressed the wider question of cynodont survival at the end-Permian, which proposed the hypothesis that growing young and breeding fast were key (Scientific Reports, 2016, 6: 24053). Other important work on body size evolution in early synapsids was published by Roland Sookias and colleagues (Proceedings of the Royal Society, Series B, 2012, 279: 2180–87; Biology Letters, 2012, 8: 674–77). Chris Sidor and colleagues published an important study on the distribution of species across Pangea during the Permian-Triassic transition (Proceedings of the National Academy of Sciences, USA, 2013, 110: 8129–33).

There is a wealth of literature on Thrinaxodon, the hero cynodont of the chapter. Tom Kemp, as usual, has a scrupulous summary in his book The Origin and Evolution of Mammals. One of the key descriptive papers is by Richard Estes (Bulletin of the Museum of Comparative Zoology, Harvard University, 1961, 125: 165–80), and an important study of its teeth was published by A.W. “Fuzz” Crompton (Annals of the South African Museum, 1963, 46: 479–521). Robert Broom himself described the cranial anatomy of Thrinaxodon in a 1938 paper (Annals of the Transvaal Museum, 19: 263–69), by cutting up a skull into eighteen slices from front to back. He grumbled that, while he wanted many more, thinner sections, a “medical practitioner has to be content with simpler and less perfect technique,” which is ironic because contemporary paleontologists use CAT scanners to make digital x-ray slices of fossil skulls, and often need to beg medical doctors and hospitals for access to scanners!

Important burrows with Thrinaxodon skeletons inside were described by Damiani et al. (Proceedings of the Royal Society, Series B, 2003, 270: 1747–51) and Fernandez et al. (PLoS ONE, 2013, 8: e64978); the latter paper describes the remarkable fossil of a Thrinaxodon and an amphibian crowded together into a single burrow. The posture of Thrinaxodon and other cynodonts was expertly studied by Farish Jenkins, and two of his most important works are his 1971 monograph The Postcranial Skeleton of African Cynodonts (Peabody Museum of Natural History Bulletin, 36: 1–216) and a review paper published in Evolution (1970, 24: 230–52). Further information on cynodont posture was gleaned from Richard Blob’s 2001 paper, cited above. Bone histology and growth of Thrinaxodon was described by Jennifer Botha and Anusuya Chinsamy (Palaeontology, 2005, 48: 385–94). The teeth, jaws, and jaw-closing muscles of Thrinaxodon—including how they changed during growth—have been the focus of publications by Sandra Jasinoski, Fernando Abdala, and Vincent Fernandez (Journal of Vertebrate Paleontology, 2013, 33: 1408–31; The Anatomical Record, 2015, 298: 1440–64), and Jasinoski and Abdala described social aggregations and parental care in a paper in PeerJ (2017, 5: e2875). The Antarctic fossils of Thrinaxodon were described by James Kitching (the son of the road-building Karoo fossil collector Croonie Kitching from chapter 1) and colleagues (Science, 1972, 175: 524–27; American Museum Novitates, 1977, 2611: 1–30).

I thank Christian Kammerer and his Twitter feed for drawing my attention to the remarkable life of Walter Kühne. Kühne’s 1956 monograph of Oligokyphus was published by the British Museum of Natural History and is freely available online (https://www.biodiversitylibrary.org/item/206348#page/5/mode/1up). Some details of Kühne’s life and incarceration are outlined in the monograph, but I sourced further information from Zofia Kielan-Jaworowska’s book In Pursuit of Early Mammals (Indiana University Press, 2012), Alfred Romer’s review of Kühne’s monograph in the Quarterly Review of Biology, and Rex Parrington’s paper on British Triassic mammals, which is a great general resource on the many cave discoveries such as Morganucodon, Kuehneotherium, and Eozostrodon (Philosophical Transactions of the Royal Society, Series B, 261: 231–72). The dismissive quote from the British Museum curator is paraphrased from Romer’s review.

The phylogenetic relationships of cynodonts have been the subject of extensive analysis, reanalysis, and debate over the last several decades. Tritylodontids like Oligokyphus are recognized as some of the closest relatives of mammals, along with two groups called the tritheledontids and brasilodontids. These are all advanced groups of cynodonts that were blossoming around the same time, in the Late Triassic. My conception of cynodont genealogy is based on a recent study by Marcello Ruta and colleagues, on which I was one of the peer reviewers (Proceedings of the Royal Society, Series B, 2013, 280: 20131865). Another important recent work was published by Jun Liu and Paul Olsen (Journal of Mammalian Evolution, 2010, 17: 151–76).

Changes on the cynodont lineage—linking Thrinaxodon to Oligokyphus and mammals—are expertly covered in Tom Kemp’s book. Fuzz Crompton and Farish Jenkins wrote an influential review on the subject in the very first volume of Annual Review of Earth and Planetary Sciences (1973, 1: 131–55). Changes in the vertebral column in cynodonts have been scrutinized by Katrina Jones—another winner of the Romer Prize, in 2014, the year after Adam Huttenlocker—and colleagues (Science, 2018, 361: 1249–52; Nature Communications, 2019, 10: 5071). The papers by Farish Jenkins and Richard Blob, cited above, discuss the postural and locomotor changes in more detail, particularly the development of full mammalian-style upright walking through a semisprawling transitional phase.

When it comes to the story of dinosaur origins and early evolution, I will not so humbly point readers in the direction of my book The Rise and Fall of the Dinosaurs (William Morrow, 2018), and a review paper I wrote on the subject, with my colleagues Sterling Nesbitt, Randy Irmis, Richard Butler, Mike Benton, and Mark Norell (Earth-­Science Reviews, 2010, 101: 68–100). In my book, I also provide a more detailed description of Pangea and its climate and outline the most important sources.

Several authors have opined about a “nocturnal bottleneck” in early mammal evolution, with some pinpointing this phase to the origin of mammals in the Triassic, and others using it to refer to the small, night-living mammals that may have preferentially survived the dinosaur extinction. An illuminating study by Ken Angielczyk and Lars Schmitz showed—using eye measurements—that nocturnal behaviors probably first evolved early in the synapsid line, and various pelycosaurs, therapsids, and cynodonts lived in the night (Proceedings of the Royal Society, Series B, 2014, 281: 20141642). Other papers to consider are those by Margaret Hall and colleagues (Proceedings of the Royal Society, Series B, 2012, 279: 4962–68), Jiaqi Wu and colleagues (Current Biology, 2017, 27: 3025–33), and Roi Maor and colleagues (Nature Ecology & Evolution, 2017, 1: 1889–95). My comment about mammals going “all in” for scent and touch was inspired by an interview with my PhD advisor, Mark Norell, published by, of all things, Marvel Comics in 2019.

The way I discuss warm-bloodedness (endothermy) relied extensively on Tom Kemp’s The Origin and Evolution of Mammals, and the discussion section in Katrina Jones and colleagues’ Nature Communications paper on mammal spine evolution, cited above. The figure that warm-blooded mammals can run eight times faster than lizards was cited in the latter paper, based on work by Kemp (Zoological Journal of the Linnean Society, 2006, 147: 473–88) and Bennett and Ruben (Science, 1979, 206: 649–54). The increasing prevalence of fibrolamellar bone in cynodonts is covered in two very readable chapters in The Forerunners of Mammals, one by Jennifer Botha-Brink and colleagues (ch. 9) and the other by Jørn Hurum and Anusuya Chinsamy (ch. 10). The decreasing size of bone cells, and by extension red blood cells, was noted by Adam Huttenlocker and Colleen Farmer (Current Biology, 2017, 27: 48–54). Kévin Rey and team published their oxygen isotope work in eLife (2017, 6: e28589). Carrier’s constraint was christened by Richard Cowen, named for the scientist who first articulated it: David Carrier, in Paleobiology (1987, 13: 326–41). A nice paper on the evolution of nasal turbinates was written by Crompton and colleagues (Journal of Vertebrate Paleontology, 2017, e1269116). There is some uncertainty about exactly when respiratory turbinates covered in blood vessels first evolved. It seems like some nonmammal cynodonts may have had them, although they may have been made of cartilage rather than bone, but the oldest unequivocal bony evidence is from early mammals. It is very difficult to determine the size, shape, and blood vessel coverage of these delicate structures from fossils.

The evolution of the three-part mammalian jaw muscle system was comprehensively reviewed by Lautenschlager et al. (Biological Reviews, 2017, 92: 1910–40), with copious references to the historical literature on the subject. The same team followed with an important paper in Nature (2018, 561: 533–37) which used engineering software to test jaw function in a series of fossil species, leading them to argue that miniaturization was the primary driver for the evolution of the new dentary-squamosal jaw joint. As mammal ancestors got smaller, there was a sweet spot in which small size lowered stress and strain disproportionately to the loss of absolute bite force that came with a smaller jaw. Chris Sidor authored a study in Evolution (2001, 55: 1419–42) showing how the upper skull of mammal ancestors simplified (= fewer and more fused bones).

The definition of mammals that I use throughout the book—any descendant of the first cynodont to develop a robust dentary-squamosal jaw joint—is prevalent in the historical literature. It is more or less the definition used by Kielan-Jaworowska, Cifelli, and Luo in their magisterial overview of early mammals, Mammals from the Age of Dinosaurs (Columbia University Press, 2004). (Technically, they define mammals as “a clade defined by the shared common ancestor of Sinoconodon, morganucodontans, docodontans, Monotremata, Marsupialia, and Placentalia, plus any extinct taxa that are shown to be nested within
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