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			Chapter 1

			The Hunt for the Secrets of Sharks

			In Search of Shark Fossils

			 

			January 1, 1992, Antarctica: Paleontologists will do anything to find spectacular new fossils. I was no exception. I walked alone, pushing my way forward in thigh-deep snow toward the brooding mountain of ice and rock directly ahead. In the light snow of that New Year’s Day I was rugged up in my thickest survival feather-down jacket with several layers underneath my outer woollen pants. Heavy double mountaineering boots protected my feet and a thick woollen balaclava covered nearly all my face, save the eyes, which were protected by sunglasses. It was around minus 4°F and uncomfortably windy. The other three members of our expedition had decided to stay in their tents and rest after the previous long, hard day of sledging, pulling our four Nansen sleds with our two Alpine Ski-Doos about forty miles uphill from our last campsite, sleds loaded to the hilt with our gear and precious fossil samples.

			As the only one on our team who specialized in the study of fish fossils, I had waited eagerly for this day to come, losing sleep over the prospect of finding some highly significant fossils. I felt a little frightened going out this day alone, but the past two months working in remote mountainous regions of Antarctica, navigating our way through many perils, had given me an uncanny confidence that I could safely manage this short trek to the mountain without any hitches. The other team members decided it was too claggy a day for going outside, opting to catch up on daily chores and letters, quietly resting. I told them I would not be long, just a few hours, and if the snow got any heavier I’d head home immediately. We also had a plan in place that if I didn’t make it back by a certain time, they would come searching for me.

			I was excited to be finally heading to the famous Portal Mountain, a fossil site high in the remote Transantarctic Mountains, where strange fossil sharks’ teeth had been found by a previous geological party some twenty years earlier. I could possibly find a new species of ancient shark that could shed light on what sharks had been doing in this great southern land of Gondwana nearly 400 million years ago.

			I just had to get onto the rocky ledges a couple hundred feet away. Each wind gust felt like pinpricks sucking the warmth from my whiskery, ice-covered face. The snow was waist deep and getting harder to plow through. In places it felt light, kind of hollow underfoot. Then it happened—I broke through the ice—and for a fleeting second, I felt my feet dangling in midair as I began to drop. Immediately thrashing my body to one side, I landed facedown, sideways to the ice crack, buried deep in snow. I was panting vigorously and my heart was pounding as I slowly pulled myself away from the death trap, stood up, shook the snow off, and looked back at where I had fallen. There, just behind me, loomed a deep, dark, ominous crevasse about two feet wide. I couldn’t see the bottom.

			I struggled on toward the Portal, placing each foot carefully in the deep snow, and after half an hour managed to make it safely to the base of the mountain. Once secure on the solid ledge of pale sandstone, I let it all out. I cried and lamented the near loss of my life, thinking of my family at home, especially my three young children. Before long I snapped back to reality, as it dawned on me that I was at the foot of the Holy Grail of fish paleontology. I was finally, after six years of planning and training for this trip, on the remote mountain where big breakthroughs could be made. I needed to pull myself together and continue, so up the mountain I went.

			It had been snowing heavily the past week, leaving the mountain slopes covered in a precariously thick buildup of snow. I pushed my way across a platform of rock that ended in a wide, snow-laden ledge, aiming to get to a better rocky outcrop about a hundred feet away. I had not made two steps when I suddenly noticed pieces of ice whizzing past me from above. Looking up, I clocked a wall of snow rapidly descending upon me. The impact knocked me off my feet; I tumbled down the slope, caught up in a small avalanche.

			I swore profusely, thinking it was really not my lucky day. I decided not to press my fate any further, instead focusing on one task: making my way to camp as carefully as possible. Step by step, I traced my path back, steering well wide of the dreadful spot where I had broken through the ice. Once back at camp safely, in another emotional outpour, I retold my story to the group. I was administered a couple shots of medicinal whiskey before crawling inside my Scott Polar tent to rest.
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					Sledging toward Portal Mountain, Antarctica, December 1991 (the author on the right)

				
			
			The next day, Brian, our team safety expert, led us back to Portal Mountain. He walked carefully over my tracks. Using a six-foot crevasse pole, he tested the ground each step of the way, forging a safe access route. He discovered that I had walked over and back across a field of seven crevasses but had broken through only one of them. To this day I feel incredibly lucky to have survived.

			That day we found the fossil site I had been looking for and collected some excellent fossil shark remains. For me these fossils made the whole expedition worthwhile. One of them was a giant shark’s tooth, almost an inch in height, sporting two distinct prongs jutting out of a rounded, flat root, which I would later name Portalodus, after the near-fatal mountain. Over the next few days, I found other new species of unusual fossil sharks’ teeth in the nearby Lashly Range, some thirty miles farther north. At the time I had no idea how important these finds would prove to be. Later, back in my lab, they revealed new evidence of a major shift in shark evolution defining the first time, around 390 million years ago, when sharks suddenly grew to much larger sizes and began invading freshwater habitats.

			This is one of many stories you’ll read about how humans hunt for and find shark fossils. Sometimes it’s a dangerous, tiring job involving lengthy exploration of remote sites, hard manual work, and repeated failures where one small clue to the shark puzzle is found after days or weeks of searching. Other fossil sites are easy to access and excavate, with a reliable rate of expected finds, so it’s just a matter of diligence and time (a magic number of hours/days/weeks/months/years of labor) required to find a very special fossil in the right layers of rock.

			One of my childhood and student mentors, Dr. Tom Rich, a stalwart American who landed his dream job as a museum curator in Australia back in the 1970s, told me, when I was a teenager on one of his digs, that to succeed in paleontology you need “the will to fail.” He searched the southern cliffs along the Victorian coastline for more than twenty years, hoping to find Australia’s oldest mammal fossils, without success. He never gave up. Then one year his team found a tiny mammal jaw about the size of your little fingernail, the oldest fossil mammal ever found in Australia! Since that day he has found many new species, each helping to dramatically rewrite the story of how Australia’s mammals evolved. Dogged, sheer persistence always prevails.

			The human side of the shark story is vital to understanding how our theories concerning the evolution of sharks have changed over time and why. Many of the best fossil sharks featured in this book were found by paleontologists on regular fossil-hunting expeditions. Some significant discoveries were made by young paleontologists, new to their field, others by veterans having fifty years of experience under their belts. Some of the most important finds were made by amateur fossil collectors, who then worked closely with scientists so that their finds could be studied and published. Each fossil hunter has their own story to tell about why they dedicate their lives to this odd pursuit. Throughout this book I feature the stories of a number of extraordinary people from the past and present who have studied ancient sharks and made significant scientific discoveries. I’ve been lucky to work with several of them and call them my friends.

			What got me into this crazy fossil shark business? Sharks have fascinated me from a very young age. I grew up in Melbourne, Australia, a city blessed with many good fossil sites within its urban areas. At age seven I collected my first fossils on a dig with my friend and his dad, then quickly developed a passion for collecting all kinds of fossils, particularly sharks’ teeth. I would regularly head down to Beaumaris Beach in Port Phillip Bay, Australia, about ten miles from where I lived, to go snorkeling in the shallows and find fossils of ancient marine life that inhabited the seas 6 million years ago. My most prized finds were the teeth of giant extinct sharks, including big megalodon teeth (Otodus megalodon). At age thirteen I was one of those overly enthusiastic kids who could identify each shark species by their teeth and tell you what part of the mouth they came from—upper or lower jaw, front or back. I documented my entire fossil collection in two large exercise books, each a hundred pages long, filled with my color drawings and lengthy descriptions of each fossil. It won me the state’s top science prize in 1972, which came with the hefty sum of sixty bucks, a fortune back then.
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					Some fossil sharks’ teeth I collected around age nine from the Beaumaris site in Australia

				
			
			By 1975, when I completed high school, my fossil collection included more than five hundred sharks’ teeth collected from many sites around my state. I had classified them into more than twenty different species. Most represented the common sharks alive today, such as great whites, hammerheads, tiger sharks, whaler (or requiem) sharks, and the little bullhead sharks, as well as flat teeth from rays and tooth plates from a chimaerid. My childhood inner voice urged me to study paleontology in college, and in 1984 I earned a doctoral degree specializing in the evolutionary history of fishes.

			Why fishes, you ask? At the time, Professor Jim Warren, an American who had moved to Australia in 1962, was chair of the Zoology Department at Monash University. He had just finished excavating a new fossil site full of exquisite, complete fishes of Devonian age, roughly 385 million years old. All the other paleontology students at the time were queuing up to work on Australia’s giant fossil mammals and birds, turning their noses up at these spectacular fish fossils. My childhood interest in fossil sharks gave me the confidence to take on this study. After completing my doctorate, I held a series of curatorial and senior management positions at various museums across Australia and in the United States, where I had the good fortune to work on all kinds of ancient fish species, including sharks. For the past decade I’ve been working as a professor at Flinders University in South Australia, where I continue my research into the deep-time history of fishes of all kinds, including sharks.

			This lifelong pursuit has instilled in me a deep respect for the role sharks have played in regulating their ecosystems, and how they have adapted over hundreds of millions of years to Earth’s constant engine of change. As tectonic plates drifted slowly—at the speed your hair grows—and formed new continents, the ocean currents and sea levels were in constant flux, and global climates shifted. Supervolcanoes erupting, oceans choking for oxygen, and massive asteroids striking Earth, all caused global mass extinction events. These negative environmental factors proved to be positive drivers of evolution, resulting in the sudden appearance of many new species—called a species “radiation” when they appear rapidly and spread out into new areas. Sharks can do this, as they have been perfecting their intimate way of reproduction for such a long time. They are the poster children for evolutionary success, the prism through which we can see the struggles of all life—maybe even our own.

			Today, sharks include some of the weirdest, wildest, and most spectacular creatures on our planet—the ocean’s most feared predator, the white shark; the oceans’ weirdest-shaped fish, the hammerhead; the magnificent giant filter-feeding whale sharks and manta rays; the voracious garbage eater of the seas, the tiger shark; and the extraordinary bullhead sharks, docile little fishes that are true living fossils, virtually unchanged from when dinosaurs ruled the land 150 million years ago. Each of these species tells us a story not only about how sharks evolved but also about the very nature of survival of life on this planet.

			We need sharks today to keep our oceans vibrant and healthy. Sharks play a vital role in regulating our ocean’s food chains, transporting or recycling nutrients from one zone of the ocean to another, marshaling the correct balance in nature required for all life to thrive, from microscopic plankton to gigantic blue whales. Without sharks, our marine resources would diminish; our oceans would die.

			Sharks are incredible organisms with special abilities that set them apart from all other fishes. These capabilities are the fruits of their long evolution, spanning some 465 million years—they are the superpowers that enabled sharks to adapt and survive a series of devastating/mass extinction events that nearly wiped out life in the seas on several occasions. Whatever nature has thrown at them, sharks, like the Terminator, just kept coming back. Some of these characteristics are well established, while others are new to science.

			Their gifts include a superb sense of smell (olfaction) capable of detecting minute amounts of blood or other organic compounds in the water from hundreds of yards away. Unlike other marine and land animals, they sway their heads to home in on the direction of the scent, detecting minute differences at each sway between the left and right sides of their nasal capsules. White sharks raise their snouts out of the water periodically to sniff the land to locate themselves when navigating across the globe.

			Sharks also have a special power that detects the faint electrical fields of other living creatures—handy when your prey might be buried under sand, or when used as powerful electrical discharge to stun or kill your prey (electric rays can do this as well, but as we will see, all rays are just a flattened kind of shark). While a few other fishes and even some aquatic land animals also have electrosensory organs, none have developed this power. It has been claimed that sharks can detect electric currents as weak as one-billionth of a volt, and that if two AA batteries were connected under the sea, a shark could sense the charge from a thousand miles away.

			We all know about sharks’ teeth, the gaping maw of death that we fear in our worst nightmares, yet there are many who admire them, collect them, and study them. They are part of our lore, our history, and in some cases our religion. Sharks have evolved an incredible ability to develop new teeth of all shapes and sizes. Every living species of shark can be identified from its teeth alone, they are that distinctive. Over millions of years, sharks have evolved a myriad of bizarre tooth shapes, from sharp killing and sawing types to bulbous crushing tooth plates and saw-like wheels of death specially designed for killing one kind of prey. Even more outstanding is that they have evolved entirely new kinds of tooth tissues to make these weird teeth super-resilient (which also makes them great fossils).

			Each of these powers will be examined in detail as we explore sharks’ evolutionary journey unfolding through time. Our story will follow the trail left by millions of years of fossil evidence and will be built upon meticulous, new scientific techniques that enable us to discover detailed new information about their past lives.

			The mystery of sharks

			Let’s begin our grand tour of the deep-time history of sharks with a bold statement: The origin of sharks is one of the last great unsolved mysteries in the five-hundred-million-year-old evolution of the backboned animals we call “vertebrates” (fishes, amphibians, birds, reptiles, and mammals). We have learned a great deal about the early origins of bony fishes, amphibians, reptiles, and mammals in recent years through stunning new “transitional” fossil finds. While there have not been any significant advances in our knowledge of shark origins, we still know them mostly by fragments for their first 56 million years. The enigma heightens around the age-old question of whether sharks evolved the first jaws and teeth, or some other ancestral archaic fish group before them.

			The story of how backboned animals evolved jaws is our story, how we humans evolved from simple jawless lamprey-like things through to jawed fishes such as sharks, then ultimately to land animals that can walk upright and chew gum at the same time. Evolution has tattooed its trademark on all creatures. We need to remember this fact when we start exploring the origin of sharks’ anatomical features to discover how they carried on through hundreds of millions of years of evolution to end up as parts of our own human bodies.

			The evolutionary story of sharks helps us better understand where we humans have come from as a species and to position ourselves within the deep-time context of nature’s complex web of life. For example, the way our arms and legs, our jaws, teeth, and even our brains develop is revealed from the study of shark homeobox genes—the blueprint genes present in all creatures that direct the sequence of events in our developing embryonic bodies. The study of fossil sharks can reveal when some of these genes first evolved and began crafting the modern shark skeleton, eventually leading to the human skeleton.

			The big missing piece of the shark story is where they came from, and how they survived for so long—close to half a billion years—escaping mass extinctions and major environmental crises with very little physical change. The fossil record of sharks is important for us to explore for other reasons. First, it shows the diversity of extinct shark species was far, far greater than our living shark diversity today (by a factor of at least three or four). Second, it shows how sharks have adapted to survive after many challenging situations—catastrophic meteorite impacts, globally destructive gigantic volcanic eruptions, rapidly changing sea levels and temperatures, deadly fluctuations in global oxygen and carbon dioxide levels, and changing continental configurations rerouting vital ocean currents and redirecting nutrient supplies. Coupled with the repeated rise of new superpredators in their oceans, like giant marine reptiles, sharks periodically lost their crown as the ocean’s apex predators. Sometimes they had to radically reinvent their body plans in order to reclaim it.

			The patterns of adaptation, survival, and extinction that we see in the long evolutionary history of sharks mirror trends in the evolution of all life; they can even teach us about our own evolutionary journey. For example, sharks survived five global mass extinction events, several of which involve harsh conditions similar to what climate change models are predicting will occur on our planet in the not too distant future. I think we can learn a valuable lesson from these consummate survivors in how to cope with rapid changes to our environment. What worked for them might well work for us.

			A life story in the rocks

			The French filmmaker Jean-Luc Godard mused that “sometimes reality is too complex. Stories give it form.” Before we go diving headfirst into the lost world of ancient sharks, you should first understand the background story—how and what paleontology is, and how paleontologists work. The history of sharks through time can be told only through the voice of paleontology spoken over the music of geology.

			Paleontology is the study of ancient life and its environments, as told through remains or traces of past life called fossils. Fossils can be bones, petrified wood, shells, impressions of trackways where creature once walked, eggs, or even fossilized poop (coprolites). Fossils have extra significance when the rocks they are found in can be accurately dated and studied to show what kind of environment the creature lived in. I’m going to give you some tools to help you understand how we do this. This understanding is important, as we need to be confident in knowing the timing of when all the main evolutionary events took place.

			Our main storyline here concerns how sharks evolved and diversified over a very long period of time. Geologists refer to periods of time that are measured in tens or hundreds of millions of years as deep time (and hereafter throughout this book I use MYA as shorthand for “million years ago”). The geological time scale shows the sequence of ages through time, each with its own distinct life forms, so for convenience we can refer to each package of time by a name, like the Devonian period. These periods are the playgrounds of evolution where big transformations in species occur, where whole new lines of organisms emerge—the playgrounds where species periodically seesaw on the edge of extinction. If they survive, they can keep playing in the next age.
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					Geological time scale showing selected major events for chondrichthyans and other life

				
			
			Dating a fossil is a job done by geologists using a range of reliable methods that measure the decay of radioactive elements. Once rocks form from the cooling of molten lava, erupted from volcanoes or deep-sea volcanic vents, the decay of their radioactive minerals starts—the geological hourglass starts running down. Certain elements, like uranium, break down at a known decay rate, so they can be measured to determine the age when the rock first crystallized, usually within ±0.1 percent accuracy. Cross-checking the dates using other minerals with known decay rates helps to verify the dates for certain key layers. We can also date fossils by the associated faunas of microfossils in the rocks. Throughout the world, marine rocks contain fossils of microscopic single-celled organisms with hard shells around them, like foraminifera or radiolarians. These have been dated by radiometric methods using layers of volcanic ash or rock above and below the sediment layers containing the microscopic fossils. The use of fossils to date rocks within a narrow time range is called biostratigraphy. The presence of certain key species of these tiny fossils can indicate narrow time ranges, usually within one or two million years. Fossil sharks’ teeth are often found as microfossils, so they can be useful for this purpose.

			Reconstructing the environment in which a fossil shark lived is often the job of specialist geologists who study the sedimentary rocks in which the fossil was found. Studying the rocks surrounding a fossil is our equivalent of a forensic examination of the remains. The clues in the rocks tell us in what environment the creature had lived, and sometimes its cause of death. Sedimentary rocks are formed when sands, silts, or muds are deposited in rivers, lakes, or the sea, then harden from burial in the basin or channel where they were laid down. Chemical agents then cement the sediment grains together, and, combined with pressure from the Earth’s tectonic movements, or from the weight of thicker piles of sediments above pushing down, compact the sediment into hard rocks. Sand can form sandstone, mud hardens to make mudstone, and shales are formed when muds and silts with many flat mineral grains in them harden into layered rocks. Limestones are mostly made up of particles of ancient sea creatures, like shells or bits of coral, so we know these were deposited underwater in shallow marine conditions. Deep-sea sediments are mostly made up of fine mudstones formed by minute clay and silt particles that are so tiny they take a long time to settle to the ocean floor.

			Throughout the story of life on Earth we see groups of animals and plants that become successful, then either survive to today or go extinct. While most of us might think of dinosaurs as an unsuccessful group, simply because the giant dinosaurs went extinct 66 MYA, we forget that they ruled the planet unchallenged for some 160 million years. And not all dinosaur groups went extinct, as all birds alive today are descendants of the theropod (“beast foot”) dinosaurs (the group containing big predators like T. rex), and thus are living dinosaurs. Similarly, insects have been around on Earth for about 400 million years and have evolved into millions of different species. Yet many insect groups evolved, were successful for a long time, then went extinct. Take, for example, the Odonatoptera—a superorder of giant dragonfly-like insects, some with wingspans up to 28 inches. Although they were abundant for around 50 million years, they eventually went extinct well before the dinosaurs appeared. While sharks have been around for almost half a billion years, we humans (genus Homo) have been here just over 2 million years, and our modern human species is only around three hundred thousand or so years old.

			When we think of any living group of animals or plants, we only ever see a small part of their evolutionary story from observing their living diversity. It pays to consider their total diversity (living plus extinct species), as only then can we comprehend the full story of what living forms survived. The ones that didn’t make it to today show us the evolutionary experiments that failed, yet some still invented and passed on new anatomical features that led to the success of modern species. Sharks are no different. We will see throughout our story that some of the most bizarre extinct forms were crucial steps on the evolutionary stairway leading to modern sharks.

			The history of sharks stars an incredible range of extinct organisms, including a great diversity of fascinating, bizarre-looking sharks, many of which have no counterparts today. Imagine a thirty-foot shark sporting one deadly row of enlarged jagged teeth jutting out of its lower jaw, resembling a buzz saw from Hades. Imagine another monster about the same size, capable of scooping up giant clams three feet wide so it could grind them to powder with its mouth full of crenulated pavement teeth. Not to mention the greatest killer the world has ever known, the mighty megalodon (short for Otodus megalodon), whose sixty-six-foot body carried massively powerful jaws sporting seven-inch serrated teeth—the perfect weapons to hunt and dismember huge baleen whales. I will delve into why each of these species, along with many other bizarre ancient sharks, was so successful in its time and discuss the underlying reasons for its success—changes in past climates, sea levels, ocean chemistry, food resources, and other biological factors that enabled each of them to thrive for millions of years. First, we need to understand the evidence we have for knowing about ancient sharks: their fossil remains.

			Sharks preserved as fossils

			Sharks present a fascinating record of fossil remains, yet they are still relatively poorly known by us paleontologists. Most fossil sharks are known primarily from their isolated teeth, scales, or fin spines. Only very occasionally, when chemical conditions in the water were just right and burial was rapid, some ancient sharks became preserved as whole organisms. Still, we specialists who study fossil sharks know how to see beyond the diaphanous shape of a fossil shark’s outline impressed in the rock. Teeth stuck in the bones of their prey can tell us what they hunted, or even how they made their kill. We can study the physical features and mechanical constraints of their scales, fins, and body shapes to reconstruct what these sharks of the past looked like or how they might have lived, or even to calculate how fast they could swim or how hard they could bite.

			The main problem with studying the fossil remains of sharks is that they all have cartilage skeletons that decay more quickly than bone once the animal is dead. I would estimate that more than 99 percent of every known fossil of a shark ever studied is either a tooth, a scale, or a fin spine. Probably less than one percent of all fossil sharks are known from actual cartilage skeletons that have somehow miraculously been preserved under exacting conditions. Most of these fossil skeletons would be partially articulated skeletons, meaning they are missing some parts, like the tail, head, or a section of the body. An “articulated” skeleton is one with the bones preserved still joined in their natural life position, like the superb fossil shark shown on the opposite page.
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					Australian museum, registration number AMS 1.47391-001 Author photo

				

				
					Mako shark skeleton showing cartilaginous tissues

				
			
			Complete preservation of a fossil shark occurs only when the dead shark carcass undergoes rapid burial in a quiet marine setting, or a lake basin, depleted in oxygen, preventing scavengers, or even bacteria, from destroying the delicate cartilage. In very rare conditions, where the physical conditions are perfect and the underwater chemistry is just right, we find exceptionally good fossils of complete sharks. Sometimes we find them with soft organs like livers, or even brains, preserved, sometimes with guts containing their last meals intact, and sometimes displaying the pigments of their skin, reflecting the faint ghostly patterns seen on the living creature. These “hero fossils” can tell us a lot about the lives of ancient sharks and inform the bigger picture of what drove their extraordinary evolutionary success.
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					Cladoselache, a well-preserved Devonian shark fossil from Ohio. Here the cartilages and some muscle tissues are preserved intact

				
			
			The overarching narrative of shark evolution can be assembled from these superb “snapshots” of complete ancient sharks, and from information gleaned from the studies of a vast number of isolated remains. It’s a lot like compiling a biography of a long-dead historical figure using birth and death certificates, some random shire records showing trades or taxes paid, and a couple of private letters. The big gaps in such stories can be filled in with your imagination to reconstruct what might have happened, guided by a thorough knowledge of the dates, places, and contextual events in history. If you know your background history well, it is possible to construct a gripping five-hundred-million-year-old tale.

			The right time to tell this story

			Now is the best time ever to study fossil sharks and tell their story. Most of the breakthroughs in understanding shark evolution revealed in this book were announced within the past decade, in this exciting new era of high-tech paleontology. For the past few hundred years, scientists had only simple hand tools to excavate and prepare their fossils, with electric drills and other more sophisticated preparation instruments appearing in the mid-twentieth century. The parts of the fossil they could see were all they could study, so the nineteenth-century images of fossil sharks are often nebulous wood-block prints showing vague shark-like outlines, with parts of the skeletons still obscured by layers of rock. From the mid-twentieth century on, we see the use of chemical preparation techniques to extract fossils out of certain rocks, like limestone, as they dissolve easily and do not damage the bones inside them. In such cases we can use certain types of acid solutions to extract sharks’ teeth, spines, scales, and sometimes their cartilage skeletons in 3-D from the rock to study them.

			However, without doubt the biggest advances in paleontological methods have been the advent of powerful new high-tech imaging tools like CT scanners (CT stands for “computer tomography,” or imagery). These instruments use X-rays to image fossils as multiple slices through the specimen. Synchrotrons are large-particle accelerators that shoot intensified beams of electrons through objects to image the ancient remains of sharks inside the rock in great detail, right down to the cellular level. Then, using the scan data, we can make 3-D models as printouts of our fossil specimens at any size we like.

			Recently, I’ve been fortunate to access the latest high-powered imaging device that shoots beams of neutrons through the fossil to create stunning 3-D images of its anatomical features. While the synchrotron can shoot electrons in beams of light a million times brighter than the sun, the neutron beams can pass through much denser specimens in thicker slabs of rock and give even higher resolution of the fossil, revealing its innermost secrets. Using such instruments has even revealed structures preserved in extinct organisms we never expected to find, like the remains of muscles, nerves, soft organs like hearts and livers, embryos—even the 3-D brain in one ancient fossil shark from Kansas. All these incredible discoveries will be discussed later in the book.

			
				
					[image: ]
					Photo by Joseph Bevitt

				

				
					The author imaging a fossil at the Dingo neutron beam imaging facility at ANSTO in Sydney, Australia

				
			
			Other powerful instruments and techniques are revealing the biological secrets of ancient sharks. For example, by analyzing the isotopes of certain elements like nitrogen, carbon, and oxygen in their teeth and hard tissue, we can determine the ancient food chains of extinct marine ecosystems, drilling down on what sharks of the past were eating. An even more startling new technique, which I’ll explain in more detail later, has allowed scientists in late 2023 to calculate the body temperatures of gigantic extinct predatory sharks, which helps us estimate their daily food needs, their capability for transoceanic migration, and how fluctuating sea temperatures might have brought about their decline.

			Finally, today we also have advanced computer programs that enable us to analyze the evolutionary relationships of fossil sharks with a high degree of confidence. Using these phylogenetic software programs provides a great deal more certainty in defining the role each fossil shark species played in the bigger story by telling us on which branch they sit in the big evolutionary tree of sharks. All these powerful tools and new techniques have changed the game for paleontologists, as we can now reconstruct many aspects of ancient shark physiology, their behaviors, and their evolutionary story.

			In this book I will reveal how and when the major groups of sharks evolved, present the scientific evidence, and discuss the key anatomical innovations that enabled them to diversify into the living species. The mission we are on is also centered on one big question about how sharks survived the great mass extinction events, and what we as humans can learn from their experience. Can they teach us a lesson to help save our own species from extinction? Think of this book as the ancestry.com of sharks, showing how over the course of 465 million years they were shaped and honed by a constantly changing world—a never-before-told tale, the now-revealed secret history of sharks.

			Are we ready to go back in time to begin our story of the mysterious origins of sharks? Let’s now visit the desert heart of Australia, as that is where we have found the oldest evidence of sharks anywhere.

		

	
		
			Chapter 2

			The Enigmatic Oldest Shark Fossils

			How Tiny Scales Teach Us Big Things

			 

			Fossil hunting in the dead heart of Australia

			Northern Territory, August 1993. It was a scorching hot afternoon in a dry desert valley in central Australia, part of the vast Amadeus Basin in the southwest corner of the Northern Territory, a place where glistening venomous snakes and long-necked goanna lizards were sliding and scuttling about between the rocky outcrops. A small rocky mesa lay ahead, named Mount Watt, which was drawn on my geological map as a tiny colored patch representing an outcrop of fine-grained sandy rock that geologists call the Stairway Sandstone. This rock was deposited as sand in a clear, shallow seaway in the middle of the Ordovician period, about 465 MYA. I grabbed a large sledgehammer and my biggest metal chisel, then went to work. With each swing of the hammer, the chisel thrust deeper between the buff-colored rock layers, sending dust and chunks of stone splintering off in all directions.

			Peering at the shattered pieces up close through my trusty 10x hand lens enabled me to examine each tiny mark on the rock. I was rewarded by finding the telltale patterns made by ancient bone entombed in the rock—small depressions on the surface, distinct shapes with complex dimpled indentations. Such dimples were the hidden treasures of this harsh land. Deep weathering of the porous rock over millions of years had long since destroyed any trace of the original bone from these layers. These patterns of dimples were scientifically significant; the geometry of the pattern, its regularity and juxtaposition of larger depressions with smaller ones around it, told me I was looking at an impression of the bony plate belonging to a fish named Arandaspis, a name meaning “shield of the Aranda.” It honors the First Nations people who have inhabited this land for tens of thousands of years, the Arrente people, also referred to as the Aranda or Arunta people. Arandaspis looked like a tube of bony plates about a foot long, with headlamp-style forward-facing eyes and a circular mouth. It had no fins and likely lived on the sandy bottom of the sea eating small critters it sucked out of the sediment.
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					The desolate outcrop called Mount Watt in central Australia. The oldest known shark scales came from these layers

				
			
			To get to this remote site, my two mates and I had driven about sixteen hundred miles northeastward from Perth, along the Great Central Road and the infamous Gunbarrel Highway, one of the longest stretches of barren desert road in Australia. There were expanses of angry corrugated gravel road extending through the flat sandy desert for more than six hundred miles, with no towns in between. The two men accompanying me on this venture were young geologists studying other rocks of the region, while my mission was to collect fish fossils. I worked hard at the outcrop that afternoon, chipping away for some hours as dark turbulent clouds began closing in.

			My two buddies had just made it back to camp when I returned with my fossil booty. There was no time to chat about the day’s work over a cold beer, as we had to quickly take shelter in our tents because a hard rain began pelting down. As I huddled in my tent, the winds grew stronger and more menacing until eventually the demonic gale ripped my tent apart, forcing me to flee for cover into the back of our truck. Watching, horrified, out the window, I saw my now destroyed tent blow away into the night. I spent the rest of that field trip (another two weeks) sleeping in the back of the old truck, stretched out on top of our rather lumpy supplies.

			Yet despite my discomfort, my efforts that day were rewarded with some excellent specimens of Arandaspis bones. These would later be showcased in a new gallery of evolution at the Western Australian Museum, where I then worked as the curator of vertebrate paleontology. On reflection, though, I still felt a little disappointed that I had not found anything new that day to add to our knowledge of what else might have lived alongside Arandaspis. We aim high at the field site, hoping that something truly remarkable will be revealed with each swing of our hammers, addicted to that adrenaline rush as the rock splits to reveal the remains of an ancient life once lived, showcasing some new creature that is totally unknown to science. Typically, such discoveries are few and far between. About twenty years later it would be revealed that the oldest known fossil shark scales were found in the same layers of rock I was excavating.
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					Reconstruction of an early jawless fish, Arandaspis, from central Australia

				
			
			Before we talk about this first mysterious shark, let’s orient ourselves in this deep-time space to see what Earth was like in the Ordovician period and what kinds of life inhabited these oceans.

			The Ordovician world

			If you had stood 465 MYA in the exact spot where I swung my hammer that day, you would have been about 60 feet or so below the surface of a warm tropical sea that cut right through the guts of the Australian continent. Australia was then encapsulated within the gigantic supercontinent of Gondwana, a landmass comprising South America, Africa, India, Australia, and Antarctica joined together. Laurentia (North America) was around three thousand miles away, sitting close to the ancient continental blocks of Siberia and Baltica. The northern boundaries of Gondwana straddled the equator and nestled against a large continental block of land now known to be a part of northern China; in the south it stretched out over the pole. Global sea temperatures in the Ordovician period were sweltering, estimated at around 100°F at the equator, with high seas, between 380 and 680 feet above today’s levels.
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					Ordovician world map, 460 MYA, showing sites mentioned in this book

				
			
			The shallow marine seaway that traversed Australia was named the Larapintine Sea, a vast watery home to a great diversity of primeval marine life. Just imagine Endoceras, a 12-foot-long squid-like creature living inside a gigantic tusk-like shell, an orthoconic nautiloid. They hovered like vampires above the seafloor teeming with a myriad of small, multilegged crustacean-like critters called trilobites. Here and there a few clams and worms burrowed their way down to safety as the nautiloids plucked fat trilobites off the seafloor with their tentacles, then fed upon them by ripping them apart with their horny beaks. Up to this point in time we had very few creatures we could call fishes in our oceans.

			The oldest fishes were jawless forms that looked like finless compressed worms with gill openings and rounded mouths at the end of their bodies. Metaspriggina is one such form; it was found at the famous Burgess Shale in British Columbia, Canada, and lived around 508 MYA. Its weak mouth and well-developed gills suggested it either filter-fed on plankton or hunted small swimming worms and other tiny creatures. Some other similar worm-like swimming jawless fishes are known from slightly older layers in China as well.

			The early part of the Ordovician had a diverse number of swimming protovertebrates called conodonts. These elongated eel-like creatures had jaw-like structures in their mouths, with a cartilage notochord supporting their body instead of a backbone, so no hard skeletal features that would tag them as a vertebrate. They are mostly known from their phosphatic jaw-like mouthparts made of tissues constructed like in vertebrates. We know almost nothing about their lifestyle. Although some were thought to be gentle filter feeders, others might have actively hunted live prey. The biggest conodonts lived at the same time as Arandaspis, between 467 and 458 MYA, when forms like Iowagnathus might have reached up to 4 feet long. It’s likely that some of the conodont animals hunted the first jawless fishes. Jawed vertebrates were not known at this time—that is, until the first sharks appeared on the scene.

			The warm inland Larapintine Sea was home to the world’s first shark, aptly named Tantalepis. I’ll tell you more about this creature’s tiny fossil scales soon, after a brief introduction to sharks. Then we can dig down into the finer detail of what its scales can tell us.

			Sharks for beginners

			Sharks are very highly evolved supercharged jawed fishes, and like their competitors, the bony fishes (the majority of fishes in our oceans and rivers, like catfishes, salmon, or trout), sharks share the same positions of all their fins. Up front they have paired pectoral fins coming out from behind their heads and paired pelvic fins coming out from the rear of their streamlined bodies. These two pairs of movable fins help the shark maneuver in water, for efficient turning or braking.

			They also have a powerful stiff tail fin that pushes the shark through the water; think of it as the shark’s main thruster jet. Some sharks have a small triangular anal fin behind the cloaca (the opening for excretion of waste and for reproductive purposes) and a prominent triangular dorsal fin, or two in some species. These are all median fins that do not move but project from the midline of the shark’s body and help to stabilize the shark when swimming, like shafts on an arrow.
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					Main external differences between a shark (chondrichthyan) and a bony fish (osteichthyan)

				
			
			Some species have sharp fin spines in front of their dorsal fins for protection against large predators, as in the bullhead and dogfish sharks. When larger sharks take them whole as prey, the dorsal fin spines pierce the roof of the mouth and the predator will often spit them out immediately. Sharks also have thick, fleshy, stout fins, whereas bony fishes like trout have thin, flexible fins. These thicker fins give sharks greater stability at high speeds, like the pulled-in wings on a fighter jet, but the trade-off is they are less maneuverable and can’t pull up as quickly compared to most ray-finned fishes, which can move with greater agility, like a fixed-winged propeller airplane doing tight aerobatics.

			Sharks are distinguished from other fishes by several features, including their minute pointed placoid scales, smaller than pinheads, covering their bodies, unlike the larger rounded or rectangular scales, about the size of your thumbnail, seen on the bony fishes. The tiny size of a shark’s scales improves its swimming efficiency and helps to protect the shark from minute parasites. Sharks also have exposed gill slits rather than covered gills. Gill covers offer more protection against damage or infection by parasites.

			Like all fishes, sharks have a visible line of little pores that run the length of their bodies and all around their heads. These are sensory cells, called neuromasts, which form a sensory system (the lateral lines) that enables them to detect subtle changes in water pressure indicating that something is moving nearby. It can tell the shark that a struggling, wounded fish is in the water ahead of it 300 feet away—a very handy tool in dark, murky waters. Singular among fish, they possess a well-developed electrosensory system for detecting the weak electric fields of other living creatures, including microscopic plankton in some cases. If the prey isn’t moving and is buried just below the seafloor, so that the shark can’t detect it with its sight or smell, then it might use its electroreception cells to locate the prey, then dig down with its snout to grab its meal.

			The main features defining a shark that distinguish them from bony fishes are shown in the figure on the previous page.

			Sharks have closely related living kin—the rays and chimaerids (also known as ratfishes). These three are grouped together as the chondrichthyans, and they are all “sharks” in the general sense because they all evolved from an ancestral shark body plan at different times. Today each of these groups has quite different yet essentially shark-like body features and characteristic teeth.

			The big picture of the evolution of sharks includes many offshoots from the main branch leading to what I call true “sharky sharks,” like the white sharks or hammerheads, which scientists call the selachians (class Selachii). The group containing both sharks and rays is called elasmobranchs. This distinction highlights that there were many experimental offshoots from the main branch leading to modern sharks, including many weird extinct groups that all had their days of glory, reigning over the oceans at various times. In the end they went extinct when competition became too fierce, or Earth suffered a widespread extinction event.
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					Simplified tree of chondrichthyans showing relationships between sharks, rays, and holocephalans

				
			
			There are at least 1,225 living species of sharks and their kin alive today. This book tells the story of the entire group, the chondrichthyans, with the main focus squarely on sharks. When discussing living sharks, I will include their scientific names in a list at the end of the book. Around the world they all have different common names, so the scientific name avoids any confusion as to the species being discussed.

			Sharks and chondrichthyans all possess a skeleton made of cartilage. Cartilage is the rubbery tissue lining our joints and supporting our nose and ears. It is also the framework that bone develops around in all vertebrates. Cartilage is the reason why babies have rubbery arms and legs—their limb bones are mostly cartilage right after they are born. Once the bone has ossified enough around the cartilage core of the leg bones, the baby is able to support its own weight and venture to take its first cute baby steps.

			Shark cartilage is not the same cartilage as in our bodies. It is a very specialized type of strong yet flexible cartilage, built with tesserae (little “tiles”). It is found only in sharks, rays, and chimaerids, so it essentially defines them as a unique group of fishes. This is important to remember when we start exploring the origins of sharks way back in time. The tesserae and other markers of shark cartilage help us identify true sharks, distinguishing them from other kinds of archaic fishes. As the shark grows, the tesserae become wider and thicker and the skeleton becomes stronger by adding denser mineralization to the tesserae where it has the highest stresses. Sharks vary in the degree of calcification of their skeletons. Some sharks have very little calcification in their skeleton, so their cartilage is soft and rubbery like your ear, while others, like the powerful white shark, have heavily calcified cartilage, giving them a more rigid skeleton for their strong muscles to attach to.

			While most bony fishes reproduce using external fertilization (spawning in water), all chondrichthyans have external sexual organs called “claspers” attached to the pelvic fins of males. They reproduce using internal fertilization like us, depositing sperm inside the female, and both our reproductive organs developed from the same genes found in sharks and us. Inside their bodies, sharks have enormous livers containing large amounts of squalene oil, a special reserve of energy that helps them survive for long periods when females are pregnant, or when large sharks are crossing vast oceans.

			Sharks are also defined by perhaps their most identifiable feature, their special kind of teeth formed in rows. Shark teeth erupt from a soft organ inside the mouth behind the jaws called the dental lamina. It consists of special cells that continuously produce new teeth as if they were growing from a conveyor belt, so more keep coming out one after another. Teeth appear on the jaws as rows stacked behind each other from front to back. These teeth are generated and shed throughout life, ensuring that new teeth can pop up at the biting edge of the mouth as required. Many bony fishes can resorb and remodel tooth tissues, but sharks cannot do this. Their strategy is to replace dull or damaged teeth with new sharp ones. The peculiar way that sharks and rays make teeth and shed them is great for us paleontologists, because each shark leaves behind many thousands of teeth in its lifetime. These end up on the seafloor to eventually become fossils.

			Other chondrichthyans, like rays and chimaerids, have teeth that follow similar growth processes but differ in how they develop and are used and shed (or not). Rays grow and shed their flat teeth regularly, but not as quickly as sharks do. The chimaerids are a little different: They have sets of large, continuously growing tooth plates that they do not shed.

			The study of living sharks can tell us a lot about their anatomy and what special superpowers they use to detect and capture their prey, or to find a mate. Today all sharks live by hunting prey, although certain large forms, like whale sharks, take this to a refined level by extracting their tiny living prey from seawater by filtering the water through their gills. While this is also true of some bony fishes, many more are omnivores or specialized herbivores that eat a much wider range of foods including plants, algae, and plankton. (Though it’s been recently discovered that some so-called “predatory” sharks consume a lot of vegetable matter, too—for instance, seagrasses can make up to 62 percent of a bonnethead shark’s diet.)

			Sharks are also defined by their characteristic swimming style of moving their heads from side to side to home in on odors using their powerful olfactory or nasal capsules. White sharks can sense a taint of blood and tissue in the water emanating from a rotting whale carcass several miles away if the smell is carried by a current. They use their lateral line pores to sense the movement of the current, in combination with their highly sensitive noses to sniff the water, then turn toward the source and steadily move in until the decaying feast is found.

			However, the mystery of the long, slow evolution of sharks was not solved by the sum of their characteristics and superpowers alone. It was also driven by many factors beyond their control, from the shifting of continental plates that created new currents or pathways to new oceans, to the rapid rise of other scary predatory fishes and monstrous reptiles in the ancient oceans. Sharks won the day in the end because of their unique evolutionary adaptations, as we will soon see from their extraordinary fossil remains.

			Shark origins: the mystery years

			The first great mysteries about sharks are when they evolved and where they came from. The oldest shark scales appeared about 465 MYA in Australia. Over the next 40 million years, climaxing at the end of the Silurian period (419 MYA), shark remains mostly consist of a few isolated scales, tooth whorls, and a handful of broken fin spines.

			Some 28 million years after the first shark scales appeared, we have two remarkable finds from China. These are the first nearly complete small shark fossils, called Shenacanthus, and tiny shark-like teeth formed as clusters or tooth whorls, named Qianodus (both are 438–436 MYA). We then have a roughly 20-million-year gap until the first proper sharks’ teeth suddenly become abundant in sedimentary rocks (417 MYA), then about 6 million years until the first nearly complete shark fossil (409 MYA).

			My quick “back of the envelope” calculations suggest that all the known fossils of sharks found throughout the world during the first 56 million years would nearly fit into that envelope. However, good things often come in small packages. The new high-tech approach to paleontology, championed in the last decade, means that, using powerful micro-CT scanners and synchrotrons, we can scan the heck out of these tiny scales, spines, and teeth to make incredibly detailed observations on how their hard tissues evolved. Understanding these biological processes, like how cartilage can change into bone, or evolve into tooth tissues like dentine, informs the bigger evolutionary story of how the first internal skeletons formed.

			Until more fossils dated at the critical stage are found, the first 56 million years of shark history—a period akin to the time stretching back from today almost to the last dinosaurs—should be referred to as their “slow cooking period.” It was a time when through trial and error, survival of the fittest, they eventually split from their ancestors and evolved the characteristic features that we now associate with modern sharks.

			We are always hoping to discover which fishes were the ancestors of sharks. One fact that helps us is that sharks lack external bones but have a well-developed internal skeleton made of cartilage. The first contenders for shark ancestors include the ancient jawless fishes. These had a full external bony skeleton and a presumed weakly developed internal cartilage skeleton. Other contenders, like the armored placoderms, early jawed fishes covered with bony plates, appeared well after the oldest sharks (more about them later). For now we have only a few fossil scales to establish the oldest shark in existence.
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					Mako shark scales showing the crowns only, as the bases are stuck into the skin. Each scale is about 1/500 inch

				
			
			Scales can tell us many things about their owners. Shark scales are tiny, almost microscopic, and are called placoid scales, which differ from the typically flat, rounded scales of most bony fishes. They tell us something very important about the early evolution of sharks: the nature of their oldest bony tissues.

			Modern sharks have tens of thousands of little placoid scales in their skin. They have many shapes and serve many functions, primarily to protect the skin of the shark against abrasion and to prevent parasites from attaching to the shark’s skin. The scales are sometimes reduced in patches of skin to allow specialized bioluminescent organs to glow in some deep-sea sharks. Another functional use of placoid scales is to create microscopic layers of turbulence around the skin-water interface—this reduces overall drag for the shark swimming through the water. It works like a golf ball with an irregular surface (dimples), which can go 30 percent farther than a smooth ball. This irregular skin surface enables the shark to go much faster than if its skin was perfectly smooth.

			Each shark species has many different kinds of placoid scales (as many as twenty-five different types), from simple ones with one layer and a few raised ridges to quite complex varieties with elaborately sculpted surfaces displaying many branching ridges or riblets. The sculpted part of a fish scale that sticks out of the skin into the water is called the scale’s “crown,” whereas the part embedded in the skin is called its “base.”

			The shape of a scale, and the complexity of its surface—the numbers of ribs or complex bumps on it—reveals surprising adaptations in different kinds of sharks. It’s a bit like how cars have different patterns of tread on their tires depending on where they go (on pavement or on rugged terrain) and how fast they travel. The fastest-swimming sharks today, like makos, have placoid scales with just three fine ribs on the smooth crowns. These scales give the mako maximum efficiency, reducing drag in the water for swimming at high speeds. As sharks move through the water, the small scales on the head of the shark do most of the work, creating a micro layer of turbulent flow that breaks the “wall of water” as the shark’s body pushes through and forms a miniature vacuum that sucks the shark forward. Mako sharks can bristle their flank scales, making them stick up for short times and giving them brief bursts of greater speed. Other sharks have placoid scales shaped to direct the flow of water around the nostrils for better smelling, or away from the specialized sensory cells along the lateral line of the body. A recent study has just revealed that even the eyes of some sharks, like the giant whale shark, have their own distinct types of minute placoid scale that provides a protective covering and also helps direct water away from the eyeballs. The scales help the shark with everything it does in its daily life.

			Until we can map the shape of every scale type on every species of shark, we simply won’t know how many species, living or fossil, have similar scale shapes. Given how much we still don’t know about every type of scale on a living shark, how can we be sure the tiny fossil scales from central Australia really came from sharks?

			Tantalepis, the first shark?

			Understanding the murky origins of sharks is a lot like being a detective at a murder scene where far too few clues have been left behind.

			The oldest probable shark is Tantalepis, announced in 2012. Its scales, each roughly the size of a pinhead, closely resemble the simple placoid scales seen in some living sharks. The British team who found these scales named them after Tantalus, a son of Zeus in Greek mythology, whence the word “tantalizing.” The name seductively alludes to what this new species might tell us about the murky origin of sharks.

			Tantalepis scales are simple structures having three prominent ridges on the crown of the scale. The base of the scale is a simple, flat to slightly concave rounded plate. Detailed work on living shark scales corroborates that the three fine ribs on the Tantalepis scales might suggest that they were like nurse sharks, which are strong swimmers capable of fast sudden sprints when feeding at night.
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					Photo by Ivan Sansom, University of Birmingham, UK

				

				
					Tantalepis scales, the oldest evidence of sharks on Earth at around 465 MYA

				
			
			Back in 2006, Ivan Sansom from the University of Birmingham and his team scoured the dry creekbeds of central Australia about sixty miles south of Alice Springs. It was hot, dusty work, and swarms of flies were their constant companions. They bagged a sample of fine siltstone rock that was later processed in their lab. By breaking down the rock using chemicals they could pick through the insoluble residues and find the tiny fossils. All told, the sample yielded around 150 of these tantalizing shark-like placoid scales. However, only a few of the scales were complete or well preserved; most had been broken or abraded by sea currents before being buried. So, even though they resemble modern shark placoid scales, what is the hard evidence that makes us think these tiny ancient fossils once belonged to sharks?

			The structure of these early scales is our best clue. The simplest and the most primitive type of early shark scale is made from just one developmental unit, called the odontode (meaning “tooth-like” unit). The crown of the scale is composed of a kind of hard dentine, as in our teeth, and the base is made of a bony tissue. The scales lack one feature seen in later shark scales—a canal in the neck of the scale. For this reason, we suspect Tantalepis is most likely an early chondrichthyan of some kind, but we can’t be 100 percent sure.
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					How ancient jawless fish scales (thelodont, left) might have given rise to the first shark scales (middle and right)

				
			
			Similar types of simple scales are found in a group of ancient jawless fishes called thelodonts, which are tubular to flattened fishes. They lacked bony plates around their heads as we see in Arandaspis. The oldest known thelodont scales first appear in the Harding Sandstone of Colorado about 10 MYA after Tantalepis. These early thelodont scales have a base pierced by a canal, called the pulp canal, just like the ones we have in the base of each of our teeth. This tells us the biological processes used by the fish to make its scale were quite different to the process used by sharks. It is a subtle yet important point of difference which allows us to distinguish thelodonts from sharks by just their scales. Shark scales grow from little primordial buds in the skin, and once they reach maximum size, they stay fixed in the skin as the shark keeps growing. They fall out eventually and new scales replace them. In this way the shape of the scales can change as the shark matures.

			Tantalepis is as close as we can get to the oldest evidence for the origins of the shark group, the chondrichthyans. The scales are remarkably similar to those of several living sharks, like the nurse shark shown on this page. It also reflects the main problem in searching for the origins of major lineages of animals—the dearth of good fossil vertebrate material at this early time in the history of life. Luckily we don’t have to wait long after Tantalepis before the first definite chondrichthyan scales begin to appear. We will now look at other kinds of early sharks from this enigmatic dawn of their history.

			Other early sharks appear

			At the end of the Ordovician period, 443.8 MYA, we have at least five kinds of putative fossil sharks known only by their scales. They tell us two things: Simple placoid scales evolved into more complex forms with many ridges, and tissues making them began to evolve as we encounter the first scales made up of two key components, a bony base and a dentine crown. We know these sharks were likely very small (maybe a foot or less in length), and that they likely lacked teeth and fin spines. If such hard parts were present on these sharks, the large amount of sampling done by now should have turned up a few bits and pieces of them, but so far not a scrap has been found to suggest these structures existed.

			We can’t imagine these beasts as looking anything really like living sharks, so let’s just bite the bullet and refer to them as “protosharks.” The many species of living sharks that bear similar simple placoid scales to our Ordovician protosharks all have jaws, so it’s safe to assume our shadowy protosharks also possessed jaws. We cannot assume that teeth were necessarily present in any of these protosharks, unless they were using rows of enlarged placoid scales around the edges of the mouth as “teeth.” If so, then these early “scale-teeth” would not be easily differentiated from other body scales in our samples. I think it would be impossible to tell whether they were used like teeth unless we were to find distinctive wear patterns on the sharp edges of the scale crowns, and to date such wear patterns have not been observed.

			One other kind of early “shark” was also living in the Late Ordovician seas. Understanding their anatomy is really the key to deciphering the origins of modern sharks. Their scales differ from the simple placoid scales of sharks by having a very rounded, protruding base instead of a flat base. They were at first thought to represent another extinct group of jawed shark-like fishes and were commonly called acanthodians (meaning “spiny ones”). They are known from isolated scales, teeth, and fin spines from across the globe, particularly common in younger rocks of the Silurian and Devonian periods, where many complete body fossils have been found. Today we know they are the ancestral stock that modern sharks came from, so we refer to them as stem sharks, meaning they are a small branch (a stem) coming off the main evolutionary tree of sharks. Most of the acanthodians were a dead end with no survivors, but some species at the base of the tree bridged the gap between the protosharks like Tantalepis and the modern line of sharks.
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					A stem shark, or acanthodian (Parexus, from Scotland)

				
			
			
			Ancient shark scale research pays off
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			Sharks endure the first mass extinction

			
			
			
			
			
			Silurian sharks
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