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INTRODUCTION


DEEP TIME


Our planet’s lifespan is measured on a timescale too vast to comprehend. Centuries of studying rocks and fossils have allowed us to assemble the story of Earth’s history and development over millions of years. Humankind has long sought to understand the world by reading the landscape, but only in the last few hundred years have we grasped the awesome ways in which the surface of the planet has been created and re-arranged many times over, and how this shaped the path of life on Earth.





The Earth is made of rocks, from her molten heart to the tough skin of her surface. The study of rocks and fossils (geology and palaeontology) has given humankind an unparalleled glimpse into our planet’s formation, development and antiquity. Despite the information we’ve gleaned, however, comprehending geological time – also known as deep time – is difficult, as it reaches far beyond the realms of human experience.


Geologists study the composition, age and distribution of rocks. This has illuminated processes such as plate tectonics, climate change and the origins of life and evolution. The principles of geology are both deceptively simple and sneakily complex. In deep time, solid rock can flow like water and crumple like paper. New rocks form while others are swallowed again. Meanwhile, fossils are distributed unevenly not only in terms of where they are located, but also which particular slices of time are represented. Animals with skeletons fossilize more readily than those without. Putting this puzzle together began in earnest around three hundred years ago, but humankind has been trying to make sense of the world for much longer, from deciphering shells on mountaintops as evidence of ancient floods, to using mythology to interpret dinosaurian bones emerging from the desert sands of Mongolia’s Silk Road.


Geologic Timescale


The geological timescale is used to chart the timing of events through the Earth’s 4.6 billion-year lifespan. It is split into increasingly fine timescales, from eons to eras, to periods then ages. Most of these were named by European geologists and defined based on obvious changes they saw in layers of rock, such as a sudden transition from limestone to sandstone, or the appearance of new types of fossil not seen in older layers. As our understanding of the processes of geology has improved, the details of these time periods have been refined, and the dates are increasingly precise.


The modern timescale used by scientists is called the chronostratigraphic chart, and it combines information from multiple sources, including the dating of radioactive elements in rocks and fossils. Yet, despite all of the advances in technology, one of the key principles underlying the geologic timescale is still the study of fossil organisms, and how they appear, change and disappear through deep time.


Stories in the Rock


The first recorded discourse about rocks comes from Ancient Greece and Rome, where authors examined stones, metals and minerals, and recognized that the Earth had changed a great deal over time. Around 1000 CE, Persian and Chinese thinkers were using the composition of rocks to hypothesize about how landscapes were formed. Ibn Sina (981–1037), one of the greatest polymaths of the Islamic world, recognized the incredible timescales necessary for rocks to be laid down and valleys gouged out. In China, Shen Kuo (1031–95) likewise saw these processes of erosion and deposition, and that the fossils of shellfish showed that parts of inland China must once have been under the sea.


One of the main figures in Western geological science is James Hutton (1726–97). Often dubbed the father of geology, he made the same observations about erosion and deposition as the great thinkers before him, realizing that these processes in the present day revealed the formation of rocks in the past. Hutton formulated new ideas about deep time, as well as recognizing that rock could be lifted, tilted and folded to create mountains, valleys and perplexing formations. This was the beginning of our modern understanding of geological processes.


Made of Many Layers


There are three main rock types on Earth: igneous, sedimentary and metamorphic. Igneous rocks come from below the Earth’s surface, being either spewed out in eruptions as lava, or solidifying beneath the surface from magma. Sedimentary rocks, on the other hand, accumulate on the surface of the planet, composed of pieces of eroded rocks and minerals, fossil organisms or chemical precipitates (such as carbonates). Metamorphic rocks begin life as igneous or sedimentary rocks, but are changed by being compressed or heated. Rock can be metamorphosed when it comes into direct contact with the intense heat of magma, or it can be folded, pressed and squeezed like putty. This often alters the chemistry of the rock, creating new textures and patterns as the minerals re-arrange themselves.


The most important principles in geology are tied intimately to understanding their great age. Rock layers lie one on top of the other, like tiers in a cake; the oldest layers on the bottom, becoming younger as you move to the surface. Fossils in the layers show changes in organisms over time, and index fossils – species that exist only during distinct time periods – can be used to date rocks. However, in deep time, layers can be tilted or folded, pushing older ones over younger. An example of this is the Moine Thrust along the northwest coast of Scotland. Layers can be also scoured away by rain and ice, creating gaps in the rock record. Volcanic activity shoots magma through existing rock layers like lightning bolts. Cracks in the Earth’s surface, fault lines and plate tectonics shift layers relative to one another, creating complex and confusing patterns. Interpreting these patterns is challenging, and they can only be understood when the vastness of the Earth’s lifespan is taken into account.


Restless Plates


Continental drift is part of the mechanism of plate tectonics, one of the most fundamental processes that shapes our planet. Although it appears as a solid coating, the Earth’s surface actually comprises plates of rock. There are around eight main plates and dozens of smaller ones, and they shift restlessly due to the boiling of the Earth’s molten core, churning beneath them. This heat creates convection currents that carry the plates, grinding them together and pulling them apart over millions of years. Depending on their thickness, plates slide under one another or fold and crush upwards to create mountain chains. Where plates meet and diverge, volcanos and earthquakes are frequent, as at the Ring of Fire around the edges of the Pacific.


Many of the larger plates contain an ancient core called a craton. These are the oldest pieces of the crust, some of them having formed over four billion years ago, shortly after the birth of the planet. By studying cratons, geologists have been able to piece together Earth’s formation. The shuffling of continents over the last 3.5 billion years – and particularly since the emergence of complex life – has had a heavy hand in the process of evolution, creating new habitats, opening and closing seas, redirecting the climate and isolating organisms from one another for millions of years.










Patterns of Life


Evolution shines the light by which we can see the technicolour history of our planet. Recognizing its processes began relatively recently but has completely transformed the study of biology and fossils. The link between evolution and the physical environment is intimate, tying the patterns of life to the ever-changing Earth.


The process of evolution was famously recognized first by Charles Darwin (1809–82), and later by Alfred Russel Wallace (1823–1913). Evolution by natural selection fundamentally shapes how we interpret the patterns of life on Earth, both now and in deep time. Studying evolution combines biology, palaeontology, geology, ecology and mathematics. It is a seemingly simple concept – the inheritance of characteristics and how they relate to survival – but encompasses such intricate complexity that it is easily misunderstood and mischaracterized.


With the advent of computers and genetics, our knowledge of how traits are selected and passed down through the generations is more refined than ever. Fundamental to that knowledge is the study of rocks and fossils, which provide information about change on timescales unobservable even over multiple human lifespans. We can appreciate how the changing face of the Earth has shaped her inhabitants. Without this insight into the past, it would be impossible to understand how our present world was formed, or what the future may hold in the face of climate change.


Hopeful Monsters, Common Ancestors


The fundamental lynchpin of evolution is that all life on Earth evolves from common ancestry. Descendants inherit traits from their ancestors, and traits that provide advantages for survival spread through the population over generations. Although this seems straightforward, for a long time people saw selection as an active process striving to perfection or improvement – an idea that persists today. Evolution has no end-goal, and traits are not actively selected or developed by an organism but instead constitute a biological lottery for every generation. Evolution is an ongoing process with no value judgements.


Animals have been arranged into groups since Carl Linnaeus (1707–78) created his system of taxonomy in the 1700s. This was based on anatomy, linking animals (including fossils) together through shared traits in their skeletons and organs. Modern science uses cladistics rather than Linnaean taxonomy. Cladistics doesn’t rank organisms but instead incorporates anatomy and genetics to group organisms based on common ancestry. These groups are called clades, and reflect a better understanding of the true relationships between organisms, and the process of evolution.


In the last few decades, genetics has rewritten animal relationships rendering many original classifications obsolete. Genetics has also exposed how the separation of animals by plate tectonics has led to them independently flourishing on each continent – often evolving similar adaptations for survival through a process called convergent evolution. Yet we have access only to the genes of living animals; fossils and the study of their anatomy still play a crucial role in interpreting the bigger picture of the evolution of life in deep time.


Tempo and Mode


Knowledge of genetics, the application of mathematics and developments in computing over the last century have led to a revolution in biological science, called the modern synthesis. This began in the first half of the 20th century. Whereas simple observation – which could be influenced by the skill or assumptions of the observer – had been the sole method for understanding animal relationships and natural selection before, these new approaches were quantitative and could be tested mathematically.


Fossils provide crucial data to understand the speed at which evolution takes place and the major patterns it has followed. They show that evolution can occur slowly and incrementally, as Darwin predicted, but that at times it can also be rapid. There have been bursts where animals have radiated out into many different new species. Evolution is not linear and directional but irregular, with many branches and no set goal. Using mathematics, it is possible to match up changes in the course of evolution with major events such as extinctions and climate change. We can conceive a more complex picture of natural selection, and this has transformed how we see the history of life on Earth.


Ecosystems and Life


A gloriously messy web of life and death transfers energy through our planet’s ecosystems. An ecosystem encompasses all the plants and animals – including micro-organisms – and their intimate interactions with geology, climate and one another. Ecosystems can be understood through the flow of energy and materials, which cycle in a pass-the-parcel game through ecosystems via photosynthesis, predation, decomposition and nutrient recycling. These interweaving webs of energy first emerged as life began, and as organisms have grown increasingly complex so their interactions have followed suit. Evolution is wound together tightly with ecosystem change.


Climate change and natural disasters have also shaped ecosystems in deep time, disassembling the intricate webs of life that inhabit them. This destruction shuffles the deck of life, giving selective advantages to new groups of animals. At points in the history of life on Earth, entire ecosystems have collapsed, carrying their inhabitants with them into the fossil record. There have also been momentous ‘births’ of new types of ecosystem, underpinned by novel energy sources or specific predator–prey relationships.












PRECAMBRIAN


Around 88 per cent of our planet’s lifespan took place in the Precambrian. From the clumping of dust and space rocks to create the first foetal globe 4.6 billion years ago, to the emergence of complex life in the ocean 4 billion years later, the Precambrian spans not only the birth and childhood of our planet, but sees Earth well into maturity.


The Precambrian is an informal name for a division of time comprising the Hadean, Archaean and Proterozoic Eons. It is so named because it lies before the Cambrian, once thought to be the dawn of life. We now know that cellular life sparked into being long before, perhaps within the first billion years after Earth was formed, and that multicellular lifeforms were making the seabed their home before the Precambrian had drawn to a close.


Despite the aching chasm of time represented by these eons, we know comparatively little about the Precambrian. The rocks formed in these early days have mostly been thriftily recycled, and those that remain are gnarled to near oblivion. Yet, enough remain to illuminate the fundamental steps our planet underwent to become habitable for the complex animals that now riddle every nook of its surface.


The Precambrian began in the Hadean with an oxygenless cauldron planet, zapped by the sun’s radiation and battered by asteroids. The Earth collided with another protoplanet, and our moon was formed from their union. Oceans were poured and lost again, until finally the searing surface of the planet cooled enough to retain its moisture. Some studies suggest that shortly after the oceans became permanent, the first single-celled life may have sparked into being somewhere in the depths.


In the Archaean the seas were hot and green as pea soup. An atmosphere had formed, but it was a miasma of toxic gases. Yet, this was when single-celled life multiplied. Soon the magical process of photosynthesis began; absorbing energy from sunlight and sputtering out oxygen as a by-product. Single-celled sun-eaters were steadily shifting the ratio of atmospheric gases, unknowingly creating a planet fit for complex life.


The first continents formed in the Archaean, and by the Proterozoic plate-tectonics had formed. Supercontinental cycles bunched and split the crust over millions of years, drawing up mountains and then rubbing them out again. Increasing oxygen ousted the previously abundant greenhouse gas, carbon dioxide, leading to a global freeze called Snowball Earth. This tough environment may have helped trigger the rise of the first complex organisms. Shortly after the ice melted near the end of the Precambrian, the squishy bodies of bizarre lifeforms are found in rocks from the ocean floor.


Our planet was finally home to complex organisms, multiplying in a thriving sea, under an oxygenated sky. The world would never be the same again.



Hadean


4.6 to 4 billion years ago. To begin with most of the Earth’s surface was molten, with surface temperatures over 200 degrees Celsius (390 degrees Fahrenheit). Asteroids frequently hit the planet.
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Archaean


4 to 2.5 billion years ago. First life may have formed around deep sea thermal vents.
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Snowball Earth


Over 635 million years ago, during the Proterozoic (2.5 billion to 541 million years ago). Global ice cover led to an ‘albedo effect’, reflecting sunlight and further cooling the planet.
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Ediacaran


635 to 541 million years ago. Complex life emerged in the sea, much of it soft-bodied.


[image: Illustration]



Hadean


The Earth began in the hellish Hadean, which lasted 600 million years. The moon was formed from an impact with another protoplanet, bringing the water that would form our atmosphere and oceans. Although Earth seemed inhospitable, by the end of the Hadean our oldest common ancestor had appeared, and the epic tale of life’s evolution began.


In the first days of the Earth our planet was unrecognizable. It formed approximately 4.6 billion years ago from dust grains orbiting the newborn sun. These grains clumped together and collided, growing to form the first protoplanets, including our own. The process only took around twenty million years – a mere blink in geological time. The Earth was a hot mess, battered by a rain of impacts from other protoplanets and asteroids, which kept most of the surface molten. Heavy metals in this magma soup sank to form the core, which produced the Earth’s magnetic field. The name Hadean – from the Greek god of the underworld, Hades – was chosen for this time period because the extreme conditions were reminiscent of the Western Classical concept of hell. For much of this time period, Earth was incompatible with life: the surface temperature was over 200 degrees Celsius (390 degrees Fahrenheit); there was almost no oxygen; and the lack of ozone layer meant the planet was flooded with deadly radiation emanating from the furious sun.


Slowly, Earth cooled and formed a crust. By the end of the Hadean, this crust began to move, and plate-tectonics was set in motion. A day – one full rotation of the Earth – was only four hours long at first, gradually lengthening to ten hours by the end of this eon. The sun was only 70 per cent as bright as it is today, and the moon was much closer and would have been enormous in the sky. Towards the end of the Hadean, a huge number of asteroids pummelled the Earth and other planets in our young solar system. Evidence for this is found on the pockmarked moon, which bore the brunt of impacts. In the last fifty years, scientists have found Hadean rocks in Australia, Canada and Greenland, but most have been recycled through plate-tectonics.


Although the earliest fossil evidence is not found until much later, researchers believe the first life on Earth may have appeared at the end of the Hadean. They call it LUCA (the Last Common Universal Ancestor), and from it all life on our planet evolved. It probably began through chemical reactions that produced simple organic compounds, including the building blocks of life. LUCA can be studied using the genomes of living species, including single-celled organisms. Scientists trace these patterns back through time using molecular clock analysis, which counts the number of mutations in genes to work out when different branches in the tree of life split. From the myriad protocells that developed on the early planet, only one lineage survived. This simple life diversified, transforming the Earth and creating conditions that made it possible for more complex organisms to emerge.


The Moon is Born


Our planet’s moon is thought to have formed when a protoplanet called Theia collided with Earth around 4.4 billion years ago. A huge part of the Earth would have melted, vaporizing rock and existing water to form the first atmosphere as they condensed, leaving behind CO2, hydrogen and water vapour. A disc of debris from the collision orbited Earth, eventually coalescing to form the moon. It was molten initially, and developed a small iron core before cooling and solidifying in as little as a hundred years. Evidence for the moon’s origin comes from moon rocks themselves, which have identical oxygen ratios to those on Earth.


The impact with Theia was perhaps the most important event in our planet’s early history. It may have nudged the Earth, causing it to tilt on its axis. This 23-degree tilt produces our seasons, as the high latitudes periodically turn their cheek away from our warming star. Without the moon, we would have no tides. To begin with, it was almost twenty times closer to the Earth than it is now, and has been slowly drifting away into space ever since, at a rate of around 4 centimetres (1½ inches) per year. This is happening because of the interaction of the moon’s gravity with our oceans, which causes the Earth’s spin to slow and the moon’s orbit to speed up, flinging it outwards. As the moon departs, our planet’s days will lengthen by around 19 hours every 4.5 billion years.


Planet Ocean and Life


Oceans are the cradle of biological life, but they didn’t always exist. It isn’t clear where the first water came from, because the temperature during the Earth’s formation was too hot for it to exist. Water probably arrived on our newly formed planet via impacts with water-rich asteroids and protoplanets, including the impact that formed the moon.


Despite the temperature on the Earth’s molten surface, the intense atmospheric pressure prevented the early oceans from evaporating. However, water was lost to space more easily due to the smaller mass of our planet, which meant molecules could escape Earth’s gravitational pull. Seas may have formed and been nearly or completely lost more than once in the first few hundred million years. At least one ocean’s worth of water was lost in the first billion years.


By 4.4 billion years ago, the Earth had cooled sufficiently for more permanent seas and rainfall. Our oceans now cover 71 per cent of the planet’s surface, and water is even incorporated into minerals within the Earth’s crust, mantle and core, carried there as continental plates slide under one another. It is estimated up to three times as much water might be stored within the planet as there is on the surface.



Archaean


The Archaean Earth was an ocean otherworld. The seas were hotter than a bath and tinged green. The atmosphere reeked of poisonous gases, and surface temperatures were searing. Microbial life flourished, releasing the first breaths of oxygen, but it would be billions of years before complex organisms arose.


For 1.5 billion years the Earth remained a harsh environment for life. Archaean rock formation dating to between 4 to 2.5 billion years old still exist, but are often heavily metamorphosed; having been heated over the eons and folded repeatedly like towels. The first continents formed in the Archaean, and pieces of them still survive. Plate-tectonics had been set in motion, but the continents themselves were completely different. There were more volcanic eruptions than there are today due to the heat rising from the planet’s core, and these created island arcs, which drifted together to form the first landmasses.


The Archaean proto-continents were surrounded by a hot lime-green ocean. The water was rich with iron ions that gave it this alien tinge. At first this covered almost the entire globe, and was as much as 85 degrees Celsius (185 degrees Fahrenheit). It cooled over the next two billion years. Air temperatures were lower than in the preceding Hadean, but the atmosphere was still toxic to most life, being filled with methane, ammonia and CO2. These gases created a greenhouse effect that baked the globe. A day lasted just 12 hours, and the sun was still only 75 per cent as bright as it is today. Yet this strange planet was the cradle of life, teaming with micro-organisms. By the end of the Archaean, the first wafts of oxygen were permeating the atmosphere, a precursor to the great oxygenation that would come later in Earth’s history.


Life, Not As We Know It


Most fossils of early micro-organisms are found in rocks formed in warm, shallow water environments, but there is other evidence for life in the most unlikely places. Tube-like structures in rocks over 3.7 billion years old may be the remains of micro-organisms living around hot, or hydrothermal, vents on the deep seabed. These vents exist today, often near tectonic plate margins or hotspots in the Earth’s crust. They form towers where seawater gushes through volcanically heated rocks. No light reaches the seabed, but chemicals dissolved in the water sustain a small but surprisingly complex food chain of micro-organisms, clams, shrimp and tube worms. This is called chemotrophy, from the Greek meaning ‘chemical feeding’.


Photosynthesis Begins


The first photosynthesizing organisms evolved in the Archaean. These were simple prokaryotes: cellular organisms such as bacteria and archaea that don’t have an enclosed nucleus within the cell. Eukaryotic cells, on the other hand, which evolved much later, are more complex in structure and have a membrane enclosing their nucleus. All complex animals are eukaryotic, as well as plants, fungi and protists.


The first prokaryotes probably fed on dissolved chemicals, but later some began to use the rays of the sun to fuel their metabolic processes, creating oxygen as a waste product. The cyanobacteria in stromatolites (see below) are thought to have played a major role in pumping our atmosphere with this life-giving gas. It was almost a billion years before oxygen levels rose high enough to fuel the evolution of complex animals.


Thin Layers of Life


Some of the most ancient forms of life on the planet are stromatolites. They resemble lifeless rocks but their surface teems with millions of photosynthetic cyanobacteria, fuelled by the power of the sun. Stromatolites form columns, mounds or cones that can be over a metre (3 feet) across, but it is only the surface that contains the living organisms. The shapes come from the deposition of sediments on the surface, bound together by mucus secreted by the cyanobacteria. This hardens into calcium carbonate, and builds up into layers like onion peel. These layers can be seen in the rock record in places that were once wide, shallow seas, and represent some of the oldest fossil evidence for life on Earth.


Some stromatolite structures can be created through non-biological processes, for example by precipitation of carbonates from seawater. It’s difficult to distinguish biological versus non-biological stromatolites in the fossil record, but the structure of some fossil stromatolites are too complicated to have formed without the aid of living organisms. In the Archaean and Proterozoic, stromatolites were common, but as more complex organisms evolved, they grazed on stromatolite colonies and reduced their numbers. They are now rare, existing mostly in extremely salty environments (hypersaline), such as Shark Bay in Australia, which protect them from being grazed by animals.



Proterozoic


The Proterozoic is the longest eon in the Earth’s geologic timescale, lasting a staggering two billion years. It holds a tumult of events, from the infusion of oxygen that transformed the course of evolution, to the global glaciations that nearly wiped it out again. Sexual reproduction emerged for the first time, and by the end of this eon, the first multicellular life forms populated the seabed: the beginning of the bizarre and beautiful animal world.


The Proterozoic accounts for over 40 per cent of the whole lifespan of the planet. It began 2.5 billion years ago, at the close of the Archaean, and ended 541 million years ago. During this time, Earth was transformed into a world we recognize as our own. A day reached 23 hours in length, and the atmosphere and oceans accumulated more and more oxygen. Most of the planet remained covered in water: the Panthalassic and Pan-African oceans. The Earth was very tectonically active, with dry land rising from the depths as mountains were pushed skywards and volcanos erupted. Around 43 per cent of the continental crust was formed in the Proterozoic, and this crust was increasingly stable, better able to endure the destructive processes of deep time. The fresh continents would have remained almost barren, with only bacterial and later fungal organisms colonizing the surface.


Great Oxygenation Event


Although oxygenation of our planet began in the Archaean, near the start of the Proterozoic there was a sudden leap in oxygen levels in the atmosphere. Dubbed the Great Oxygenation Event, it is thought to have been caused by new types of cyanobacteria, which released oxygen as a by-product of photosynthesis. At first this oxygen reacted with iron and sank to the sea bottom as particles of rust, but after fifty million years or so, the levels of iron were low enough that the amount of oxygen rose up into the atmosphere instead of being swallowed by the sea.


Oxygen was essential to the emergence of complex life. Multicellular organisms could not have evolved without freely available oxygen to fuel the chemical reactions in their cells. Oxygen is highly reactive and readily forms new compounds, which created ecosystems packed with nutrients. Nitrogen was converted into compounds such as ammonia in a process called nitrogen fixation, making it available for essential biological processes.


There was a dark side to the radical atmospheric change: the rise in oxygen came at the expense of greenhouse gasses. Unlike our current climate change crisis, the lack of carbon dioxide and methane in the Proterozoic caused global temperatures to plummet, leading to worldwide glaciation.



Snowball Earth


Just over 630 million years ago, our planet was encased in ice. This happened more than once, and though it seems counterintuitive, could have helped kick-start the rise of complex life on Earth. The evidence for Snowball Earth phases in the rock record comes from glacial sediments and ‘drop stones’, which were scraped from the surface of the ancient continents by glaciers and carried out to sea, where they sank. These are found in rocks from this time in almost every part of the Earth, including what was then the tropics.


There are many possible causes for Snowball Earth: greenhouse gases in the atmosphere being replaced by oxygen, changes in the Earth’s orbit and sun’s solar energy output, and volcanic eruptions have all been blamed. The position and break-up of the supercontinent of Rodinia may have altered ocean chemistry and contributed to thickening ice cover. The growing glaciers created what is known as an albedo effect, where the reflective white surface sends the sun’s rays back into space, cooling the planet further. Global temperatures plummeted lower than the modern-day Antarctic. Beneath the frigid ice, life clung on.


Over millions of years, volcanic eruptions and respiring microbes released enough CO2 and methane to raise temperatures and melt ice over large parts of the ocean. A layer of ocean slush up to a mile (2 kilometres) thick formed. Uncovered areas of dark water reversed the albedo effect and absorbed the sun’s heat, until eventually the planet was ice-free once more. Organisms had to be tough to endure these radical temperature swings – adapting to this rollercoaster may even have driven their complexity. When the surface defrosted, the scene was set for life to colonize the world.






Eukaryotes – Complex Life Begins



Eukaryotic cells are the basis of all complex, multicellular life on Earth. They emerged as much as 2.7 billion years ago through the joining of two independent cells. Eukaryotes invented sexual reproduction, and with it came the major mechanism for the process of natural selection.


Eukaryotes are organisms whose cells have a nucleus enclosed in a membrane. They also contain organelles inside them, the parts of the cell that carry out specialized functions, like microscopic versions of the organs in a body. These organelles include mitochondria and chloroplasts. All complex life on Earth today is made of eukaryotic cells, including humans. As the building blocks of every organism on the planet, they hold within them the blueprints for evolution.


The first definitive eukaryote fossils are found in the Proterozoic. They were a minor component of life on Earth for around a billion years, before erupting into a complex range of life forms. It’s difficult to know how they evolved, but the most likely explanation is that two independent, simpler cells formed a mutually beneficial relationship (called symbiosis), and eventually one cell was incorporated into the other, becoming part of it. This is probably how the mitochondria in our cells originated.


Taking a Lichen


Some of the earliest eukaryotes are algae and fungi. Their fossils have been found in rocks around a billion years old, but they probably originated much earlier. Older structures that could be algae or fungi fossils have been identified, and ancient oil found in rocks from 2.7 billion years ago could have formed from simple eukaryotes living as far back as the Archaean. Fungi and algae together form the symbiotic organism known as lichen, which remains common today. In a lichen, either an algae or cyanobacteria live within the fungal filaments, providing their host with nutrients from photosynthesis in exchange for shelter and moisture. The oldest fossil lichen comes from the Rhynie Chert in Scotland and is around 410 million years old.


Another of the earliest eukaryotes is Caveasphaera, a 609 million-year-old fossil from China. It is less than half a millimetre in diameter and looks like a tiny ping-pong ball. It probably represents the embryo of a multicellular organism, and may have belonged to a precursor of the emerging animals of the Ediacaran Biota.
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Dinoflagellates, single-celled eukaryotic organisms that live in marine and freshwater.






Importance of Sex


Sex has its advantages. It allows genes to recombine, producing random mutations like tickets in the lottery of natural selection. This makes sexually reproducing organisms better able to adapt to changes in the environment, predation pressure, disease and parasites.


Eukaryotic cells reproduce sexually, with two cells each contributing half of the genetic material to their ‘offspring’. Sexual reproduction is thought to be a very ancient eukaryotic trick. The first evidence for sexual reproduction comes from a red algae called Bangiomorpha, which is just over a billion years old. Sex is fundamental to the process of evolution. Simply put, without sex, life on Earth today would be neither as complex nor as exciting.
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Diatoms, a group of algae found in our marine and fresh waters, and in soil.








Ediacaran


In the mysterious Ediacaran, the last time period of the Proterozoic, the first multicelled animals appeared. Not only did unique life forms pepper the ocean floor, but they then also died in one of the first major mass extinctions in evolutionary history. Life at this time is only now being understood, thanks to the latest fossil discoveries.


The elusive Ediacaran lasted from 635 to 541 million years ago. It takes its name from the Ediacara Hills in Australia, where geologists first identified fossils from this time period, and changed our picture of the emergence of multicellular organisms on the planet. Although the Ediacaran Earth was similar to today, the continents were clustered in the southern hemisphere, and the north was one unbroken ocean. The moon was closer to the Earth, driving stronger tides that washed high upon the barren shorelines. By the end of the period, Gondwana had formed, the landmass comprising the core of the present-day southern continents. It would endure for the next 350 million years, being incorporated into the supercontinent of Pangaea before finally breaking apart in the Jurassic.


The first complex multicellular organisms are known as the Ediacaran Biota. These fossils are rare and hard to study because they were mostly soft-bodied organisms, lacking hard mineral skeletons. Their ghostly outlines and intricate impressions include creatures shaped like fern fronds and jelly-like blobs, ranging from 1 centimetre to over 2 metres (2/5 inch to over 6½ feet) in length. Strange and hard to interpret, some of them may represent the ancestors of lineages that survive to the present day.


Avalon Explosion


It was previously thought that complex animal life began in the Cambrian, which comes after the Ediacaran. We now recognize that there was a much earlier radiation of organisms that preceded this in the Ediacaran. They appeared not long after the last phase of global glaciation (Snowball Earth). The sudden increase in fossils at this time is dubbed the ‘Avalon Explosion’, taking its name from the Avalon Peninsula in Newfoundland in Canada, where exceptionally preserved Ediacaran fossils have been discovered. There are now well-known Ediacaran fossil sites in Australia, Namibia, Russia and China.


The Avalon Explosion saw an increase in the diversity of these pioneer organisms. Over a hundred different types of Ediacaran animal have been described, mostly soft-bodied, although some like Cloudina produced a hardened skeletal casing. Many had bizarre bodies unlike later animals, making their evolutionary relationships difficult to figure out.



First Mass Extinction?


The Ediacaran ended 541 million years ago, and most of these unique first animals disappeared. This might be the world’s first mass extinction, perhaps caused by a sudden change in ocean circulation linked to the break-up of the supercontinent Rodinia, which may have reduced oxygen levels in the ocean. This is called an anoxic event, and is captured in rock deposits of black shale, which forms in oxygen-poor conditions. If true, this was one of the worst anoxic events in the history of complex life.


Another possible reason for the loss of the Ediacaran Biota is that new types of organism evolved that fed on the microbial mats that bound the surface of the seabed together. These mats were a vital part of the Ediacaran ecosystem, providing stable habitats and anchorage, but they also prevented nutrients and oxygen from circulating between the water and ocean-floor sediments, keeping them barren. In the Earliest Cambrian there is a sudden increase in the number of burrowing animals, which may have broken up the microbial mats, replacing them with a flourishing new Cambrian ecosystem.






Charnia – First Animals



Charnia is a strange animal that lived over 550 million years ago. It is among the first complex organisms to evolve, belonging to an ecosystem scientists still struggle to understand. With a body unlike anything alive today, Charnia is one of many bizarre life forms in the Ediacaran. Alongside it dwelled animals with the first mineralized skeletons: armoured hulls to protect themselves against an increasingly hostile world.


Charnia is a frond-like organism that lived in the Ediacaran. It is known from sites in the British Isles, Australia, Russia and Canada. Growing over half a metre (20 inches) long, it resembles a plant, but features of its anatomy tell us that it doesn’t belong to this group. It was originally identified as a type of algae, and later a sea pen (a marine animal related to jellyfish). Although they look similar, further studies show Charnia grew in a different way, adding new buds on the tip of its fronds rather than at the base. It lived relatively deep on the seabed, where it was anchored with a round hold-fast. It couldn’t have photosynthesized due to lack of sunlight, but it didn’t have a mouth or gut either. The fronds might have been used to filter-feed or absorb nutrients from the surrounding water. It has a body plan of alternating branches, lacking either the bilateral (down the centre) or the radial (in a circle) symmetry seen in most organisms alive today. Some researchers suggest it was a completely unique organism, possibly with no close relationship to any existing animal groups.


The fossil Charnia has become an icon of the Ediacaran Biota. It is the first fossil identified as pre-dating the Cambrian – once thought to be the earliest time period with complex animals. It was discovered in 1956 in Charnwood Forest near Leicester, England. It was originally found by a teenager named Tina Negus, and although she told her geology teacher about the specimen, it was in rocks considered too old to contain fossils, so they discounted her discovery. The following year, a schoolboy called Roger Mason came across the same fossil, and his find was taken seriously. The fossil was subsequently described and named after him, Charnia masoni. Later, Negus’s role was recognized, and they are now jointly honoured for the discovery of Charnia, with Negus being the true first discoverer. Like many creatures from the Ediacaran, there is much about Charnia that remains a mystery.
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Charnia are one of the oldest complex organisms known.





Animal, Vegetable, Mineral


Among the strange and squishy animals living on our planet in the Ediacaran, there were some that had developed the first hard mineralized skeletons. Cloudina was one of these: an odd stack of fairy-sized cups that often formed ‘reefs’ of multiple individuals. They grew from the width of a finger to longer than a human hand. Their appearance in life is unknown; it’s possible there were soft body parts within or surrounding the animal. Although Cloudina is abundant in some rock layers, they are never found alongside their soft-bodied counterparts, suggesting they lived in quite different environments.


The hard skeleton of Cloudina hints that a new race had begun: the life and death struggle between predator and prey. As many as a quarter of Cloudina fossils from certain localities have been found with holes in their skeletons, which could have been made by other organisms attacking and boring into them. Whatever the attacker was, it was a selective hunter. Similar shelled organisms living alongside Cloudina don’t show the same damage. This is some of the first evidence of specialized predation in the fossil record, a force that has shaped the evolution of animals ever since.



Kimberella – First Bilaterian



Kimberella is an animal literally split in two, reflecting the most important major branching of animal life. This slug-like creature scratched its way across the rich microbial carpet of the Ediacaran seafloor. Although its family relationships remain unclear, thousands of exceptionally preserved fossils provide exquisite detail of its life, growth and death at the dawn of life.


The oval-shaped body of Kimberella grew up to 15 centimetres (6 inches) long and looked like the bowl of a spoon, with a patterned outer rim and dappled upper surface. It lived on the shallow seafloor in what is now Australia and Russia, around 555 million years ago. Feeding on thick microbial mats in this calm and spartan environment, Kimberella thrived alongside other enigmatic Ediacaran organisms in Earth’s increasingly fertile waters.


Among the many odd-looking creatures that made the seabed their home at this time, Kimberella is important for what it can tell us about the most basic divisions in the animal kingdom. As the first organisms experimented with their body plans, some of them gave rise to lineages that would go on to thrive and diversify in the Cambrian and beyond, while others never appeared again. With over a thousand fossils of Kimberella from multiple life stages, this organism is better known than many from the time period. It holds the key to tracing back these groups, uncovering the timing of life-changing moments in the story of life’s evolution.


Mirror, Mirror


Kimberella was first thought to be a kind of jellyfish, but it is now suggested to be an ancient relative of molluscs. Evidence for this comes from strange scratch marks found near Kimberella fossils, which might be the tiny scrapings made by its mouthparts, called radula. Molluscs such as snails use their radula to remove and cut up their food, for example scraping algae from the surface of rocks. Although no radula is preserved in Kimberella, the scratches are a tantalizing hint that the ancient mollusc may have possessed one in life. The main part of Kimberella’s body is thought to have had a non-mineralized single ‘shell’, and the patterns around its rim could be the remains of muscle attachments for a single muscular foot. Taken together, this body plan would support the idea that it was a long-lost cousin of molluscs.
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Kimberella are among the first bilaterally symmetrical animals, probably related to molluscs.





Whether Kimberella is related to molluscs is debated, but what most researchers do agree on is that it is the oldest known bilaterian. This is an animal with bilateral symmetry, where the right and left halves of the body are mirror images of each other. Bilaterians have digestive tracts with a separate mouth and anus. Most complex organisms on our planet are bilaterians, although some lose this symmetry as adults – for example, echinoderms such as starfish and sea urchins are bilaterally symmetrical as embryos but become radially symmetrical as adults. Kimberella marks a turning point in evolution, outlining the blueprint for most animal life on our planet.
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