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Introduction

If I could be a god there would be no flashy miracles, but there would be lots of universes. Enough universes to enable a scientist like me to conduct an ambitious experiment – an experiment that I, and I’m sure many others, dream of. I would like to identically re-create the conditions at the instant our universe came into being, run the clock forward, and examine how many of the resulting universes develop to become a home for you and me.

I would ensure that each starting point for each of my universes was identical. After 13.77 billion years, the age of our own universe, I would head to where our solar system should be in each of my experimental replicates. If our solar system was there, I would search out Earth before looking for you and me. Would we always be there, just as we are today? Or would we only be there in a few of the universes? Or in none at all? Would little green aliens with giant ears and no noses sometimes be in our place? On some occasions perhaps there would be no sign of our sun or the Earth at all, or maybe the Earth would be barren, moonless and devoid of plants and animals, circulating too far from the sun for life to flourish. In some universes life may be abundant, in others it might be rare, or even entirely absent. As far as we know, we are the only planet with life in our universe, although we have only explored a very tiny part of it.

My experiment would reveal whether the history of our universe was set at its birth or whether each replay produces a different outcome. If each play of the tape produced you and me, scientists would describe the universe as being deterministic. With hard work and a huge amount of computing power, we could perfectly predict the future of any universe from its birth until its end. Some physicists have argued that this is what would happen if the experiment I describe was run. They believe that physics will one day reveal that things we currently think are random, including the behaviour of tiny particles, will be shown to be deterministic. In contrast, if each outcome was different, as most biologists and many other scientists believe, then that means random events have influenced the development of our universe. A random difference in the history of each universe could result in very different outcomes. Perhaps if the asteroid that killed the dinosaurs had passed by Earth rather than hitting it, humans might never have evolved and an intelligent species of dinosaur might be writing a book like this instead of me.

Scientists describe universes where chance events make it impossible to accurately predict the future as being stochastic. If random events do play a role in the history of our universe and our existence, we will not be able to perfectly predict the future, but this does not mean there is no predictability. If we were to monitor 1,000 universes in my rerun experiment, perhaps intelligent life would arise 531 times but fail to evolve on 469 occasions. If you placed a wager on intelligent life evolving at the Betting Shop at the Beginning of Time, you would have just over a 50 per cent chance of winning that bet. With odds of a little less than two-to-one, if intelligent life did eventually evolve, you would win twice as much as you originally bet.

Sadly, I am not a god, and we do not have the know-how to run my thought experiment to assess whether the universe is deterministic or stochastic. Creating new universes on a whim, and studying their evolution, is beyond our technical expertise. Therefore, answering the question of whether you and I were inevitable at the birth of our universe, or if we are just incredibly lucky, requires another approach: science that we can do. This book aims to tell two stories in parallel. The story of the universe from its birth until you and me; and the story of what had to happen for you and me to exist. These stories are a 13.77-billion-year epic. They involve unimaginable violence, death and a lot of sex, and although they often read as a tragedy they are ultimately a story of success. The sleuths who have slaved to piece together the stories of why you and I are alive (and know it) are more imaginative and cunning than Miss Marple, Sherlock Holmes, Nancy Drew and Hercule Poirot combined. They count among their number Albert Einstein, Marie Curie, Isaac Newton, Rosalind Franklin and Charles Darwin, and thousands of others of whom you will likely have never heard. The story is a work in progress, and the plot is subject to edits as brilliant minds continue to solve more of the mystery of why I am me, and you are you. However, even the incomplete script is sufficiently awe-inspiring to be a story that everyone should know.

I find it humbling that scientists have been able to piece together so much of the story from the Big Bang to you and me. Perhaps even more humbling is earning my living as a scientist who conducts research to identify tiny new bits of this story, so that I can add this new understanding to the remarkable insights so many other scientists have made. I am so impressed by this story that I decided I wanted to try to tell it in a way that makes it accessible to everybody, and not just other scientists. I want to do this because I have met so many people who are unaware of the remarkable progress of science and, because of this unawareness, are distrusting of it. Science can be difficult and intimidating, the language used is often technical, and the concepts can be hard to grasp. Although I personally enjoy reading texts on the chemistry of marine hydrothermal vents, or models of the first microseconds of our universe’s existence, I frequently have to look up the meaning of words despite three decades of working as a professional biologist. In this book, I want to explain things in words that the reader doesn’t have to look up.

Humans are mind-bogglingly complicated. If you or I were to be dismantled, bit by bit, with each type of bit placed in its own pile, the 30 or more trillion cells (the building blocks of all life) that your body consists of would form roughly 220 piles. One pile would consist of red blood cells, another of nerve cells, another of skin cells, and so on. Thirty trillion is a vast number, the first of many vast numbers that we will encounter in this book. It is nearly impossible to comprehend large numbers such as this, but we should at least try. Thirty trillion seconds is equal to 950,000 years, or 9,500 centuries. That amount of time is hard to imagine. We can comprehend a single second easily enough, but imagining 950 millennia in seconds is impossible. Yet 30 trillion is a small number compared with the number we get when we start breaking each cell down into its constituent parts: molecules. On average, each one of your 30 trillion cells contains over 40 million protein molecules that are key to you staying alive. Thirty trillion times forty million is 1.2 billion trillion (twenty zeros). Compared to other types of molecules in your cells, proteins are actually quite rare. The most common molecule in your body is water, with 99 per cent of all molecules and about 60 per cent of your weight (water is lighter than most of the types of molecules in your body) being H2O. The number of molecules in your body gets much larger still when we start to count all of them, and not just proteins. If we were to next dismantle every cell in each of the piles of cells and create new piles of molecules, we would end up with well over 30,000 separate heaps. Some of these heaps would contain vast numbers of molecules, others many fewer. For example, you have only about 0.003 g of cobalt in your body, yet it is essential to keep you healthy. Most cobalt atoms are found in molecules of B12, a vitamin that when deficient can lead to neurological problems, joint pain, blurred vision, and even depression.

We can continue our classification exercise further by breaking up molecules into their constituent parts, atoms, and creating a new set of piles. We would now end up with sixty piles. There would be a pile of carbon atoms, one of iron atoms, another of oxygen atoms, and so on. Next, we break up each atom in each of these piles into its component parts and create a new set of piles, and we end up with a pile of protons, a pile of neutrons and a pile of electrons – the names of the building blocks of atoms. Next, we can break the protons and neutrons into things called up quarks and down quarks, but we cannot divide these strange beasts, nor the electrons, any further.

Early in the universe’s history, these particles emerged from energy, so a final step could be to transform these piles of fundamental particles back into energy. If we were to do that, we would end up with a lot of energy from which all things, including us, developed. The universe started as a microscopic pinprick of intense energy. How did it get from there to you and me? I will describe the steps that had to happen. In summary, and avoiding too many spoilers, some of the energy morphed into the quarks and electrons. When quarks interact, they become more complicated particles called protons and neutrons, which themselves can interact to form even more complicated things called atomic nuclei. These atomic nuclei then interact with electrons to make atoms, which in turn can interact to form molecules. There is a vast number of different types of molecules in the universe, and way more than the 30,000 different types that make up you. Under some circumstances these molecules can interact to form planets, cells and living organisms. Different species of these organisms interact in a range of ways, and over billions of years these interactions between species resulted in some of these organisms evolving to become more and more complicated until, eventually, humans evolved.

Scientists have uncovered our understanding of the universe through observations and experiments. A well-designed experiment is a great way to test an idea or a hypothesis, and to find out new facts. Many people find science daunting, and yet we are all scientific experimentalists at heart. You might not believe me, so I will elaborate. If you have a practical problem to solve, you probably experiment with several different approaches before finding one that works. Do you bribe a child to tidy her bedroom, sternly instruct her to do so, withhold pocket money until it is done, or lead by example? None of these approaches worked with my children, but the application of trial and error brought me more success with cooking. By experimenting with the quantities of different ingredients, and by tweaking the oven temperature and cooking time, I learned to produce the perfect British snack, a scotch egg.

Scientists experiment much in the same way as I do in the kitchen. They tweak conditions in the lab to see how the result is affected. The scientific outcome won’t be a tidy bedroom or a tasty meal, but rather some insight into the way the physical, chemical or biological world works. Some experiments that scientists have conducted are monumental in proportion. The world’s biggest machine is called the Large Hadron Collider, or LHC. It is located at the Conseil Européen pour la Recherche Nucléaire (CERN), and it consists of a 27-kilometre circular tunnel under Switzerland. Huge electrically powered magnets inside the tunnel accelerate particles to a hair’s breadth of the speed of light, the universe’s upper speed limit, before smashing the particles together. Vast detectors in underground cathedral-sized caverns record the outcomes of these collisions. Analysis of the information collected has revealed subatomic particles that the universe is constructed from, and these discoveries have led to some physicists claiming we are on the verge of constructing a ‘theory of everything’ that describes all the interactions of all the particles in our universe. We do not yet have a theory of everything, but physicists, chemists, biologists, mathematicians, historians, archaeologists and researchers in numerous other fields have made astonishing progress.

These inquisitive and clever researchers have revealed that there are many key events that were required for you and me to exist. They have made progress on identifying these events by asking carefully thought-through questions to explain why they occurred. We know that life exists in our universe by looking in the mirror, but could it have come about if gravity was just a little bit weaker, or if ice sank in water rather than floated? Volcanoes are thought to have played a key role in the birth of life, and Earth is unusually volcanic compared to other rocky planets we have studied. Tides may also have been necessary for life, and for those we have the moon to thank. Geologists think the moon was formed when a planet called Theia crashed into the young Earth. If Theia had passed by Earth, then we would have no moon and quite possibly no life. What if coal had not formed 300 million years ago in the carboniferous geological epoch? Would we have worked out how to use sunlight and wind to power our technological development and would we have avoided anthropogenic climate change? Our technological supremacy is almost certainly dependent on the 300-million-year-old dead plants from which coal is formed. Does this mean coal must form on all planets that harbour technologically advanced civilizations and, if it is a requirement, how often does it form? As we have made progress in answering some of these questions we have been able to tackle other important questions too, such as how common might life be in our universe: are civilizations like ours two a penny, or is ours unique?

The history of the scientific stories that have provided insight into the first 13.77 billion years of our universe is full of examples of perseverance and remarkable and sometimes surprising discoveries. There were many scientific dead ends, when good ideas proved to be wrong, but also many eureka moments when sense was made of bewildering observations. Many of these scientific breakthroughs led to technological developments that have defined the modern world. GPS, solar panels, nuclear power, high crop yields, modern medicine and smartphones are only possible because of the insights hard won by scientists. A few of these researchers achieved celebrity, and another few became rich from their discoveries, but the vast majority of advances were made by dedicated individuals who were driven by a desire to solve problems and to understand some aspect of the universe, rather than by a desire for fame and fortune. Humanity owes an enormous debt of gratitude to countless researchers who have spent careers trying to understand natural phenomena and the history of our universe. I largely avoid describing the stories of how scientists discovered the science I describe, not because they are uninteresting but rather because I want to focus on what we know. To also cover how we found out what we know would result in a much longer book.
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Describing 13.77 billion years of history in a single, short book required making many decisions regarding what to include and what to exclude. I focused on the key things that had to happen for you and me to exist. The universe had to form, and four fundamental forces (gravity, electromagnetism and the strong and weak nuclear forces) had to emerge and have the right strengths. Quarks and electrons needed to come into existence before the quarks combined to produce protons and neutrons that in turn joined with electrons to create atoms of hydrogen and helium. The first stars needed to form to create heavier elements such as carbon and oxygen, and the elements then had to interact to produce a vast array of molecules. The Milky Way, solar systems and in particular the sun and the Earth had to form, and conditions needed to be right to kickstart life. Conditions on our planet needed to stay within bounds for life as we know it to spread and evolve, eventually leading to complex, conscious animals like you and me. Various events then moulded our personalities. I describe the science of these key events before discussing whether they were inevitable, or if we were simply very lucky.

What is included could be described in much more detail, with the scientific research behind the insights described in each chapter filling entire libraries. My aim is to show what astonishing progress researchers have made in understanding so many aspects of our universe rather than to describe nuances and ongoing research on specific details. If you want to learn more, I provide a list of a few science books in an appendix that go into much more detail about physics, chemistry, earth science, evolution and human history.

You may wonder what background and expertise I have. Unless you are a researcher in the fields of ecology and evolution, there is very little chance you will have come across me. This is my first foray into popular science writing, so I have no catalogue of previous titles you could have read. I am a professor at the University of Oxford and am currently joint head of the Department of Biology. I have been working as a scientist in research institutes and universities for over thirty years, and my research focuses on understanding how the natural world works. When I teach, I strive hard to make complex ideas accessible, and I also get a kick out of giving public lectures.

When my wife, Sonya, told her close friends she was dating an Oxford don shortly after we got together in 2013, by their own admission they assumed I’d be aloof, pompous and arrogant. Not because they had met other Oxford professors but because scientists, particularly those employed by leading universities, don’t always have an endearing public image. I was pleased her friends liked me, and that I did not match their expectations. I have met aloof, pompous and arrogant Oxford dons, but I have also met lawyers, accountants and titans of industry with similar characteristics. Although science can be a daunting subject, scientists are just like everyone else. Some are humble, others not. They can be anxious, make mistakes, be serious or funny. I never chose to be an Oxford professor, and it instead happened through a series of fortunate and unplanned events, some of which I describe in this book as I interweave bits of my personal journey into the narrative. I do this for a number of different reasons. First, I not only want to make science accessible, I also want to reveal some of the human side of being a scientist. Second, towards the end of the book I explore how personalities arise. As a bit of this chapter focuses on how key events in my life may have shaped me, it is necessary for you to know a little bit about the sort of person I am. Finally, in the closing chapter, I touch upon what I have learned about what science has taught us and, once again, a little bit of my history helps the narrative.

Writing this book is part of a personal journey that started over thirty years ago when I was in my early twenties. As a teenager, I did not know what I wanted to do when I grew up, but I applied for and was offered a place to study maths at a university in the UK. I figured that being trained in mathematics to a high standard would keep my employment options open, and I was lucky in that I enjoyed the subject. Before starting university, I spent a year teaching in a rural school in Zimbabwe, and on one walk through the bush I stopped to watch a herd of antelope. I decided that being a biologist might be a better fit for me than being a maths graduate, and so I switched courses and ended up studying biology at the University of York in the north of England.

During my year of teaching, I fell in love with Zimbabwe and with the people I met there. I yearned to return to Africa, and the opportunity arose when it came to choosing an undergraduate research project that would be conducted at the end of my second year. It turned out it was possible to design your own project if you could persuade a faculty member to supervise it. I was lucky in that I managed to do just that.

A well-connected cousin was kindly able to arrange for me to go and stay at Kora National Reserve in Kenya, in the bush camp of George Adamson, an old-school conservationist who had shot to fame following the release of the book and film Born Free, which covered parts of his life and the life of his wife, Joy. It was Joy who wrote the book. My project compared the behaviour of wild lion cubs with hand-reared ones; their mother had been shot and George was raising them for release back into the wild. I spent a few weeks at the camp, watching and recording lion behaviour, before my then girlfriend and a couple of other friends flew to Kenya and we hitchhiked to Tanzania, and then Malawi, before flying home.

My time in Africa was once again fabulous, and I enjoyed every minute of it, even if my research project was scientifically underpowered. As a small child, I’d wanted to be Tarzan when I grew up. As a 21-year-old man working with lions, I got as close to that dream as I ever would, but I wasn’t very good at it. Nonetheless, there were various important African experiences that set me on the path to becoming a scientist.

At some point during my travels after leaving Kenya, I contracted cerebral malaria, caused by the pathogen Plasmodium falciparum. I had been taking prophylactics, but resistance to the drugs I was on was starting to emerge. The fact I had muddled up my water-purification and antimalarial drugs did not help. The water I was drinking was not potable, and I developed a waterborne stomach infection. While sick, I did not absorb the antimalarial compounds, and I caught the disease. It also explained why every time I took what I thought were my malaria pills I had a pain in my guts; it was the chlorine in the water-purification tablets burning the lining of my stomach.

Cerebral malaria comes in waves every few days, and I had been unwell in Africa but hadn’t known why. A day after my return to the UK, I became delirious and was rushed to Addenbrooke’s Hospital near my parents’ home, just outside Cambridge. I don’t remember much of this time, but I do remember that after the diagnosis and the beginning of treatment a doctor told me that the next episode would have killed me. Fortunately, this form of malaria can be cured, and in time I made a full recovery. I realized that I was lucky to have had this attack following my return, rather than by the side of the road while hitchhiking through Malawi, and I found this thought sobering. I had never before considered my mortality, and my brush with malaria went on to define aspects of my life.

Over the coming months I started to think about what I would like to achieve in my life. I thought about how I would want to feel on my actual deathbed. If I had died from malaria, I would have been disappointed with how I had wasted my earlier years. I decided that when I did die, I would like my last act to be to look back on my life and think it had been fun and that I had also achieved something. It was around this time that I also decided I did not believe in a god and started to truly embrace science as the way to find out new knowledge. I decided that by the end of my life I wanted to have a good understanding of why I existed, and why I had developed the personality that would soon blink out. That was also the period of my life when I decided I wanted to be a scientist.

I have spent the intervening years thinking about my existence and researching it. Many scientists want to make a difference, often by working on ways to reduce human or animal suffering, improve standards of living or address threats to humanity such as climate change. My motivation was more personal. I simply wanted to understand why I existed and what had to happen for me to be here.

I made these decisions over thirty years ago. It took me so long to get my act together because life intervened. I needed to earn a living, I married, had a family, divorced and married again. My life has sometimes been fun, sometimes sad, easy, hard, frustrating and rewarding, just like everyone else’s. The desire to understand why I exist has remained with me to this day, and seeing other authors like Bill Bryson and David Christian write fabulous books on the universe made me think I might also be able to write a book, but one that takes a different approach to those that have gone before. I do not have all the answers as to why we exist, but I do have a good understanding of what had to happen, and I also have an appreciation of how scientists have worked out why each of the key events occurred.

As I worked as a scientist, I also came to appreciate that quite a lot of people were distrusting of science and tended not to engage with it. Science can be difficult, some results are unintuitive, and it has not always been taught in an engaging manner in school curricula. Some distrust in science also arises because the technological advances it has permitted in recent decades are astonishing, yet not all technology has been used to benefit humanity. Splitting the atom was a remarkable scientific achievement, yet it ushered in the age of nuclear bombs that have the potential to wipe out humanity. Lasers can be used in eye surgery but also as weapons to burn through flesh, while unmanned drones can be used to plant seeds from the air without churning up soil but can also be used to blow people up hundreds of miles distant from the drone operators.

Science is not to blame for the way it is used. When it is used to harm or kill it is because someone has chosen to apply science for harm. Similarly, when it is used for good, it is down to human choice. Science is just a way of finding out facts about the world. Positive benefits of science include extending human life by eradicating, preventing and treating numerous diseases, through to increasing food security across many parts of the globe. Whether such positive impacts have also increased human happiness is less clear. Technology buys us more time, both in making our day-to-day lives easier and in extending the number of years we can expect to be alive, but it can also generate anxiety. Could artificial intelligence beat me to writing a book like this? Will future versions of ChatGPT make me redundant? I don’t know, but if people understand science, they can contribute to debates about how it should be used. As I focused on why we exist, I realized I also wanted to be an advocate for science. It is a harder subject than history or philosophy, but it does generate progress in a way that no other subject does. Without science and technology, we’d be sitting outside at the mercies of the weather, arguing over why events happened and speculating on whether earthquakes were due to us upsetting a powerful ancestral spirit or an omen of future strife. We now know, thanks to science, that earthquakes occur when huge slabs of rock that form our planet’s surface slide over one another. Science is remarkable. It is why we have a good understanding of how we came to exist, but our application of it has also led to us significantly changing the world in recent decades. The next chapter is about how science works, and how we find out facts. We would know nothing about how the universe works and came to be as it is without the scientific method, the development of which is arguably humanity’s greatest achievement.




The Scientific Method

Thales of Miletus has a claim to be the world’s first scientist. He was also the first of the seven sages of ancient Greece, men famed for their achievements in philosophy, law and politics who were revered for their wisdom and knowledge. Thales lived 2,600 years ago in the city that takes his name and, if everything written about him is true, he led a remarkable life and was quite a celebrity.

Piecing together the life of Thales of Miletus is not easy, as many of the achievements attributed to him were recorded decades after his death. Accounts of his accomplishments from the time of his life are scarce, and historians have failed to find any texts he wrote. But he was held in high regard by ancient Greek historians such as Herodotus and Eudemus, who list some of his most remarkable achievements as measuring the diameters of the sun and the moon, working out that the year is 365 days long, improving naval navigation by using the stars, predicting solar eclipses, setting the summer and winter solstices, diverting the flow of the River Halys so an army could cross it, developing numerous mathematical theorems, inventing economic futures trading and determining that the Earth is spherical. Evidence for some of these deeds is more compelling than for others, but one universal theme runs through these histories: Thales sought understanding via hypotheses he could test.

Scientists, from Thales of Miletus to the modern day, strive to discover facts about the world. They do this using something called the scientific method. It is not complicated, but it is incredibly powerful, and it is the way that all the facts described in this book have been identified.

Science is about explaining why a particular observation happens and then predicting future occurrences. The simplest observations are of things that always happen, such as jumping into the air and falling back to Earth. When we jump up from the ground, we never float off into outer space, and we have gravity to thank for this. Gravity always pulls us down, but other observations are more fickle, sometimes occurring and other times not. Ice, when left alone, will sometimes become liquid water, and other times will remain as ice. When the temperature is below freezing (when you’re at sea level on Earth, at least), ice remains ice, but when it is above freezing, ice will become liquid water. Science aims to make sense of observations, and to identify the circumstances when particular ones occur. Jumping into the air, and ice melting or not, are relatively simple observations that we can endlessly repeat.

Rarer events are harder to study. Observing that we exist and working out whether you and I were inevitable at the universe’s birth is a much harder observation to understand and predict because it has only happened once. Nonetheless, scientists have been chipping away at the problem. Events that happened long ago are also difficult to study. The further back we look in time, the less information is typically available. We know much more about the life of modern celebrities, and often way more than we might like, than we know about eminent people in ancient Greece. Yet we know more about the inhabitants of ancient Miletus than we do about those of Çatalhoyuk, the world’s first city, which reached its zenith about 9,000 years ago. Knowledge gets even scarcer when we go even further back in time. The fossil record that contributes to our understanding of the history of life is sparse, and usually patchy. Very few ancient individuals of any species became fossils after death. To date, palaeontologists have unearthed thirty-two adult Tyrannosaurus rex fossils. T. rex were large animals with massive bones and teeth, the parts of animals that are most likely to become fossils. You might think that thirty-two sounds like quite a lot, and compared to some species it is, but this fearsome and massive dinosaur species roamed the Earth for 2.5 million years, and palaeontologists have estimated that a total of 2.5 billion T. rex individuals may have lived. If these rates of fossilization translated to humans alive today, the remains of only about 100 of us will survive as fossils 66 million years hence. That translates to 0.00000128 per cent of people becoming a fossil.

For an animal (or plant) to become a fossil, it must die under the right circumstances in the right environment. If you want to maximize the chance of becoming fossilized, your best bet is to be rapidly buried in sediment from a flash flood or ash from a volcanic eruption, and for your corpse to lie undisturbed for at least 10,000 years, yet this is still no guarantee. I would like to become a fossil – my children argue I already have – although I’d rather have a more peaceful end than being buried alive by flood or eruption. I’d like to become a fossil because it would help future scientists interpret the history we are creating today. If future palaeontologists were to discover my fossil, I may prove more useful to humanity after death than during my life.

The history of organisms alive in the past is partially written in impressions in rocks, but these etchings are rare and are often little help when working out part of the story of how you and I came to be. Despite this, palaeontologists studying fossils have uncovered remarkable insights about the history of life.

In this chapter I want to explore how science works. The scientific method consists of several techniques that allow us to find out things about the universe in which we live. Contrary to the belief of some populist politicians and social media gurus, repeatedly saying fictitious stuff over and over again is not how knowledge is created. It is a very outdated way of trying to make sense of the world. Prior to knowledge gained via the scientific method, people would explain observations of the world around them with stories. Many of these are great yarns, but they are often nothing more than myths.

Given how much knowledge the scientific endeavour has created, I am surprised and disappointed at the high-profile role that myths and myth-creation continue to play in today’s society. I have met conspiracy theorists who believe that the royal family is a race of alien lizards, that Elvis is still alive and in hiding, that Donald Trump won the 2020 US election, that the moon landing was faked, and that Keanu Reeves is immortal and may in fact be a vampire. Some of the more nonsensical theories may be laughable, but when people embark upon a path of rejecting facts for unsupported nonsense, they can do harm. Science has convincingly shown that neither homeopathy nor distance healing works, and that ginger cannot cure cancer. Yet many people cling to these misguided beliefs. Science and medicine cannot cure all diseases, but they have made astonishing progress in treating many. Turning one’s back on modern medical treatments because a mystic you have never met claims to be praying for you in Timbuktu risks shortening your life. Trust in science. It produces evidence to support or refute hypotheses and to explain the unexplained. Myths and conspiracies are not based on evidence. Our civilization is advanced because of science, not because illuminati are acting as master puppeteers, pulling strings from behind the scenes. The facts of why you came to exist are more inspiring than any myth or conspiracy theory can ever be, and they can also be verified.

The scientific method starts with an observation, often posed as a question. The observation could be about any aspect of the natural, or human-built, world. It might be as simple as ‘why is that tree there?’ or ‘why is it that sort of tree and not another type?’; or ‘why do I get ill?’ and ‘why do I get better?’; or ‘why do I always return to the ground when I jump in the air?’; or ‘why does it not snow as much in England now as it did when my parents were young?’ The observation I address in this book is ‘you and I exist’, and the question I ask is ‘why are we alive?’ Science has taken us a long way towards answering this question.
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1.

I have asked questions like this from a young age and suspect they sometimes maddened my parents. The first time they took me to see the sea at the age of three or four, I apparently stared at the waves for several minutes before asking why they went up and down. My parents are well educated, and although they both have a grasp of science I was soon asking questions they could not answer, so we borrowed science books from the library. By the time I was a teenager they had bought me a subscription to a weekly science magazine for young adults. I looked forward to its arrival and would read it from cover to cover, sometimes drawing graphs or trying to write equations to help me understand some of the concepts I had read about.

If a psychologist had studied me as a child, they would have classified me as an odd, geeky kid. If they had studied my parents, they would have observed that my science fixation, coupled with a poor performance at school, sometimes gave my parents cause for concern. I didn’t like school, not only because most of my cohort thought I was a bit of a weirdo – dressing in golfing trousers, pointed leather shoes, a trench coat and a green trilby for much of my teenage years didn’t help my cause – but also because we were not taught how the world worked but were rather given lists of facts to learn. I was never taught the scientific method at school. I researched it myself at home.

After making observations, the next step in the scientific method is to pose a hypothesis. A hypothesis is a plausible explanation of a certain observation. A psychologist observing me as a kid might hypothesize that I was genetically predetermined to be a science geek, but back in the early 1980s they could not have easily tested this. Hypotheses are only useful when they can be tested with further observations, with experiments, or with both. An untestable hypothesis is equivalent to a myth or a story: it may sound compelling, but knowledge cannot extend beyond what we can observe.

To demonstrate how to pose a hypothesis I will focus on the first of the questions I asked above: ‘why is that tree there?’ I chose this question for two reasons. First, it is something we can all relate to, but it may be a question you may have never asked while gazing at a tree. Second, just after I started studying for my Ph.D., I sat gazing at a silver birch in the middle of a field for an hour or so, pondering this exact question. It motivated the topic of my doctoral thesis: how do animals like squirrels and deer contribute to the distribution of trees across a landscape?

The immediate answer to the question of why a tree is in a particular location is that a viable seed of a tree species arrived at that location, that the conditions were right for the seed to germinate, for the seedling to flourish and survive to become a sapling, and for the sapling to grow to become an adult tree. To do this it needed to survive the threat of death from herbivores devouring it, or from pathogens infecting it with a fatal illness, while acquiring enough water, light and nutrients to grow. Although this answer is obvious, what hypotheses need to have been posed and tested to acquire this knowledge? It turns out, quite a few.

It must first be hypothesized and tested that trees develop from seeds, something that is now obvious to you and me. The hypothesis can be tested via an experiment that would involve collecting seeds produced by several species of tree, planting them in known locations and seeing what they develop into. Given our knowledge today, you might think this hypothesis is ridiculously trivial. But as recently as the mid nineteenth century many people still believed in the theory of spontaneous generation, where living beings could arise from non-living objects such as rocks and water. They held this belief jointly with the knowledge that crops grew from seeds, but the necessity of a seed to produce a new seedling was not universally accepted wisdom as life forms were thought to spontaneously arise under some circumstances. A few writers in the seventeenth century, for example, argued that wheat and rags would spontaneously generate mice.

When seeds are collected and planted in an experiment, not all of them will germinate and grow into seedlings, but if enough do, we will have evidence that seeds can develop into young trees. Yet this insight naturally leads to a new question: why do some seeds fail to grow into trees? We might hypothesize that local conditions determine whether seeds germinate and survive to seedlings. An experiment could then be devised to plant seeds in different soil types, and to provision them with different amounts of light, water and nutrients to see which thrive. If seeds germinate in some conditions, but not in others, this provides evidence that environmental conditions can help explain the observation that not all seeds succeed in germinating into seedlings.

Even when conditions are suitable for seeds to germinate and thrive, not all seedlings will survive to become saplings. The next question might be ‘why?’ Some seedlings may appear to have suffered herbivory from animals like insects, snails, rabbits or deer. Others may look diseased, perhaps having been attacked by viruses, bacteria or fungi. These observations naturally lead to new hypotheses that disease and herbivory are important sources of mortality for seedlings. The next experiment is to compare the performance of seeds, seedlings and saplings grown in favourable light, water and nutrient conditions, but with some exposed to herbivores and pathogens, while others are protected from them. If death rates differ between these two groups, then this provides evidence that herbivores and pathogens play a role in determining whether seeds survive to grow into adult trees.

Even when water, nutrients and light availability are provided in just the right amounts, and pathogens and herbivores are absent, there may still be some seeds that fail to germinate. We could now hypothesize that there might be something wrong with some seeds. Perhaps they have not developed correctly, have gone off, or there is something amiss with their genes, which means they are unable to germinate. To test these hypotheses, we would need to move from the field and greenhouse to the laboratory. We might use microscopes, weighing scales, mass spectrometers, gene-sequencing machines and even genetic engineering to compare the morphology, metabolism and genetic code of seeds before planting them in ideal conditions and then monitoring which germinate and which do not.

For part of my Ph.D. I conducted experiments where I excluded deer from parts of an English woodland to examine how they impacted seed and seedling survival. I did this by fencing off areas that I termed ‘deer-exclusion treatments’. I then chose unfenced areas of the same size that deer could access, and these were called controls. I went on to plant seeds and seedlings in each plot. I wanted the deer-exclusion treatment and control regions to be as similar as possible in all aspects except for whether deer could access them or not. I cut back the forest understorey in each treatment and control area with a scythe. At one point, I got a little bored, and to relieve the boredom I waved the scythe around while stating, ‘I am the Grim Reaper.’ At that exact moment a woman walking her dog came around the corner, saw me mucking around and quickly walked away. My field site was close to a secure hospital for the criminally insane, so I rapidly left in case the dog walker reported to the police that a patient may have escaped. At least by then I had ditched the trench coat and green trilby. Despite the hiccough, the experiment worked, and I went on to estimate how deer significantly impacted seed and seedling survival of several species in my study site.

At the end of my field experiments, I had helped understand where and why trees might successfully establish themselves. That was a useful advance, but it did not address the second of the questions asked earlier in the chapter: why is the tree upon which you are gazing of one species and not of another? Why was the tree I gazed at all those years ago a silver birch and not a coco de mer palm? To answer this question, we need to generate a new set of hypotheses.

These hypotheses might revolve around whether particular conditions favour seeds from some species of tree over others, or whether the proximity of potential parent trees, and luck, result in a seed of a particular species arriving in a particular location at a time that happened to be appropriate for it to germinate and thrive. Perhaps the silver birch seed needs different amounts of light, water and nutrients to germinate and to develop into a sapling than the coco de mer palm nut. This might get you thinking: why do different species of tree have such different-sized and -shaped seeds, and do seed size and shape enable some species to thrive in some environments but not in others? Scientists have addressed these questions, and by applying the scientific method they have been able to explain why one species has particularly giant seeds.

The coco de mer palm is a species of nut-producing tree found on only two islands in the Seychelles. It produces the largest seeds of any plant. Standing beneath a coco de mer palm when its nut is ready to fall is foolish. Each can weigh up to 20 kilograms and measure a third of a metre across; a direct hit on the head could kill you. By way of contrast, you would likely not notice if the seed of a silver birch tree hit you on the head. Each seed is 1–2 mm across and weighs only a fraction of a gram. Unlike the coco de mer, the silver birch is a tree that has conquered more than two islands – it is found throughout much of Europe and Asia. Biologists have not paid the diminutive size of silver birch seeds much attention, but they have been intrigued by the large size of the seeds of the coco de mer palm for years, and we now know why they grow so large.

The earliest palms evolved 80 million years ago, about 14 million years before the extinction of the dinosaurs. Since the evolution of the first palms, the coco de mer species has evolved to thrive in habitats with poor-quality soil where minerals and nutrients are scarce. The species has evolved characteristics that make it a specialist at doing well in harsh environments where individuals of other species are usually doomed to an early death. The cost of being able to live in such poor environments is that the coco de mer is outcompeted by other plants in higher-nutrient soils. What characteristics has the coco de mer evolved to be a specialist in low-nutrient conditions?

Evolution has shaped the leaves of the coco de mer to act like gutters, channelling water to fall near the trunk of the tree. When rain falls, it washes off bird poo, pollen and other bits of detritus that the leaves have accumulated. The rain, now laced with valuable nutrients and minerals deposited on the leaves, is channelled to reach the soil near the tree’s trunk. The minerals and nutrients soak into the soil, to be absorbed by the tree’s roots and used to grow new branches, leaves, fruits or more roots. The plant has evolved uniquely shaped leaves to capture nutrients and minerals that are scarce in the soil in the environment where it lives.

The coco de mer is also remarkably efficient at extracting nutrients from its old leaves before they are shed. No other plant species has been studied that is so good at reusing nutrients. The environment where the coco de mer lives is so harsh that all resources must be recycled if they possibly can be. Nothing should be wasted. But that does not explain why the seeds are so large.

The palm invests these valuable resources into huge nuts that take up to four years to develop, and two years to germinate once they have fallen. The coco de mer has evolved large nuts that are packed with nutrients to give germinating seedlings a great start in life. Seedlings of the coco de mer are so well provisioned by their seeds that they can quickly grow to a size where they can capture rare minerals and nutrients via their own gutter-like leaves. They start life with a built-in advantage over species with smaller seeds that cannot grow so large with the nutrients their parent tree has provisioned them with.

Large seeds do not fall far from the parent tree, and that is the case of the coco de mer, with most seeds germinating in the shade that their parent casts. What is truly remarkable is that coco de mer are the only plants known to nurture their young. Many animal species do this, but only one plant species appears to. Experiments have revealed that seeds which fall underneath their parent tree grow faster than those that grow further away. Part of the reason for this is that the guttering effects of the parent tree’s leaves channelling water and detritus close to its trunk also provide benefits to its nearby offspring. But that is not the whole story. Many trees actively produce chemicals to hinder seeds of their own species germinating under their canopy to reduce competition. Coco de mer do not do this, but rather parent trees provide an environment that actively helps their young.

Instead of only producing one or a few seeds each year, like the coco de mer, silver birch trees can produce hundreds of thousands of seeds annually. These tiny seeds have little wings, and they can be carried by the wind for many kilometres. Silver birch seeds rarely fare well under the forest canopy; instead they thrive when they end up in an open environment with little competition. This means that very few of them arrive in suitable conditions for germination. The lifestyle of the silver birch is consequently very different from that of the coco de mer. One produces millions of seeds, of which nearly all are expected to meet an early death, while the other produces very few seeds over the lifespan, but each seed has a reasonable chance of making it to become an adult. Plant biologists have used the scientific method – observation, hypothesis, experiment and repeat – to gain an impressive understanding of why particular species are the way they are, and why they have particular adaptations to thrive in the environment in which they are found.

You might never have thought about why a particular tree is where it is, but if someone had asked you to explain it, you would likely come up with hypotheses as to how its seed got there and why it germinated and developed into a sapling and then an adult. You could do this because at heart we are all scientists. We all construct hypotheses to explain aspects of the world around us. These hypotheses might include something as trivial as why someone blanked you in the street this morning, through to something as monumental as what is the meaning of life. Often you will have competing hypotheses to explain a particular observation. You don’t know why the dog vomited on the carpet, but it might be because he ate a discarded kebab in the park on his walk yesterday, or because he had a rabies jab two days ago.

Posing hypotheses is the second step in the scientific method after having made observations. The next step is collecting information to test the hypothesis. How is this done? What is good evidence, and what is not? How much evidence is enough? The scientific method involves more than observations, hypotheses and experiments. It involves knowing that your observations or experimental results are real and not just due to a chance result. How do scientists weigh the evidence and decide whether a hypothesis is supported or not?

Bold claims need strong support – if you claim to have a cure for cancer you need to be able to demonstrate it in a way that convinces other scientists. Part of the scientific method is being able to provide evidence to support your conclusions, and for other people to be able to repeat your work and get the same results. It is all very well to be able to come up with a hypothesis, report some observations or design an experiment to test it, only to discover that the data you collected are insufficient to test your hypothesis in a convincing manner. Let’s consider three examples of human-like species as examples of different levels of evidence.

Leprechauns are supernatural solitary fairies from Irish folklore. They are short in stature and – the males at least – are often depicted as being bearded and dressed in green. I might tell you, even in a way that sounds convincing, that a leprechaun inhabits my garden, but until I can provide evidence of his existence, you should not believe me. Just saying stuff isn’t good evidence. What evidence would you want? Ideally you would like to meet the leprechaun yourself or see his body, if he were to pass away. You might accept high-quality, undoctored photos or a genetic sample of a new species related to humans, but you should not take my word for it, however convincing I might sound. The great strength of science is it is evidence-based, and evidence needs to be produced in support or refutation of hypotheses. If hypotheses are supported in very large numbers of experiments, these hypotheses become facts. For the record, I have no evidence of a leprechaun living in my back garden. But that is no surprise, as how could he survive being trampled by my herd of unicorns?

You would probably think any leprechaun claims I made were far-fetched, but have you ever heard of the Orang pendek? Every now and again someone reports having found evidence of a new, extant, human-like species. Someone returns from an expedition with ‘evidence’ of the yeti, Bigfoot or the Orang pendek: a bipedal ape that is alleged to live in remote mountainous forests in Sumatra. The same pattern of events is then repeated. The returning adventurer presents their evidence of the new species, be it a sasquatch, skunk ape or batutut, and a media frenzy follows. The story quickly blows itself out and the media move on to a misbehaving politician or celebrity – anything else that can fill the ‘and finally’ slot of news programmes. Once out of the public spotlight, it gradually becomes apparent that the evidence in support of the new species is weak: a grainy photograph that could be of pretty much anything, a dubious plaster cast of a footprint, a hair that is thought to belong to the beast, or some unverifiable accounts from members of the local population. In some cases, the hair may be examined by geneticists who conclude it comes from a cow, goat or dog, or they are unable to extract any DNA (deoxyribonucleic acid, the molecule in which the instructions to build an organism are encoded) at all from it. The person who collected the weak evidence is often convinced of what they saw, but they do not always understand that most scientists require more compelling evidence, and ideally a specimen such as a skeleton from an individual of the species.

I once attended a talk describing insights into the Orang pendek at the Institute of Zoology, the research arm of London Zoo. The speaker was convinced by the evidence they presented, but the audience was not. In discussion afterwards, it became clear that most people in the audience wanted the Orang pendek to exist. The discovery of a new great ape would be a major biological advance, and the discoverer would be rightly feted. However, most of the audience felt that the photos projected were too blurred to count as evidence, and they gave little weight to an interview with a member of the local community whose testimony was presented as evidence of the Orang pendek’s existence. The interviewee was clearly an expert in the native flora and fauna, having spent many years in the forest. But he was unable to return to the site where he claimed to have buried an Orang pendek he had found dead, and his statement that the species could remove their feet and put them on backwards to confuse trackers lacked credibility, as no other apes or, for that matter, any animal species, can do this. It would be a strange thing to evolve, as such a trait is highly unlikely to give the bearer any advantage in producing babies, the currency of evolution, compared to a firmer-ankled individual. One member of the audience felt the interviewee’s claim to have been a pigeon in a former life was more believable than the foot-switching trick. We wished the researcher luck in collecting more data while explaining that we were unconvinced and describing what would be required to persuade most of us. I still hope to hear one day of a specimen of a new species of great ape found to be living in Sumatra, but I am not holding my breath. I would also love to learn that sasquatch and yetis roam remote parts of our planet but, once again, I suspect it is unlikely.

You don’t always need much material to provide strong evidence of the existence of a species. Leprechauns don’t exist, Orang pendek probably don’t exist, but woman X did exist, and she was from a group of individuals called Denisovans. The Denisovans were an ancient people, like Neanderthals, but they lived in Central Asia rather than Europe, and were closely related to us. Scientists have not found enough material to classify the Denisovans as a new species, but what they have discovered is remarkable. Much of the story we know comes from a single finger bone that was subjected to high-tech analyses which have shed a lot of light on the history of our own species.

The story starts in a cave in the Altai Mountains in Siberia, which used to be the home of a Russian hermit. The hermit, called Dionisij, made the cave his home in the eighteenth century. Denis is the English translation of Dionisij, and this led to the cave being named the Denisova Cave.

Denis was not the first human to use this cave. Russian archaeologists who have worked in the cave have found evidence that Neanderthals, ‘woman X’ and, more recently, modern humans, used the cave over a period of at least 100,000 years. Woman X was identified by a bone from the finger of a child that was neither Neanderthal nor Homo sapiens – the Latin name of modern-day humans. It was not the structure of the bone that revealed this but the DNA sequences that were extracted from the finger.

The girl whose bone it was used the cave sometime between 30,000 and 50,000 years ago. Biologists are yet to conclude whether the girl is a different species to us, or whether she is from the population of a subspecies, and this means that her scientific name is yet to be decided. Biologists classify organisms as belonging to species, but what defines a species can be challenging because individuals of the same species can vary quite substantially among different populations across the species range. For example, the Bengal tiger (Panthera tigris tigris), the Sumatran tiger (Panthera tigris sumatrae) and the Siberian tiger (Panthera tigris altaica) all look a little different from one another, they are genetically distinct, and their populations have evolved away from one another for potentially hundreds of generations. Nonetheless, they are all tigers and can mate with one another to produce viable offspring. They are consequently described as subspecies. Woman X is usually referred to as a Denisovan, and if I were asked to make a call, I would classify Denisovans, Neanderthals and modern-day humans as subspecies of one another rather than as separate species, but this may irritate some palaeontologists.

We know little about woman X’s life, but DNA has been extracted from her finger bone and sequenced, with great care, using state-of-the-art technology. The genome from this girl has been compared with genomes from modern-day humans from around the world, and with Neanderthals. DNA revealed she was not a Neanderthal, nor a modern human. Woman X’s passing may have been unremarkable, although I have no doubt she was mourned by her relatives and friends, but the discovery of her finger bone has left an astonishing legacy: scientists have had to revisit the history of us.

The discovery of Denisovans caused much scientific excitement, but it was not the first time evidence of an extinct subspecies so similar to us caused interest. In 1856, three years before Darwin published On the Origin of Species, bones were discovered in a cave in the Neander Valley in Germany. They clearly differed from those of modern humans, and they caused excitement when the find was announced in the Elberfeld newspaper. Over the following years learned researchers argued that the bones were from a Russian Cossack, a Native American, a soldier from Attila’s army, a man who suffered from and was pained by rickets, or a member of an extinct tribe of primitive villagers that inhabited Europe before modern people arrived. William King published a paper in 1864 that drew similarities between the fossilized bones and those of apes like chimpanzees and gorillas, and proposed that they belonged to a new species he called Homo neanderthalensis. Scientists began to accept that another species (or subspecies) with similarities to humans once existed in Europe, and the Neanderthals were generally assumed to be simple, brutal savages. It took most of the following 150 years for scientists to overturn this view.

Until the ability to sequence tiny amounts of DNA from ancient bones, the standard view of human evolution was that a species called Homo erectus evolved in Africa before dispersing into Europe and Asia 2 million years ago. The species was astonishingly successful, evolving into Neanderthals and various other species including the diminutive Homo floresiensis, or the hobbit-man of the Indonesian island of Flores. In Africa, descendants of Homo erectus evolved into modern-day humans about 300,000 years ago. The first Homo sapiens dispersed out of Africa 125,000 years later, but they only got as far as the Arabian Peninsula, Syria and Turkey. They failed to establish permanent populations out of Africa and subsequently died out. But 60,000 years ago a second out-of-Africa migration occurred. These Homo sapiens were more successful, reaching South Asia between 50,000 and 60,000 years ago before making it to Australia a few thousand years later. Europe was successfully colonized around 40,000 years ago. America was colonized after Europe, sometime between 25,000 and 16,500 years ago. As Homo sapiens spread across the globe, they outcompeted the more primitive hominin species that evolved from Homo erectus, with Neanderthals being the last species to go extinct, about 30,000 years ago.

By the mid-1990s, speculation on whether humans dispersing from Africa had bred with Neanderthals had become rife, but in the absence of fossils of copulating pairs of Neanderthals and humans the debate was evidence-free. I remember that at some point in 1994 a colleague of mine was asked during a TV interview whether our ancestors mated with Neanderthals. He explained that there was no evidence but thought probably not. A few days later he received a letter from a viewer who wrote, ‘Neanderthals and modern humans have reproduced, and I have evidence. Please find enclosed a photo of my partner.’ An amusing anecdote, but given that Neanderthals died out many millennia ago, it seemed back in the 1990s that we might never know whether they interbred with humans. It is remarkable how genetics has advanced the field of human evolution in the last three decades.

The discovery of woman X’s finger bone, along with finds of well-preserved Neanderthal remains, coupled with significant technological advances in extracting DNA from ancient fossils and assembling genome sequences from the fragments, allowed biologists to address the question of interbreeding between Neanderthals, Homo sapiens and Denisovans in a scientifically rigorous way. But the work had to be conducted extraordinarily carefully.

Over time, DNA in dead bodies degrades as the chemical bonds between the atoms from which it is made break. The rate at which it breaks down depends upon the environment. The average temperature in the Denisova cave since the death of woman X has been about freezing, and the relatively dry air in the cave meant some DNA from woman X had survived and scientists were able to extract tiny amounts of DNA from the finger bone. Having done this, they had to be careful that the phalanx (the scientific name for a bone from a finger or toe) had not been contaminated with DNA from other people, including Dionisij and the scientists who discovered it. They also had to be certain the DNA they extracted belonged to something closely related to humans, and not to any other animals or bacteria that may have used or lived in the cave. By following extremely careful procedures to ensure the DNA was not contaminated with DNA from anywhere else, a group of biologists based in Germany was able to read, or sequence, the DNA of woman X. They could then compare her DNA with that of lots of modern humans living in different parts of the globe, and with DNA obtained from Neanderthal bones and teeth.

Although the amount of material used in the initial analysis of woman X came from a single finger bone, it generated a lot of data. DNA consists of strands of molecules called nucleobases, which come in four varieties called adenine, guanine, cytosine and thymine, or A, G, C and T. The order of bases in a strand of DNA is known as a DNA sequence, with AACACTGT being a different sequence from ATTAGAGC. Your genome consists of about 3 billion nucleobases linked together in 46 different strands, with a strand referred to as a chromosome. The genome of woman X was initially sequenced to a depth of 1.9 times, which means that, on average, each nucleobase on each chromosome was recorded just under
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