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1. Introduction

That life exists elsewhere in the universe seems almost inevitable. That we could know anything about it seems almost impossible. But my goal is to show you that we can actually say a great deal about what aliens must be like, how they live, and how they behave.

We are increasingly confident that there is life elsewhere in the universe and, even more excitingly, that it might be possible to find it. In 2015, NASA’s chief scientist, Ellen Stofan, predicted that we will have evidence of life on other planets within twenty to thirty years. Of course, she was talking about microbes, or their alien equivalent, not necessarily intelligent life. But the principle is still staggering. We have gone from being obsessed with the possibility of alien life at the beginning of the twentieth century, to complacent pessimism in the seventies and eighties, and now back to a realistic, scientific optimism. This book is about how we can use that realistic scientific approach to draw conclusions, with some confidence, about alien life – and intelligent alien life in particular.

Short of aliens landing in New York, how can we know what they’re really like? Do we need to rely on the imagination of Hollywood, and of science fiction writers? Or perhaps alien animals are likely to be no more bizarre than a kangaroo hopping on giant feet, or a squid jet-propelling itself through the sea, with skin that flashes in rainbow colours. Trusting in the universal laws of biology that bind us – all life on Earth – and also those creatures on alien planets, we will see that the reasons for those adaptations that animals have adopted on Earth are likely to be reasons for adaptations on other planets as well. Hopping and squirting will be perfectly reasonable ways to get around on many different planets, just as they are on Earth.

How rare is life in the universe? Until the 1990s, the presence of planets around other stars (exoplanets) was a matter for speculation, and some mathematical calculations. We had no solid idea how many planets there might be in the galaxy, and what they would be like: how hot, how much gravity, what atmosphere, which chemicals? As technology reached a level where it was actually possible to detect planets around other stars, excitement began to grow. Perhaps there was indeed a possibility of detecting planets that could host alien life.

First indications were disappointing. The few planets discovered were large, hot and made of gas – not very amenable to life, either as we know it or otherwise. But less than twenty years after the first exoplanet was discovered, there was a major breakthrough. The Kepler space telescope was launched to search for possible planets; staring at stars in just one tiny fixed region of the sky. Within just six weeks of Kepler beginning operations, five new exoplanets had been discovered. By the time Kepler ceased operating in 2018, it had discovered an unbelievable 2,662 planets around the stars in just that tiny corner of the sky: about as much as you can cover with your fist at arm’s length.

The implications are staggering. There are far more planets in the galaxy than we had previously thought, and with improved measurement methods we now know more about what those planets are like. We have found the full range of planetary conditions, from hot, Jupiter-sized gas planets, to those that are remarkably similar to Earth.fn1 The universe is now a lot more crowded than it appeared to be in 2009, and our grandchildren will likely not even believe that we once said, ‘Earth-like planets are rare.’ We no longer have any excuse to say that the universe lacks possible homes for alien life.

We now have a much better understanding of the physical environmental conditions that are likely to exist on alien planets and, increasingly often, we can even measure them directly. New instruments being developed will be able to detect the chemicals in a planet’s atmosphere by spotting changes in the light passing through the atmosphere from the star it’s orbiting. We’ll be looking for oxygen, of course, but also for complex chemicals that might indicate industrial development. Ironically, pollution is a sign of cosmic intelligence.

Somehow, life came into existence at least once in the universe. We are proof of that. But how that happened, we don’t know. There are certainly many theories on the mechanisms by which life may have arisen on Earth. Most likely, the basic chemicals needed for life formed at random and then, by a lucky chance, combined into a special kind of molecule that could make copies of itself. Overall, a fairly unlikely set of circumstances. Does that mean life on other planets arose the same way? Absolutely not. We really don’t know how relevant the processes that we think took place on Earth may or may not be on other planets. Aliens may be based on carbon chemistry like ours, carbon chemistry unlike ours, or something altogether different.

The principles of chemistry are pretty well understood, so many of these ideas can be tested in the lab, seeing which chemicals might be stable and which not. We think that chemicals like the ones that make up our bodies are pretty good ingredients for something that is ‘alive’. But beyond the most basic ideas of what alien biochemistry might be like, a thick fog descends. We have no examples of alien plants or alien animals to examine – nor even any idea whether the terms ‘plants’ and ‘animals’ would have any meaning on another planet. Despite NASA’s optimism that we will discover signs of alien life, the vast distances between the stars means that it would take a huge technological leap to visit planets outside our solar system. We can mix alien chemicals in a lab, but watching alien birds with binoculars will be a much harder proposition.

One problem with understanding the nature of aliens is that our starting point for comparison is just one single type of life – that on Earth. How much can we use our single example of life to draw conclusions about other planets? Some people claim that speculation about the nature of alien life is futile; that our imagination is too tied to our own experience to be able to encompass the staggeringly diverse and unfamiliar possibilities that may be reality on other worlds. The science fiction writer and author of 2001: A Space Odyssey, Arthur C. Clarke, said, ‘Nowhere in space will we rest our eyes upon the familiar shapes of trees and plants, or any of the animals that share our world.’ It’s a popular belief that alien life is too alien to imagine. I don’t agree. Science has given us the opportunity to move beyond such a pessimistic outlook, and we do seem to be able to identify some clues about what alien life may be like. This book is about using our understanding of how life works and, most importantly, how life evolves, to understand how life will be on other planets.

How did an Earth-bound zoologist like myself – who is more used to following wolves over the snows of the Rocky Mountains, or tracking furry hyraxes in the hills of Galilee – get involved in the search for extraterrestrial life? One of the things I study is animal communication, and why animals make the sounds that they do. In 2014, I gave a talk at the Radcliffe Institute in Harvard entitled, ‘If birds could talk, would we notice?’ It may seem obvious to us that humans have language and other animals do not – but how do we know for sure that is the case? I was looking for mathematical fingerprints of ‘language’ in the communication of animals – a clear-cut measurement that would say: ‘Yes, this is language’, or, ‘No, this is not language’. With the encouragement of some good but somewhat eccentric colleagues, the obvious next step was to ask the same question about signals from outer space. Is this a language? If so, what kind of creatures might have produced it? From there, it becomes clear that we can extend our understanding of other aspects of life on Earth – finding food, reproducing, competing and cooperating with others – to alien planets as well.

But why study aliens in the context of zoology, when we haven’t seen any aliens, and don’t even know for sure whether they exist? When undergraduate students arrive at university, fresh from school and from exams that rigorously tested their ability to remember a long list of facts, our first job as their educators is to convince them that facts are all very well, but that they must understand concepts; not what happens in the natural world, but why. Understanding processes is the key to zoology on Earth – but it can also help us with understanding the zoology of other planets. As I write this, our second-year students here at Cambridge are preparing for a field trip to Borneo. Some of them are leaving the UK for the first time in their lives. Do we expect them to memorize a field guide to the hundreds of birds and thousands of insects of Borneo? Of course not. Like future explorers of an alien world, they must go equipped above all with an understanding of the evolutionary principles that led to the diversity of life that they will encounter. Only once the concepts are clear will interpreting the animals we find be possible.

Most people are confident that the laws of physics and chemistry are unequivocal and universal. They work here on Earth just as they would do on any exoplanet. Predictions that we make here about how physical and chemical materials will behave in different circumstances, are going to be good predictions about how those same materials would behave in those same circumstances in other parts of the universe. We rely on science to work in that way. Biology, however, is seen by some people to be an exception. We find it hard to believe that the laws we derive on Earth about how biology works would also apply on an exoplanet. Carl Sagan, one of the most famous astronomers of the twentieth century, and a fervent believer in intelligent life elsewhere in the universe, nonetheless wrote, ‘For all we know, biology is literally mundane and provincial, and we may be familiar with but one special case in a universe of diverse biologies.’fn2

When dealing with the unknown, there are indeed good reasons for caution. But there are also reasons for optimism; we just need to be careful to choose those laws of biology that are truly universal, in the same way that the laws of physics are universal. Why should biology be ‘mundane and provincial’, rather than universal? Surely the laws of nature – physical, chemical and biological – are common across the universe? The Earth is unlikely to be so exceptional that the rules here are different to every other planet. Lucretius, the Roman philosopher who died in c.55 BCE, commented, ‘Nature is not unique to the visible world.’ Exoplanets have ‘nature’ as well, even if we’ve never seen them.

Contrary to what some people think, zoologists such as myself don’t just spend our time identifying and classifying animals. Like scientists in all disciplines, we attempt to explain what we see in the world around us. Zoology, and evolutionary biology in general, is about proposing mechanisms for explaining the nature of life. Why do lions live in prides, but tigers hunt alone? Why do birds have only two wings? Why, for that matter, do the vast majority of animals have a left side and a right side? Observation is not enough. We want to derive a set of rules for life, in the same way that physicists derive rules for planets and stars. If those biological rules are universal rules, they will work as well on another planet as the law of gravity.

Yet there is no doubt that biology appears to be flighty and unpredictable. A physicist understands exactly how a ball rolls down a hill, and can give you a set of equations you can use to predict the motion of balls on hills everywhere in the universe. Physics experiments rely on highly controlled and simplified conditions – not at all what we find in the biological world. A well-known joke tells of a physicist trying to derive equations to predict the behaviour of a chicken, and declaring that this is possible, but only for a spherical chicken in a vacuum. Real chickens are out of the realm of ‘physics’ and so, a physicist would say, are unpredictable. But why can we predict the motion of a ball, and not the behaviour of a chicken?

Biological systems seem to avoid following strict rules because they are, in a profound way, complex. In mathematical terms, a complex system is one where multiple subsystems are mutually dependent on each other. It turns out that it doesn’t take very much dependency between relatively simple systems for the overall behaviour to be utterly complex and unpredictable – chaotic, in the technical jargon. Imagine trying to predict the behaviour of all the interacting organs in your body. Better yet, imagine all the cells in all the organs – or all the proteins in all the cells in all the organs, and so on … The slightest change in one element can have a cascading, unpredictable effect. Even the simplest life is clearly complex. And complex systems are hard to predict.

One of the frustrating properties of an unpredictable complex or chaotic system is that no matter how hard you study it, you will never unlock all its secrets. We are used to the idea that if we investigate something carefully enough, we will come to understand everything about it. Science seems to be based on this idea. But chaos theory tells us that sometimes you can investigate a system a hundred times more carefully, and only gain ten times as much ability to predict what it’s going to do. You can put more and more resources into understanding a complex system, but only get very marginal returns. That’s clearly a mug’s game. Fortunately, complex systems also have what are called emergent properties: you may not be able to predict exactly what they are going to do, but you can get the general idea. The chicken will look for seeds, even if I don’t know exactly which seeds. In practice, being able to say ‘the chicken will look for seeds’ is more useful to me as a biologist than ‘the chicken will look for that seed’. Rather than being able to predict how the biochemistry of alien life will work, or what their eyes will be made of, we can make general predictions that their biochemistry will provide them with energy, and also whether or not they will have eyes of any sort.

What then are these universal laws of biology, using which we can make confident predictions about life on other planets? The first and most important law is that complex life evolves by natural selection. It is hard to overemphasize the importance of this process, which has been the cornerstone of all biology since the seminal work of Charles Darwin. Natural selection is not just the only mechanism we know for creating complexity out of simplicity (if we reject the explanation of a divine force pushing complexity to develop), it is also an inevitable mechanism, not just restricted to the planet Earth, or to ‘life as we know it’. If we see complexity in the universe – complexity of the kind that we would call ‘life’ – it is because natural selection has been operating.

Other excellent books have made the case for the universality of natural selection,fn3 but my claim is so extraordinary that in the next chapter I provide some extra detail on what I mean when I say that ‘aliens evolved by natural selection’. As the philosopher Daniel Dennett pointed out, natural selection and intelligent design are almost the same thing: the accumulation of good features and the rejection of bad ones.fn4 Whether we are designing an aeroplane or a paper clip, we keep hold of the good ideas from previous designs. Where selection and design differ, however, is that design has a goal in sight, whereas selection sees only one step at a time. A giraffe doesn’t ‘know’ that it would be good to have a long neck, but it evolves one anyway.

This short-sightedness of natural selection actually makes our predictions about alien life much easier. We don’t need to make grand predictions on how alien species ‘should’ be, we only need consider the conditions on a particular planet at a particular time to know what features are likely to arise. If we know a planet will have tall trees (or the equivalent), we can guess that some animals will have long necks, or long legs, or some equivalent.

Evolution by natural selection has another useful property: it is almost independent of the mechanism by which reproduction and selection take place. Famously, Richard Dawkins invented the term ‘meme’: a social concept or idea (like religion) which replicates through social communication, and competes with other ideas in a rather evolutionary way.fn5 Natural selection can be defined in strict mathematical terms, without reference to any particular biological system or organic form of reproduction. For that reason, it is an incredibly powerful concept, and that simplicity and universality means that the concept of natural selection encompasses any likely route to complex life in the universe. Natural selection is not dependent on DNA, or any kind of Earth-bound biochemistry. So we don’t need to know exactly how alien biochemistry works – however it works, natural selection will be behind it.

Up until now the field of astrobiology, or the study of life outside of Earth, has traditionally focussed on a few clear areas. Mostly, astrobiologists study the origin of life: how life began on Earth and what that means for the possibility of life on other planets. Did life arise once on Earth, or many times? Did this miraculous event occur in warm, shallow lagoons, as Darwin suspected, or at underwater volcanoes, where the hot water and rich minerals create a perfect environment for weird and wonderful bacterial life?

Another important question is what alternative biochemistries might exist? Perhaps life on other planets does not use DNA for its genetic material, or maybe alien biochemistry is utterly different – based on a solvent other than water, for example. This is particularly important, as many planets (including some in our solar system) are too cold or too hot for liquid water to exist. However, these important fields are not the subject of this book. We want to investigate questions that astrobiologists rarely consider: what might complex alien life look like? Can we draw any concrete conclusions about the ecology and behaviour of alien life, using the tools and clues we have available on Earth?

A zoologist observing a newly discovered continent from afar would be buzzing with ideas about what kind of creatures might live there. Those ideas wouldn’t be wild speculations, but keenly reasoned hypotheses based on the huge diversity of animals we already know, and how each animal’s adaptations are well suited for the life they live: how they eat, sleep, find mates and build their dens. The more we know about how animals have adapted to the old world, the better we can speculate about the new.

This is the approach I’m going to use when talking about alien life – as different as it may be, there are still some things that we can learn from how life makes its living on Earth. The evolutionary processes that we observe here are due to pressures and mechanisms that are also very likely to occur elsewhere. Movement, communication, cooperation: these are evolutionary outcomes that are solutions to universal problems.

If we ever make contact with an alien civilization – intelligent beings, rather than just microbes or jellyfish – we can be confident of certain things: they will have a form of technology (or how could we contact them?), and that means that they are cooperative and therefore social. But merely knowing that a species is social unleashes an avalanche of additional evolutionary implications. They may be brutal and warlike, like us; but I will argue that to be social they must also be altruistic. An alien spaceship landing in central London would be a sure sign that the passengers ‘spoke’ to each other using some kind of language, but whether this speech might be acoustic, visual or even electrical, we cannot say. Two legs, many legs or none, I believe that it is language that will end up being our biggest feature in common with any alien civilization we encounter.

Rigorous scientific consideration of the possibilities of alien life are uncommon, but not unheard of. We are familiar with both the modern science fiction of Star Trek and the no more or less tenuous speculation of H. G. Wells’s War of the Worlds. Ever since the planets were understood to be solid worlds of their own, attempts have been made to figure out whether or not there is life on them. In 1913, a British astronomer called Edward Walter Maunderfn6 published a short book, Are the Planets Inhabited? In it, he reviews with great scientific rigour the possibilities of life in our solar system, considering in turn each of the planets, the Moon and even the Sun (which was thought to be capable of supporting life by scientists as eminent as William Herschel, the discoverer of Uranus). One by one, he dismisses the possibility of life on Mercury, Mars, the Moon and the Sun, using clear reasoning based on the observations and measurements of the day. His reasoning can hardly be faulted, even by today’s standards.

But his conclusions were often incorrect. Our understanding of the universe is limited, not only by our ability to reason logically but also by our ability to measure, and by our understanding of the mechanisms driving both the biological and physical processes that affect everything about the world around us. We may be making dire miscalculations, simply because some small feature of our knowledge is lacking. Maunder felt that Venus was the best candidate for life in the solar system, because the astronomers of the time estimated the surface temperature to be around 95°C and thought the thick clouds that cover the planet were made of water vapour. We now know, through better measuring equipment (not to mention spacecraft that have landed on Venus), that the surface temperature is nearer 450°C, and those beautiful bright white clouds are in fact made of sulphuric acid. Lack of good data will always hinder our search for explanations but, like Maunder, we cannot refuse to begin the search just because our data are imperfect.

We all want to know what aliens look like, but relying on the imagination of Hollywood producers is not going to be very realistic. Throughout the ages, people have imagined aliens either as exaggerated humans or exaggerated Earthling animals – perhaps giant spiders or worms, designed to induce nightmares. The unknown and the dark are as frightening to us as they were to our ancestors before the invention of electric lights, and we fear that ‘out there’ may be animals and demons lying in wait. But despite its appeal on the big screen, lumping ‘unknown’ with ‘scary’ is not a rigorous way to pursue investigation. Can we be any more scientific about what aliens will look like? Unfortunately, the best efforts of serious reasoning still look slightly laughable – or are patently guesswork.

But how aliens act is much easier to predict than their appearance. Looks are more prone to accidents of evolution and quirks of embryological development; behaviour is a more fundamental response to the environment. We have two arms and two legs largely because of a bit of an evolutionary coincidence – our coelacanth-like ancestors used four fins to navigate the shallow waters in which they lived 400 million years ago. Those four limbs are still found in the descendants of that ancient fish: the amphibians, reptiles, birds and mammals we see today. With a different ancestor – some kind of crustacean, for instance – we could have had six legs, or eight. Whether or not we could have ended up with an odd number of legs, you must decide for yourself after Chapter Four – and see whether you also agree that aliens must have legs of some sort.

Behaviour serves a general purpose. For example, sociality (which we will look at in Chapter Seven) solves problems that exist on all worlds – problems you can’t solve by yourself, like hunting animals larger than you, or building defensive structures in which to live. If aliens are faced with problems that they can’t solve on their own, then some of those aliens are likely to be social. True, our social behaviour is generally idiosyncratic, and we don’t necessarily expect aliens to possess religions like ours, or capitalist economies, but there are some features of sociality that must be universal. The mere existence of sociality depends on things like reciprocity, altruism and competition; they drive the evolution of social behaviour, and would be present in any species that is, in fact, social.

Other chapters in this book deal with similar behavioural necessities, and what their evolutionary origins and implications might be: communication, intelligence and even language and culture have a role in shaping what we know of as humanity, and even these ‘peculiarities’ of human nature are not as idiosyncratic as they first appear. These features of our species could actually be a uniting similarity between us and aliens. Who cares if they are green or blue, so long as we both have families and pets, read and write books, and care for our children and our relatives?

Each chapter in this book is about some feature of animal behaviour on Earth that is not unique to Earth – that can’t be unique to Earth. We have tended to invent strange-looking aliens, but we don’t need to invent strangely behaving aliens, because the diversity right here on Earth already includes behaviours that are shared on other planets. In Chapter Two, I give an introduction to this idea – I explain why we are justified in using Earth-bound examples to understand life on other planets. Chapter Three looks at what it means to be an ‘animal’ – is that purely the definition of a creature on Earth, or could it also apply to those organisms utterly unrelated to anything on Earth? Chapters Four and Five talk about how animals, and aliens, move and how they communicate – two behaviours that we’d expect to find on any planet, and behaviours that are so constrained by the laws of physics that we can make a good guess at how they will work. Chapter Six is about that illusive (and prized) characteristic, intelligence: how animals make sense of the world around them and solve the problems they face. We all want to believe in intelligent aliens and, as I’ll show in this chapter, it seems inevitable that they will, in fact, exist. Chapter Seven talks about another property we’d hope to find in aliens: cooperation and sociality. So many animals on Earth live in groups, and for very good reasons – reasons that are not confined to our planet. Chapters Eight and Nine deal with exchanging information and with language itself, the one characteristic of humans that, so far, appears to be unique among life on Earth. Chapter Ten addresses the tricky question of artificial life, and whether alien planets would look very different if their inhabitants were not animals, as we know them, but robots or computers. Finally, Chapter Eleven attempts to address a difficult philosophical question: if intelligent, talking, social aliens exist, what does this say about the nature and uniqueness of humanity?

Our attempts to understand the nature of alien life are perhaps embryonic, but they have an important role to play in the development of astrobiology as a discipline, in the understanding of the science of life in general, and in the preparation for the time when humanity will have to come to terms with the fact that we are not alone in the universe. The question of how we will react as a species when we first discover that life exists on other planets is one that has not been sufficiently considered.fn7 Will there be mass hysteria and looting? Religious fundamentalism, or a mass abandonment of religion? Or perhaps, according to the sixties hit ‘Aquarius’, ‘Then peace will guide the planets, and love will steer the stars’? We cannot be ill served by being prepared.

The history of science is one of humans being knocked off their pedestal at the pinnacle of creation, and uncovering alien life will further emphasize our lack of uniqueness. Or will it? If evolutionary biologists such as myself are correct, our heritage is shared with all life in the universe. True, our origins are different, perhaps our biochemistries are very different, and we may not share a common ancestor with life on any other planet. But we share a common process. Our evolutionary history may not be identical to the inhabitants of other worlds, but at the very least we will be recognizable as intelligent life forms to alien zoologists on those alien planets.

If we live in cooperative societies and they do as well, then it is no small feat that we can identify the common evolutionary origin of our sociality. And maybe, just maybe, we will be able to use the term ‘humanity’ to mean something a little more broad, and more significant, than just the descendants of a group of apes that wandered across the grasslands of a tiny corner of one continent on a tiny planet in a corner of just one galaxy among billions.
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2. Form vs Function: What is Common Across Worlds?

In the early 1800s, the now legendary fossil hunters Mary and Joseph Anning uncovered an unusual skeleton on the beach at Lyme Regis, on the south coast of England. The scientists who examined it found it hard to classify; the bones looked like they belonged to a fish, and at the same time to a reptile. It was an ichthyosaur – a marine reptile superbly adapted to fast swimming, with a long snout and well-developed eyes. To most readers, that probably sounds a lot like a modern dolphin, but despite the apparent similarities between dolphins and ichthyosaurs, these two species are as unrelated as a human and a newt. Form – what an animal looks like and behaves like – is inextricably tied to function – how the animal makes its living, gathers energy and reproduces. This connection is the key to how we can know what aliens are like, without descending into fictional speculation.

I have promised that we will use the laws of biology – such as they are – just as we would use the laws of physics and chemistry to anchor ourselves in a set of fundamental, universal truths. If the nature of the universe is the same everywhere, then life conforms to the same rules everywhere. But just what are those biological laws? This is going to take some careful excavation. We want to be sure that we are not building a false world, full of speculative creatures, on the basis of our observations on Earth, inappropriately applied to other planets. It is a risky business to believe your own speculation, which, after all, exists only in your own mind.fn1 Instead, we are on a search for those universal laws, the absolute basics of what constrains life, and dictates its nature. Remain sceptical. I may err. But our understanding of the biological nature of life, and in particular the evolution of life, has reached a point where, I believe, we can begin to generalize our understanding to other planets.

[image: ]
Top: the skeleton of an ichthyosaur. Bottom: the skeleton of a dolphin. Both animals seem to have lived similar lifestyles as fast underwater predators (function), and so evolved similar body structure (form).
Our key tool for remaining anchored to reality, and not drifting away into science fiction, is to spot the crucial distinction between form and function. All animals have certain forms that are hugely diverse, and they impress us greatly. We admire the different colours of birds and flowers, the weird and wonderful shapes of elephant trunks and narwhal horns, and the howling of wolves and songs of humpback whales. The diversity of animal forms can be seen both in the way they look and in the way they act. The way they look in terms of their shape, size and colour, whether they’re covered in fur or feathers, and whether they have trunks, tusks, shells, tentacles or any of the other myriad appendages that make different kinds of animals look so unique. Their behaviour is the way that they look for food, find mates and interact with other animals of their own species and different ones. But each one of these forms, whether in appearance or behaviour, serves some purpose, some evolutionary role. Occasionally, evolutionary ‘accidents’ do occur, where a form has no function, but persists anyway – perhaps the particular form was once useful, like the wings of an ostrich, but no longer serves any purpose, and there’s no evolutionary reason to change. But most forms serve a function: birds are colourful to attract mates; elephants’ trunks are for manipulating food and other important objects. Almost all the forms we see provide some function that improves the animal’s ability to live, thrive and survive – even if it often isn’t apparent what that advantage might be.

Why do zebras have stripes? Scientists argued for many years over the possible reasons. Charles Darwin himself doubted the oft-quoted explanation that the stripes act as camouflage, and various alternatives have been proposed: to signal quality to members of the opposite sex, to confuse predators with psychedelic patterns of moving lines, to confuse biting flies trying to land on the animals, or even to help the animals keep cool by generating breezes between the warmer dark stripes and the cooler white ones. The important point is not who was right and who was wrong. The key point is that every explanation must propose some advantage, some function. The familiar forms of life that we see around us have evolved because they provide specific advantages.

Despite this, sometimes random events can seal the future fate of life forms, without providing a specific function. This is especially important when populations are made of very few individuals. If the future human colonists of an alien planet, or the first birds arriving on a distant island, are all very similar genetically, their offspring will reflect that lack of diversity for generations to come. When populations are isolated, random changes that are neither useful nor harmful accumulate, and cause different species to look distinct. We do have to be careful when observing new species – whether on other planets, or on long-lost islands on Earth – not to assume that all forms are directly attributable to a particular function. This is called neutral selection, and there’s considerable debate over how important it is for evolution. However, that kind of coincidental form is usually mundane, modest, certainly not dramatic and ultimately costly – as zebra stripes probably are, in making the animals more visible to predators.

The distinction between form and function is the most important step to take in divesting ourselves of our imagined alien life forms. Mostly, these fictional aliens take a shape similar to those built in Hollywood for screen and television, and these in turn are little more than exaggerated humans, with physical characteristics emphasized (e.g. teeth, eyes) to invoke a sense of exaggerated human abstract characteristics (e.g. voraciousness, intelligence). But this book is just as much about what aliens act like, as what they look like. Those laws of biology that we share with alien life forms tend to constrain the way that they solve the challenging problems of life: finding food, avoiding becoming food, and reproducing.

What initially impresses us most about life on Earth is its forms, rather than its functions: the bright colours of birds, flowers and poison dart frogs; the sheer size of a blue whale; the tenacity of a lion bringing down a buffalo. But when we stop to think about it, this diversity of forms is really only a reflection of the diversity of functions. Animals are diverse because they have to solve a diverse set of problems: colourful to attract mates or warn off potential predators; large as physical protection against those predators; tenacious to get food. Our very general and universal laws of biology may not allow us to make very specific predictions about the forms of life on other planets, but we will be able to make general predications about the functions that these animals fulfil, and we can be sure that within those general functions, there will be as great a diversity of form as there is on Earth. If the equivalent of birds live on other planets, then the birds will have different colours just like on Earth. We just don’t know what those colours will be, or even if they will be ‘colours’ as you and I perceive them.

However, in case you are disappointed that you will not get to know from this book whether or not aliens are, in fact, green, there is a considerable upside to examining function, before considering form. The way that aliens adapt to their environment and the challenges it throws them, is ultimately more interesting than the way they look. At the very least, these behavioural adaptations are more likely to be shared between them and us, and we will likely have more in common with intelligent aliens in our behaviour than in our appearance. In this chapter, I will hope to persuade you of this distinction between form and function, and show why function is so much more vital. To do this, we will have to revisit some of the principles of natural selection and evolution, as well as why these principles are going to be shared on other planets as well as on Earth.

Natural selection: the universal mechanism

Explaining how complex life forms exist at all is a far harder challenge than it may seem at first glance. Complex life exists in the face of the most relentless of the laws of physics:fn2 that order tends to disorder, complexity to simplicity, information into nonsense. As a drop of ink spreads throughout a glass of water, buildings crumble and flesh decomposes. Providing a definition of life has been a challenge for philosophers for as long as humans have existed, but any definition must surely include this property of fighting the universal tendency to disorder: not crumbling, not decomposing, not dying. Given that a boulder will always tend to roll down a hill, how can we get a boulder to the top of the hill? Given that the universe appears to be predisposed against life, how can life exist anyway? We need a mechanistic explanation, one that explains, step by step, how life can not only exist, but become more and more complex – surely the opposite of those relentless laws of physics!

Let us first discount the idea that a fully fledged complex life form popped into existence – that is just too unlikely, without an even more complex life form to create it. Perhaps a deity really did create the universe fully formed, but in that case we could say absolutely nothing about alien life. All the shapes and colours and behaviours of alien creatures would be no more than the whim of their creator. Stephen Hawking said that we could, in fact, know the mind of God, but only by understanding all the laws of physics in their entirety.fn3 We are quite a long way from that goal.

So life begins with something simple. How can such a simple life form become more complex? Does it know what extra complexity it wants to gain? Although we can consider that a human might decide that a bionic arm would be a good idea, it’s hard to see that a primitive cell or molecule would be gifted with such foresight (we will discuss this more in Chapter Ten). We are searching for a ‘good’ explanation of the complexity of life: and to be a good explanation it must be self-contained, without appealing to any external, undefined processes (like a god), or processes that we don’t believe are possible (like a molecule that ‘knows’ what it wants to become). Complexity must accumulate by itself, and so a key component of a good explanation must be that it doesn’t require any foresight, otherwise we wouldn’t be able to apply it to the earliest, simplest life forms.

Even if we accept that we don’t know how an original life form was created, we are forced to explain how it can become more complex. I, together with almost every other modern scientist, claim that natural selection appears to be universal, and the ubiquitous way of explaining the fact that life is more complex now than when it was created 3.5 billion years ago. But what is this ‘natural selection’, and why should it be the universal explanation for complex life?

At its simplest level, natural selection is easy to understand. Beneficial traits accumulate. Some new features will survive, other innovations will not, but good ideas developed by previous generations are not forgotten. Richard Dawkins explained this process with beautiful simplicity in his book The Blind Watchmaker. Imagine randomly choosing a string of twenty letters, say SDFLKJFGOSDIFHGSOFGH. The chances of arriving at a particular sequence, say, ‘The Blind Watchmaker’, are astronomically small: actually, one in 42 billion billion billion.fn4 No one believes that order can arise out of chaos randomly. But if each time you make some random changes to the sequence above, you keep changes that match the sequence we’re looking for, ‘The Blind Watchmaker’, the result is completely different. Good innovations – say, changing the initial ‘S’ (which isn’t in the target sequence) for a ‘T’ (which is the first letter of ‘The’) – don’t disappear, so bit by bit the best sequence, i.e. the ‘right’ sequence, will emerge. Remarkably, using this ‘selection’ approach, the correct sequence emerges after about just 540 attempts – an improvement by a factor of about 80 million billion billion!fn5

Of course, in nature there is no foresight. There is no ‘right’ sequence. But there are better sequences and worse sequences. As long as good changes accumulate, our sequence gets better and better. We can push a boulder up a hill, if your hill is actually made of steps, and you can take a break at each step. Take one step at a time, each time waiting until you chance upon a way to get up the next step. That is the core of natural selection, and it is beautifully simple and obvious.

But are there any alternative explanations?

Natural selection has the rather remarkable property that scientists are at a loss when it comes to proposing realistic alternatives. Usually, when an explanation for a natural phenomenon is in doubt, a number of different alternatives are weighed up against each other, and the most convincing one is tentatively accepted (until further evidence causes us to change our minds). ‘Light’ could be something that streams out of visible objects, or it could be a sensory beam sweeping out of our eyes (as some ancient Greek philosophers believed). Both are reasonable hypotheses – until suitable experiments are performed to distinguish between them. For much of the Classical period, the ideas that the Earth was flat and that the Earth was spherical coexisted, with various supporters and opponents on both sides, until Eratosthenes performed his brilliant experiment to measure the radius of the (very much spherical) Earth in 240 BCE.

In the case of natural selection, however, it is remarkable that apart from a few deeply unsatisfying and non-scientific explanations for the existence of complex life, there are no serious alternative contenders.

Perhaps we need to think harder; maybe we’re not being clever enough. ‘That’s the only answer I can think of’ is hardly a rigorous explanation. However, although a lack of alternatives is not proof, it is at the very least a sign that natural selection is a likely candidate. All the competing ideas that have been proposed to explain the origin of complex life are very much descriptive, rather than explanatory.

To start with, there is the possibility that an all-powerful deity ‘directs’ individual changes in the form and behaviour of creatures, nudging them along the evolutionary road. Alternatively, there may be some as yet undiscovered ‘life force’ that drives species changes. Or perhaps life is created with the template of all future developments already inside it – a kind of blueprint for humans, waiting inside a bacterium. All that’s needed is to peel away the layers and voila: us. But these are all descriptions, rather than explanations of how complexity arises. Every human culture has some kind of creation story, none of which can be weighed up against the others in any objective way. Stories do not provide us with explanations, and we have a strong desire to find a mechanism, not just a story.

Mathematical analyses can give us a strong indication that natural selection may be the only explanation for life in the universe, and much of our understanding of the inevitability of natural selection as the mechanism by which life evolved is mathematical in nature. The equations are perhaps a little dry, but the ideas behind them are most definitely not. One of the most complete mathematical descriptions of how and why evolution occurs was put together by one of the most remarkable, and unknown, characters of twentieth-century science. George Price was a chemist – not a biologist or a mathematician – but he collaborated with two of the giants of evolutionary theory, John Maynard Smithfn6 and Bill Hamilton, to build the most complete mathematical description of why evolution happens. According to popular accounts, Price was so taken by the inevitability of evolutionary forces that despite having been a committed atheist, he converted to Christianity, gave away his possessions, devoted the rest of his life to helping the homeless and sank into a deep depression, eventually dying in a dilapidated squat.fn7

One of the most important elements of Price’s equation is that both the measure of an animal’s trait – say, how long its teeth are – and the advantage given by a particular length of tooth vary. Some animals have longer teeth, and some shorter. While it might well be an advantage to have longer teeth, it doesn’t always follow that an animal with teeth twice as long would have twice the advantage. Rather, there is a tendency to greater advantage with longer teeth. Price showed mathematically that the rate at which a trait will change over time in a population – the rate at which the descendants of animals get longer and longer teeth – depends on the ‘covariance’ between the trait and the advantage it provides, in other words, how tightly tied together are the trait and its advantage. If doubling the length of the teeth always gives double the advantage, that long tooth will spread through the population like wildfire. If the link is more tenuous – say, if a tooth twice as long gives a 10 per cent advantage, but only 50 per cent of the time – then the pace of evolution is slower.

It cannot be overstated how crucial it was that scientists were now armed with a model that predicted how evolution progresses. And this model makes no assumptions that are tied to the planet Earth. Price’s equation works just as well on every exoplanet in the galaxy. As the British philosopher Bertrand Russell said, ‘I like mathematics largely because it is not human and has nothing particular to do with this planet or with the whole accidental universe – because, like Spinoza’s God, it won’t love us in return.’

We can make some of the mathematics more visually intuitive. Imagine that you are dropped off in the middle of mountainous countryside in thick fog and told to find your way to the top of the mountain. The landscape around you is called a ‘fitness landscape’. Although easily confused with the cardiovascular fitness you might gain by climbing mountains, this is something completely different. Evolutionary ‘fitness’ can be thought of as how effectively you project your own genes into future generations. Not just how well you survive, but how many offspring you have, and how well they in turn survive to have offspring, and so on and so on, over the generations. In the case of our visual analogy, the higher your altitude, the better adapted you are to your environment, and the more evolutionary fitness you have; the higher up a mountain you are, the more offspring you raise successfully. How many different methods could you use to find a mountain peak? Perhaps you have a map or perhaps you can see the top of the mountain and head towards it. But otherwise the only way to find your way is to look around you and see which direction is uphill and always to follow the uphill slope. Now if I told you not to follow the uphill path but to think of some alternative way of reaching the top of the mountain, would you be able to? There really isn’t any other way. You could try jumping around at random, but this can be mathematically proven to be ineffective. Small steps, local improvements, are the only tool available. And that’s natural selection.

Of course, science is always open to new discoveries and radical new ideas that knock down the firm foundations on which we thought we stood. No one would mind if an alternative to natural selection were discovered. But that is not the same as saying there ‘might’ be an alternative. Admitting that our understanding of physics is incomplete is not the same as saying ‘maybe there are ghosts and fairies so we can reject quantum physics’. You can always propose empty ‘maybes’, but they aren’t particularly useful.

The famous British astronomer Fred Hoyle was a tremendously important character in the development of twentieth-century astronomy, but he also wrote excellent science fiction. His 1957 book The Black Cloud was not just a brilliant and convincing story of what alien life might be like, but also an accurate description of the way that scientists approach dealing with the unknown. In it, he postulated a giant cloud of gas, hundreds of thousands of kilometres across, that was sentient and highly intelligent. His description of how such an alien could exist and function were exemplary, but he has been criticized for his lack of biological insight – he didn’t explain how such a creature could evolve! What were the steps that led to the existence of such a hyper-intelligent cloud of gas? What was the precursor of such a cloud like, and how did it become different: how did it become the contemporary cloud?

Such an oversight is very common when fantasizing about aliens – they may be intelligent, possessing incredible abilities such as telepathy, telekinesis or the power to alter reality with a click of their fingers. But why? Why would such an unlikely state of affairs arise? The only answer is as an improvement on a previous situation. Pushing a boulder up a hill one step at a time. Natural selection.

As it happens, Hoyle had a simple answer to this particular criticism of his story. At the time, in the 1950s, a debate was raging about why all the galaxies in the universe appeared to be moving away from us. Two theories were proposed: that in the beginning the universe was very small, and has been expanding ever since, or that the universe had no beginning, and has always been expanding, with new matter being created at the centre all the time. Hoyle thought that the former explanation was nonsense, and mockingly dubbed it ‘the Big Bang’. The name stuck, and of course we now accept this to be the correct explanation. But at the time, and on the basis of the existing observations, Hoyle and others insisted that the universe had no beginning. So it is no surprise that when his fictional scientists ask the Black Cloud how the first of its species arose, the Cloud replies, ‘I would not agree that there ever was a first,’ and the gleeful scientists react: ‘That’s one in the eye for the exploding-universe boys!’

If time is unlimited, then we must rethink the nature of the origin of life. But the scientific community is confident that the universe did indeed have a beginning, and so life too must have had a finite beginning – and life must have developed and diversified from that beginning. Natural selection is our universal explanation for this process.

Convergence: our key to alien life

My bold claim that we can apply lessons from studying life on Earth to life elsewhere in the universe comes from a simple observation: evolution seems to work similarly in similar environments. Both birds and bats fly, yet the common ancestor of the birds and the bats lived 320 million years ago, long before the dinosaurs, when reptiles were just beginning to take over the world. They certainly didn’t fly, because the descendants of that reptile ancestor include not just birds and bats but all snakes and turtles, dinosaurs and mammals, from elephants to humans. Clearly, the ability to fly evolved separately in birds and bats at some later stage.

In fact, we know that powered flight evolved at least four times on Earth. Birds evolved flight around 150 million years ago, when dinosaurs roamed the Earth. The famous fossil Archaeopteryx, dating from around this time, appears to be halfway between a dinosaur and a bird and caused much
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An artist’s impression of Archaeopteryx from 1871 in On the Genesis of Species, by St George Jackson Mivart, a contemporary and correspondent of Charles Darwin. Like modern birds, the feathers trail behind the wing bones, which support only the front of the wing.
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A drawing of a bat skeleton from Animal and Vegetable Physiology, Considered with Reference to Natural Theology, by Peter Mark Roget in 1834. The finger bones extend right to the back of the wing, supporting the membrane.
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A photograph of two thylacines in the National Zoo in Washington DC, from the Smithsonian Report of 1904.
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Artistic impressions by the natural history illustrator Charles R. Knight (1874–1953) of a Dimetrodon (left) and an Agathaumas (right). Despite similarities, the Agathaumas is a dinosaur, a reptile with legs directly under its body, whereas Dimetrodon is not even a true reptile, and related to the ancestors of mammals.
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