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Preface

Right now, a crow is flying past my window. It looks purposeful, heading off on some mission known only to itself. A bumble bee is methodically visiting flowers in the garden. A butterfly flaps quickly over the wall, careers around wildly, settles for an instant, and then flies on. A cat walks along the path and slips into the undergrowth, while overhead an airliner packed with people makes its descent towards Heathrow. 

Just look around you. Animals, large and small, human and non-human, are on the move – everywhere. They may be looking for food, or a mate; they may be migrating to avoid the winter’s cold or the summer’s heat; or they may just be heading home. Some make journeys that span the globe, while others only potter round their neighbourhood. But whether you are an arctic tern flying from one end of the earth to the other, or a desert ant dashing back to its nest with a dead fly in its jaws, you must be able to find your way. It is quite simply a matter of life and death. 

When a wasp flies off on a hunting expedition, how does it find its nest again? How does a dung beetle roll its ball in a straight line? After circling an entire ocean, what strange sense guides a sea turtle back to the beach where she was born to lay her eggs? When a pigeon is released hundreds of kilometres away from its loft, in a place it has never gone near before, how can it find its way home? And what about the indigenous peoples who still, in some parts of the world, make long and difficult journeys by sea and land without so much as a map or compass, let alone GPS?1

The first question I want to address in this book is simply this: how do animals – including humans – find their way around? As you will see, the answers are fascinating in themselves, but they prompt further questions that touch on our changing relationship with the world around us. We humans are abandoning the basic navigational skills on which we have relied for so long. We can now fix our position effortlessly and precisely, anywhere on the surface of the planet, without even thinking – at the press of a button. Does that matter? We do not yet know for sure, but in the concluding chapters I shall explore the issues that are at stake. They are important.

Before we get started, a few words about everyday navigational challenges may help to prepare the ground. So, consider for a moment how you cope when you arrive in a strange city. 

Your first navigational task is to find the way from the aircraft through immigration to the baggage hall. Even this kind of indoor navigation can present problems, especially if your vision is impaired, but we can usually overcome them by following signs. Once you are sitting in the taxi or bus, you can relax and let the driver make the decisions. 

On arriving at your hotel, you have to find the check-in desk and locate your room – again signs are a big help. In the morning you may want to explore the neighbourhood on foot. The beguiling voice of your GPS-enabled cell phone could give you exact directions, but that is not real navigation: you are being told what to do. 

If you are independent-minded and prefer to find your own way, you will probably reach for a printed map. The first practical challenge is to place your hotel on the map – in other words, to determine your position. Next you need to find the sights you want to visit and work out how to reach them and how long it will take. That means measuring distances and estimating your likely speed, which raises the issue of measuring time. Though it may not at first seem obvious, navigation is as much concerned with time as space.

So much for journey planning. Now you face another problem: when leaving your hotel do you turn right or left? You need to know which way you are facing before you can set off on your journey. There are various ways of solving this key problem. You could refer to the compass built into your phone, but you could also orient yourself by working out what street you are on. Looking at the shadows to see where the sun is might help, too. Then, once you start walking, you will need to keep track of your progress by checking landmarks and street names against the map. 

As you make more and more excursions, you will start to grasp the layout of the city – how each part connects with its neighbours. This is a matter of remembering landmarks and establishing the geometrical relationships between them. As we all know, some people are much better at finding their way around than others, but if you are adept at this kind of navigation, you will develop the confidence to make longer and more complicated journeys without even looking at the map, and instead of merely going to and from your hotel, you may start to follow routes that connect different areas of the city with each other. By now you will have acquired a mental map of the city. 

But you may employ a very different navigational technique. Instead of using a map, you could simply follow your nose until you find something that interests you, all the while keeping a close eye on which way you are going and how far you have gone, so that you can safely find your way back to your hotel. 

This process has been likened to the method employed by the legendary Greek hero, Theseus. As he entered the Minotaur’s labyrinth, he unwound the ball of thread given to him by Ariadne and it was this ‘clue’ that enabled him to retrace his steps after killing the monster. A ball of thread is not a very practical navigational tool in a busy modern city, so in practice, navigation without a map depends on close observation and memory. 

The distinction between navigating with and without the help of a map is a crucial one and it extends to non-human animals. Maps (whether physical or mental) offer great advantages, not least the possibility of constructing shortcuts that can save valuable time and energy, or making detours to avoid hazards and obstacles. Some animals do seem to use maps of some kind (though obviously they are not printed on paper), but this is hard to prove, and discovering how such maps work is trickier still. These are some of the deepest questions faced by scientists exploring the navigational abilities of animals.

The structure of this book reflects the distinction between non-map and map-based navigation. In the first part, I focus on how animals can navigate without maps, and in the second, I discuss the possible use of maps – of various kinds, by different animals – and the evidence for the existence of map-like representations of the world in their brains. In the final part, I consider what the science of animal navigation means to us. 

Each chapter is separated from the next by a short passage in italics that introduces some example of animal navigation – usually a puzzling one – that could not be comfortably accommodated in the main narrative. These will, I hope, help to entertain the reader, while also revealing how many mysteries remain to be solved.

Animal navigation is a big, complicated area of research and in a short book like this I can only highlight some of its main themes. It is far from being an exhaustive account of the subject and because it is aimed at the general reader, rather than a specialist audience, I have avoided the use of technical terms as far as possible. 

What I have written reflects not only my personal interests but also, in part, the encounters with scientists that have shaped the course of my research. I have focused my attention primarily on describing what animals do and how, rather than discussing why. Trying to answer that last question would provide enough material for several more books. 

Finally, I must say a word about animal welfare. 

Strict ethical rules govern the work of the scientists who work in the field of animal navigation (as in other areas of research) and all those I have interviewed take their responsibility to avoid inflicting suffering very seriously. But some of them nevertheless conduct experiments in which animals are harmed and any account of the subject that ignored the results of their work would not only be incomplete, but wildly misleading. 

I strongly believe that we owe respect to our fellow creatures and that we must therefore avoid casually putting our needs ahead of theirs. Exactly how we decide what experiments on animals are justified is a difficult question, but at the very least we should do everything we can to ensure that we inflict no pain. To be honest, I am not at all sure that we yet know enough about animals like crustaceans and insects to be confident of our judgements on this score. 

Some readers may feel that harming animals in the pursuit of knowledge can never be justified – in any circumstances. An ethical case can certainly be made for banning all harmful experimentation on animals, though I suspect that very few of us would be willing to live with the consequences – especially where medical science is concerned. But it is encouraging to know that the number of animals used in experiments (at least in the UK) has been declining in recent years.2

There is plenty of room for debate about the ethics of scientific research on animals and I certainly do not pretend to have all the answers. But it would surely be wrong to hold scientists to a higher standard than the rest of us.


Part I

Navigating Without Maps


CHAPTER 1

Mr Steadman and the Monarch

A remarkable schoolteacher entered my life when I was seven years old. He taught mathematics, but took little notice of the syllabus, or the age of his pupils. A lesson from Mr Steadman that started with the theory of Pythagoras might well take a detour through topology, before disappearing down the rabbit-hole of non-Euclidian geometry. These were the things that fascinated him and no doubt he thought it was good to stretch our minds. 

Mr Steadman was not only a mathematician, he was also an expert entomologist, and he ran a moth trap at my school during the summer months. For me, the beginning of the school day was an enthralling prospect because I could join him in examining the night’s take before lessons began. 

My school was at the edge of the New Forest, one of the best places in Britain for insects, and often the trap would be filled with fifty or even a hundred moths, quietly resting inside the box to which they had been lured during the night by a brilliant light. Some moths and butterflies, I learned, were not natives, but came only as summer visitors. A common catch was the silver ‘Y’ moth, which – we now know – travels up in vast numbers from the Mediterranean to breed in Northern Europe every summer. Why these insects made such long journeys and how they found their way was then a complete mystery.

I was soon obsessed with lepidoptera and, to my mother’s dismay, my bedroom at home filled up with nets, collecting boxes, setting boards and the tall cages in which I raised caterpillars. Sometimes at night, I lay awake listening to the munching of my endlessly feeding captives and the faint patter of their tiny droppings (or ‘frass’) falling among the leaves of their food-plants. When they had eaten their fill, they turned into pupae (or chrysalids), their fat bodies dissolving into an alchemical soup, out of which the adult moths magically coalesced. To watch them break out of their hard, dry carapaces, slowly stretch their damp, crumpled wings and eventually launch into flight, was to witness a miracle of nature, no less wondrous for its modest scale.

My long-suffering mother took me to the Natural History Museum in London, where a helpful young curator took us behind the scenes. Unlocking an unmarked door, he showed us into a vast room filled with mahogany cabinets containing millions of moths and butterflies from around the world. He pointed out one big, exotic butterfly, which, he said, turned up – very occasionally – in England. It came not from Europe or even Africa, but North America. Even if it was helped on its way across the North Atlantic by the prevailing westerly winds, or perhaps hitched a ride on a ship, this was an extraordinary feat. 

The wings of this butterfly can be as much as ten centimetres across and they look like modernist stained-glass windows. Delicate black veins fan out across a bright orange ground that glows as if the sun were shining through it. The dark lines join a thicker black margin flecked, like the animal’s head, with snow-white polka dots. You might call this butterfly gaudy, but its loud colour scheme warns predators thinking of taking a bite that they might be making a bad mistake. It may well be packed with poisons absorbed from its food-plant, the milkweed, while still a caterpillar. The butterfly, familiar to every North American, is the monarch.

I shared my excitement with Mr Steadman, who quietly placed an order with an entomological supplier for a monarch pupa. When I opened the package, I recognised at once what it contained: here was my very own Danaus plexippus. 

The pupa was a heavenly work of the jeweller’s art, perhaps only an inch or so long. Encased in shiny, jade-green armour, it lay nestled in its cotton-wool bed, like a miniature Chinese emperor awaiting his rebirth. I could dimly discern the shape of the wings and the segments of what might one day be the adult insect’s body. A line of tiny, metallic golden dots gleamed in a half-circle around the fattest part of the pupa, which was spangled here and there with other touches of gold. It was a beautiful thing – more so to my eyes than the splendid adult – but also disturbing, somehow alien. How could the depths of outer space offer greater wonders, when our own world is filled with such glorious strangeness?

I never saw the butterfly emerge: it died before reaching maturity. But by now the monarch and its extraordinary life history had caught my imagination.

Many years later, I saw my first live monarch among the sand dunes of Amagansett, not far from Montauk at the eastern tip of Long Island. It was late August and this butterfly was flapping, along with unseen millions of others, steadily to the south and west. Its flight was a carefree dance. A few lazy wing beats gave it lift, and then it glided for a few seconds, slowly losing height before again putting on the power. But where was it going, and how on earth was it finding its way?

It was my search for answers to these questions that set me off on the path that led eventually to the writing of this book. I knew there would be surprises along the way, but I had no idea how many and varied they would be.

The earliest navigators

When I began my researches, I was thinking only of animals I could see – like insects, birds, reptiles, rats, people – but the first life-forms that emerged on our planet were very small indeed and they were the pioneers of animal navigation. 

Earth was born about 4.56 billion years ago, the chance product of the union of wandering asteroids drawn to each other by the force of gravity. It was not a very hospitable place in those days: molten rock covered its entire surface. The first continents emerged as this ocean of magma began to cool and harden about 4.5 billion years ago, but there were no oceans, nor even any air. 

For hundreds of millions of years, the young planet was bombarded by yet more asteroids, but these explosive encounters were not entirely destructive. They delivered the chemical ingredients that gave rise to the very first living things, as well as water.1 By 3.9 billion years ago, the earth had begun to quieten down and deep beneath the early oceans, simple forms of life began to emerge around hydrothermal vents – superheated jets of mineral-laden water, which then, as now, billowed out from the seafloor.2 Amongst them were the very first bacteria.

Though we usually associate these single-celled organisms with disease, the vast majority of bacteria are harmless and many of them make vital contributions to our physical and even mental health. In order to survive, they have ways of moving towards things they need (like food) and away from things that are a danger to them (like excessive heat, acidity or alkalinity).3 Some of them have specialised means of propulsion, including microscopic motors that drive rotating filaments called flagella. This simplest form of navigation is known as taxis – from the Greek word for ‘ordering’ or ‘arranging’.

Some bacteria engage in a particularly surprising form of taxis. The so-called magnetotactic bacteria contain tiny magnetic particles that, when joined end-to-end, act like microscopic compass needles. These ‘needles’ force the bacteria to align themselves with the earth’s magnetic field and thereby help them find their way down to the oxygen-poor layers of water and sediment where they flourish. The needles found in bacteria from the northern hemisphere have the opposite polarity to those in the southern hemisphere. A simple example of the power of natural selection.

Fossilised bacteria are extremely hard to identify, but the remains of magnetotactic bacteria have been found in rocks that are hundreds of millions, perhaps even billions of years old. Though they count as the earliest magnetic navigators in the history of our planet, living examples were first found only in 1975.4 Oddly enough, their discovery coincided with the first demonstrations of magnetic navigation in much more complex organisms – like birds.

Our closest relatives among single-celled organisms are lumbered with a tongue-twisting name: choanoflagellates. Slightly more complex than bacteria, they live in water and they sometimes gather together in colonies. Like us, they depend on oxygen, and they can not only detect very small differences in its concentration, but also actively swim towards a richer source – again using their flagella.5

Even more impressive are the brainless assemblies of single cells known, rather unappealingly, as slime moulds. These simple organisms can slowly but surely ooze their way towards a supply of glucose hidden at the bottom of a U-shaped trap. To do so, they employ a simple kind of memory that enables them to avoid revisiting places they have already explored.6 They are also adept at solving a problem that human designers find challenging: the construction of an efficient rail network. 

Researchers found that one particular slime mould, when presented with lots of oat flakes arranged in a pattern mimicking the layout of cities around Tokyo, set about building a network of ‘tunnels’ to distribute the nutrients they extracted from the flakes. Amazingly enough, the network eventually came to match the actual rail system around Tokyo. The slime mould achieves this feat first by creating tunnels that go in all directions, and then gradually pruning them, so that eventually only those carrying the largest volume of nutrients (read ‘passengers’) are left.7

Moving up the scale of complexity, the oceans – especially those that surround the Arctic and Antarctic – are filled with vast numbers of much larger, but still small, multicellular organisms known as plankton. Many of these plants and animals are invisible to the naked eye, but they are often so numerous as to make the sea look like a rich miso soup. Blooms of plankton can even turn the whole sea a rusty red. 

Creatures like these have no need to know exactly where they are, which makes sense as they are largely at the mercy of the ocean currents, but they are far from being passive. In order to find food to eat, or to avoid getting eaten themselves, many of the animal plankton (that include fish fry, small crustaceans and molluscs) move up and down the water column, from the dark depths to the surface and then back again, every dusk and dawn. And the plant planktons that generally stay near the surface, to benefit from higher light levels, will plunge downwards if necessary to avoid damage from excessive exposure to damaging ultraviolet light.

The timing of these events depends on the ability of plankton to detect changing levels of sunlight, though during the months-long Arctic night, animal plankton switch over to a rhythm based on moonlight.8 In some cases, there may be more to these processes than a simple response to varying light levels. Certain plankton start to move before they can detect any change and even when removed to a dark aquarium, they continue to make their vertical migrations for several days. This puzzling behaviour seems to depend on some kind of internal ‘clock’ that governs their movements.9 The entire oceanic food chain ultimately depends on plankton, and their colossal daily migrations play a crucial part in the life of the whole planet.

Even simple worms have to find their way around and one of them – a standard laboratory animal called Caenorhabditis elegans – seems to make use of the earth’s magnetic field to steer when it is burrowing underground.10 And newts, some of which can find their way back to their home ponds from distances of up to twelve kilometres, make use of a magnetic compass.11

Box jellyfish – small, transparent animals that are infamous in tropical Australia for the agonising stings they can deliver – have no brain, but they do have eyes, and they don’t simply go with the flow. They swim actively and with a real sense of purpose, hunting down their prey. Bizarrely enough, they have no fewer than twenty-four eyes, of four different kinds.

Even more surprisingly, some of them can navigate using landmarks above the surface of the water. One particular species, that frequents Caribbean mangrove swamps, has a group of eyes that always point upwards, regardless of the orientation of the animal’s body. Heavy crystals of gypsum in the tissue around each of these specialised eyes maintain this orientation. 

Dan-Eric Nilsson, a biologist at the University of Lund in Sweden (one of the leading centres of research in animal navigation), wanted to find out what these upward-looking eyes were doing. So he and his team put the jellyfish into clear, open-topped tanks, lowered them into the sea close to a mangrove swamp, and then monitored their behaviour with a video camera. When the tank was within sight of the edge of the mangrove canopy, but a few metres from its edge, the jellyfish repeatedly bumped up against the side of the tank that was closest to the trees, as if they were trying to get closer to them. But when the tank was moved further away, where the trees were no longer visible from below the water surface, the jellyfish swam around randomly. 

It seems that the jellyfish use their upward-looking eyes to pick out the silhouettes of the mangrove trees. This enables them to stay in the shallow water, where the tiny animal plankton on which they prey tend to congregate – though they can only do so if they don’t stray too far from the canopy edge.12

These are only a few examples of the extraordinary navigational abilities displayed by organisms that may seem at first sight to be quite simple.

* * *

An old Walt Disney movie called The Incredible Journey tells the story of two dogs – a Labrador and an ancient Bull Terrier – and a Siamese cat, which have been left by their owners with a friend. Not understanding that their stay in the strange house is only meant to be temporary, the miserable animals decide to find their own way home, but this involves crossing 400 kilometres of Canadian wilderness. After hair-raising encounters with a bear and a lynx, a narrow escape from drowning and a painful encounter with a porcupine, the three animals are eventually reunited with their family.

Sceptics might well dismiss this story as literally incredible, but perhaps they should think again. In 2016, a sheepdog called Pero ran away from his new home in the English Lake District and found his way back to his original owners in Wales. He covered a distance of 385 kilometres in only twelve days and arrived in good condition, completely unexpectedly. Pero had a microchip, so there could be no possibility of mistaken identity.13

Nobody knows how Pero managed this feat. It is, I suppose, just conceivable that he found his way home by some extraordinary sequence of lucky choices, but that is very hard to believe. The navigational skills of dogs and cats have received surprisingly little serious scientific attention, though according to a recent study, dogs prefer to face either north or south when they relieve themselves. So perhaps they have some kind of internal compass that helps them at least work out which way they are headed. If so, they will join a rapidly lengthening list of organisms that are able to sense the earth’s magnetic field.14 But a compass alone would not have enabled Pero to find his way home. 

It is possible that Pero managed somehow to keep track of where he was being taken when he went to his new home in the Lake District. Was he then able to reconstruct his route? Perhaps his acute sense of smell played some part in the process. 
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