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To Mary




The thing hath been from the Creation of the World, but hath not so been explained as that the interior Beauty of it should be understood.


Thomas Traherne (c.1636–74)


   

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. 




CHAPTER 2


Jim Lovell’s Magic Carpet


Charles Darwin (1809–82) wrote that ‘Man still bears in his bodily frame the indelible stamp of his lowly origin’,1 but even he might have been surprised to learn that our eyes share the same ancient ancestry as those of box jellyfish, squid, spiders and insects.2


The unforgiving test-bed of natural selection has, over hundreds of millions of years, given rise to the eyes and brains that enable us (and other animals) effortlessly to pick out the things we really need to see – and to remember them. Not only do eyes help animals find food and mates, and avoid dangers, but, unlike the other senses, they can also provide exceptionally detailed information about distant objects, as well as those that are near at hand. For many animals, they are the single most important navigational tool, and we humans use them all the time to find our way around.


By comparison with many other animals, the typical city-dwelling human is not a very talented navigator, but with practice, most of us can manage pretty well with the help of landmarks. Our visual memories are actually very good, when we apply ourselves. We can, for example, recognise at least 10,000 images we have seen only briefly once before.3


Even powerful computers struggle to compete. Enabling them to perform quite simple tasks of visual recognition has proved extremely difficult. A computer looking for matches between two pictures of your house – one taken on a sunny morning and the other at night in the rain – will struggle. The changing position of a shadow, or the sudden appearance of a brilliant reflection from a window, will be enough to throw it into hopeless confusion. Raw processing power is not the answer, or at least not the whole answer. A supercomputer will have difficulty with visual recognition tasks, unless – like us – it ‘learns’ how to focus on the features that are stable and relevant, while ignoring all the visual ‘noise’. ‘Machine vision’ is still prone to simple errors that we would never make, as accidents involving driverless cars have demonstrated all too clearly.


We all know what landmarks are typically like – think of the Eiffel Tower or the Hollywood sign in Los Angeles – but they take many different and sometimes surprising forms. They can be as large as Lake Michigan or the Great Pyramid, or as small as a single footprint. A route can be marked deliberately by leaving a trail of pebbles (as in the old fairytale), or by cutting ‘blazes’ in the bark of trees with a hatchet. The ball of thread that Ariadne gave to Theseus might be seen as a single, extended landmark that marked his route to safety. 


In addition to identifying a goal, or serving as waypoints along a route, visual landmarks can also provide valuable directional information. Take the Statue of Liberty that overlooks New York harbour, for example. Because her figure is not symmetrical, you can tell the direction from which you are looking at her by the shape of her silhouette. 


Obviously the most important characteristics of a good landmark are that it should stand out clearly, and stay put for long enough to be useful, but oddly enough it need not be a solid object.


In the film Apollo 13, the astronaut Jim Lovell, as played by Tom Hanks, is about to depart on his ill-fated lunar mission. Trying to reassure his anxious wife, he recalls how he had once, as a young naval pilot in the 1950s, flown a sortie from an aircraft carrier over the Sea of Japan. It was night and he was fast running out of fuel, and if he failed to locate his mother ship soon, he would have to ditch in the ‘big black ocean’. But the carrier was showing no lights, his radar had failed, and the ship’s homing beacon was being jammed accidentally by a local radio station. 


When Lovell tried to turn on the cockpit light to consult a chart, his electrical system shorted out and he lost all of his instruments. Now in complete darkness, he began to think about ditching – a risky procedure, even in daylight. It must have been a very scary moment. Then, as he looked down at the sea, he saw a long, glowing ‘green carpet’ of bioluminescent plankton, which marked the turbulent wake of the very ship he was seeking: ‘It was just leading me home.’ And if Lovell’s cockpit lights had not failed he would never have spotted it.


There are still a few indigenous peoples who have not abandoned their traditional navigational skills. While the ocean-going mariners of the Pacific Islands make heavy use of the sun and stars, the Inuit people of the far north rely mainly on landmarks to find their way – for the simple reason that they cannot count on having clear skies. In some areas, such as the coast of Greenland, there is no shortage of imposing natural features that can be seen from a great distance: mountains, cliffs, glaciers and fjords. But in regions where the landscape is more uniform, the Inuit build their own landmarks called inukshuks. These resemble human figures and are usually placed on high ground with their arms pointing toward the nearest shelter.


According to Claudio Aporta, an authority on Inuit culture who has made long overland journeys in the Arctic, experienced Inuit wayfinders know thousands of kilometres of trails and can recognise countless landmarks along the way. Perhaps the visual memory of the Inuit peoples is unusually retentive, but they also make full use of a faculty available to all of us, the spoken word: 


Since Inuit did not use maps to travel or to represent geographic information, this enormous corpus of data has been shared and transmitted orally and through the experience of travel since time immemorial. 


These oral descriptions rely on ‘precise terminology to describe land and ice features, wind directions, snow and ice conditions, and place-names’. 


The journeys the Inuit undertake can be extremely tough. Long waits in fog and ‘white-outs’ are not unusual, but for the older generation, who learned to navigate before the advent of GPS, ‘the idea of being lost or unable to find one’s way [was] without basis in experience, language, or understanding’.4 They are totally at one with their surroundings and make the fullest possible use of every navigational clue that is available to them.


The same can be said of the Aboriginal people of the land we now call Australia. They first arrived there by sea some 50,000 years ago, and like the Inuit, they have developed sophisticated navigational skills based primarily on the use of landmarks, and can follow long routes across the outback with the help of long and complex songs. 


These enable them to recognise the natural features they encounter along the way by evoking mythic images from the ‘Dreamtime’. As one expert (European) observer eloquently put it, Aboriginal methods of navigation are characterised by ‘belief in a spiritual power laying hold of material things and ennobling them under a timeless purpose in which men feel they have a place’.5 


Although Western city-dwellers cannot hope to grasp the intimate relationships that exist between Aboriginal and Inuit peoples and the landscapes they inhabit, our own distant ancestors may well have employed similar navigational techniques. It is sad to think that these cannot now be recovered, and it is therefore all the more important that the knowledge of those who still have such extraordinary skills should not be lost.


Some people speak languages that force them to consider which way they are headed all the time. 


The Aboriginal Guugu Yimithirr of Queensland – from whom Captain Cook (1728–1779) apparently learned the word ‘kangaroo’ – never use words like ‘left’ or ‘right’. They use only the points of the compass:


If Guugu Yimithirr speakers want someone to move over in the car to make room, they will say naga-naga manaayi, which means ‘move a bit to the east’ … [and] When older speakers of Guugu Yimithirr were shown a short silent film on a television screen and then asked to describe the movements of the protagonists, their responses depended on the orientation of the television when they were watching. If the television was facing north and a man on the screen appeared to be approaching, the older men would say that the man was ‘coming northwards’ … If you are reading a book facing north and a Guugu Yimithirr speaker wants you to skip ahead, he will say, ‘go further east’, because the pages are flipped from east to west.6


As Guy Deutscher says:


If you have to know your bearings to understand the simplest things people say … you will develop the habit of calculating and remembering the cardinal directions at every second of your life. And as this habit of mind will be inculcated almost from infancy, it will soon become second nature, effortless and unconscious.7


These linguistic peculiarities probably reflect the special navigational demands faced by the Guugu Yimithirr. For them a constant awareness of their orientation – an awareness embedded in the very structure of their language – may have been essential to their survival. 


The six-legged secrets of a Provençal garden


I have had a soft spot for the French entomologist, Jean-Henri Fabre (1823–1915), ever since I first discovered his books. His major work, Souvenirs Entomologiques (‘Entomological Memories’), the first part of which appeared in 1879, became that most unusual publishing phenomenon: a best-seller all about arthropods. Not only did he write some of the most lyrical and entertaining descriptions of insect life in any language, but he was also a pioneer of animal navigation studies. 


Fabre was far from being a conventional scholar, but his exceptional powers of observation were coupled with the curiosity, patience and ingenuity that are the hallmarks of a true scientist. He spent much of his life struggling to support a large family on his teacher’s salary, working in Corsica and in various parts of Provence. Though Fabre is often described as being self-taught, actually he had close links with the scholarly world and obtained an undergraduate degree as well as a doctorate. He eventually resorted to writing school textbooks to supplement his income – an activity that proved lucrative, allowing him to give up teaching and devote himself to his researches.8


Fabre was fascinated by the insects and spiders that must then have been far more abundant in the fields and hills of Provence than they are today, and he was especially intrigued by digger wasps. These parasitic animals lay their eggs in burrows and provide for the larvae that hatch from them by laying in stores of paralysed prey, on which they can feast at leisure: a macabre living larder. He observed that while provisioning their nests, the wasps often travelled surprisingly long distances, and was amazed to discover that they could still find their way home, even when he took them several kilometres away. 


Knowing from other observations that its two antennae played a key role in the wasp’s search for prey, he wondered whether its navigational abilities also depended on these sensory organs. So Fabre simply lopped them off to see what difference that would make. He was surprised to find that this drastic procedure had no effect on the wasps’ homing ability, though presumably it left the unfortunate creatures hungry.9


Baffled by the wasps, Fabre shifted the focus of his research to the fierce red ants that lived in his large garden – a species that raids the nests of black garden ants and steals their young.10 These would be much more tractable subjects, as they could easily be observed during their forays outside the nest. With the help of his six-year-old granddaughter, Lucie, Fabre conducted a series of simple, but ground-breaking experiments. 


First Lucie – with admirable devotion to duty – stood watch over the red ant nest, waiting patiently for a raiding party to emerge. She then followed the column and marked its path with small white pebbles, just like the small boy in the fairytale, as Fabre observed.11 Once the red ants had found a black ant nest to pillage, Lucie ran back to tell her grandfather. 


Fabre knew that red ants always retraced their outward journey exactly, when returning with their prey, and he thought they might be guided by some kind of odour trail. To test this idea, he tried by various means to remove or mask whatever scent they might be following. First, he attempted to disrupt it by vigorously sweeping the surface of the ground. But the determined ants, having been briefly delayed, found their way again, either by forging ahead over the swept areas, or by going around them. 


Fabre suspected that some traces of a trail might have survived his broom, so next he trained a hose on the path, in the hope of washing away any remaining smell. But again, the ants eventually made their way past the obstacle. And it was the same story when he applied menthol to a section of the path, in an attempt to cover up the hypothetical scent. 


Fabre now began to think that the red ants might be relying on visual cues, short-sighted though they plainly were, rather than scents to retrace their path. Perhaps they were memorising landmarks of some kind. To test this idea, Fabre altered the appearance of the ants’ homeward path, first by laying sheets of newspaper across it, and on a later occasion, a layer of yellow sand – quite different in colour from the surrounding grey soil. These interruptions gave the ants a good deal more difficulty, though they still managed to regain their nest. 


Fabre found that the ants could retrace their route to a source of prey even after the passage of two or three days, but when he moved the ants to parts of the garden they had never visited before, they were completely disoriented. On the other hand, they had no trouble homing successfully from areas they already knew. 


On the basis of these observations, Fabre concluded that the ants were relying on sight rather than olfaction to retrace their steps. Though Fabre was astonished that an animal this small was clever enough to do such a thing, he was convinced that the ants, like human navigators, were using visual landmarks to find their way. His homespun methods might not meet modern standards of scientific rigour, but he was definitely on the right track.


* * *


Like Fabre, the great Dutch field biologist, Niko Tinbergen (1907–88), was fascinated by the way in which digger wasps returned unerringly to their burrows after going on their lengthy foraging expeditions. To Tinbergen’s eyes at least, the small entrances seemed very inconspicuous. How were the wasps locating them? He thought that the wasps might well be memorising landmarks, so he placed a ring of pine cones around the nest entrance. When he surreptitiously moved the cones, he was delighted to discover that the returning wasps looked for the nest entrance in the new location. 


But were the wasps drawn to landmarks of any size or shape, or were there particular visual characteristics that attracted their attention more than others? To address this issue, Tinbergen tried placing markers of varying kinds around the burrow. Once the wasps had departed, he created two artificial entrances, each of which was surrounded by markers of just one sort. 


It turned out that the wasps were more strongly drawn to dark, three-dimensional markers than pale, flat ones. Similar experiments with honey bees have shown that on leaving a nectar-rich flower, they take careful note of the surrounding landscape, with a special emphasis on three-dimensional landmarks. The bees can even make use of the geometrical relationships between these landmarks, especially their distance from the flower, to help them find their way back.12




CHAPTER 3


A Tangled Horror 


The sweat bee is a native of tropical America and its rather unattractive name is explained by the fact that it likes to lap up human perspiration. While the more familiar honey bee flies by day, the sweat bee goes out only at dusk and dawn: it is a crepuscular creature. The females live in the rainforest and make their nests in small, hollowed-out sticks concealed in the undergrowth. When they head off on a foraging expedition, they have to pick their way through dense vegetation (though it is also possible that they fly over the top of the canopy – nobody yet knows for sure) and, judging by the pollen they collect, they can travel at least 300 metres. 


It gets dark quickly in the tropics, and the darkness in a rainforest is very dark indeed, as the foliage blocks out much of whatever light is available. The navigational task of the sweat bee would be difficult enough in broad daylight, but once the sun has set, the scarcity of photons makes it ‘particularly challenging’.1 Quite an understatement. 


I travelled to the University of Lund in southern Sweden to meet the man whose team made these extraordinary discoveries: Eric Warrant. An enthusiastic and energetic Australian, who knows as much about insect vision as anyone, he was plainly delighted to discover that I shared his love of six-legged animals. 


In the course of our conversations Warrant explained that you can test the sensitivity of an individual photoreceptor cell in the eye of an animal by recording its response to a point of light of varying intensity. When the light is extremely dim nothing happens, but as it is gradually turned up, the cell will start to ‘fire’ minute electrical signals. Using this technique it has been shown that some animals can detect single photons of light. 


It is worth pausing for a moment to reflect on the significance of that statement. A photon is one of nature’s fundamental particles, though puzzlingly it also behaves in a wave-like fashion. We are talking about something so exceedingly small that it is said to be point-like: in other words, it occupies no space at all. Nor does it have any mass. A photon does however travel very fast (at the speed of light) and it delivers a tiny bit of energy (the amount varies with its wavelength). 


That the eyes of any animal are capable of detecting such a minute packet of energy is astounding, but the sweat bee is in a class of its own. It manages to make its way home through the jungle on the meagre visual diet of just five photons a second for each of its photoreceptors. Its nocturnal navigational skills give Warrant goosebumps: 


It’s just absurd, absolutely absurd that they can fly through that tangled horror, find flowers and then effortlessly find their way back and land with such incredible precision.


The extraordinary sensitivity of the sweat bee’s compound eyes cannot by itself explain how they navigate so successfully in nearly total darkness. Something more is needed. The answer lies in specialised cells in their brains that ‘add up’ the signals coming from their eyes. These allow them to make the fullest possible use of the very limited flow of information arriving from the world around them. The slow flight speeds of sweat bees, compared to bees that are active in the day, also allows more time for the operation of this ‘summation’ process. Warrant thinks that the sweat bee may well use the very dim patterns created by the contrast between the forest canopy and the night sky as landmarks to guide her back to her nest (as is known to be the case with some rainforest-dwelling ants), though this remains to be established.


As she leaves her nest, the sweat bee performs an ‘orientation flight’ during which she studiously turns back and views the entrance and its surroundings. When Warrant and his colleagues moved a bee’s nest after she had flown off, they found that she returned to the exact spot where the nest had been, presumably guided by the surrounding landmarks. 


To test this idea they displayed a piece of white card over her nest entrance before the bee departed, and while she was away placed it on a neighbouring, abandoned bee’s nest. On her return the bee, deceived by the card, entered the wrong nest – from which she quickly departed. She could only find her way back to her proper home when the scientists returned the card to its original position.2 Plainly then, the homing process is not based on smell. 


People tend to look down on fish – and not just because they dwell in the air above them. To our superficial gaze they seem cold, slimy and frankly rather dim. Why else would they be silly enough to take a hook or swim into a net? But in this, as in so many of our prejudices, we simply betray our ignorance. They are much harder to study in the wild than land animals, so our ignorance about fish is still profound, but one thing is certain: they do not swim around at random, and landmarks of various different kinds feature prominently in their navigational toolkits. 


Fish have a variety of senses at their disposal, some of which are quite alien to us. Their lateral line organ – a series of pressure-sensitive pores along their sides – is exquisitely sensitive to the slightest movements in the water around them. It is this that gives shoals of fish their extraordinary ability to change direction in unison. 


The blind Mexican cave fish makes use of the pressure waves generated by its own motion through the water to detect the presence and location of objects around it. As it swims through the darkness, its lateral line picks up the distinctive reflections they produce, and the fish can learn to follow routes based on these liquid ‘landmarks’.3


Other fish, including for example the Indian climbing perch, make use of visual landmarks. This species lives either in ponds or fast-moving streams. Researchers took fish from these two very different habitats and taught them to find a reward by navigating through a succession of narrow doorways in their tanks. At first, the stream-dwellers did rather better than their still-water cousins, but when a small plant was placed beside each aperture, the results were reversed: now the pond-dwellers came out on top. 


It seems that fish living in fast-moving water take little notice of such impermanent objects as plants, because they get swept away too quickly to be of any use as landmarks. The pond fish, however, can count on most things staying put, so they have learned to pay much closer attention to them.4


Several different kinds of fish, including eels and sharks, are sensitive to electric fields and make use of electric landmarks. The weakly electric fish, for example, has a specialised organ that enables it to detect changes in the electric field that extends through the water around it. It is a nocturnal animal that lives at the bottom of African lakes and, like the Indian climbing perch, it can learn to find an aperture in a barrier marked with a landmark using this technique. But there is one big difference: it does so in complete darkness.5


Even insects sometimes make use of electrical information to locate things. 


When you peel the plastic wrapper off a package, it often sticks to your hand and refuses to let go. You may also get a mild shock when you touch a metal surface, especially after walking over an artificial-fibre carpet. These curious effects are caused by the build-up of a static electric charge and, oddly enough, they play an important part in the ecologically vital process of flower pollination by bees. 


Bumble bees can detect the static electric fields that surround flowers, and can even discriminate between flowers on the basis of the different electrical patterns they produce. The bees pick up these faint signals with the help of sensory hairs that are deflected by the electric fields around the flowers. They use this electric information to tell the difference between flowers that provide lots of nectar and the less generous ones.6


Clark’s nutcracker


Birds can fly over long distances, so the navigational challenges they face are especially demanding, but they do have wonderful eyesight – as well as a variety of other navigational tools. Just as we might sometimes use GPS and sometimes a map to find our way around, birds switch back and forth between them opportunistically.


Disentangling the roles of the different mechanisms that birds employ has proved extremely difficult, and many uncertainties remain. This is an example of a much wider problem that affects all branches of behavioural science. Interpreting the results of experiments on complex animals is seldom straightforward. Consider intelligence tests on humans. If a young child scores badly, does that necessarily mean they are not very bright? Perhaps they were anxious, distracted, or even bored – or maybe the test was poorly designed. 


Despite these problems, it is quite clear that visual recognition is a key part of the navigational toolkit used by birds. And one bird in particular is a prodigy of landmark usage. 


Clark’s nutcracker is a member of the highly intelligent crow family, and it lives in the high mountains of the North American West. It was first described by William Clark, companion of Merewether Lewis, the man who led the legendary overland exploratory expedition from St Louis to the Pacific and back, in the early years of the nineteenth century, making maps along the way. 


Clark’s nutcracker can only survive the long cold winters in the mountains by stashing seeds during the summer months, like a squirrel. Being very far from stupid, it does not put them all in one place: that would be far too risky, because other animals (including other nutcrackers) will steal them if they get the chance and, of course, the bird itself would starve if it failed to find its own cache. 


But the scale and complexity of the nutcracker’s food concealment operation is stupendous. It hides only a few seeds at a time at sites scattered over 100 square miles (c. 260 square kilometres)of country. Some it may bury on windswept slopes, some in dense forests, and some on the bleak mountain-tops. A single bird may hide more than 30,000 seeds in as many as 6,000 separate caches. The birds need to be able to remember these locations, over a period of many months. Their powers of recall, though not perfect, are very impressive, and certainly more than adequate to allow them to survive in the tough environment they inhabit. 


The caching behaviour of the nutcracker exemplifies an important general principle that is particularly relevant to navigation: evolution favours the emergence of systems that are ‘good enough’ rather than perfect. Nature ‘selects’ those characteristics that will enable the organism to live long enough to reproduce. There is no point in acquiring a more complex mechanism, if a simpler one will satisfactorily meet this basic requirement, especially when the price of doing so is having a much larger brain. Brains are very greedy consumers of energy, which means a lot more food is necessary to keep them going. It does not pay to have a bigger brain than you really need.


You may wonder whether smell plays some part in the nutcracker’s astonishing behaviour, but that seems not to be the case. Instead, the bird takes note of small-scale landmarks positioned around each cache and can remember the geometrical relationships between them.7 In the wild, these landmarks might be stones or bushes, though when tested in the laboratory, the birds are happy enough to make use of man-made objects. When the researchers surreptitiously move the landmarks, while preserving the patterns they form, the birds often search in the place indicated by the shifted array. 


But it seems there is more to this bird’s cache-finding system than that. Recent work8 suggests that the birds place greater reliance on larger, more distant landmarks. These would be easier to spot at a distance and, thanks to their size, would also be less subject to the effects of wind and weather. 


It is not yet clear exactly what signs the birds attend to in the wild, but they probably take note of prominent features in the environment surrounding each cache – such as trees or large boulders – perhaps recording a kind of panoramic ‘snapshot’ of the locale. Finding a cache is then probably a two-stage process. First the bird identifies the neighbourhood, by some kind of image-matching process involving large-scale landscape elements, then it homes in on smaller objects closer to the store that help to determine its precise position. 
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