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PREFACE

This book is based on a series of programmes made for BBC Television. It and they are sequels to an earlier series and book entitled Life on Earth. That project attempted to describe the way in which animals and plants developed on this planet over the past three thousand million years and traced the rise of different groups of animals, most recently the expansion of the mammals and the appearance of humans.

This book surveys the situation as it is today. It examines the manner in which the survivors of ancient groups as well as the representatives of newly-evolved ones have together colonised and adapted to the great variety of environments that exist on earth. Here and there, the two narratives may overlap slightly, but the variety of animals and plants is so immense that I have been able, in most instances, to illustrate such episodes with species other than those described in the earlier book.

I have retained the same style as before, avoiding as far as possible technical scientific terms and not encumbering the text with Latin names. However, the index has been compiled to serve as a glossary in which each organism is given not only a page reference but also its scientific name, so a reader who wishes to know precisely what family, genus or species is being referred to can discover by looking it up in the index.

The book was written at the same time as the programmes were being filmed. The one is not, therefore, the direct descendant of the other. Rather the two are cousins, both descended from the same body of research and years of travel. They therefore have the sort of differences and likenesses that you might expect from such a relationship. I hope the one may enhance the other.


PROLOGUE

The Kali Gandaki River flows through the deepest gorge in the world. As you stand in Nepal beside its roaring milky waters, looking upstream towards the main range of the Himalayas, the river seems to spring from a cluster of immense snow-capped, ice-girt peaks. The tallest of them, Dhaulagiri, is over 8,000 metres tall, the fifth highest mountain in the world. The summit of its immediate neighbour, Annapurna, is only 35 kilometres away and only a few metres lower. You might well suppose that the source of the river lay on the nearside, southern flanks of this immense barrier of rock and ice. Not so. The Kali Gandaki flows between the two mountains, its bed a good 6 vertical kilometres below the peaks.

The people of Nepal have, for many centuries, known that the valley is a highway that leads right through the Himalayas and up into Tibet. Every day, throughout the summer, trains of mules plod up the winding stony tracks, red horsehair plumes bobbing on their withers, red pompoms on long strings swinging from their pack saddles, carrying huge loads of barley and buckwheat, tea and cloth, up to Tibet to be traded for bales of wool and cakes of salt.

The lowest reaches of the valley are so warm and humid that the people can grow bananas. The forest has all the luxuriance of a tropical jungle. In the Chitwan National Park and Valmiki Tiger Reserve, rhinoceros munch the lush vegetation and tigers prowl through the bamboo thickets. But as you ascend into the valley proper, the plants change. By the time you reach an altitude of 1,000 metres, rhododendrons have begun to appear, rather scraggy trees, some 10 metres high, with broad glossy leaves. In April, they are hung with cascades of scarlet blossom. To these magnificent flowers come tiny sunbirds, their iridescent breast feathers glinting metallically in the sun as they dip their curved beaks into the throat of the blossoms, sipping nectar and obligingly spreading pollen from tree to tree. Langur monkeys come too, but they are pillagers, grabbing handfuls of flowers and cramming them into their mouths. On the ground grow orchids and iris, trumpet-shaped arums and primulas. Where the sun penetrates the canopy and warms a boulder, you may see a little lizard, basking. And in the depths of the forest, foraging on the ground or roosting in the trees, you may catch a glimpse of one of the most glorious birds in the world, a tragopan – a pheasant the size of a turkey, with ultramarine wattles and crimson feathers marvellously decorated with chains of white spots.

The luxuriance of this forest is created and sustained by abundant rain. The monsoon winds, blowing up from India, bring clouds swirling up the valley. As they get higher, they get colder and can no longer bear their loads of moisture, shedding them as torrents of rain that make the lower stretches of the Kali Gandaki one of the best-watered places on earth.

But this forest, too, has its limits. By the time you have trudged up to 2500 metres, the rhododendrons, in their turn, have disappeared except for a few patches on sheltered slopes. In their place stand conifers – Himalayan fir and Bhutan pine. Their leaves are not broad like those of the rhododendron which catch snow and sometimes break under the weight of it, but are long tough needles which shed the snow and can withstand very low temperatures. Among them, if you are very lucky, you might see a little red panda, foxy brown with a furred black-ringed tail and a grizzled head, scrambling through the branches on the lookout for birds’ eggs or berries, insects or mice. It moves sure-footedly over the snow-covered ground and the slippery wet branches, for the soles of its feet are covered with woolly hairs which give it a firm grip.

Another half day of walking and you emerge from the pine forest. As you leave it, you leave behind all the birds and the mammals that depended on the pine trees, directly or indirectly, for shelter and food. There is little now on the rocky hillside except a few tussocky plants and an occasional bush of buckthorn or juniper. The river itself has shrunk. Now it is a shallow stream wandering over a waste of gravel. But the valley itself is still immense, its floor still over a kilometre wide. Nor is the river much larger at any other time of the year, for there is little rain up here to feed it, most having been shed at lower altitudes. And this is the first of the puzzles of the Kali Gandaki. How could such a huge valley have been cut by such a relatively small river?

Wild animals are very scarce indeed up here. It is too cold for any lizards. Nor is there enough food to sustain langur monkeys. Indeed, you may walk all day without seeing any living creature, except for a flight of choughs or ravens and, high above, patrolling the hillsides, griffon vultures. Their presence, however, is a sure sign that other animals are here somewhere, for without them the vultures would starve. So somewhere among the rocks there must be rodents – marmots or pikas – cautiously nibbling the grass and the cushion plants that grow, here and there, on the rubbly slopes. But the grazing is so poor that it can only sustain a very small number of individual animals, and those species that do manage to survive here are all scarce. Among them are tahr, neither true sheep nor true goats but slightly more related to the goat. Rarer still is the animal that preys on them, the snow leopard. One of the loveliest of the cats, it has a thick creamy coat, rosetted with grey, and cushions of hair on the soles of its paws which protect them from the rough stones and from the cold. During the winter it retreats to the forests below, but during the summer it may wander as high as 5,000 metres.

Though there is seldom heavy rain up here, there is an almost constant wind, bitterly cold and sapping to the strength. You have now climbed to nearly 3,000 metres and if you have come up from the lower reaches of the valley, walking every day, you will certainly be feeling the thinness of the air. It is chill in your lungs and though your chest heaves, you still feel robbed of breath. Your head may ache, you may even feel sick. A few days’ rest and you will become acclimatised and the worst of these symptoms will disappear. But you will never be able to match the physical endurance of the muleteers who have come up with you and whose homes are at high altitudes.

Even the mules, at these heights, labour under their loads. The highland villagers keep a tougher stronger beast of burden, the yak. Once it roamed wild in vast herds across the Tibetan plateau. Now it is domesticated and carries loads and pulls ploughs. Its woolly coat is so thick and warm that it has to shed much of it during the summer months to prevent over-heating, and it can live permanently at higher altitudes than any other large mammal except human beings. Now, unexpectedly, the valley has opened out. The great peaks of Annapurna and Dhaulagiri that a few days back you glimpsed through gaps in the canopy of rhododendrons as white shining pyramids several miles above are now behind you. Ahead, the ramparts of snow are falling towards a brown streak on the horizon that is the high, dry, half-frozen plain of Tibet. You have walked clean through the greatest range of mountains in the world.

And now another extraordinary characteristic of the Kali Gandaki becomes apparent. It seems to be flowing the wrong way. Rivers, after all, normally rise in the mountains, flow down their slopes, gathering water from their tributary streams as they go, and then continue down to the plains. The Kali Gandaki does the reverse. It rises on the edge of the great plains of Tibet and heads straight for the mountains. It worms and wriggles its way downwards through the giant interlocking buttresses as the mountains on either side of it grow higher and higher. Only after it has found its way right through them does it reach a relatively flat plain and unite with the Ganges to flow down to the sea. When you stand close to its source, high on the wall of its valley, tracing its course with your eye as it writhes away like a silver snake into the distant mountains, you cannot believe that the river could have cut its way through the mountains by itself. How, then, did it ever come to follow such a course?

Clues to the answer lie at your feet, scattered among the rubble. The rock here is a crumbling, easily-split sandstone and in it lie thousand upon thousand of coiled shells. Most are only a few inches across. Some are as big as cartwheels. They are ammonites. No ammonite is alive today, but a hundred million years ago, they flourished in vast numbers. From their anatomy and the chemical constituents of the rocks in which their fossilised remains are found, we can be quite certain that they lived in the sea. Yet here, in the centre of Asia, they are not only 800 kilometres from the sea but some 4 vertical kilometres above its level.

How this came about was, until the middle of the 20th century, the subject of great controversy among geologists and geographers. Since then, the broad outlines of the explanation have been deduced beyond dispute. Once, between the great continental mass of India to the south and Asia to the north, there lay a wide sea. In its waters lived the ammonites. Rivers flowing from the two continents brought down layer upon layer of sediments. As the ammonites died, so their shells fell to the bottom of the sea and were covered by fresh deposits of mud and sand. But the sea was becoming narrower and narrower for, year after year and century after century, India was moving closer to Asia. As it neared, the sediments on the sea floor began to ruck and crumple so that the sea became increasingly shallow. But still the continent of India advanced. The sediments, now compacted into sandstones, limestones and mudstones, rose to form hills. Their elevation was infinitesimally slow. Nonetheless, some of the rivers that had been flowing south from Asia were unable to maintain their course over the slopes that were rising in front of them. Their waters were diverted eastwards and avoided the infant Himalayas by running round their eastern end, eventually joining the Brahmaputra. But the Kali Gandaki had enough strength to cut through the soft rocks as fast as they rose so that they formed the great cliffs of crumpled strata that can now be seen on either side of its valley.

The process continued for millions of years. Tibet, which before the collision of the continents had been a well-watered plain along the southern edge of Asia, was not only pushed upwards but gradually deprived of its rainfall by the young mountains and so changed into the high cold desert that it is today; the upper reaches of the Kali Gandaki lost much of the rain that had given the river its initial erosive power and shrank inside its vast valley; and on the site of the ancient sea there now stood the highest and newest mountains in the world containing, within their fabric, the remains of ammonites. Nor has this process stopped. India is still moving north at the rate of about 5 centimetres a year, and each year the rocky summits of the Himalayas are a millimetre higher.

This transformation of sea into land began some 65 million years ago. Though this seems inconceivably distant to us, a species that has only been in existence for less than half a million years, in terms of the history of life as a whole it was a comparatively recent event. It was, after all, some 600 million years ago that simple animals began to swim in the ancient seas; and over 200 million years since amphibians and reptiles invaded the land. Birds developed feathers and wings and took to the air a few million years afterwards and mammals evolved fur and warm blood around the same time. Sixty-six million years ago, the non-bird dinosaurs disappeared in a cataclysm and birds and eventually mammals assumed the dominance of the land which they still hold today. So 50 million years ago, as the island continent of India approached Asia, all the major groups of animals and plants that we know today, and indeed almost all the large families within those groups, were already in existence. Each of the continents had its own multitudinous complement of inhabitants, though India, having been isolated as an immense island since just after the decline of the reptiles, was undoubtedly much poorer in advanced groups of animals than Asia. When the two eventually met and the new mountains began to rise some 40 million years ago, the animals and plants from the two old continents began to spread into the new uncolonised extension to their territory.

Jungles covered part of Asia then, as they do now, and plants and animals from them found conditions that suited them in the low foothills on the southern flanks of the new ranges. But above the foothills, there was new country at greater elevations than anywhere in Asia or India. To colonise that vacant territory organisms had to change. Sometimes the necessary adaptations were small. Langur monkeys from the warm plains were able to move up into the chilly rhododendron forests and gather leaves and fruit by doing no more than to develop slightly thicker coats to keep themselves warm. Grazing animals, such as the ancestors of the tahr, did a similar thing. The snow leopard, coming from the same ancestral stock as the lowland leopard, not only grew a furrier coat, but became paler in colour, so making itself less conspicuous against the grey hillsides or the snow, and changed its diet from the antelope and wild cows it presumably fed on in the jungles to smaller game like tahr and marmots. Altitude posed no problems to birds like griffon vultures. They habitually soared to great heights and so had no difficulty in moving up into the huge valleys, as long as there were creatures below to provide them with meals.

The new forests and their inhabitants had long since been established by the time human beings arrived, around fifty thousand years ago. As people moved up the valleys, they too began to respond to the new conditions. Unlike other animals, they did not have to depend solely on bodily changes to protect themselves from the cold. With the level of intelligence and the skills that are the particular possession of humanity, they were able to make warm clothing for themselves and build fires. But they could not construct a device to help them deal with the dearth of oxygen in the air. That could only be dealt with by physical changes in their bodies. And change they did. Today, their blood contains 30 per cent more corpuscles than that of people living at sea level and is in consequence able to carry more oxygen per litre. Those living on the high Tibetan plateau have a specific genetic adaptation affecting their blood which appears to have been acquired by mating with extinct forms of human in the long-distant past. Their chests and their lungs are also particularly large, so they are able to take in more air with a single breath than a lowlander can. But even they have not yet fully adapted to the highest parts of the mountains. Above 6,000 metres, women cannot bear children. The air there is so thin that they cannot get enough oxygen into their blood to sustain an infant growing in the womb.

The story of the building of the Himalayas and their subsequent colonisation by animals and plants is only one example of the many changes that are proceeding continuously all over our planet. Mountains are not only being built but simultaneously worn down by glaciers and rivers. Rivers themselves clog and change their courses. Lakes fill with sediments and become swamps and eventually plains. Nor is India the only continent to drift over the face of the globe. All have done so, fusing and splitting over the vast depths of geological time. As they change their positions, moving towards the equator or up to the poles, so jungle may turn to tundra and grasslands bake into desert. Each of these physical changes, in sunshine and altitude, in rainfall and temperature, sifts existing variability in the communities of plants and animals undergoing it, gradually changing the shape of the population. Some organisms adapt and survive. Others fail to do so and disappear.

Similar environments lead to similar adaptations and produce animals in different parts of the world which come from quite different ancestors, but which bear a marked resemblance to one another. So there are small, brilliantly coloured birds feeding from large blossoms on the slopes of the Andes which look very like the sunbirds of the Himalayas, but which belong to a quite different family of birds, and the heavy-fleeced sure-footed beast of burden that the Andean people use is the llama, a kind of camel, and not a kind of cow like the Himalayan yak.

Only two major environments have apparently remained physically unchanged over vast periods of time – the jungle and the sea. Even here, the land-masses bearing the tropical jungles have changed as the continents have moved, while the splitting and fusion of the continents has altered the extent of warm, shallow coastal seas. Furthermore, the biological conditions in these environments have gradually altered as evolution, within or outside their frontiers, has produced new kinds of organisms and therefore presented their older inhabitants with new problems of survival.

So almost every corner of the planet, from the highest to the lowest, the warmest to the coldest, above water and below, has acquired its population of interdependent plants and animals. It is the nature of these adaptations, that have enabled living organisms to spread so widely through our varied planet, that is the theme of this book.


[image: image]

ONE

The Furnaces of the Earth

The titanic forces that built the Himalayas and all the other mountains on earth proceed so slowly that they are normally invisible to our eyes. But occasionally they burst into the most dramatic displays of force that the world can show. The earth begins to shake and the land explodes.

If the lava that erupts from the ground is basalt, black and heavy, then the area may have been continuously active for many centuries. Iceland is just such a place. Almost every year there is volcanic activity of some kind. Molten rock spills out from huge cracks that run right across the island. Often it is an ugly tide of hot basalt boulders that advances over the land in a creeping unstoppable flood. It creaks as the rocks cool and crack. It rattles as lumps tumble from its front edge. Sometimes the basalt is more liquid. Then a fountain of fire, orange red at the sides, piercing yellow at its centre, may spout 50 metres into the air with a sustained roar, like a gigantic jet engine. Molten basalt splashes around the vent. Lava froth is thrown high above the main plume where the howling wind catches it, cools it and blows it away to coat distant rocks with layers of grey prickly grit. If you approach upwind, much of the heat as well as the ash is blown away from you, so that you can stand within 50 metres of the vent without scorching your face, though when the wind veers, ash will begin to fall around you and large red-hot lumps land with a thud and a sizzle in the snow nearby. You must then either keep a sharp eye out for flying boulders or run for it.

Flows of cooling black lava stretch all round the vent. Walking over the corded, blistered surface, you can see in the cracks that, only a few inches beneath, it is still red hot. Here and there, gas within the lava has formed an immense bubble, the roof of which is so thin that it can easily collapse beneath your boot with a splintering crash. If, as well as such alarms, you also find yourself fighting for breath because of unseen, unsmelt poisonous gas, you will be wise to go no further. But you may now be close enough to see the most awesome sight of all – a lava river. The liquid rock surges up from the vent with such force that it forms a trembling dome. From there it gushes in a torrent, 20 metres across maybe, and streams down the slope at an astonishing speed, sometimes as much as 100 kilometres an hour. As night falls, this extraordinary scarlet river illuminates everything around it a baleful red. Its incandescent surface spurts bubbles of gas and the air above it trembles with the heat. Within a few hundred yards of its source, the edges of the flow have cooled sufficiently to solidify, so now the scarlet river runs between banks of black rock. Farther down still, the surface of the flow begins to skin over. But beneath this solid roof the lava surges on and will continue to do so for several miles more, for not only does basaltic lava remain liquid at comparatively low temperatures, but the walls and ceiling of solid rock that now surround it act as insulators, keeping in the heat. When, after days or weeks, the supply of lava from the vent stops, the river continues to flow downwards until the tunnel is drained, leaving behind it a great winding cavern. These lava tubes, as they are called, may be as high as 10 metres and run for several kilometres up the core of a lava flow. In a striking example of how similar processes produce similar effects, lava tubes are even found on the Moon and on Mars.

Iceland is one of a chain of volcanic islands that runs right down the centre of the Atlantic Ocean. Northwards lies Jan Mayen; to the south, the Azores, Ascension, St Helena and Tristan da Cunha. The chain is more continuous than most maps show, for other volcanoes are erupting below the surface of the sea. All of them lie on one great ridge of volcanic rocks that runs roughly midway between Europe and Africa to the east, and the Americas to the west. Samples taken from the ocean floor on either side of the ridge show that, beneath the layers of ooze, the rock is basalt, like that erupting from the volcanoes. Basalt can be dated by chemical analysis and we now know that the farther away from the mid-ocean ridge a sample is taken, the older it is. The ridge volcanoes, in fact, are creating the ocean floor which is slowly growing away from them, on either side of the ridge.

The mechanism that produces this movement lies deep within the earth. Two hundred kilometres down, the rocks are so hot that they are plastic. Below them, the metallic core of the earth is hotter still and this causes slow, churning currents in the layers above, which rise up along the line of the ridge and then flow out on either side, dragging the basaltic ocean floor with them like solid skin on custard. Such moving segments of the earth’s crust are known as plates. And most of these plates carry on them, like lumps of scum, continents.

One hundred and twenty million years ago, Africa and South America were joined together, as you might guess from the jigsaw similarity of their coastlines and as is demonstrated by the likeness of the rocks on opposite sides of the ocean. Then, about 60 million years ago, a current welling up beneath this supercontinent created a line of volcanoes. A fracture developed across the supercontinent and the two halves slowly moved apart. The line of the split is today marked by the Mid-Atlantic Ridge. Africa and South America are still moving away from one another and the Atlantic is getting wider by several centimetres each year.

Another similar ridge, extending from California southwards, was responsible for creating the floor of the eastern Pacific. A third, running from Arabia southeast towards the South Pole, produced the Indian Ocean. It was the plate on the eastern side of this ridge that dragged India away from the flank of Africa and carried it towards Asia.

The convection currents that flow up at the ridges must clearly descend again. The lines along which they do so are where a plate meets that of a neighbouring system. It is here that continents collide. As India approached Asia, sediments on the sea floor between the two continents were crumpled and piled high to form the Himalayas, so the plate junction here is concealed beneath a mountain range. But farther along the same junction line, to the southeast, a continental mass exists on the Asian side only. The line of crustal weakness, therefore, is much more exposed and is marked by a chain of volcanoes that runs down from Sumatra through Java to New Guinea.

The descending convection current sucks down the ocean floor, creating a long deep trench. This runs along the southern coast of the Indonesian chain. As the edge of the basaltic plate descends, it takes with it water and much of the sediment that was eroded from the Indonesian land mass and had been lying on the ocean floor. This introduces a new ingredient into the melt deep in the crust, so that the lava that wells up into the Indonesian volcanoes is crucially different from the basalt issuing from a mid-ocean ridge. It is much more viscous. In consequence, it does not pour out of cracks or flow like a river, but congeals in the throat of the volcanoes. The effect is like screwing down the safety valve of a boiler.

It was one of the Indonesian volcanoes that produced one of the most catastrophic explosions yet recorded. In 1883, a small island named Krakatau, 7 kilometres long by 5 kilometres wide, lying in the straits between Sumatra and Java, began to emit clouds of smoke. The eruptions continued with increasing severity day after day. Ships sailing nearby had to make their way through immense rafts of pumice that floated on the surface of the sea. Ash rained down on their decks and electric flames played along their rigging. Day after day, enormous quantities of ash, pumice and lava blocks were thrown out from the crater, accompanied by deafening explosions. But the subterranean chamber from which all this material was coming was slowly emptying. At 10 a.m. on 28 August, the rock roof of the chamber, insufficiently supported by lava beneath, could bear the weight of the ocean and its floor no longer. It collapsed. Millions of tons of water fell on to the molten lava in the chamber and two-thirds of the island tumbled on top of it. The result was an explosion of such magnitude that it produced perhaps the loudest noise ever to echo round the world in recorded history. It was heard quite distinctly over 3,000 kilometres away in Australia. Five thousand kilometres away, on the small island of Rodriguez, the commander of the British garrison thought it was the sound of distant gunfire and put out to sea. A tempest of wind swept away from the site and circled the earth seven times before it finally died away. Most catastrophic of all, the explosion produced an immense wave in the sea. As it travelled towards the coast of Java, it became a wall of water as high as a four-storey house. It picked up a naval gunboat, carried it bodily nearly 2 kilometres inland and dumped it on top of a hill. It overwhelmed village after village along the thickly populated coast. Over 36,000 people died.

The biggest explosion of the 20th century occurred on the other side of the Pacific, where the eastern edge of the Pacific plate grinds along the western coast of North America. Once again, there is continental cover on only one side of the junction, so the line of contact is not deeply buried. But because continents are made of rocks that are lighter than basalt, they override the downwards-plunging oceanic plate and the line of volcanoes breaks through some 200 kilometres inland from the coast. And once again, the lava that rises up in them carries the sedimentary ingredient that makes them catastrophically explosive.

Until 1980, Mount St Helens was famous for the beautiful symmetrical shape of its cone. It rose nearly 3,000 metres high and was crowned with snow the year round. In March that year, warning rumbles began to come from it. A plume of steam and smoke rose from its peak, dusting its snow cap with streaks of grey. All through April, the column of smoke grew. Most ominous of all, the northern flank of the mountain, about 1,000 metres below the summit, began to bulge outwards. The swelling grew at a rate of about 2 metres a day. Thousands of tons of rock were being pushed upwards and outwards. Every day there were fresh spouts of ash and smoke from the crater above. Then, at half past eight on the morning of 18 May, the mountain exploded.

The northwest face, about a cubic kilometre of it, simply blew out. The pine, fir and hemlock trees that had clothed the lower slopes of the mountain, over an area of 200 square kilometres, were laid flat, as though they were matches. An immense burgeoning black cloud rose above the mountain, towering 20 kilometres into the sky. Few people lived close to the volcano and there had been a lot of warning, but even so sixty people were killed. Geologists estimated that the force of the explosion was 2,500 times as powerful as the nuclear blast that destroyed the city of Hiroshima.

Nothing can live on a volcano immediately after its eruption. If there has been an explosion, steam, smoke and poisonous gas will continue to billow up from the wreckage of rocks in the crater for weeks. Nor can any organism survive the heat of the basalt flows that issue from the volcanoes of the mid-ocean ridge. If any parts of the earth are sterile and lifeless, it must be sites such as these. But if the convection currents deep beneath the surface shift slightly, the ferocity of the volcanic furnaces begins to wane. In these later stages, a dying volcano often produces eruptions not of lava but of scalding water and steam. Part of this water existed in the magma, and part is from the natural water table of the earth’s crust. It carries, dissolved in it, a great variety of chemical substances. Some will have come from the same deep source as the lava, others have been dissolved from the rocks through which the hot water passed on its way to the surface. Among them are compounds of nitrogen and of sulphur, often in such concentrations that the water can serve as food for very simple living organisms. Indeed, it is possible that the very first forms of life to appear on earth originated in just such circumstances, some 3.6 billion years ago.

At that unimaginably distant time, the earth had not yet acquired its oxygen-rich atmosphere and the position and shape of the continents bore no relation to their present distribution. Volcanoes were not only very much larger than those of today, but were very much more numerous. The seas, whether they had been brought by cometary bombardment or had condensed from clouds of steam that surrounded this new planet, were still hot and water was still gushing into them from volcanic sources deep in the crust. In these chemically rich waters, complex molecules were forming. Eventually, after an immense span of time, tiny microscopic specks of living matter appeared. They had little internal structure, but they were able to convert the chemical substances in the water into their own tissues, and to reproduce themselves. These populations of single-celled organisms can best be thought of as akin to bacteria.

Bacteria today are of many different kinds, and practise a great variety of chemical processes to maintain themselves. And they are found throughout the land, the sea and the sky. Some even still flourish in volcanic environments which may well parallel the circumstances in which they first arose.

In 2010, researchers dredged up mud from a volcanic hydrothermal vent deep in the arctic sea, known dramatically as Loki’s Castle. After five years of extensive study, they were able to identify in the mud the presence of DNA from a unique form of bacteria, the Lokiarchaeota. These organisms seem to stand at the crossroads of various forms of single-celled life, and in some respects resemble the ancestor of all multi-cellular life. In other cases, complex ecologies have been discovered at such sites. In 1977, an American deep-sea research ship was investigating underwater volcanoes erupting from a ridge south of the Galapagos Islands. Three kilometres below the surface of the ocean they found vents on the sea floor that were spouting hot, chemically rich water into the sea. In these jets, and in the crevices of the rocks around the vents, the scientists discovered great concentrations of bacteria consuming the chemicals. The bacteria, in turn, were being fed upon by immense worms, up to 3.5 metres long and 10 centimetres in circumference. They were unlike any other worms so far encountered by science, for they had neither mouth nor gut and they fed by absorbing the bacteria through the thin skin of feathery tentacles, rich in blood vessels, that sprouted from their tip. Since these organisms live in the black depths of the ocean, they are unable to tap directly the energy of sunlight. Nor can the worms obtain it second-hand from the falling fragments of dead animals drifting down from above, since they have no mouths. Their food comes entirely from the bacteria which in turn derive their sustenance from the volcanic waters. Indeed, the worms may well be the only large animals anywhere that draw their energy entirely from volcanoes.

Alongside the worms lie huge clams 30 centimetres long which also feed on the bacteria. The rising jets of hot water create other currents which flow towards the vents across the sea floor, bringing with them organic fragments which are eaten by other organisms – strange, hitherto unknown fish and blind white crabs – clustering around the clams and the worms. So in these submarine volcanic springs, a dense and varied colony of creatures flourishes in the darkness.

Hot springs also bubble up on land. The water they produce, which originates partly from sources far below and partly from rainwater that has permeated deep into the ground, has been heated by the lava chamber and so forced up again through cracks in the rocks, like water up the spout of a boiling kettle. Sometimes, because of the particular geometry of these conduits, the upward progress is spasmodic. Water accumulates in small subterranean chambers and becomes superheated under pressure until finally it flashes into steam and a column of water spouts to the surface as a geyser. In other cases the upward flow is more regular and then the water forms a deep, perpetually brimming pool. It may be so scaldingly hot that the surface steams, but even at these temperatures bacteria flourish. Growing with them here are slightly more advanced organisms – blue-green algae. These appear scarcely more complex in their internal structure than the bacteria but they contain chlorophyll, a remarkable substance that, by employing some astonishing physics, are able to to use the energy of the sun to convert chemical substances into living tissue, releasing oxygen as they do so.

Such organisms are found in the hot springs of Yellowstone in North America. There the algae and bacteria grow together to form slimy green or brown mats that cover the bottom of the pools. Algae have also thrived in upper layers of the sea for billions of years, turning sunlight into carbon and ultimately creating the vast underground seas of oil that have been burned by humans over the last century.

Nothing else can survive in the hottest parts of the springs occupied by these mats, but where the pool spills over to form a stream, the water cools slightly and so allows occupation by other creatures. The algal mats here are so thick that they break the surface. This living dam diverts the main flow to another freer part. As the water slowly trickles through, it cools further and above it assemble clouds of brine flies. If parts of the algae are cooler than 40°C, the flies settle. Some of them mate and lay their eggs on the algae and soon there are grubs grazing voraciously, pupating when they are large enough. But they are working towards their own destruction or that of their descendants, for as they chew away at the mat, so they weaken it. Eventually, it breaks up, the channel clears and much hotter water from the pool gushes down it, sweeping away the remains of the algae and killing all the grubs that were feeding on it. But enough will have hatched for the flies to survive this setback and to start the process all over again in another part of the spring.

In colder parts of the world, the dwindling heat of a volcano may represent not a hazard but a haven. The line of volcanoes that built the Andes along the junction of the South American and eastern Pacific plates continues south and east into the southern ocean to form several small arcs of volcanic islands. Bellingshausen is one of a group called the South Sandwich Islands. The ferocious Antarctic seas have cut into its base, creating, on one side, a cliff which displays, with textbook clarity, alternating layers of ash and lava, cut through with zig-zag lines of lava-filled pipes. Ice floes rim it like a tattered white skirt and sheets of snow drape its slopes. Battalions of Adelie penguins march all over this white parade ground. If you climb up through their ranks to the top of the volcano, you find a vast gaping pit, half a kilometre across. Its floor is filled with snow, icicles hang from the jutting rocks in its throat and snow petrels, elegant pure-white birds, nest in the crags just beneath the crater’s lip. But its volcanic fires have not been totally extinguished. In one or two places around the rim, steam and gas still spurt from cracks, filling the air with the stench of hydrogen sulphide and coating the boulders with brilliant yellow encrustations of sulphur. The ground around the vent is warm to the touch so, as the polar gales bite into you, it is a pleasant place to crouch, in spite of the smell. And on the rocks at your feet, surrounded by snow, there are lush cushions of mosses and liverworts.

These few small patches are the only places in the entire island where it is warm enough for plants to grow. The islands are as isolated as any in the world. The Antarctic continent and the tip of South America are both some 2,000 kilometres away. Yet the spores of these simple plants are so widely dispersed by winds throughout the atmosphere of the world that even these tiny isolated sites in this hostile island are colonised just as soon as they become habitable.

It is not only in the bitterly cold parts of the world that organisms take advantage of volcanic heat. Even tropical creatures have learned how to exploit it. The megapodes are a group of birds living from Indonesia to the western Pacific which have developed extremely ingenious methods of incubating their eggs. Typical of them is the mallee fowl of Australia. When this remarkable bird nests, it first digs an enormous pit that may be 4 metres across, fills it with decaying leaves and then piles sand on top of it. Into this great heap, the female excavates a tunnel and there she lays her eggs. The male fills the tunnel with sand and relies on the heat produced by the rotting vegetation to keep the eggs warm. But he does not abandon them. On the contrary. Several times a day, he returns to the mound and pokes his beak into the sand. His tongue is so sensitive that he can detect a change in heat of one-tenth of a degree. If he considers that the sand is too cool for the eggs, he will pile on more; if too hot, he will scrape it away. Eventually, after an unusually long incubation, the young mallee fowl chicks dig their way up to the surface of the mound, emerge fully-feathered and scamper away.

The mallee fowl, however, has a relative in the Indonesian island of Sulawesi called the maleo. This creature buries its eggs in black volcanic sand at the head of beaches. Being black, this sand absorbs the heat and gets quite hot enough in the sunshine to incubate the eggs. Other maleo have left the coast and colonised the slopes of a volcano inland. There they have discovered large areas of ground that are permanently heated by volcanic steam; and there a whole colony regularly lays its eggs. A dying volcano has become an incubator.

Eventually, as the plates of the earth’s crust move and the currents beneath shift, volcanoes do become completely extinct. The ground cools and animals and plants from the surrounding countryside move in to colonise the new, sterile rocks and the devastated land. Basalt flows present considerable problems to the colonists. Their shiny blistered surface is so smooth that water runs off it and there are few crevices into which seedlings can insinuate their young roots. Some flows may remain totally bare for centuries. The species of flowering plant that makes the first pioneering invasion differs from one part of the world to another. In the Galapagos, where the flora is derived primarily from South America, it is often a cactus which gains the first roothold. Specially adapted to conserve every particle of moisture and living normally in deserts, it manages to survive the roasting temperatures out on the black lava. In Hawaii, the pioneer is a less obvious conserver of water, the ohia lehua tree. Its roots manage to penetrate deep into the lava flow to gather moisture. Often, they find a way down into the empty cavern, the lava tube, that runs down the centre of most of these flows. Down there, the roots hang from the ceiling like huge brown bell-ropes. Rain water, running from the lava surface, trickles down the cracks and over the roots and drips on to the floor. Away from the evaporating rays of the sun, it lingers in pools making the air in the cave dank and humid.

A lava tube is an eerie place to explore. Since neither rain storms nor frost can reach it, nothing erodes the surface of its walls or floor. It looks exactly as it must have done when the last trickle of lava was draining away and its floor was still hot enough to incinerate anything that touched it. Congealed drips of lava hang from the ceiling like stalactites. The floor is covered by a stream of lava like solidified porridge. In some places, where it swept over a barrier of some kind, it has left behind a solidified cascade. As a sudden surge swept through it, the lava river rose temporarily, cooled particularly quickly and so left a smooth tide mark along the wall.

Several kinds of creatures have taken up permanent residence in these strange places. In the tiny hairs that cover the hanging roots, and feeding on them, are several kinds of insects including crickets, springtails and beetles. And preying on them are spiders. But these creatures are not exactly the same as their close relatives that live in the open air elsewhere on the island. Many of them have lost their eyes and wings. Once a part of an animal’s anatomy loses its function, its development is a waste of bodily energy. Individuals that do not squander their resources in this way, therefore, have an advantage over those that continue to do so. So, over generations, there is a tendency for useless organs to be reduced in size and finally to disappear. On the other hand, it is a positive advantage in the blackness of the cave to have long antennae and legs so that a creature can detect obstacles or food around it. And these lava-tube creatures do indeed have unusually long legs and antennae.

The wastelands produced by continental eruptions seem to be easier to colonise than smooth basaltic flows, for it is not difficult for plants to get a root-hold on ash or rubbly lava. The great desert that was created when Mount St Helens blew off its side was soon reclaimed by plants. Within months of the cataclysm, in the corners of the mud banks and beneath boulders there were small accumulations of fluffy airborne seeds. Many belonged to willow-herb, a waist-high plant which produces a spike of handsome purple flowers. Its seeds are so light and fluffy that they float on the wind for hundreds of miles. In Europe, during the last World War, willow-herb appeared on bombed sites within weeks, cloaking the broken masonry with colour. In North America, the plant is known as fire-weed, for it is one of the first to appear among the blackened stumps in the wake of a forest fire. And it is an equally enterprising colonist of the sites devastated by a volcanic eruption.

Soon afterwards, lupins arrived and flourished, even though the lava is lacking in some nutrients – these plants can synthesise these nutrients. Remarkably, on the very uppermost reaches of the shattered mountain, animals soon returned even though there was little living to eat. Within a year or two, ballooning spiders and certain species of beetle found their way to the summit slopes and eked out a living eating scraps of dead insect that were blown there on the wind. This layer of dead arthropods, including moths, flies and even dragonflies, transported by accident and doomed to an early death for lack of food, provided a basis for more permanent colonisation. When they died, the fragments of their bodies were blown with the seeds into crevices and corners. There they decayed and the nutrients from their tiny corpses were absorbed into the ash beneath them, so that when the seeds germinated, they found a nutritious element immediately beneath them in the otherwise sterile, unweathered volcanic dust. Now, over four decades after the explosion, although the scars remain, there are signs of life across the mountain. The pace of recolonization has been so rapid that even the scientists who are studying the region have been pleasantly surprised.

Krakatau shows how complete a recovery can be. Fifty years after the catastrophe, a small vent spouting fire arose from the sea. The people called it Anak – the child – of Krakatau. Already it has thickets of casuarina and wild sugar cane growing on its flanks. A remnant of the old island, now called Rakata, lies a mile or so away across the sea. The slopes that nearly 150 years ago were bare are now covered by a dense tropical forest. Some of the seeds from which it sprang must have floated here across the sea. Others were carried by the wind or brought on the feet or in the stomachs of birds. In this forest live many winged creatures – birds, butterflies and other insects – that clearly had little difficulty in reaching the island from the mainland a mere 40 kilometres away. Pythons, monitor lizards and rats have also arrived here, perhaps on floating rafts of vegetation that frequently get swept down tropical rivers. But evidence of the newness of the forest, and the cataclysm that preceded it, is easy to find. The tree roots cover the surface of the ground with a lattice that clasps the earth together, but here and there, a stream has undermined them, and a tree has toppled to reveal the still loose and powdery volcanic dust beneath. Once the plant cover has been broken in this way, the loose ash is easily eroded by the stream and a narrow gorge, 6 or 7 metres deep, appears beneath a roof of interlaced roots. But these breaks are the exception. The tropical forest has, within a century, reclaimed Krakatau. Without much doubt, by the end of the century the coniferous forest will have reclaimed Mount St Helens, and the mammals and birds that depend upon it will have returned, too.

So the wounds inflicted on the land by volcanoes eventually heal. Although volcanoes may seem, on the short scale by which humans experience time, the most terrifyingly destructive aspect of the natural world, in the longer view they are the great creators. They have constructed new islands, like Iceland, Hawaii and the Galapagos, and built mountains like Mount St Helens and the Andes. And it is the great shifts in the continents of the earth, and the changes in the atmosphere with which they are associated, that set in train the long sequence of environmental changes and, over millennia, provide animals and plants with both dangerous challenges and new opportunities to build their communities.
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TWO

The Frozen World

Nothing can live permanently on the summits of the high Himalayas, or on any of the other great mountain peaks of the world. They are scoured ceaselessly by the most ferocious winds on earth which at times reach velocities of over 300 kilometres an hour; and they are blighted by a cold of lethal intensity.

It may seem paradoxical that the parts of the earth that are closest to the sun are among the coldest. Warmth in the air, however, is created when the sun’s rays, shining through it, give additional energy to the atomic particles of atmospheric gases, causing them to collide more frequently with one another. Each tiny collision gives off heat. The thinner the air, the more widely spread those atoms are and the more infrequent the collisions and so, in consequence, the colder the air remains.

And cold kills. If it permeates the body of a plant or an animal so thoroughly that the liquid in its cells freezes, then, with very few exceptions, cell walls will rupture, just as frozen domestic pipes will burst, and its tissues are physically destroyed. But cold can kill animals long before it freezes them solid. Most animals, including insects, amphibians and reptiles, draw their heat directly from their surroundings. They are, therefore, sometimes called ‘cold-blooded’, but the term is a misleading one for their blood is often far from cold. Many lizards, for example, organise their sun-bathing so effectively that they keep their bodies warmer than that of a human throughout the day, even though they cool down considerably during the night. Such creatures can tolerate a considerable drop in body temperature, but even they will die long before they are chilled to freezing point. As their temperature falls, the chemical processes which produce the energy in their bodies slow down, so that the animals become more and more sluggish. Eventually, at about 4°C above freezing point, their nerve membranes lose the semi-liquid character necessary to transmit their minute electric signals, the animal loses its bodily co-ordination and it dies.

Birds and mammals have a better chance of survival in the cold, for they generate their own heat internally. But they pay a very high price for it. Even on a reasonably warm day you use half your intake of food to keep your body warm. In really cold circumstances with inadequate clothing, you cannot replace the heat at the rate you lose it, no matter how much you eat. Your brain and the other highly complex organs of your body cannot tolerate more than a few degrees variation in temperature, and if your body cools to a level that would make reptiles merely lethargic, you will die.

So the great mountain peaks, where the temperature may fall to minus 20°C, are without life – except for small creatures that may be accidentally blown up there, and the occasional human being who, perhaps even more inexplicably, has decided to venture up there of their own accord.

Climbers, descending from such a peak, are unlikely to see any other living thing among the cliffs of ice and frozen rock until they are a thousand metres or so below the summit. The first organism they can find, maybe even as high as 7,000 metres, will almost certainly be a thin blister-like skin on a rock – a lichen. This is not a single species of plant but two very different ones living in the closest possible intimacy. One is an alga, the other a fungus. The fungus produces acids which etch the surface of the rock, enabling the colony to get some purchase on the smooth surface and dissolving the minerals into a chemical form that the alga can absorb. The fungus also provides a spongy framework for the colony which absorbs moisture from the air. The alga, with the help of sunshine, uses the rock minerals, the water and carbon dioxide from the air to synthesise food substances on which both it and the fungus feed. Both organisms reproduce separately and the following generations have to re-establish the liaison afresh. The partnership, however, is not an equal one. Sometimes the fungal threads inside the lichen wrap themselves around the algal cells and consume them; and whereas the alga if separated from the fungus can lead an independent life, the fungus cannot survive without the alga. The fungus seems to be using the alga to enable it to colonise these bleak areas otherwise closed to it. Many species of alga and fungus form these
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