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For Molly and Iris




Introduction

My friends and I used to wild-camp on a beach on Izu Peninsula, about one hundred kilometres south-west of Tokyo. A little way off the beach was a small uninhabited island with steep cliffs, and one day a few of us decided to swim out to it. The channel between the beach and the island was unexpectedly deep, and the first part of the swim, it turned out, was through a forest of kelp, the long brown seaweed familiar around the world and which I kept dried in my kitchen cupboard for making kombu stock. The undersea forest was dense, and I still recall the feel of the kelp ribbons against my body as I swam through. I let them tangle in my limbs and felt their slimy biofilm embrace. It felt like they wanted to trap me and draw me in, but the feeling wasn’t scary; their touch was a caress. I held my breath and swam deep to immerse myself more in the forest; looking up I saw the sunlight pouring through the stems, oranges, browns, greens, blue sparkles, undulating, flickering plankton. It was like being in a living stained-glass window.

The Japanese phrase shinrin-yoku, ‘forest bathing’, had recently become popular, after being coined in the 1980s to describe the therapeutic benefits of relaxing in a forest. This, I thought, is forest bathing. I lingered there, holding myself down with the stems, among the shrimp and the snails and the worms and the fish, savouring the feeling of escaping human form, becoming part of the marine forest. I felt at home there. But of course I did have to surface to breathe.

I saw one of my friends had reached the island and had climbed out at a little jetty sculpted from the rock, and I made for that. I left my mask and snorkel and we went up a rough-hewn path to the grassy plateau of the island. At the top was a troupe of Japanese macaques. They didn’t seem bothered by us, although the alpha male emphasised that he was in charge by copulating with one of the females. We regarded each other with interest, us the strange hairless primates, them thick-furred and pink-faced.

When I got back to Tokyo it was the monkeys I told people about, but it was the kelp forest I thought of drifting off to sleep. That feeling of being wrapped in the tangle of kelp, of dissolving into nature.

There was no single inciting incident that propelled me into writing this book. Rather, this is a project that has been building steadily for years. Growing up in the 1980s I was moved by stories about acid rain, the destruction of the rainforests, and the extinction threat faced by many whales. I remember asking Mr Lewis, my English teacher at school, who was also in charge of the library, if I could put Greenpeace pamphlets around the library to spread the word about environmental issues. (‘Are you a member of Greenpeace?’ he asked me sternly. ‘Yes,’ I replied. He suddenly smiled. ‘So am I. Put the pamphlets wherever you like.’)

I studied ecology at university because I cared about nature and wanted to learn more about the thing I loved most. At university my eyes were opened to the intellectual depth of ecology and evolution. We were taught the reductionist approach to biology, which sought to explain complex behaviour and evolutionary patterns through simpler mechanisms of genetics. Reductionism was and is hugely dominant and successful, and for the most part works superbly well. Yet very clearly there was a tension between selfish-gene reductionism and holism, the study of a system as a whole, especially when it came to the Gaia hypothesis, the proposal that the planet is a self-regulating organism. Some of us undergraduates formed a society we called Ecotopia, in an attempt to bring these two viewpoints together. (With nothing to lose, I invited W. D. Hamilton, probably the most important biologist since Darwin, to speak to us, and to my astonishment he agreed.) Yet the reductionist approach was the leading method of the day, and still is. There was a certain tension between the reductionist and holistic approaches, but it was mostly ignored by professional scientists, as a cow ignores a mosquito.

After a PhD in behavioural ecology, studying the evolutionary explanations of animal behaviour, I moved to Japan to work at a wildlife conservation lab. The science I was doing was the same as I’d done in Europe, but things felt different. My education had been in a culture based on Christianity. Now I was living in a culture shaped by a mixture of Buddhism, and Shinto, which invests all things – trees, rocks, foxes, water – with supernatural spirits. The emphasis is on the group, not the individual. In such an environment, in the spiritual equivalent of osmosis, you start to behave differently, to see the world afresh.

That moment in the kelp forest reminded me that the reason I’d become an ecologist was to understand our place in nature, to try to determine, at some small scale, how life is connected. This was missing in my work. Ecology as I practised it, and as I read about it in textbooks, didn’t capture the feeling of connection that people have ‘in nature’. Nor did it explain the loss of self-awareness and the sense of the togetherness of life.

The late Barry Commoner, the American biologist and politician and one of the founders of the environmental movement, set out his laws of ecology in 1971, and the first one is this: everything is connected to everything else. Ideally, the connections form a strong and resilient tapestry. ‘Like a net,’ he wrote, ‘in which each knot is connected to others by several strands, such a fabric can resist collapse better than a simple unbranched circle of threads – which if cut anywhere breaks down as a whole.’1

Charles Darwin made similar observations, as did Alexander von Humboldt before him and Rachel Carson after him. There is a commonality in life, and there are connections throughout nature. There are strands running between everything, sometimes literal strands. The philosopher Timothy Morton calls this the mesh, the great entanglement that links all life (and non-life).2 Zen Buddhists call this jita funi, the lack of boundary between self and other.

The intimacy and essential nature of these connections has been noted, but not appreciated, not absorbed. If it had, we would not have allowed the exploitation of nature to have got to a point where we are in danger of ecosystem collapse.

Years after the kelp swim, I was watching a David Attenborough documentary on TV. Next to the TV we had a terrarium. It’s a mini ecosystem containing soil, some plants and numerous microbes, all sealed in a glass bowl with a cork stopper. Occasionally I would notice moisture on the inner curve of the globe, as if the ecosystem was huffing its breath on the glass. On this occasion, I found myself looking from TV to terrarium. Like the beasts at the end of Animal Farm looking from the pigs to the men and back again, unable to tell them apart, in my mind the shiny screen of the TV containing the images of jungle and ocean became the same as the glass terrarium with the mini ecosystem inside. Both were serving me ‘nature’.

That’s how we talk about nature and ‘the environment’ – in literal or imagined inverted commas. I care about the environment. Politicians should do more to protect the environment. Children should spend time in nature. Don’t do that, it’s bad for the environment. As if it is something ‘over there’, like a terrarium by the TV. Eventually our terrarium ecosystem expired. The soil dried up and the plants withered. Perhaps very gradually some of the moisture had seeped out through the cork, but whatever the reason, the resources in the globe weren’t enough. The world died and we chucked it out.

Imagine that you and a few friends are setting off to live in a giant terrarium. There is plenty of water, soil, air and plants, but you are sealed in. You have a range of crops and, if you want, a few pigs and chickens, and fish in a pond. You would quickly understand that there is no such thing as ‘the environment’, for the environment is your world. You are intimately connected with it and completely reliant on it for your most basic requirements, even the air you breathe. You wouldn’t waste crops on feeding cattle to grow you a steak, or if you did you’d better be sure you have enough food for winter. You wouldn’t waste waste, as everything would be recycled. You would become, overnight, a subsistence farmer, growing what you need to survive.3

A giant terrarium was built in Arizona in the 1990s, called Biosphere 2. It was intended to be the second self-contained, self-sufficient ecosystem, after Biosphere 1, better known as Earth. Eight ‘biospherians’ (four men and four women) entered the three-acre structure on 26 September 1991, and stayed inside for exactly two years. They grew beans, rice, wheat and other crops in an agricultural area, and tended different ecological zones: desert, mangrove, rainforest and coral. They subsisted mostly on their crops, with small amounts of dairy, eggs and meat. But like my terrarium, the biosphere was too small to support a complex system. Oxygen levels fell and carbon dioxide levels grew, because respiration outpaced photosynthesis (meaning more oxygen was breathed in by animals and microbes than was breathed out by plants) and also because some of the oxygen was absorbed and lost into the concrete structure of the facility. Cockroaches, mites and an invasive ant species became pests; the human occupants, forced to get by on a calorie-restricted diet, lost weight. They felt constant hunger.4 Psychologically, the enclosure took a toll, and as the world watched from outside, the group split into two factions. One of the biospherians, Mark Nelson, called the experiment both theatre and science. But it jolted the participants in a profound way. It forever altered their conception of their role on the planet, like how astronauts are forever changed by the experience of seeing our blue-green planet from space. ‘We lived the lesson that you cannot throw anything away because, ultimately, there is no “away”,’ Nelson said.5

There is no ‘away’; there is no ‘environment’. We live in a terrarium just as Nelson and his fellow adventurers did, it’s just that we can’t see the walls of ours. This book aims to change that. One of its goals is to show how intimately we are part of nature, and to explore the depth and extent of the connections between all life. To return to my reductionism/holism metaphor, I am the cow now paying heed to the mosquito buzzing in my ear. My means of doing this is through symbiosis, the process describing different species living intimately together. My hope is that when you have finished reading, you will look at the world in a different way. This book offers a new vision for life on Earth. It is a bold ambition, and I will quickly add that it is by no means my vision alone.

Thousands of biologists around the world work on different aspects of symbiosis and thousands of ecologists labour to understand the connections between life forms. Many books, too, have brilliantly conveyed the intimacy of nature and our place in the world. Probably the most important foundational text on interconnectedness and ecology is Silent Spring, by Rachel Carson. Lynn Margulis did perhaps more than any other scientist to establish the importance of symbiosis; her book Symbiotic Planet contains much of her thinking. Another is Aldo Leopold’s A Sand County Almanac, and more recently I would add Robin Wall Kimmerer’s Braiding Sweetgrass and Merlin Sheldrake’s Entangled Life. Ed Yong wrote of the importance of symbiosis and the gut microbiome in I Contain Multitudes; Peter Wohlleben has written evocatively about fungal-plant symbiosis in The Secret Life of Trees, as has Suzanne Simard in Finding the Mother Tree. Ferris Jabr updated James Lovelock’s Gaia hypothesis in his book Becoming Earth. But even they don’t highlight the central importance of symbiosis throughout time and space. Symbiosis, living together, is fundamental to how life began, how it evolved, and how it operates. From the very origin of life, to the first ecosystems which gave us the oxygen we need; to the monumentally important events that gave us complex cells, to the colonisation of land by lichens, and to how symbiosis is a process influencing and underpinning almost all the ecosystems on the planet. My aim in this book is to take symbiosis and the simple but profound idea that life grows in connection with other life, to take this concept and treat it seriously, to elevate it to a position of essential knowledge, to the status of a fact that we all know and embrace. It is especially important that farmers, economists and politicians understand this, but really all of us should absorb the idea that symbiosis is not a niche-but-interesting phenomenon, it is an essential characteristic of life that not only changes how we see nature, but our place in it.

Recognising this is vital. For the sake of the future we have to unlearn our assumption that competition alone powers the world, because untrammelled competition has created the extinction crisis and brought us to the brink of ecosystem collapse. We must unlearn our cultural and colonial biases about competition and forge a new understanding based on symbiosis and connectedness: we are part of the biosphere and part of the continuum of life; we will gain a deeper understanding of the world – and a positive route of action for a better future.

Wherever you are reading this, look around you. If you are outside or by a window, what other organisms can you see? Trees, flowers, bees, birds? Or maybe you notice mushrooms on a log, lichen on a park bench, algae in a pond, a beetle crawling on a twig. Fish jumping in the shallows, seaweed growing on the shoreline. You may be indoors and there is nothing around but a pot plant or some cut flowers. Wherever you are, whatever living entities you can see, they are all there because of symbiosis.

Symbiosis – Greek for ‘living together’ – is how we describe the phenomenon of two different species living in some sort of partnership. Lichen is a symbiosis of a photosynthesising partner – usually algae – and a fungal partner. Coral is a collaboration between animal and algae. Trees grow through symbiosis with bacteria and fungi in the root systems. In each example, one of the partners provides something inaccessible to the other. Fungi can’t photosynthesise, algae can’t grow a protective rocky skeleton to live in, trees struggle to get sufficient nitrogen and phosphate nutrients without help.

Until recently, symbiosis was considered little more than a novelty, even by biologists. We now recognise that it is everywhere; it was there at the origin of life and at the colonisation of land by the first plants. Symbiosis is what has shaped the composition of our atmosphere, and has driven the development of Earth itself. It was there at the start, it explains some of the major events in the history of life, and is vital for the well-being of us and the planet in years to come: symbiosis underpins the growth of our crops, the storage of carbon, the future of medicine.

The consequences are huge. The assumption that competition is the dominant force in evolution has skewed our understanding of life on Earth and been used to justify capitalism and the exploitation of animals and people and our planetary resources. That assumption crumbles: competition and antagonism occur, of course, but so does cooperation and alliance-forming. Then there’s our understanding of our place in nature: it too must change in the light of what we are learning about symbiosis. We’ve been living for some 400 years on a legacy set by the French philosopher René Descartes. Descartes said that animals have no soul and can be considered machines for us to use as we will. And although scientists today don’t believe in Descartes’ dualism (‘I think, therefore I am’ means that I, and all humans, are subject and the rest of the world is object) the assumptions of dualism underlie our society and the way we live. As French-Algerian philosopher Jacques Derrida showed, Descartes built the foundation for the human domination of nature.6 Karl Marx knew this, writing that nature is seen by capitalism as a ‘free gift’ that can be used at will.7 In 1960, the economic theorist Friedrich Hayek echoed this view, but approvingly, writing that ‘to use up a free gift of nature once and for all is in such instances no more wasteful or reprehensible than a similar exploitation of a stock resource’. Hayek is seen as the architect of neoliberalism, ‘the explosive accelerant of capitalism’.8

It has brought us to the brink. That way of thinking has to end.

The result of the relentless exploitation is an extinction crisis which could rival that which wiped out the dinosaurs. Wildlife populations have crashed by 73 per cent globally between 1970 and 2020, and 40 per cent of all plants are at risk of extinction.9 By 2020 we were extracting over 100 billion tonnes of matter – biomass in the form of wood, minerals, metals and fossil fuels – from the fabric of the planet per year. We produce 460 million tonnes of plastic annually, and recycle just 9 per cent of it. We dig up 50 billion tonnes of sand and gravel per year.10 In 2017, more than 15,000 scientists signed a document warning that we had entered a mass extinction event ‘wherein many current life forms could be annihilated or at least committed to extinction by the end of this century’.11 The unchecked extraction and combustion of fossil fuels has warmed the planet by an average of 1.5 degrees Celsius since the Industrial Revolution, and the stress is straining and often breaking strands of the mesh that holds life on Earth together.

The disasters, driven by unchecked exploitation in the pursuit of profit, can be blamed on the assumption that competition is natural and the optimal basis for a society, and an ignorance, or at the very least a disregard, of the connections in nature. There is also a direct impact through ignoring symbiosis: major components of the global nutrient cycles are biological, mediated through symbiotic fixing and cycling of nitrogen, phosphorus and other elements. Yet the sheer amount of synthetic fertilisers used around the world has knocked these cycles far out of their normal range, polluting air and water, accelerating global warming, and driving biodiversity loss.12 We have broken planetary boundaries, and possibly crossed tipping points. It’s an irony that we live in a hyperconnected, globalised world, criss-crossed by supply chains and trade links, fed by financial markets and endless consumption; but the connections in ecology, more profound, diverse, intimate and natural, are ignored.

We are not separate from nature. We’re not outside the terrarium. We are more intrinsically part of nature than we have realised or congratulated ourselves on. And all this matters, because we cannot build any sort of sustainable, bright future without symbiosis. We live on a symbiotic planet, we are a symbiotic species, and only together will we thrive.

If this is all so important, why has no one said it before?

Partly because competition, as a process in ecology and evolution, has dominated scientific thinking, and has shaped economic policy. Charles Darwin, who correctly emphasised the role of competition, was persuaded to put Herbert Spencer’s phrase ‘survival of the fittest’ into On the Origin of Species. Spencer developed ‘social Darwinism’, and it was used in the decades after the Origin’s publication as an (unwarranted) justification of capitalism. Unwarranted because, first, market prices are central to capitalism but have no analogue in Darwinism; second, it’s more likely that capitalism influenced Darwin, rather than the other way around; and third, we are wrong to imagine that competition is the only driver of evolution.13 We are doubly wrong when we appropriate that view and apply it to human society.

The key role of symbiosis is also unappreciated because its study has been siloed and neglected. As science historian Jan Sapp puts it (his book Evolution by Association is another to add to the list), symbiosis is ‘a metadisciplinary discourse’ which has remained untethered to any particular field, unlike, say, how heredity is part of genetics.14 Symbiosis has been considered interesting but of marginal importance. It is not helped that a well-known example of symbiosis – the clown fish and the anemone – inspired a Disney movie, Finding Nemo. The clown fish provides scraps of food for the anemone, which provides protection from predators with its stinging tentacles. Cute. But cuteness is not a quality that promotes serious consideration from scientists. The late microbiologist Lynn Margulis knew this all too well. She suspected that the neglect of symbiosis, and its failure to develop into a field in its own right, also had to do with its assumed support for communism. Margulis added that ‘the healthy, positive, perhaps even feminine connotations of symbiosis and mutualism have suggested that research on these topics is relatively unimportant’.15 It is anything but.

I’ve arranged the book into three parts. Part I is a tour through biology, in time and space. We see the extent of symbiosis in every aspect of life on the planet and meet some of the historical figures who uncovered its role. It is a vision of life, through a modern lens of symbiosis. We’ll see how being together opens evolutionary doors and unlocks options not available as a singleton. We will discover stories of animals running their own farms, raising plants and protein to feed their families. We bring together the disparate silos of research (lichenologists, orchidologists, mycologists, and so on), and see that there is a process underlying all of nature. Symbiosis influences the lifestyles, the cells and the bodies, of all the organisms on Earth.

In Part II, we look at the impact and influence that symbiosis has had, from the origin of life to the sculpting of our planet, and the scientists who uncovered it. The aim is to build bridges between different explanations of the world, both poetic, Indigenous, and scientific, but also within science. It is about connecting what seem to be extreme, opposed positions: the gene-centred view on one side, the planet-sized Gaian view on the other. We re-examine what Darwin said about the natural world and how he contributed to the foundations of ecology. We discover that even in artificial life, running in computers, symbiosis is a vital process. We will see how our atmosphere became breathable, how the land was colonised, how rock was transformed into soil and how the networking that takes place underground is literally foundational for the rest of the above-ground world. Almost all of the carbon fixed by plants on land, all of that biomass created by all the forests and swamps and grasslands and crops of the world, is made possible by some form of symbiosis. The impact of partnerships in all these aspects of the world cannot be overstated: if it wasn’t for symbiosis, our planet would be bacterial, host to nothing but slime.

Part III explains why this matters today. We find that without understanding symbiosis we can’t understand evolution, nor agriculture, nor how to tackle climate change, nor how to live sustainably. We’ll see just how vital symbiotic partnerships have been in shaping Earth’s biodiversity, and how it is essential to understand them when we want to restore biodiversity. We humans are by no means above this: symbiosis shapes our individual lives, too. Indeed, it forces a rethink of the very meaning of the word ‘individual’. We will see a future world where we have embraced the science and the poetry of symbiosis. The idea that we can look ‘at nature’, whether as something to exploit or save, is dispelled: we are nature.




Part I



PARTNERS FOR LIFE




CHAPTER 1

Figs: The wasp and the forbidden fruit

We start our survey of symbiosis in a rainforest in Brazil – not the Amazon, but the Atlantic forest. I’ve come at the invitation of Alexandre Antonelli, head of science at the Royal Botanic Gardens at Kew in London, and founder of a 120-hectare reserve set in untouched Atlantic rainforest. A few months before this trip I had been sitting in Kew Gardens talking to Alex about his work on the importance of preserving and promoting biodiversity, and about my research for this book. He mentioned a project he is running in the rainforest, a complete biocensus of a giant old fig tree. Scientists, he told me, will sample and analyse DNA of all the life forms living on the tree, and from that try to build a picture of the symbiotic relationships between them. ‘You should come and visit,’ he said. So I have.

It’s my first time in Brazil, and later I realise it’s the first place that Charles Darwin visited after crossing the Atlantic on HMS Beagle. Only twenty-three years old, eager as a spaniel, delighted to be on land after the long ocean crossing, he headed straight to the jungle. This is his journal entry for 29 February 1832: ‘The day has passed delightfully. Delight itself, however, is a weak term to express the feelings of a naturalist who, for the first time, has wandered by himself in a Brazilian forest.’

I feel the same. And as much as I am struck by the exhilarating bloom of life, of different species packed to bursting all around, croaks and chirps and snatches of song I can’t identify, I am struck by the proliferation of decay. There is leaf litter and fungi and dead wood rotting and recycling everywhere I look. Thomas Berg, a Swedish-Brazilian biologist who runs the reserve, takes me to the fig tree. It is thought to be around one hundred years old, and is about thirty metres tall. Like many big trees in the rainforest, its roots don’t penetrate deep into the soil, but spread in broad, tall buttresses. I’ve been looking forward to meeting this tree for months, and I lay my hands on the trunk in greeting.

Scaffolding has been erected around the tree to help scientists access all parts of it. I don a hard hat, clip into a safety harness, and climb. As I pass the first branches I notice that they carry thick swatches of soil covered in mosses, lichens, orchids and bromeliads. It’s the same in any long-lived tree in the rainforest. Soils build up on the branches, rich in nutrients, thanks to symbiotic bacteria that draw nitrogen from the air and turn it into fertiliser. Branch soils, as they are known, store large amounts of water and carbon, and harbour diverse ecosystems; in fact are their own miniature forest-in-a-forest.1 Every half-metre I climb takes me past cities and worlds full of life and drama. I settle down on the highest platform of the scaffold, with a view over the canopy and the surrounding forest.

To my eyes, it’s a huge expanse of rolling shades of green. Yet the Atlantic forest now covers only 8 per cent of its original area.2 In Portuguese the word for forest is mata, or mato, so the Atlantic forest is the Mata Atlântica. But, Thomas tells me, mato has a negative meaning, of garbage, of something worthless; something which can be unthinkingly cleared to build houses, to raise cattle or crops, or as I saw on the drive up here, to replant with eucalyptus, from Australia. During colonial times, vast amounts of land were cleared and settled, first around São Paulo, and then on into the interior of Brazil. Indigenous people were pushed out, enslaved and killed. The land grab was orchestrated by the bandeirantes, the ‘flag carriers’ – who, as the journalist Eliane Brum points out, are honoured with statues all over the country.3 Colonisation, back then, had a positive meaning, like ‘exploration’ did in frontier America.

In Portuguese the forest is linguistically undervalued. We noted that René Descartes had set the stage for this exploitative view of nature in the seventeenth century, by declaring animals to be machines.4 Contrast the Portuguese word with the Yanomami word for forest, urihi. The Yanomami are hunter-gatherers who live up north, in the Amazon forest, and urihi is a term, like our word ecosystem, that encompasses the forest and the networks of relationships that exist in it. Urihi a Pree, ‘the great land-forest’ is the Yanomami name for the world. Living on Urihi a Pree implicitly affirms that people have relationships with trees and monkeys and mushrooms and toucans – and spirits. The Yanomami are effortlessly, automatically, linguistically part of nature. Ursula Le Guin develops this idea in her novella The Word for World is Forest. The story is set on a planet called Athshe, which in the language of the native people living there means both forest, and the world. For the people of Athshe, the forest is their world. The meanings we assign to words matter. And we should bear in mind that words are placeholders; they are our attempt to label some aspect of the world, and as such they come laden with our values. Words are necessarily approximate, a feint at what is really happening. Words such as ‘cooperation’ and ‘competition’, for example. Like ‘symbiosis’.

Young figs are developing on some of the branches. A wasp appears. Her scientific name is Pegoscapus assuetus – we’ll call her Peggy as we trace her journey. She has been flying in the forest for a while, resting on leaves when she can see they are free of ants or spiders. Now she catches the scent of something she didn’t know she wanted but since she’s sensed it, she’s mad for it. She flies up the concentration gradient of the smell, and lands on a small fig, hard and green. She folds her wings, never to use them again. She fusses about the fruit until she finds a tiny opening at one end, then she fusses about some more. She touches the pollen pockets on her thorax above her waist: check. Then Peggy, with a goodbye salute to the outside world, enters the fruit. The journey to the centre of the fig is brutal. The passage is lined with scales, so tight that first her antennae and then her wings are torn off. Sometimes the females have to bite off a leg or two to get through. Stripped off too is most of the dirt she had with her, the bacteria and fungal spores on her body, but the golden pollen in her pockets survives the journey. And now she’s in the vault. The interior of a fig is an inside-out flower, packed with hundreds of blooms, all fully developed. The flowers are the source of the scent that has called her. It’s a homecoming of sorts, since she was born in a flower chamber just like this. Now she gets to work, moving from floret to floret, pollinating each one and probing inside and laying an egg next to the tiny young seed in the base of the flower. Without this wasp – this particular species, mind – the fig won’t be pollinated, and without this fig, the wasp has nowhere to lay her eggs. Tree and insect are completely dependent on each other.

There is a commotion at the portal as another wasp tries to get in, but the way now is too tight, and she is trapped. Peggy leaves her rival to die, she will join her soon enough. Once she has carefully laid all her eggs, about 200, her work and her life are done. Our story moves to her children.

These offspring, the wasp embryos, are developing inside the fig flowers: the fig converts some seeds into maternity units for larvae. Male wasps grow faster than females and the first male to emerge from his cocoon crawls among the tightly packed flowers inside the fig, looking for females still finishing off their transformation from grub to grown-up. When he finds one he cuts through the flower containing her and copulates with her drowsy, barely adult form. He does this again and again with any female he finds, and if he encounters another male in the darkness of the fruit he kills it. It’s dark stuff. Once he’s mated with as many females as he can find, our male wasp helps drag them (his sisters) out of their beds and they load up on pollen. The male, close to the end now, bites a hole in the side of the fig, an escape tunnel for his fertilised sisters. He leaves first. He moves a little distance off the fruit, stamping his feet to attract ants, and gives his body to distract them so his mates can escape.

The females leave the fig and take to the air, in search of the scent of a fig, and we’re back to the beginning again. The fig ripens fast, and if it’s not eaten on the branch, falls to the ground.

Everyone in the forest loves a fig. Bats, coatis, deer, monkeys, any number of birds and rodents. Humans have always relied on them. Because they ripen throughout the year, figs provide a crucial food resource for thousands of species when other fruits are not available.5 It is a keystone species in the forest: like the central stone in a Roman bridge, a keystone species holds the rest of the ecosystem together.

Many animals are reliant on figs to a greater or lesser extent, but fig wasps really need figs. Every species of fig, and there are some 800 of them, has its own dedicated species of pollinating wasp. Only the right wasp can detect the scent of a fig flower, and only that wasp can get inside to pollinate it, and only in those figs will its young develop. If figs are not pollinated, they turn brown and fall.6

Symbiosis exists along a spectrum. ‘Living together’ can mean different things at different times, so we need to tighten up the definition. We don’t, for example, mean parasitism, when two species live together but one thrives at the expense of the other, such as a malaria parasite living in a human body. For the purposes of this book, symbiosis means a persistent association between two different species, which is generally of mutual benefit. Most examples of pollination, say when a bee alights on a flower for a second then moves on, do not qualify because the alliance is so brief. In the case of our figs it does qualify, because most of the insect’s life cycle is spent in association with the fig, and because both fig and wasp are so tightly linked: only a particular species of wasp can pollinate any given species of fig.

The fig/wasp kind of symbiosis, like that which we’ll see in lichens, and orchids, and leafcutting ants, is what’s called obligate: neither species in the pair can do without the other. Compare this to regular pollination: a daisy in my garden may be visited by bees, wasps and hoverflies; the flower doesn’t ‘care’ which insect pollinates it, and if it’s not one it will be another. It may seem strange that figs have evolved to rely on just one species of wasp, and that wasps are similarly limited to only one species of fig for their life cycle, but figs don’t want any old insect coming in and laying eggs in their fruit, they want a wasp that is devoted to them and only them. The fig can then evolve molecules to attract just that species, and offer the nursery facilities the wasp needs to grow its young. The wasp only brings pollen to species of the same fig, and doesn’t waste time going to the wrong tree. It’s a relationship that has been honed over unimaginable time, at least 65 million years, according to molecular measurements. The oldest direct evidence of the relationship, in the form of a fossilised fig wasp, goes back to 34 million years ago.7 That’s not to say that the fig/wasp relationship is entirely agreed and dutifully held – it is an ongoing tussle for advantage. The wasp wants to lay as many eggs as possible, while the fig, grateful for the pollination, to be sure, still wants to grow as many seeds as it can that don’t get consumed by wasps. The alliance has held for millions of years, but the negotiations are never-ending.8

The deep reliance species have on other life forms is something humans have long known about. There is evidence, for example, that figs were grown as a crop over 11,000 years ago in a Neolithic village in the Jordan Valley, in what is now the West Bank, 1,000 years before cereals and legumes were domesticated.9 We have understood about ecology at some level for hundreds of thousands, if not millions of years, from when we were ancestral apes living in Africa. The late primatologist Frans de Waal has shown that chimps are politicians, building alliances and coalitions, rewarding their friends and punishing their enemies, and I’d say they are ecologists, too.10 Chimps understand how their food plants vary in output in different seasons,11 they know about the medical properties of different plants,12 and they hunt a wide range of other animals.13

Early humans certainly drew on an understanding of ecology when they foraged and when they planted crops. Subsistence farmers understand how resources are precious, and that the whole system – the above-ground plants and the below-ground microbial world – must be nurtured together.

We used to know about ecology without being taught it, because we still lived close to nature, and we felt the connections. For many years now the threads have been weakening and snapping. Authors from E. O. Wilson in The Future of Life, to Lucy Jones in Losing Eden have emphasised the problems we create without those connections to nature, from mental health issues to the extinction crisis. Part of the goal of this book is to reinstate our position in the web, to reweave the tapestry.

The Greek historian Herodotus, in the fifth century BCE, is best known for his accounts of wars and power struggles in his Histories, but that work also contains the earliest written allusion to a symbiosis. Herodotus knew that figs need a symbiotic partner. He writes about the cultivation of the date palm, and compares it to how the Greeks grow figs. They tie parts of the tree together, he says, ‘so that the gall wasp (which is carried by the male trees in their fruit, as is also the case with wild figs, in fact) can penetrate the date and cause it to ripen rather than fall off prematurely’. He knew something of the drama that goes on inside a fig.

In the Histories Herodotus also describes certain aspects of Egyptian wildlife. He tells us (inaccurately) about the hippos he saw on the Nile, and describes crocodiles, and mentions that because they spend so much time in the water, their mouths are full of leeches. This is where, according to our narrator, a cross-species partnership can be seen. The Egyptian plover, we are told, alone among birds, is on good terms with the crocodile: ‘When the crocodile climbs out of the water and on to land, it yawns widely (usually when facing west), and then the plover slips into its mouth and swallows the leeches. This does the crocodile good and gives it pleasure, so it does not harm the plover.’

It’s a compelling picture, and one repeated and taught by Aristotle, amongst many others. Unfortunately, it’s wrong. No birds form this kind of mutualistic relationship with crocs (fish – yes, we do see this kind of set-up in cleaner fish and the service they provide to bigger fish – but not birds and crocs). Herodotus liked the story because it fitted his world view. The Histories are stories of interconnections, of obligations, and of cause and effect. It’s how he saw human history unfolding, and the fable of the plover cleaning the mouth of the croc reflected this. In any case, the story from Herodotus reinforces the earlier point about how we define symbiosis in this book. A mutually profitable partnership, like the plover and croc, or like a bee pollinating a flower, is a loose relationship that benefits both partners but isn’t intimate, physically, isn’t essential to their lives (another insect would pollinate the flower if it wasn’t the bee), and is transient. A symbiosis is when the two partners live together, in intimate contact, sometimes in the host’s body or even cells, can’t do without each other, and are together for long periods. Most of what we’ll see in this book is about this kind of symbiosis.

A little after Herodotus, in 345 BCE, we see perhaps the earliest written conception of ecology, when Aristotle and his student Theophrastus leave Athens to take a trip to the island of Lesbos. Perhaps it was at the urging of the student, as Lesbos was where Theophrastus was born. Aristotle was thirty-nine; Theophrastus was twenty-six.

From their works that have survived, we know the pair intensively studied the plants and wildlife of the island. Theophrastus, who really should be as widely known as Aristotle, wrote about the banyan tree (a species of fig also known as the strangler fig), and wrote about the relationship between organisms and their environment.14 He understood that plants grow best in a ‘favourable place’ or ‘proper country’, using the words oikeios topos. Oikeios is the adjectival form of oikos, meaning house or habitat, from which we get the word ecology. He wrote that olives, myrtles and pines grew well together but not well with almond trees. The almond, he said, is a ‘bad neighbour’. In other words, he knew there was something about the interaction between tree species that was positive in some cases and not in others. And in what feels almost proto-Darwinian, he pondered how plants seemed to be adapted to their environment, whether it is dry, salty, or wet, and to the soil type. ‘Trees,’ said Theophrastus, ‘seek their appropriate localities … For some the preferred locality is dry, for others well-watered or wintry or sunny or shady: in a word, some favour the mountain, some the swamp.’15

Theophrastus was attuned to the relationship between species and environment. He described a water-storage organ in a drought-resistant flower (Scilla hyacinthoides) that we now know evolved because the plant grew in hot, dry, stony regions.16 He wrote of mutualisms, and even hinted at parasitism and symbiosis. Of how ivy grows dependent on a tree, how jays bury acorns that later sprout. He knew that birds spread mistletoe seeds in their droppings, and also that mistletoe itself is a parasite, that ‘lives by taking the food that belongs to the tree’. He recorded how legumes – plants such as peas, beans, chickpeas and lentils – improve the soil for other plants. It’s a vital symbiosis, one of the most consequential for ecosystems past, present and future, as we’ll discuss later. For all that he is a dimly seen figure from antiquity, the thread connecting him and us isn’t that long. Certainly he saw a clonal colony of seagrass in the Mediterranean that was ancient when he saw it and that is still growing today.17 Unlike Aristotle, who thought that the natural world had been put there for humans to exploit, Theophrastus thought that plants existed independently, in their own right. His given name was Tyrtamos, but we know him as Theophrastus – ‘divine speaker’ – because Aristotle gave him the nickname; in the twentieth century he picked up another name: the ‘father of ecology’.18 After Theophrastus, it would take another 2,000 years for us to understand how life evolves, and that the world isn’t there for us to exploit.

Was it figs that set us on the path of unsustainable exploitation? Milton starts Paradise Lost with these famous lines:


Of Man’s First Disobedience, and the Fruit

Of that Forbidden Tree, whose mortal taste

Brought Death into the World, and all our woe.



The forbidden fruit wasn’t an apple, it was a fig. Or so one theory has it. Look to Michelangelo, on the Sistine Chapel ceiling, the scene depicting the Fall and the Expulsion. There’s Eve accepting the forbidden fruit from Lilith, the primordial she-demon serpent, while Adam picks his own from the Tree of Knowledge of Good and Evil. It’s not an apple tree, it’s a fig tree. We only read about it being an apple tree in the Bible because of a medieval editorial change. In Latin the word for evil, ‘malum’, is also the word for apple.19 You can imagine the monk making the argument that apple worked better and here we are.

But fig works better. It’s a fig in the painting, you can tell by the leaves, which the couple later use to cover themselves. Figs do indeed contain death, as Milton’s verse has it. They literally contain death, but they generate life, they are one of the most important pieces in the forest ecosystem jigsaw, they have been a vital food crop since antiquity, and they rely completely on an intricate symbiotic relationship established over millions of years. Figs, the biblical forbidden fruit, contain knowledge that goes to the heart of what humans need to learn about the world.

Figs have started our survey of nature because they encapsulate a key message of this book: everything is connected. Nothing exists on its own. Even in seemingly simple ecosystems and even at origin of life, there are others. This doesn’t mean everything is consciously connected, or that there always benefits of being connected. But connected we all are.

If in the writings of Theophrastus and Herodotus we see the first stirrings of recognition for symbiosis, it is not for another 2,000 years that the term is coined. Symbiosis is first used to describe, of all things, lichens. And it is to their spongey embrace that we turn now.




CHAPTER 2

Lichens: The poor trash that formed the world

In the rainforest, the air is pure, and there’s so much lichen that in places it hangs off the branches in beards and frills and strands. In others it builds up in thick layers like a ragged scrapbook, a living palimpsest; elsewhere it grows tight and hard to the bark like its stunted cousins I look at back home in London. I use a little magnifying glass and get into it. It’s like being swallowed into another world, like donning virtual-reality goggles, and I sink gratefully into its depths. I see a landscape below me richly layered; rugged, with hills and valleys, fissures opening up with hidden depths, sheer cliffs and green meadows, volcanic craters fringed with ash and debris. Here and there are silver glints from pools of water; I imagine a creature might emerge from one of the caves in the hillside but nothing does. There is a streak of something organic leading into a crevasse: a trail of mucus, maybe. Some regions look like forests, there are black craters with a fungal appearance, like a circle of mould on bread. Looking more closely, the moss is revealed as a spongey matrix embedded with emeralds, the black craters regions where the emeralds have all been mined out and a blasted pit is left behind.

Looking at lichen is like falling into a Mandelbrot set, the endlessly diverging pattern which can be plotted with simple mathematics but which is seen naturally, in coils of young ferns, the tails of seahorses, snowflakes, mountain ranges, and lichen, where fractals open up opportunities for life at every level.1 I recommend you peer at lichen whenever you need a change of perspective. Here and there are nodules and stalks, the fruiting bodies of the organism. A mite, as small as the full stop at the end of this sentence, creeps out from a flake of lichen, and even with the loupe I can only just make it out. Dozens of species of mite probably live on the branch of this tree alone, each adapted to the marginally different humidities and microclimates of their part of the fractal.2 If you look more closely still, at microorganisms, you will find a single tree like this houses at least a trillion individuals.3 Later on I find a rubbery and tough lichen with an incredible blue-green hue. Most lichens are partnerships between fungi and algae, but this is a cyanolichen, one where the photobionts (something that makes food from sunlight) are cyanobacteria (a group of bacteria that photosynthesise). At night, armed with a torch shining ultraviolet light, some lichens shine back at me, glowing in neon splashes on the trees.

It has surprised me, the place lichens now occupy in my mind, even my heart. Lichens, for goodness’ sake. It’s their ragged beauty, and what they represent. They are not individuals, they are intimate partnerships between two or more organisms: a fungal partner, and a photobiont. Usually the photobiont is algal, sometimes it is a cyanobacterium. Sometimes there are both cyanobacteria and algae present and often there is a fourth partner, a yeast.4 Each partner brings some goods or services to the table, and together they form an interspecies unit of cooperation. Yet it’s more than that. Grow the fungal partner alone and it doesn’t form the same morphology and structure as it does with its photobionts. Together they become something different. As one review of lichen symbioses has it, lichen is unique in that ‘its architectural motifs, which can resemble miniature towers, trees and leaves, arise exclusively from interactions between distantly related organisms’.5 Lichens are so easy to overlook, but it’s what they tell us about the world, and ourselves, that amazes me.

Lichens grow almost everywhere, from tropics to tundra, deserts to gravestones, and mountains and glaciers and volcanic islands. There are over 20,000 species worldwide and they play a major role in breaking down rock into soil. In some places they dominate their environments. We don’t know how much of Earth’s surface is colonised by lichen, but their subtle power is undeniable.6 Yet for thousands of years no one knew what they were. Even now, we don’t know quite what to call them. We say there are 20,000 species of them, but a lichen is not really a single species, as it is made of multiple species.

As organisms, lichens have long been underestimated. Carl Linnaeus, the eighteenth-century Swedish naturalist who invented the binomial system for classifying life, referred to lichens as rustici pauperrimi – ‘the poor trash of vegetation’ – he seemed to take against them personally. But many botanists were fascinated by them, and by the nineteenth century, lichens had become exciting, even dangerous. One of Linnaeus’s final students, Erik Acharius, became obsessed with them. He reclassified Linnaeus’s lichens in 1810, correcting his master’s errors, and made detailed observations on their reproduction. He didn’t guess their secret, but his work formed the basis for modern study and he has been given the name ‘father of lichenology’. It is said that when Acharius was sent a large collection of Spanish lichens in 1819, such was his excitement that he suffered a stroke and died.7

Lichens have beauty, diversity, mystery. But no one could decide what they were. Plants or fungi, or something else? Part of the delay in understanding was due to the strange love old-school lichenologists had for them, and the fierce defence they put up around their understanding of them. This resistance would be repeated again and again when someone proposed that symbiosis was important in the world. The reason lichens are key to our story is that they were the first clue we had as to the extent of symbiosis in the world, and indeed the word itself, symbiosis, was first coined to describe lichens.

The fuse was lit at the AGM of the Swiss Natural History Society, not typically a venue for controversy. On 10 September 1867, in the town of Rheinfelden a new professor of botany, Simon Schwendener, gave a talk. Bearded, dignified, black hair swept back, soulful eyes, Schwendener was born on a farm on the Swiss–Austrian border which he had been expected to take over, but he rebelled, seduced by the intellectual riches of science. At the meeting, Schwendener presented the results of his extensive microscope studies on lichens, proposing for the first time the dual hypothesis – the idea that lichens were twin organisms made from an intimate partnership of fungi and algae. Except he put it rather more graphically, in terms of a ‘master and slave’ relationship. Later he would expand on the nature of the symbiosis, as he saw it:


This master is a fungus, of the class Ascomycetes, a parasite, accustomed to live upon the work of others, its slaves are green Algae, which it has gathered around itself, at any rate, holds on to and forces into service. It invests them as a spider her prey, with a fine meshed web, which gradually is converted into an impregnable integument, but, whilst the spider sucks out her prey and throws it aside when dead, the Fungus stimulates the Algae, found in its net, to more lively activity, in fact, causes them to grow larger and causes thereby a luxuriant growth and the thrifty appearance of the whole colony.8



The dual-hypothesis proposal did not go down well.9 The Finnish botanist William Nylander, the leading lichenologist of the time (he was the first to show how air pollution impacts the growth of lichens), took it as a personal affront. Anyone who supported Schwendener, said Nylander, was now an enemy. He referred to the Swiss professor as ‘Schwendener the fool’, but Schwendener was a leading microbiologist, and had seen the algal nature of the lichen with his own eyes.10 He had spent ten years carefully examining the structure of lichens with his microscopes, but Nylander, haughty, arrogant, closed, denounced him as ‘being led astray by inexperience’.

Over in Britain, the idea that lichen was a conglomeration was pondered by a young woman fascinated by fungi called Beatrix Potter. As well as being a keen mycologist Potter was a talented artist, and made over 350 illustrations of fungi. She had tried to cultivate the spores of the fungal component of lichen and to understand the algal component. But British lichenologists were not fans of the symbiosis hypothesis, one fuming that the idea of a dual nature for lichens was blasphemous, ‘the unnatural union between a captic Algal damsel and a tyrant Fungal master’.11 In a letter Potter merely says ‘we do not believe in Schwendener’s theory’.12 Eventually she left lichenology as a pursuit and, as we all know, became a writer and illustrator. You can see her grounding in natural history in her stories and paintings. Britain’s own ‘father of lichenology’, William Leighton, was a school fellow of Charles Darwin, and went on to become an Anglican clergyman. He would later bluntly recall the schoolboy Darwin: ‘In figure he was bulky and heavy-looking, and did not then manifest any particular powers of mind.’13 Leighton confined himself to lichen taxonomy and classification, and doesn’t seem to have troubled himself with worrying about their blasphemous nature.14

Meanwhile, and despite the British disdain, the evidence for the dual hypothesis built up. The German botanist Albert Frank mostly agreed with Schwendener, though he didn’t appreciate the slavery metaphor. For one thing, it presumes a power dynamic between the individuals in the relationship before we really know what’s what. For another, it’s in bad taste. In 1877 Frank suggested the term we know as symbiosis: ‘We must bring all the cases where two different species live on or in one another under a comprehensive concept which does not consider the role which the two individuals play but is based on the mere coexistence and for which the term Symbiotismus [symbiosis] is to be recommended.’15

Frank has priority but most sources give credit to the German biologist Anton de Bary for coming up with the term, which he did in a speech the following year. De Bary, as one of Germany’s most high-profile botanists, and the editor of a major journal, Botanische Zeitung, probably had more power and influence than Frank. ‘Parasitism, mutualism, lichenism etc.,’ de Bary said, ‘are each special cases of that one general association for which the term symbiosis is proposed as the collective name.’ Symbiosis, he said, was ‘the living together of unlike named organisms’.16

The term was broad. That was useful, because it encompassed the full spectrum of associations, from positive (even essential) for both partners, to terminally negative for one of them. Then again de Bary’s definition was subject to great variation in interpretation. Did the association have to last a certain amount of time? Was intimate contact necessary? Did the partners have to be from different species? Symbiosis is often thought of as cosy, a purely positive arrangement, and in this book we will be often concerned with those symbioses that are mutually beneficial, that open up a new way of life for the pair, and that are long-lasting. But we will sometimes veer off that track. We will remember that nature is not benevolent; that cooperation is just a way to compete better. Lichens, where the fungus squeezes the algae to make them give up their sugars, but where the fungus grows in ways to increase its surface area and so provide more light, are examples of symbiosis that might be called controlled parasitism of the photobiont by the fungus.

Anton de Bary was convinced that symbiosis was a broad and common process. He understood why it was taking time to catch on: those such as himself, Schwendener and Frank proposing a symbiotic nature for lichens had, according to ‘the lichenologists’, ‘pitilessly robbed their favourite lichens of their independent existence and turned them by a stroke of a magician’s wand into a spider-like tyrant Fungus and a captured and enslaved Alga’.17 The
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