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Alison Gopnik, professor at the University of California, Berkeley and author of The Gardener and the Carpenter
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Dedication

For the guides and spotters who helped me see




Epigraph

PENSIVE, on her dead gazing, I heard the Mother of All,

Desperate, on the torn bodies, on the forms covering the battlefields gazing;

As she call’d to her earth with mournful voice while she stalk’d:

Absorb them well, O my earth, she cried—I charge you, lose not my sons! lose not an atom;

…

In blowing airs from the fields, back again give me my darlings—give my immortal heroes;

Exhale me them centuries hence—breathe me their breath—let not an atom be lost …

—WALT WHITMAN, from Drum-Taps, 1865
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1

SHARK BAY

Driving

We got back into the car for the drive away from Shark Bay. This bay is right on the western tip of Australia, where the continent looks out across the Indian Ocean toward Africa. In the clear, extra-salty water of the shallows are what appear for a moment to be hundreds of outsized aquatic mushrooms, their heads perhaps a foot or so in diameter. They are interconnected, forming an irregular landscape of shapes and channels, sometimes nudging above the water, sometimes submerged.

The mushroom-like clumps are made up, in part, of microorganisms, including countless cyanobacteria. These are tiny, nondescript, and pivotal in the history of the Earth. Specifically, they are pivotal in the transformation of the Earth by one of its products: life.

Cyanobacteria (pronounced with a soft “c,” as in the color cyan: sy-an-o-bacteria) are an old group of organisms. Sometime around 3 billion years ago, they or their ancestors invented a particular kind of photosynthesis. Like other kinds of photosynthesis, this process uses energy from the sun to power the building of living material. But in this case, oxygen gas is released as a byproduct—the oxygen that animals like us breathe.

Standing above the bay, taking in oxygen from the dry Western Australian air, we had organisms like these to thank. Pulling in carbon dioxide, breaking water molecules apart with the power of light, splicing the elements to build living material, and releasing oxygen gas in tiny puffs, they slowly transformed the atmosphere, and the planet along with it, until Earth could power the organic engines of animal life—muscles, nervous systems, brains.

The cyanobacteria colonies at Shark Bay are themselves thousands of years old. The mushroom-like mounds are called stromatolites, and this is the largest living stromatolite system in the world. Small fish, tails flicking, threaded through the maze of channels—beneficiaries, like us, of the atmosphere those tiny, ancient cells had generated.

[image: ]

We drove away on a road framed by red-orange earth. The land looks rusted. It is rusted—that is exactly what has happened. Redness in earth and rock is usually due to an interaction between oxygen and iron: iron oxide, rust. When the cyanobacteria started breathing out oxygen, initially it did not accumulate in the atmosphere. Much of it reacted with rocks, which contained various elements, including iron, waiting to take it up. Red desert landscapes were painted, and are still being repainted, by life in this way. The particular stretch of red rushing past our car was most likely laid down by later oxygen-producers, but cyanobacteria started the process.

Eventually, with this coat of color laid, oxygen started to hang around as gas. Farther north in Western Australia, you reach earth that does not look rusted or red-orange; instead it is intensely red, close to the color of blood—blood that is red in us because of the same bonding of oxygen and iron.

Cyanobacteria also became the germ of forests, as trees and other green plants contain domesticated descendants of those tiny organisms. The cells in a forest leaf are descended from algae that had engulfed cyanobacteria, and worked with them in building living matter from sunlight, water, and air. Cyanobacterial remnants were still inside those algae when they embarked on the multicelled collaborations that gave rise in time to ferns, pines, oaks, and grasses. The painting of the Earth now saw a spread of green, from plants that exhale oxygen as they grow.

[image: ]

Animals climbed onto land from the sea, their first home, when the greening of the Earth was in its early stages—mosses, not trees. The animals’ move began with arthropods, the group that includes insects, millipedes, and spiders. Vertebrates and others followed. Plants had made their way from wetlands and liminal places. Once they gained a footing, their solar-paneled towers turned the land into a place where the flows of energy from sun to living matter intensified. With plants and animals came soil, the Earth’s new surface.

Eventually, trees became home to primates, along with birds and other animals. Later still, some of those primates came down and started living on broad savannas. They formed bigger groups and then societies: talking, dancing, building. They forged technologies and social forms, embarked on collaborative projects shaped by reflection and foresight, and eventually reengineered the world as no animal before them had.

As our car rolled along, fuel from its tank ignited with some of the air’s oxygen. The fuel was made from compressed plankton and other marine organisms, settling in still water and then buried many millions of years ago. The car’s steel was made from iron and carbon with the aid of vast amounts of heat, produced by burning other fuels in distant furnaces.

Think again about that sequence—let’s run through it speeded up. Cyanobacteria begin emitting oxygen into the atmosphere. Oxygen drives animal life, first in the sea and later on land. Descendants of cyanobacteria become part of plants. On land, a more intense energy flux evolves in the blazing light, along with a tangle of coevolution between plants and new animals. And then, in our own evolutionary line, an initially unremarkable mammal starts to change in new ways, forming societies and technologies. This leads eventually to change in the atmosphere itself, as carbon that was buried and formed into oil is deliberately burned with life-derived oxygen to push our car along the highway north.

This Book

The history of life includes a parade of new organisms—new bodies and minds, new ways of living—and also a procession of new actions and their effects, new ways that life remakes the world. The history of life is not just a series of new creatures appearing on the stage; the new arrivals change the stage itself.

This book originated as an attempt to work through those themes: the history of action, and the history of how life has changed the Earth. The aim was to see the history of life through that lens or from that angle, to work through a history of organisms as causes, rather than evolutionary products. This gives us, in one sense, an alternative history of life, a history on the what-is-done side, rather than the what-comes-to-exist side. It’s not really another history, though, but an alternative perspective on a single history. The two sides are in there together; the constructive activity of animals and other organisms is part of the history of life on Earth.

Looking through this lens alters our perspective on a lot of things—on animals, on the mind, and on our place here. One result is a dynamic picture of the Earth, a picture of an Earth continually changing because of what living things do. Consider oxygen again. The air we breathe, with its high level of oxygen, is in some ways an “unnatural” atmosphere for a planet like ours. Oxygen is reactive, aggressive, prone to interact with whatever is around it. When scuba diving on “nitrox,” air enriched with extra oxygen, there is a maximum safe depth for each level of oxygen in the gas you are breathing from your tank. Below that level, you will be poisoned by oxygen itself. The oxygen is concentrated by pressure as you descend. The ordinary O2 molecule, although reactive, is not toxic, but oxygen gas, through collisions with itself and everything else, continually gives rise to deviant forms, “oxygen radicals,” and those careen about like electrical wrecking balls. So although diving with enriched air is often a good thing, as you go beyond certain depths, there needs to be less oxygen, proportionally, in the tank. Even the amount of oxygen in ordinary air becomes toxic if you go deep enough. When I was taking a course to learn to dive with nitrox, the manual said, with a hint of poetry, “Oxygen is an unforgiving gas.”

The oxygen-rich atmosphere that we depend on is something that life put in place. It’s not due to “life” in general, though; that concocting of our atmosphere took place through a specific historical path.

Once one starts looking at our planet from a life-as-cause angle, many things look different. The first part of this book, especially, goes down this path. It describes an accumulation of new forms of engineering and transformation, and especially the role of action in this process, along with the minds that guide it.

Whenever minds enter the story, philosophical puzzles follow. One familiar set of puzzles constitutes the classic mind-body problem: How can felt experience or consciousness exist at all in nature? A slightly different question runs beside it: What are minds doing here? What is their place within the totality of the world’s goings-on?

The start of an answer to that second question is that minds—through perceptions, thoughts, plans, and intentions—guide action. Actions serve the interests of organisms, and whether this is intended or not, actions can also transform the world. Deliberate human action continues and extends a long tradition of organisms transforming nature, and the history of the Earth includes a sequence of different forms of such reconstruction. This history begins with single-celled organisms, spans the early evolution of animals and their actions, sees a transition with the move onto land, and extends through to the development of social life, collaboration, and culture. An animal is a nexus where perception and action meet. It’s also a nexus where past meets present, through the traces of the past laid down in memory. Actions, in turn, have consequences beyond the life of the actor, and as minds become more elaborate, they change the reach of animal action. Human action, in its social organization and technical complexity, is one especially powerful form.

This idea of a history that puts minds, especially human minds, into a lineage of transforming agents, and treats those agents as part of the history of the Earth, was the seed of the book and gave rise to its central stem. As that stem extended, other themes branched off from it. Often, a place reached along the main development of ideas offered a vantage point from which some quite distinct topic or question looked different from before.

This includes the traditional mind-body problem itself. Living on Earth is the third book in a series. The first two, Other Minds and Metazoa, were partly about that puzzle. Other Minds was organized around a particular feature of the history of animal life: an ancient split in the genealogical tree, leading on one side to us and on the other side to the octopus, along with many other invertebrate animals. That book was organized around comparisons between our lives and theirs, and used these comparisons to explore how minds came to be. The second book, Metazoa, looked at a wider collection of animals and gave a fuller account of the evolution of felt experience. This third book is mainly concerned, as I said, with another side of the story, the mind as cause rather than product (and this book is not written in a way that assumes you have read either of the others). But when we reach humans, the place of our own species in the story, it becomes possible to return to the mind-body relationship and make further progress on it.

We have, I think, mostly moved past “dualist” views that sharply separate mind from body—or so I will assume. I won’t say more in this book about why we should see the mind as a biological phenomenon as opposed to a ghostly addition of some kind. But there is a lot to say about our kind of felt experience, the human kind. Human conscious experience is the product of ancient and broad features of animal life, along with what has happened to our species through language and culture, these peculiarities of our evolutionary line. Felt or conscious experience is probably widespread in animals, and one part of the story of consciousness involves the way that nervous systems make felt experience possible at all. Another part involves what happens in humans and no one else, as far as we know; it involves what came to exist when the eccentricities of human evolution, especially our immersion in culture, came into contact with animal experience, an older phenomenon. The combining of these, the ancient and the new, yields the tangled glories of human consciousness.

[image: ]

We humans have come out of this long series of events—in evolution, and the shaping of the Earth itself—with minds that feature self-awareness, foresight, and the ability to step back and reflect. We can look out over the whole, and when we do, we find ourselves in the middle of what often feels like a headlong process. The world feels smaller and tighter, with smoke from wildfires unwantedly connecting distant places. Too much of the world, it seems, has come under human influence during a time when we’re not very good at working out how to exercise this power. The portion of Earth occupied by wild nature, its place in the whole, shrinks and recedes.

In the last part of this book I want to think about how we should, or might better, handle some of the choices that confront us. The main topics will be our relationships with nonhuman animals in farming and experimentation, and policy choices around the environment and wild nature—extinction, climate change, and habitat preservation. We’ll turn to the unique challenges of our time, the “Anthropocene.”

The aim of these chapters is not a “biologized ethics,” or a biological moral code. This can be a temptation—trying to directly read a set of moral principles or policies off our scientific picture. I don’t think that if we had a clear and accurate view of us, the Earth, other animals, and so on, it would suddenly be clear what we have to do, or what we should do if we are at all sensible. The view I develop in this area acknowledges a kind of inherent freedom of movement in our situation. But the view of life on Earth, including our lives, outlined in this book can help us make choices. We can reflect on the picture, and then choose our response.

One other theme runs through the book. It is broad and philosophical, and in some ways hard to describe. I left it to this last part of my outline for that reason. As I said a moment ago, this book aims to help us to think about the Earth as a whole, and the role of minds and agency in that whole. I want to defend, in this setting, a kind of ecological outlook. Saying that probably seems quite innocuous. The term “ecological” has various meanings, and often refers to a recognition of connectedness, of whole systems, within the living world. That is fine, and I do intend to convey that, but the point also goes further. I want to defend an orientation that embraces, and stays with, the idea that we, the world’s living agents, are all here together, as parts of a single system. We all have different perspectives on that whole, but we do so while remaining within it and contributing, each in our way, to how it is and how it changes.

I realize that this will still sound very abstract. How else might we think of things? What does this view contrast with? Sometimes in this book, when working through ideas about animal minds, perception, and action, we’ll encounter views that do depart from the ecological mindset I am defending. Especially when writing about perception, both in humans and in other animals, a common tendency has been to move toward a view that installs each animal in a sort of private world. This is a mistake, but it’s not a baseless or senseless one. Minds are agents of transformation, and this is transformation of a public, shared world—that is a central theme of the book. But the mind is also the home of privacy, particularity, and the unrepeatable quirks of each person’s history and situation. Points of view are private. Thoughts are private. The world encountered and acted upon is not.

Similarly, there’s a tradition, in philosophy and elsewhere, of saying that consciousness “makes the world”—or that it makes each person’s world, as we each make our own reality. We don’t; we live in a shared reality. That reality is continually transformed and to some extent constructed by living activity, including action, and consciousness is part of that story. Rather than making our own reality, we all have a role in shaping our common reality, by means of action.
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Those are our themes. The result is a book in three parts.

The first part, Transformation, is about the long history of the reshaping of the Earth by life, including the history of action and choice. This part of the book ends just before our species appears on the scene. 

The second part, Who We Are, looks at the human evolutionary path, and at how one small offshoot of the primate part of the Tree of Life acquired unprecedented powers. This is the story of how culture took hold in human life, augmenting individual agency through cooperation and social learning, and the story of how reflective, deliberative choice arose. This second part also includes the return to the mind-body problem that I mentioned a moment ago. 

The third part of the book, Living on Earth, turns from exploration of the history of choice and action to engagement with some of the difficult choices that confront us now. These are choices about our relationships with other animals, the future of wild nature, and the ecological threats that our technological expansion has produced. Given the kinds of beings we are, how should we approach our place here, our own embedding in the Earth’s ongoing processes of change?

Those are the main topics of the chapters to follow. There is more, as well—communication and memory, beauty and valuation, life and death—with some of these encountered at stages along the book’s main stem, and others coming off to the side.

Stems, branches … the metaphor is arboreal. This is also much of the setting for the book. It is a forest book, through many of its pages, though one interspersed with returns to oceans and reefs. A lot of the thinking that lies behind this book took place in those settings. The path of this book is often on land and among trees, but with forays back to the sea, where it all started.





TRANSFORMATION
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2

EARTH ENLIVENED

Time and Space

Some years ago I went to a university seminar about the evolutionary history of animals, and heard a talk by a dinosaur scientist. He started by setting up the big picture, in a familiar sort of way. Human life is a tiny sliver, a scrap within a larger span. If the history of the Earth were compressed down to a year, our species would arise in the last thirty minutes or so of the final hour.

My mind wandered a little. Versions of this thought experiment can be done on different scales: we can think about the Earth, or about the universe. And the “we” might be humans, Homo sapiens, or might be something larger than that—animals, perhaps, or all of life.

If we stick to our species, then we do rush on in a half-dressed flurry at the very end. That is true on the time line of the Earth, and even more so for the universe. But suppose we think of “us” as life as a whole—living beings. Life does not look like an insignificant scrap in the history of Earth, and not even in the history of the universe. The age of the universe, as far as we can tell, is a bit under 14 billion years. Life has existed on Earth for something like 3.7 billion. That is over a quarter of the total span.

We, in this very broad sense of “we,” have been around a while. Living organization is one of the longer-running features of the universe. It has existed only in a tiny spatial region, as far as we know, and even if there are other inhabited planets, the whole of life’s extent will probably remain tiny in spatial terms. But within that small region, life is not something that scrambles on at the end of a vast dead stretch. Instead, life is a long-term tenant.

Perhaps this broad conception of our place in things, using a sense of “we” and “our” that includes bacteria, won’t resonate with everyone. We might think instead about animals. Even animal life is not too fleeting a part of history. Animals might be 650 million years old or so, which gives us about 5 percent of known time. But I do want to think in those broader terms, about life in its entirety.

Given that living beings are long-term tenants within the total span of the universe, we take up a much larger fraction of the history of the Earth. The Earth is about 4.5 billion years old. So life has been around for most of the time the Earth has existed, a good majority of the time.

In this sense, life is a significant part of the Earth’s story. And it is even more so in other senses—when we think of what life does, what sort of engine it is, what sort of factor in the whole.

Origins

How life arose is still uncertain. There’s not much progress or consensus, as far as I can tell, about the likely details, the where and how. But we know roughly what sort of things had to happen, and that gives an overall shape to the story.

A living organism is a pocket of order, a cluster of chemical processes that maintains itself, self-perpetuates, keeps recreating its otherwise improbable organization. Energy and other resources are required for such a thing to arise. The processes also have to be confined, so they don’t diffuse away and become lost into their surrounds.

One setting in which this might get started is around ocean vents, where a natural flow of energy and materials comes up from beneath the Earth, and porous rocks provide compartments in which reactions can be partly confined. From there, some of these cycling tangles of activity could start to produce boundaries—rough and imperfect—that are self-made rather than externally provided. The result is something increasingly cell-like.

The more stable of these cell-like pockets of order will persist, and might bud off new ones, like daughters, containing small samples of these interacting chemicals. The budded-off daughter systems themselves might drift away, or accumulate into clumps. Each one is self-perpetuating, maintaining itself through cycles of chemical reactions, and occasionally creating new systems of the same kind.

Perhaps the story does not involve deep-sea vents. Darwin imagined a warm pond as the site; Graham Cairns-Smith suggested an environment of damp clay. All these scenarios do include a role for water—it can’t happen on dry land. A similar general picture can be seen across these hypotheses: pockets of organization, making use of a source of energy and some initial way for reactions to compartmentalize, leading to cell-like self-maintaining beings that proliferate within a more chaotic and disorderly sea around them.

Not everyone thinks the sequence of events has this shape. In those sketches over the last page or so, I took sides on a divide between two camps. I treated the “metabolic” side of life as basic and original—chemical reactions forming cycles, using energy, becoming marked off into cells. Another framework sets out from a different view of what is fundamental. In Richard Dawkins’s 1976 book The Selfish Gene, life begins with replication, with some molecule arising that produces copies of itself. These copying molecules spread, become numerous, and can also have effects on what’s around them that influence their chances of being copied. Some are better at this than others, and through this initial Darwinian competition they become able to form cells and control metabolic processes, slowly bringing more of the world under their control. One form of this scenario is the “RNA world” hypothesis. RNA, a molecule found in all cells today, might be the original molecule of replication and control, with DNA and all the rest coming later.

The choice between the origin stories I compared just now can be described as one between “metabolism first” and “replicator first” scenarios. Eventually, we need both—molecules that are copied, and the energy-using processes of metabolism. The details can go in different ways. I have always had a nonexpert attraction to the metabolism-first approach, and a suspicion that replicator-first views will come to seem traceable to the preoccupations of the twentieth century—the “century of the gene,” as the historian of science Evelyn Fox Keller has called it. But even if the replicator-based view is a reflection of a genecentered mindset, that does not preclude it from being right. Metabolism, those energy-using chemical cycles, might have grown up around replication, rather than metabolizing systems arising first and then making themselves a molecule, RNA or DNA, that works like a cellular “memory,” enabling these systems to push their organization onward through time.

Alternatively, perhaps the two activities were bound together from the start. Somehow we get both, metabolism and reproduction, a package of features tied together. What we call “life” usually involves both of these phenomena—the use of energy to maintain order, and the production of new living beings from old. These two activities can still come apart; viruses are packets of genetic material that use the metabolisms of others to reproduce, and have no metabolic activity themselves. Are viruses alive? They have a part of the usual combination, and whether this is enough for them to be alive is not something to argue about. The idea of life as a sharp and definite category has been replaced by a view that accepts gradations and gray-area cases.

Another feature that seems to run deep through the history of life is sensing, and responding to what is sensed. This is not known for sure, but sensing is so common across widely divergent forms of life now, including relatively simple ones, that it is probably very old. Recall the start of this chapter, with the dinosaur talk and the idea of life as a long-term feature of the world. If you think of early life as a sort of inert mold or slime, then perhaps its duration is less notable. But when sensing and responding are also very old, that changes the feel of things. Someone has been looking out, just a little, for all that time.

A further feature is also ubiquitous, perhaps more inevitably so. This is having effects, changing one’s surroundings. Initially this might involve no more than the consumption of nutrients and the emitting of waste, but life, from the start, does not leave things as they were.

If early life involved the formation of pockets of order, pockets of improbable patterning, with this comes the formation of selves—the marking-off of self and other. The origin of life is the origin of new divisions in nature. With these divisions comes a kind of complementarity—the creation of complementary roles. Here is an organism, a self-maintaining pocket of order, and here is the environment it depends upon and transforms.[1]

When I talk about “selves” originating with life, the simplest picture is one where those pockets of order have clear boundaries. There has to be traffic across those borders—hence gates or portals—but we might still picture the divide as pretty sharp. But often—perhaps always—an image with sharply drawn lines is not right and the border is vaguer.

One place to see this is a coral reef. A coral is an animal, a relative of jellyfish and anemones. Huge numbers of these animals live in colonies within a reef. Those coral animals, the polyps, often have symbionts living within them that absorb energy from the sun. The polyps themselves also build a rock-like external body or support, which is responsible for the hardness of the reef. Doing this—building rock, essentially—requires a delicate chemical balance. Some of this takes place within the cells of the coral, while other parts of the process take place just outside, in a kind of controlled space just beyond what would usually be seen as the border of the animal. Living activity often extends some way into a semi-transformed or controlled zone of this kind.

Cycles and Burial

I am sitting out in the garden, being cooked by the sun in a black shirt. Thinking, as best I can, about energy.

Large amounts of energy come in from the sun to the Earth. Much is radiated back, but not all. Some is absorbed and stays around. This energy can do different things according to the form it is in. A simple wash of heat can’t do much. How does energy make its way into more useful forms, the forms that can power our lives?

In photosynthesis, the sun’s radiation is transformed into chemical energy. This can be done in a few different ways. In all of them, light is absorbed by a molecule of some kind that uses the light’s energy to excite its electrons (the charged particles that orbit the nucleus in atoms). If sufficient light comes in, this initiates a cascade by which electrons move from molecule to molecule. By means of these cascades, various kinds of processing and pumping can be achieved.

Crucially, the electrons that are sent off onto an “electron transport chain” by the incoming light need to be replaced. In the main kind of photosynthesis, the kind seen in plants today, this is accomplished by splitting water into its constituents, hydrogen and oxygen, and extracting electrons from the hydrogen atoms as this is done. You start from light, carbon dioxide, and water, and at the end you have chemical energy, in all its useful, portable controllability. You also end up with oxygen gas, which so far in the story is a mere byproduct.

To invent the water-splitting, oxygen-producing form of photosynthesis, two molecular machines from other simple organisms were brought together into a combination. (These are called photosystems 1 and 2. They did originate in a single invention, further back, then diverged and reunited.) This trick seems to have evolved just once.

Not all photosynthesis is like this. Scattered over Earth now, in twilight zones and marginal places, are single-celled organisms that do it differently, organisms with names befitting their exotic lifestyles—the green gliding bacteria, the purple sulfur bacteria. These use other substances as sources of electrons, instead of water. That means that not all photosynthesis is “oxygenic”—not all gives rise to oxygen gas. The special kind was invented by cyanobacteria (or their near ancestors), in the momentous event commemorated in the previous chapter at Shark Bay.

As time passes, over decades of research, this particular reaction has come to seem more and more important. Its place in Earth’s history becomes clearer and the language used about it gets stronger. Andrew Knoll, a Harvard biologist who works on early life, says that the bringing together of the devices needed to make oxygen-producing photosynthesis might be regarded, from an ecological perspective, as “the central event in the history of life.” Without it, life would have remained more a fringe dweller than an Earth changer, confined to chemically special environments like those deep-sea vents. James Barber, who admittedly worked for much of his career on photosynthesis itself, says that the splitting of water molecules, that difficult step, is simply “the most fundamental reaction on Earth.”

Writing this book made it necessary to read and learn in areas I’d never looked at closely before, and this is one of them. By the end, I found myself picking up some of the awe seen in those who spend their lives unraveling the tiny conveyor belts and turbines of photosynthesis, a multitude in every leaf. This is awe at what life came up with, and awe at its consequences. On a lifeless planet, or even one without photosynthesis, energy pours in continually but radiates away as heat because there is no way to convert it into chemical energy. The light-harvesting molecules in bacteria and plants take the whole system into a new place because they absorb and accumulate energy from several incoming photons, and make the transition to chemical energy possible. The sheer amount of energy present on a living planet is greater than on a dead one, as energy has been converted and held. This feeds not only living activity, but geological cycles and processes as well. Life starts storing the sun, and everything is affected.
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In photosynthesis itself, oxygen gas has no role; it is left behind when the more “useful” parts of the water molecule have been taken away and put to work. Oxygen is used in other reactions within organisms, including organisms that photosynthesize, but its creation is as a byproduct.

The history of oxygen on Earth, from this point onward, has several stages. Cyanobacteria began to quietly produce the gas. For a while, not much happened. The oxygen was absorbed by rocks, as seen in those red deserts of the first chapter, and taken up in various other ways. But it slowly began to accumulate. Later still, cyanobacteria were incorporated as symbiotic partners inside other organisms, and eventually made their way into plants. This ancient engulfing is similar to an event in which some bacteria were swallowed up by other cells and became mitochondria. These are the powerhouses that lie within us, and within plants, and aid in respiration, which is the biological flip side of photosynthesis; it burns fuels with the aid of oxygen. So animals (and also fungi, and some others) are carrying around one kind of bacterial remnant, mitochondria, and plants and algae are carrying around two.

Back during the early stages, oxygen levels were only a few percent of the atmosphere (at least most of the time—they may have jumped around). That is nowhere near what animals like us, and perhaps just about any animals, need. But this change was still important enough to be called “The Great Oxygenation,” beginning roughly 2.4 billion years ago. The levels rose again much later, perhaps near the start of the Cambrian period about 540 million years ago. Fitful increases continued, until we reached the sort of chemical environment in which lives like ours, with muscles and brains, are possible. This enveloping of the Earth in oxygen also had other consequences, on a geological scale, changing the chemistry and geology of the planet. New kinds of minerals—new “mineral species”—came to exist, including semiprecious stones like azurite and malachite, formed through processes featuring the reactivity of oxygen, or through the chemical action of life itself.

With the early history of oxygen in place, it’s time to bring carbon to the fore. As the ongoing dance between oxygen and carbon is so important, and as it has taken me a long time to understand it even imperfectly, I will take a pretty slow walk through it.

We have two main players at the level of chemical elements: carbon, with its versatility as a building block, able to form all sorts of complicated molecules; and oxygen, with its reactivity. We also have two pivotal gases they make up: oxygen as a gas, O2, and CO2, carbon dioxide.

All through here, we are dealing with a combination of processes working at different scales—fast and slow, biological and geological. What new factors like human behaviors do is nudge, perturb, push, against a background of many others.

The picture we are sometimes given is that plants breathe in carbon dioxide and breathe out oxygen, and we depend on this, day to day. The rainforests are the lungs of the Earth, it is said. Or, the Earth’s lungs are the forests plus the oceans. But plants “breathe” in two ways. They take in carbon dioxide when growing, but they also respire, as animals do, to keep the processes of life going. When plants do this, they use oxygen. As long as a plant is growing, it produces more oxygen than it uses. The growth of plants is a process gently out of balance, in a way that adds oxygen to the atmosphere and stores carbon in living matter. But a forest as a whole, when mature and in a steady state, includes not only the growth of plants but also their ongoing existence, their breakdown by microbes and fungi, and also all that animals within a forest do. These are oxygen-consuming processes. A forest is a great producer of oxygen, and also a great consumer. That to-and-fro in a mature forest is pretty much in balance—except when the breakdown of plants does not happen. If trees, once built, are buried and squashed before they can break down, then some of their carbon is interred in the Earth, and oxygen that might otherwise combine with this carbon remains above.

These processes act against a background of others. Carbon and oxygen are also tied together in a to-and-fro involving the weathering of rocks, the laying down of sediments in the sea, and the action of volcanoes. In this slower cycle, carbon dioxide in the atmosphere is absorbed into rain to make a weak acid, rainfall over land runs into the sea, weathering rocks as it goes, and this flow contributes to a mix of chemicals that is used by marine organisms to make carbon-rich shells. That carbon is laid down into rock, eventually pulled deeper into the Earth, and released back into the air by volcanoes. This slower “inorganic” carbon cycle involves life, not just because the sediments that store carbon in rock are full of seashells, but because life on land has a big effect on the weathering stage. Plants and fungi can increase the rate of erosion and weathering considerably, by holding water against rocks, making stronger acids, and slowly fragmenting rocks with roots and fungal strands.

We breathe oxygen made by plants and plankton. But if you instantly took all the plants and plankton away, we’d be able to keep breathing for a long time (millennia at least). This is possible because there’s now a huge reservoir of oxygen in the atmosphere. That reservoir came from life, from a slight imbalance between oxygen-making and oxygen-using processes over long periods. It is being cycled, used and replaced; the breath you take now could contain oxygen that has not been in the atmosphere for long at all. But the reservoir is huge.

If we suddenly burned all the known accessible stores of fossil fuels on Earth, this would also have little effect on the oxygen reservoir. Humans and other animals don’t have the kind of impact on oxygen that we have on other things, especially carbon dioxide. Carbon dioxide is much rarer in the atmosphere than oxygen—only about one-twentieth of 1 percent, whereas oxygen is about 21 percent. But when the level of carbon dioxide goes up or down, even at that smaller scale, this can have dramatic effects. If we burned all those known fossil fuels right now, we would have a big impact, proportionally, on the carbon dioxide in the atmosphere, and that would make a difference to all sorts of things.

This idea that the forests and oceans are our lungs—the real-time source of the oxygen we need—is one that people are sometimes reluctant to correct, as it helps with our sense of the urgency and importance of environmental protection. In this book I want to cover every part of these problems as accurately as I can. The Earth has some features that life (the long-term and continually renovating tenant) affects over long spans, but human choices don’t, very much. Oxygen levels are an example. It also contains processes that human choices do affect—the production of carbon dioxide. And all this takes place against a background of processes on an even larger scale, with the sun getting brighter, the Earth slowing in its orbit, and the galaxies moving apart.

This part of the story of the Earth is often told in a way that positions oxygen as the crucial factor—oxygen making animal life possible. I don’t disagree, but just as fundamental is the way the invention of photosynthesis led to large amounts of the sun’s energy being captured and held in chemical form. The Earth became infused, crammed, with energy in a way that would not happen without life. Bonds were built between atoms in new kinds of molecules, bonds that stored the sun’s energy. That energy, with the aid of oxygen, could then be released, sending life swarming over the Earth.

A Circus of Forms

From single-celled life arose collections, colonies, and collaborations of many kinds. The multicellular organisms we are most familiar with are plants and animals, and also fungi (who are closer to animals than plants), but these are just some of the ways cells come to live together, forming blends and fusions, symbiotic and antagonistic.

Earlier I mentioned corals, animals with photosynthetic algae living inside their bodies. Those algae are of a kind called dinoflagellates. (This is the same group of algae that cause red tides.) The dinoflagellates themselves contain remnants of cyanobacteria, as you might expect, given that they engage in photosynthesis. But those are not the only layers in the system—it’s not just cyanobacteria, dinoflagellates, coral. To acquire their ability to photosynthesize, the dinoflagellates engulfed another kind of algae that had previously engulfed a cyanobacterium. Some corals have also been found with cyanobacteria living inside them “naked,” as if to remind the corals of the debt they owe to these tiny and more ancient organisms.

This willingness on the part of life to form collections and collaborations engenders a circus of forms, a great diversity of larger units, all making use of those basic ingredients—the living activity of cells, sensing and responding, taking material in and emitting waste, and changing over time. One lineage that pursued a multicellular experiment gave rise to animals. Cells came to live together, as they did often elsewhere, but in this case they did so in a way that invested in controlled motion, in action. To coordinate this, they evolved nervous systems and brains.

Animals arose initially in a low-oxygen environment, much lower than what we experience now. As oxygen levels increased, they were able to become more active. This is part of what happened around the “Cambrian explosion” about 540 million years ago. The explosion was a “coevolutionary” event, one in which evolution in one kind of animal provided an impetus to evolution in others, and vice versa, but all this may also have been set in motion, or at least facilitated, by an infusion of oxygen into marine environments. The amounts of oxygen were still well short of present-day levels, but enough to make a difference. And then, millions of years later, some animals moved onto land.

Much will follow from this—from the animal investment in action, the move onto land and the different lives possible there, and the environmental transformations that result. First, though, I want to return to a theme from the very start of the chapter.

I said back there that although the human species rushes on in the last small part of the total span of time, life is not like that, and we can think of ourselves as part of life as a whole. I want to say a bit more about the “part of” idea. Once cellular life exists (bacteria, animals, plants, and so on), cells come always from cells. It is cell giving rise to cell, over the millennia, through all the evolutionary changes and the new species that arise. And when a cell produces a daughter cell, there is a material continuity between them. Membranes, for example, come materially from other membranes; a new cell membrane has part of an old membrane within it. This process is mixed up and more complicated in some cases (as when sperm meets egg), but cells come from cells, with material continuation. It’s not that you will have inherited particular material parts from some ancient life-form, but that there is a chain of such relationships—the cells in you containing parts of earlier cells, which contained parts of earlier ones, and so on.

When we look back, then, it’s not just that we are living organisms, examples of life, and such things were around back then as well. And it’s not just that the link of reproduction has been present since then, with old organisms somehow making new ones. We are also a material continuation of what was here before. This relationship stretches back through our ancestors, through lizard-like beings, fish, worm-like animals, to single-celled life. Our ties to ancient life-forms are not just a matter of causal connection. A stronger bond connects old and new organisms, projecting life through time, and this bond has been in place for most of the history of the Earth and much of the history of the universe.

Gaia

The scene coming into view is one of a dynamic Earth. The Earth is not an inert stage, or something that only changes under its own steam; it changes as a result of the actions of life. Once we have come this far, a gestalt switch is possible, a way of taking things further. Back in the 1970s, James Lovelock and Lynn Margulis introduced the “Gaia hypothesis.” The Earth, they suggested, is itself an organism, or at least organism-like. It regulates itself, a huge system with a metabolism that spans the plant and animal world along with parts of the Earth that we usually think of as inorganic. Earlier in this chapter, we already found the need to talk about borderline and partial cases when thinking about the origins of life. Maybe there’s another phenomenon of this kind, on a much larger scale?

Lovelock, who died at 103 as I was finishing this book, was a chemist and inventor. He devised a detector that picks up tiny traces of pollutants in the air, and spent most of his career as an industry consultant rather than an academic. He was led to reflect on the ways that life, on any planet, will tend to modify its atmosphere. The atmosphere found on Earth, especially with all that oxygen, would be noticeable from far away in space as abnormal, as marked by life. We should be able to work out whether other planets contain life by looking for the same sort of signature.

From there, Lovelock introduced the idea that perhaps a planet like Earth can have the metabolism of a living organism—is something like a living organism. The novelist William Golding (Lord of the Flies) suggested the name Gaia for this idea, from







[image: ]




















Goals
























OPS/xhtml/nav.xhtml


Contents



		Cover


		Title Page


		Copyright


		Praise for Living on Earth


		Dedication


		Epigraph


		Contents


		1. Shark Bay


		Transformation
		2. Earth Enlivened


		3. The Forest


		4. Orpheus






		Who We Are
		5. Human Being


		6. Consciousness






		Living on Earth
		7. Other Lives


		8. Wild Nature


		9. Seamount






		Footnotes


		Notes


		Index


		Acknowledgments


		A Note About the Author


		About the Book


		About the Author


		Also by Peter Godfrey-Smith


		About the Publisher







Guide



    		Cover


    		Contents

    
    		Title page








OPS/images/logo.jpg





OPS/images/img_001.jpg





OPS/images/img_003.jpg





OPS/images/img_002.jpg





OPS/images/cover.png
A

\ TERNATIONAL BESTSELLING AUTHOR OF OTHER MINDS

ETER GODFREY-SMITH:

e » R T L
‘An exquisite account of intelligence across species’
GUARDIAN






