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			Praise for 

			Becoming Earth

			 

			“[Ferris Jabr] vividly describes how much life has shaped, and has been shaped by, our planet…. He writes eloquently [and] beautifully about his encounters around the world with biologists, environmentalists, farmers and others involved in some way with the life of the planet.”

			—The Wall Street Journal

			“A convincing, mind-opening case that ‘the history of life on Earth is the history of life remaking Earth.’ ”

			—The Atlantic

			“This exploration of the Earth as a living entity is lyrical, smart, and will make you appreciate the home planet in countless new ways. It’s really a fascinating book.”

			—NPR Science Friday

			“Infectiously poetic…exhilarating…The overall uplifting outlook is sure to reenergize even the most hardened climate pessimist.”

			—Science

			“Wide-ranging and thought-provoking…The best books manage to entertain, educate, astonish and even galvanize the reader…They expand awareness [and] serve as celebrations and warnings, challenges and pleas…. With Becoming Earth, Oregon-based journalist Ferris Jabr achieves all of these aims and more.”

			—The Guardian

			“Convincing…poetic…punctuated with thunderstorm-like downpours of ideas.”

			—Sierra

			“[Jabr] explores all the ways life has shaped our physical world and, in doing so, inevitably revisits the question ‘Is the Earth alive?’ ”

			—Vox

			“Ferris Jabr has an uncanny ability to explore and explain some of the greatest mysteries of the universe, and his sentences are both luscious and limpid…. Jabr is an exceptional new science writer, and this urgent book is poised to influence larger conversations about climate change and the environment.”

			—The Whiting Foundation Creative Nonfiction Grant Jury

			“An electrifying debut that earns its place alongside the best of today’s essential popular science books, as well as acknowledged classics.”

			—Red Canary Magazine

			“A real feast for readers of books about life on Earth and for those who appreciate literary work: Jabr is not only knowledgeable, but a master of lyrical prose.”

			—3 Quarks Daily

			“A masterwork of journalism—exhaustively researched, wide-ranging, simultaneously intricate in detail and accessible to general readers…This book will revolutionize readers’ concepts of the fundamental interdependency of life, air, and soil. With the curiosity of a reporter, the mind of a scientist, and the lyricism of a poet, Jabr explores the extraordinary tapestry of life.”

			—Kirkus Reviews (starred review)

			“An enlightening examination of how living organisms have influenced their environments…an edifying and holistic view of life on earth.”

			—Publishers Weekly

			“A beautifully written, exquisitely detailed, and finely researched examination of life and its symbiotic relationship with Earth.”

			—Booklist (starred review)

			“A master class in science journalism by one of the top practitioners of the form.”

			—Charleston Post and Courier

			“A compelling account of interconnectedness…Jabr weaves a tapestry out of the complex relationships that life forms have not only with each other, but also with the stuff of Earth itself.”

			—New Scientist

			“Wonderful…Jabr tells this story with admirable thoroughness…. Becoming Earth is a fantastic book for becoming aware of the great beauty and power residing on this planet we live on and to which we give so little attention.”

			—Big Think

			“Tremendous…Jabr endeavors to tell the story of life on planet Earth from the very beginning.”

			—Atmos

			“Becoming Earth is a glorious paean to our living world, full of achingly beautiful passages, mind-bending conceptual twists, and wonderful characters. Ferris Jabr reveals how Earth not only gave rise to life, and now teems with it, but has also been profoundly, miraculously shaped by it.”

			—Ed Yong, author of An Immense World

			“This is the book I’d been waiting for. It tells my favorite kind of science story: one that seems at first counterintuitive, but then quickly becomes obviously true—a story so important and compelling that I am going to be recommending it for years. It is absolutely packed with delicious nuggets of insight. I fell into this book, and when I emerged, it had deeply changed the way I see what is, by far, the best planet.”

			—Hank Green, New York Times bestselling author and science communicator

			“Becoming Earth is an astonishing book, weaving together science, history, and the author’s unfailingly precise observations with the grace of a poet. To read it is to be transformed by a new understanding of our place in what Jabr calls the ‘collaborative and improvised performance’ that sustains our marvelous home in the universe.”

			—Steve Silberman, author of NeuroTribes: The Legacy of Autism and the Future of Neurodiversity

			“As a writer, Jabr is chimerical: he has the sharp eyes of a scientist, the big ears of a journalist, and the liquid-silver tongue of a poet. There are times, reading this paradigm-shifting book, when you will feel like you are peering right down into the very heart of our living planet. It is, quite simply, a work of genius.”

			—Robert Moor, bestselling author of On Trails: An Exploration

			“Ferris Jabr explores the many ways life has transformed the planet over the last three billion years. In the process, he offers a fresh perspective on today’s most urgent challenges. Becoming Earth is fascinating, thought-provoking, and, ultimately, inspiring.”

			—Elizabeth Kolbert, Pulitzer Prize–winning author of The Sixth Extinction

			“Gorgeously written and brimming with fascinating science and provocative ideas, Becoming Earth is a book about transformation that is itself transformative. Dive into it and you will come to see our world as Ferris Jabr sees it: a thrumming, breathing entity that doesn’t merely harbor life, it is life.”

			—Dan Fagin, author of the Pulitzer Prize–winning Toms River

			“We tend to take our rare jewel of a home planet for granted. In his startlingly beautiful and insightful book, Becoming Earth, Ferris Jabr shows us exactly why we shouldn’t. The Earth lives, breathes, and rewrites our history even as we read, reminding us once again that there is in fact no place like home.”

			—Deborah Blum, Pulitzer Prize winner and author of The Poison Squad

			“Wow. This wondrous book reveals our living planet for the miracle that it is. By the end, you may even feel that ‘miracle’ is an understatement. The story of Earth is the story of a planet reworked and remade—and, to an astonishing degree, created—by life itself.”

			—Carl Safina, author of Beyond Words: What Animals Think and Feel

			“Thrilling…Ferris Jabr reveals the fascinating and cutting-edge science of life’s intricate connections with Earth’s chemistry, water cycle, rock record, soil, and air. And he shows us how these connections are profoundly relevant to human civilization. The result is more than excellent science journalism—it evokes wonder.”

			—Tyler Volk, Earth system scientist, New York University, and author of Gaia’s Body: Toward a Physiology of Earth

			“Ferris Jabr presents a fresh and compelling argument that Earth is a living planet. In the process, he takes you from the bottom of the mile-deep Homestake Mine in South Dakota to the top of the 1,066-foot Amazon Tall Tower Observatory in Brazil. Becoming Earth is a fascinating read that should help everyone appreciate the splendor of our natural environment.”

			—James Kasting, professor of geosciences, Penn State University
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			For air, water, and rock. For fire, ice, and mud.

			For the gnawing glaciers, rippling dunes, prismatic hot springs, and abyssal plains.

			For the searing undersea vents, explosive magma chambers, ancient mountains, and newborn islands. For the great green forests, billowing grasslands, and spongy peat;

			the abrupt plateaus, treeless tundra, and salt-soaked mangroves.

			For the dinosaurs, redwoods, mammoths, and whales;

			the slime molds, insects, fungi, and snails.

			For the microbes that eat sunlight, seed clouds, and mine gold.

			For the roots that gave us soil and made rivers flow.

			For the herds of extinct titans and all those that still roam.

			For the ocean in our blood and our skeletons of stone.

			For the growers, builders, thinkers, and teachers.

			For the explorers, creators, carers, and healers.

			For all the songs we know and all those still unheard.

			For our living planet. For our miracle. For Earth.

		

	
		
			
				Consider: Whether you’re a human being, an insect, a microbe, or a stone, this verse is true. All that you touch, You Change. All that you Change, Changes you.

				—Octavia Butler, The Parable of the Sower

				What if we understood that the heartbeats of all creatures can be heard in our own heartbeats, that this drumming is an echo of the Earth’s pulse, which runs through all of our veins, plants and animals included?

				—Terry Tempest Williams, “Take Place,” The Paris Review

				Earth is one country. We are all waves of the same sea, leaves of the same tree, flowers of the same garden.

				—The Message of Fraternity, likely paraphrased from the writings of Bahá’u’lláh, prophet-founder of the Baháʼí Faith, and his son, ‘Abdu’l-Bahá

			

		

	
		
			
				Introduction

				 

				When I was a boy, I thought I could change the weather. On sweltering summer days in suburban California, when gardens wilted and asphalt burned bare skin, I would draw a picture of a stout blue rain cloud and march around it on the lawn, splashing it with a potion of hose water and yard trimmings. I may have even sung a rudimentary incantation—an inversion of the popular nursery rhyme that tells rain to “go away.”

				As I grew up, so did my understanding of meteorology. In school, I learned how water evaporates from lakes, rivers, and oceans and rises into the atmosphere, where it cools and condenses into minuscule droplets. These drifting beads of water collide and coalesce, clinging to bits of floating dust and growing into the cottony masses we call clouds, which eventually become heavy enough to fall back to the surface. Rain, I was taught, is an inevitable outcome of atmospheric physics—a gift that we and other living creatures passively receive.

				Some years ago, however, I learned a startling fact that completely changed the way I think about weather and ultimately altered my perception of the planet as a whole—a fact that returned me to a sense of awe and possibility I had rarely felt since childhood. What I learned is this: in many cases, life does not simply receive rain—it summons it.

				Consider the Amazon rainforest. Every year, the Amazon is drenched in about eight feet of rain. In some parts of the forest, the annual rainfall is closer to fourteen feet—more than five times the average yearly precipitation across the contiguous United States. This deluge is partly a consequence of geographic serendipity: intense equatorial sunlight speeds the evaporation of water from sea and land to sky, trade winds bring moisture from the ocean, and bordering mountains force incoming air to rise, cool, and condense. Rainforests happen where it happens to rain.

				But that’s only half of the story. Within the forest floor, vast symbiotic networks of plant roots and filamentous fungi pull water from the soil into trunks, stems, and leaves. As the nearly 400 billion trees in the Amazon drink their fill, they release excess moisture, saturating the air with 20 billion tons of water vapor each day. At the same time, plants of all kinds secrete salts and emit bouquets of pungent gaseous compounds. Mushrooms, dainty as paper parasols or squat as doorknobs, exhale plumes of spores. The wind sweeps bacteria, pollen grains, and bits of leaves and bark into the atmosphere. The wet breath of the forest—peppered with microscopic life and organic residues—creates the ideal conditions for rain. With so much water in the air and so many minute particles on which the water can condense, clouds quickly form. Certain airborne bacteria even encourage water droplets to freeze, making clouds bigger, heavier, and more likely to burst. In a typical year, the Amazon generates around half of its own rainfall.

				Ultimately, the Amazon rainforest influences much more than the weather above its canopy. All the water, biological detritus, and microscopic beings discharged by the forest form a massive floating river—an aerial echo of the one snaking through the understory. This flying river brings precipitation to farms and cities throughout South America. Some scientists have concluded that, due to long-range atmospheric ripple effects, the Amazon contributes to rainfall in places as far away as Canada. A tree growing in Brazil can change the weather in Manitoba.

				The Amazon’s secret rain ritual challenges the way we typically think about life on Earth. Conventional wisdom holds that life is subject to its environment. If Earth did not orbit a star of the right size and age, if it were too close or too far from that star—if it did not have a stable atmosphere, liquid water, and a magnetic field that deflects harmful cosmic rays—it would be lifeless. Life evolved on Earth because Earth is suitable for life. Since Darwin, prevailing scientific paradigms have likewise emphasized that the ever-shifting demands of the environment largely dictate how life evolves: species best able to cope with changes to their particular habitats leave behind the most descendants, whereas those that fail to adapt die out.

				Yet this truth has an underappreciated twin: life changes its environment, too. In the mid–twentieth century, when ecology established itself as a formal discipline, this fact began to gain wider recognition in Western science. Even so, the focus was on relatively small and local changes: a beaver constructing a dam, for instance, or earthworms churning a patch of soil. The notion that living creatures of all kinds might modify their environments in much more dramatic ways—that microbes, fungi, plants, and animals can change the topography and climate of a continent or even the entire planet—was rarely given serious consideration. “To a large extent, the physical form and the habits of the earth’s vegetation and its animal life have been molded by the environment,” Rachel Carson wrote in Silent Spring in 1962. “Considering the whole span of earthly time, the opposite effect, in which life actually modified its surroundings, has been relatively slight.” E. O. Wilson declared something similar in his 2002 book, The Future of Life: “Homo sapiens has become a geophysical force, the first species in the history of the planet to attain that dubious distinction.”

				When I first learned about the Amazon’s rain dance, I was both enthralled and bewildered. I knew that plants pulled water from the ground and expelled moisture into the air, but the fact that trees, fungi, and microbes in the Amazon collectively conjured so much of the rain for which their home was named, that life’s activity on one continent altered weather on another, was jolting. The idea of the Amazon rainforest as a garden that watered itself obsessed me. If that were true for an ecosystem as massive as the Amazon, I wondered, might it be true on an even larger scale? In what ways, and to what extent, has life changed the planet throughout its history?

				In seeking the answers to these questions, I’ve learned that the scientific understanding of life’s relationship to the planet has been undergoing a major reformation for some time now. Contrary to longstanding maxims, life has been a formidable geological force throughout Earth’s history, often matching or surpassing the power of glaciers, earthquakes, and volcanoes. Over the past several billion years, all manner of life forms, from microbes to mammoths, have transformed the continents, ocean, and atmosphere, turning a lump of orbiting rock into the world as we’ve known it. Living creatures are not simply products of inexorable evolutionary processes in their particular habitats; they are orchestrators of their environments and participants in their own evolution. We and other living creatures are more than inhabitants of Earth; we are Earth—an outgrowth of its physical structure and an engine of its global cycles. Earth and its creatures are so closely intertwined that we can think of them as one.

				The evidence for this new paradigm is all around us, although much of it has been discovered only recently and has yet to permeate public consciousness to the same degree as, say, selfish genes or the microbiome. Nearly two and a half billion years ago, photosynthetic ocean microbes called cyanobacteria permanently altered the planet, suffusing the atmosphere with oxygen, imbuing the sky with its familiar blue hue, and initiating the formation of the ozone layer, which protected new waves of life from harmful exposure to ultraviolet radiation. Today, plants and other photosynthetic organisms help maintain a level of atmospheric oxygen high enough to support complex life but not so high that that Earth would erupt in flames at the slightest spark. Microorganisms are important participants in many geological processes, responsible for much of Earth’s mineral diversity; some scientists think they played a crucial role in forming the continents. Marine plankton drive chemical cycles on which all other life depends and emit gases that increase cloud cover, modifying global climate. Kelp forests, coral reefs, and shellfish store huge amounts of carbon, buffer ocean acidity, improve water quality, and defend shorelines from severe weather. And animals as diverse as elephants, prairie dogs, and termites continually reconstruct the planet’s crust, facilitating the flow of water, air, and nutrients and improving the prospects of millions of species.

				Humans are the most extreme example of life transforming Earth in recent history—and, by some measures, the most extreme ever. By exhuming and burning the carbon-rich remains of ancient jungles and sea creatures in the form of fossil fuels, as well as by destroying and degrading ecosystems, industrialized nations have flooded the atmosphere with carbon dioxide and other heat-trapping greenhouse gases, rapidly increasing global temperature, raising sea levels, exacerbating drought and wildfire, intensifying storms and heat waves, and ultimately endangering billions of people and countless nonhuman species. One of the many obstacles to public and political reckoning with climate change has been the stubborn notion that humans are not powerful enough to affect the entire planet. In truth, we are far from the only creatures with such power. The history of life on Earth is the history of life remaking Earth.

				

				—

				As I studied the interdependence of Earth and life, I continually returned to an ancient and controversial idea: that Earth itself is alive. Animism is one of humanity’s oldest and most ubiquitous beliefs. Throughout history, diverse cultures have extended the concepts of life and spirit to the planet and its components. In many religions, Earth is personified as a deity, often a goddess, who may be maternal, monstrous, or both. The Aztecs worshiped Tlaltecuhtli, a colossal clawed chimera whose dismembered body became the mountains, rivers, and flowers of the world. In Norse mythology, the giantess Jörð’s name and identity were synonymous with Earth. Several cultures have imagined Earth as a garden growing from the back of a gargantuan turtle. The ancient Polynesians revered Rangi and Papa, Sky and Earth, who remained locked in a lover’s embrace until their children separated them. Still, they cried out for one another, in the form of rising mist and falling rain.

				The idea that Earth is alive seeped from myth and religion into early Western science, persisting for centuries. Many ancient Greek philosophers regarded Earth and other planets as animate entities with souls or vital forces. Leonardo da Vinci wrote of the parallels between Earth and the human body, comparing bones to rocks, water to blood, and the tides to breathing. James Hutton, the eighteenth-century Scottish scientist who helped found modern geology, described the planet as a “living world” that possessed a “physiology” and the ability to repair itself. Not long after, German naturalist and explorer Alexander von Humboldt characterized nature as a “living whole” in which organisms were connected by a “net-like intricate fabric.”

				Hutton and Humboldt were exceptions among their peers, however, especially those who hewed to strict empiricism. By the mid-nineteenth century, even metaphorical descriptions of Earth as a living entity were largely out of vogue in the mahogany halls of European science. Academic disciplines were becoming more specialized and reductionist. Scientists were organizing matter and natural phenomena into increasingly specific categories that further segregated life from nonlife. In tandem, the far-reaching consequences of the Industrial Revolution and the expansion of colonial empires favored language and worldviews based on mechanization, profit, and conquest. The planet was no longer perceived as an immense living being worthy of veneration but rather a body of inanimate resources waiting to be exploited.

				It was not until the late twentieth century that the idea of a living planet found one of its most popular and enduring expressions in the canon of Western science: the Gaia hypothesis. Conceived by British scientist and inventor James Lovelock in the 1960s and later developed with American biologist Lynn Margulis, the Gaia hypothesis proposes that all the animate and inanimate elements of Earth are “parts and partners of a vast being who in her entirety has the power to maintain our planet as a fit and comfortable habitat for life.”[*1] Viewed through the lens of Gaia, Lovelock wrote, Earth is like a giant redwood tree. Only a few parts of a tree contain living cells, namely the leaves and thin layers of tissue within the trunk, branches, and roots. The vast majority of a mature tree is dead wood. Similarly, the bulk of our planet is inanimate rock, wrapped in a flowering skin of life. Just as strips of living tissue are essential to keep a whole tree alive, Earth’s living skin helps sustain a kind of global being.

				Although Lovelock was not the first scientist to describe Earth as a living entity, the audacity, expansiveness, and eloquence of his vision provoked a tremendous outpouring of acclaim and derision. Lovelock published his first book on Gaia in 1979 amid a growing environmental movement. His ideas found an enthusiastic audience among the public, but they were not as warmly received by the scientific community. Throughout the next several decades, many scientists criticized and ridiculed the Gaia hypothesis. “I would prefer that the Gaia hypothesis be restricted to its natural habitat of station bookstalls, rather than polluting works of serious scholarship,” wrote the evolutionary biologist Graham Bell in one review. Robert May, future president of the Royal Society, declared Lovelock “a holy fool.” Microbiologist John Postgate was especially vehement: “Gaia—the Great Earth Mother! The planetary organism! Am I the only biologist to suffer a nasty twitch, a feeling of unreality, when the media invite me yet again to take it seriously?”

				Over time, however, scientific opposition to Gaia waned. In his early writing, Lovelock occasionally granted Gaia too much agency, which encouraged the misperception that the living Earth was yearning for some optimal state. Yet the essence of the Gaia hypothesis—the idea that life transforms the planet and is integral to its self-regulating processes—was prescient. Although some researchers still recoil at the mention of Gaia, these truths have become tenets of modern Earth system science, a relatively young field that explicitly studies the living and nonliving components of the planet as an integrated whole.[*2] As Earth system scientist Tim Lenton has written, he and his colleagues “now think in terms of the coupled evolution of life and the planet, recognizing that the evolution of life has shaped the planet, changes in the planetary environment have shaped life, and together they can be viewed as one process.”

				Although the idea that Earth itself is a living entity remains controversial, some scientists embrace it and others are increasingly open to it. “There’s no question to me that our planet is alive,” says atmospheric scientist Colin Goldblatt. “To me, that is a plain statement of fact.” Astrobiologist David Grinspoon has written that Earth is not simply a planet with life on it, but rather a living planet. “Life is not something that happened on Earth but something that happened to Earth,” he says. “There is this feedback between the living and nonliving parts of the planet that make the planet very different from what it would otherwise be.” Even some of Gaia’s fiercest critics have changed their minds. “I’ve got a confession,” evolutionary biologist W. Ford Doolittle wrote in Aeon in 2020. “I’ve warmed to Gaia over the years. I was an early and vociferous objector to Lovelock and Margulis’s theory, but these days I’ve begun to suspect that they might have had a point.”

				Those who bristle at the notion of a living planet will throw up the usual protestations: Earth cannot be alive because it does not eat, grow, reproduce, or evolve through natural selection like “real” living things. We should remember, however, that there has never been an objective measure nor a precise and universally accepted definition of life. Instead, textbooks typically offer a long list of qualities that presumably distinguish the animate from the inanimate. Yet the two cannot be categorically separated. There are numerous examples of things we consider inanimate that have traits of the living and vice versa. Fire, for example, grows as it consumes fuel, and crystals faithfully replicate their highly organized structures as they expand—but most people do not think of either as alive. Conversely, some organisms, such as brine shrimp and the microanimals called tardigrades, can enter a period of extreme dormancy during which they stop eating, growing, and changing in any way, but are still considered living creatures. Most scientists exclude viruses from the realm of the living because they cannot reproduce and evolve without hijacking cells, yet they do not hesitate to ascribe life to all the parasitic animals and plants that are equally incapable of surviving or multiplying without a host.

				Life, then, is more spectral than categorical, more verb than noun. Life is not a distinct class of matter, nor a property of matter, but rather a process—a performance. Life is something matter does. Although science has not yet settled on a definition or fundamental explanation of life, many experts in the past century have favored a variation of the following: Life is a system that sustains itself.[*3] Living systems use free energy to maintain an improbably high level of organization in a universe hurtling inescapably toward maximum entropy—toward complete dissolution. Theoretically, any system of matter with sufficient complexity and an adequate supply of energy can participate in the phenomenon we call life. We need to become more comfortable with the idea that life happens at many different scales: at the scale of the cell, the organism, the ecosystem, and—yes—the planet.

				Like many living things, Earth absorbs, stores, and transforms energy. Earth has a body with organized structures, membranes, and daily rhythms. From the raw elements of our planet have emerged zillions of biological entities that ceaselessly devour, transfigure, and replenish its rock, water, and air. Such organisms do not simply reside on Earth—they are literal extensions of Earth. Moreover, organisms and their environments are inextricably bonded in reciprocal evolution, often converging upon self-stabilizing processes that favor mutual persistence. Collectively, these processes endow Earth with a kind of planetary physiology: with breath, metabolism, a regulated temperature, and a balanced chemistry. Earth is not a single organism, nor a product of standard Darwinian evolution, but it is nonetheless a genuine living entity—a vast interconnected living system. Earth is as alive as we are.

				The scientific community’s initial reception of Lovelock’s hypothesis might have been less disparaging had he given it a different name. On the advice of his friend William Golding, author of Lord of the Flies, Lovelock named his global being after the Greek goddess Gaia, the personification of Earth, forever branding his ideas with the scientific taboo of anthropomorphism. Whether Lovelock intended it or not, his chosen namesake gave his hypothesis a maternal face and a certain mysticism, making it an easy target for critics with little tolerance for metaphor and hostility toward anything resembling religion or myth. As we reexamine and reanimate the concept of a living planet for the twenty-first century, perhaps we don’t need to appropriate old names or invent new monikers. Our planet is an extraordinary living entity that already has a well-known name. It is a creature called Earth.

				

				—

				As the largest and most complex form of life known to us, Earth is also the most difficult to comprehend. Purely mechanistic metaphors fail to capture the vitality and lushness of our planet. Analogies to animal bodies seem too narrow for a planet whose living matter is mostly plants and microbes. Perhaps there is no perfect metaphor, but in the course of writing this book, I have found one that is both useful and complementary to the concept of a living Earth: music.[*4]

				As Lynn Margulis wrote, the animate Earth “is an emergent property of interaction among organisms, the spherical planet on which they reside, and an energy source, the sun.” Music, too, is an emergent phenomenon: it cannot be reduced to notes on paper, the shape of an instrument, or the dexterous movements of a musician’s hands but instead arises from the interaction of all its constituent parts. When the right sequence of notes is played, when it is combined with other sequences in just the right way, we no longer hear mere sounds—we experience music. Likewise, the living entity we call Earth emerges from a highly complex set of interactions: the mutual transformation of organisms and their environments.

				For the first half billion years of its existence, the planet was a purely geological construct. As the first living creatures adapted to the planet’s primordial features and rhythms, they began to play upon them, too, each changing the other. Since then, biology and geology, the animate and inanimate, have been locked in a perpetual and increasingly elaborate duet. Over the eons, despite perennial tumult, Earth and its life forms discovered profound harmonies: they regulated global climate, calibrated the chemistry of the atmosphere and ocean, and kept water, air, and vital nutrients cycling through the planet’s many layers. Erupting megavolcanoes, asteroid strikes, shriveling seas, and other unimaginable catastrophes have ravaged the planet many times, overwhelming long-established rhythms with pandemonium. Yet our living planet has consistently demonstrated an astonishing resilience—an ability to revive itself in the wake of devastating calamities and find new forms of ecological consonance.

				When we learn to see our species as part of a much larger life form—as members of a planetary ensemble—our responsibility to Earth becomes clearer than ever. Human activity has not simply raised global temperature or “harmed the environment”—it has severely imbalanced the largest living creature known to us, pushing it into a state of crisis. The speed and magnitude of this crisis are so great that, if we do not intervene, Earth will require anywhere from thousands to millions of years to fully recover on its own. In the process, it will become a world unlike any we have known—a world incapable of supporting modern human civilization and the ecosystems on which we currently depend.

				Our species is unique in its ability to study the Earth system as a whole and deliberately alter it. But it would be hubris to try and control such an immensely complicated system in its entirety. Instead, we must simultaneously acknowledge our disproportionate influence on the planet and accept the limitations of our abilities. The most essential undertaking is clear: in order to avert the worst possible outcomes of the climate crisis, wealthy industrial and postindustrial nations must lead a global effort to rapidly replace fossil fuels with clean and renewable energy. Earth system science underscores the importance of a complementary approach. Our living planet has evolved many ways to store carbon and regulate climate. Over the past few centuries, the ocean and continents, and the ecosystems within them, have absorbed and sequestered much of humanity’s greenhouse gas emissions. By protecting and restoring Earth’s forests, grasslands, and wetlands—its undersea meadows, abyssal plains, and reefs—we can amplify their planet-stabilizing processes and preserve ecological synchronies that have developed over eons.

				Becoming Earth is an exploration of how life has transformed the planet, a meditation on what it means to say that Earth itself is alive, and a celebration of the wondrous ecology that sustains our world. It’s a book about how the planet became Earth as we’ve known it, how it is rapidly becoming a very different world, and how we—we who are alive at this crucial moment in the planet’s history—will ultimately help determine what kind of Earth our descendants inherit for millennia to come. The book’s three sections—Rock, Water, and Air—mirror the planet’s three main elemental components and its three major spheres—the lithosphere, the hydrosphere, and the atmosphere. Their order further reflects their relative abundance: by mass, Earth contains vastly more rock than water and significantly more water than air. Each section has three chapters, the first of which examines how microbes, Earth’s earliest and smallest organisms, altered that layer of the planet. The second chapter in each section focuses on key transformations wrought by succeeding waves of larger, more complex life forms—fungi, plants, and animals—and how those changes depended on the ones that came before. The third reviews how our species has rapidly changed Earth in relatively recent history and investigates how best to reform our relationship with the planet.

				We’ll begin our journey deep within the crust and work our way out, roaming the continents, immersing ourselves in the planet’s liquid expanse, and finally reaching the most ethereal of the three spheres, the envelope of air extending more than six thousand miles above us. Along the way, we’ll swim through underwater forests, visit an experimental nature park where animals are reconstructing the landscape, and climb to an observatory halfway between the treetops and clouds. We’ll meet a diverse cast of fascinating characters—scientists, artists, and inventors; firefighters, spelunkers, and beachcombers—many of whom have dedicated their lives to studying and protecting our living home. We’ll travel back in time to some of the most formative events in Earth’s tumultuous 4.54-billion-year history and imagine its many possible futures. And we will learn to recognize life’s imprint on every part of the planet today, from the heart of the Amazon rainforest to the soil in your backyard.

			

			
				Skip Notes

				
					*1 Lovelock and Margulis continually refined the Gaia hypothesis throughout their careers. Many other researchers developed their own interpretations. For examples of the different versions of Gaia, and a scholarly classification, see the supplementary notes at the end of the book.

				

				
					*2 In 2001, thirty-three years after the conference in Princeton, New Jersey, where Lovelock first spoke publicly about what he would eventually call Gaia, several major international scientific organizations signed the historic Amsterdam Declaration on Global Change, which proclaimed in part, “The Earth System behaves as a single, self-regulating system comprised of physical, chemical, biological and human components, with complex interactions and feedbacks between the component parts.”

				

				
					*3 Systems scientists define a system as an organized network of components that function as a whole. A system can be as small and simple as a molecule or as large and complex as the cosmos. Some scientists have argued that all forms of life, whether microbe, forest, or planet, are by definition living systems.

				

				
					*4 Science has a long and fascinating tradition of musical metaphors. The ancient Greeks perceived the orderly movement of the planets as “the music of the spheres.” String theory postulates the existence of “tiny strings whose vibrational patterns orchestrate the evolution of the cosmos.” Genomes are often compared to musical instruments and gene expression to songs. And the word organ (as in the musical instrument), organ (as in a vital body part), and organism all share the same root, meaning “work.”

				

			

		

	
		
			
				
					[image: Line drawing of a rock.]
				

			

			Rock

			
				
					[image: ]
				

			

		

	
		
			Chapter 1

			Intraterrestrials

			 

			Earth’s skin is full of pores, and every pore is a portal to an inner world. Some are large enough only for an insect; others could easily accommodate an elephant. Some lead only to minor caves or shallow crevices, whereas others extend into the unexplored recesses of Earth’s rocky interior. Any human attempting to journey toward the center of our planet requires a very particular type of passageway: one that is wide enough, yes, but also extremely deep, stable along its entire depth—and ideally equipped with an elevator.

			One such portal sits in the middle of North America. About half a mile wide, the furrowed pit spirals 1,250 feet into the ground, exposing a marbled mosaic of young and ancient rock: gray bands of basalt, milky veins of quartz, pale columns of rhyolite, and shimmering constellations of gold. Beneath the pit, some 370 miles of tunnels twist through solid rock, extending more than 1.5 miles below the surface. For 126 years, this site in Lead, South Dakota, housed the biggest, deepest, and most productive gold mine in North America. By the time it ceased operations in the early 2000s, the Homestake Mine had produced more than two million pounds of gold.

			In 2006, the Barrick Gold Corporation donated the mine to the state of South Dakota, which ultimately converted it into the largest subterranean laboratory in the United States, the Sanford Underground Research Facility. After mining ceased, the tunnels began to flood. Although the lowest half of the facility remains waterlogged, it is still possible to descend nearly a mile underground. Most of the scientists who do so are physicists conducting highly sensitive experiments that must be shielded from interfering cosmic rays. While the physicists slip into bunny suits and seal themselves in polished laboratories equipped with dark matter detectors, biologists who venture into the underground labyrinth tend to seek out its dankest and dirtiest corners—places where obscure creatures extrude metal and transfigure rock.

			On a bitingly cold December morning, I followed three young scientists and a group of Sanford employees into “The Cage”—the bare metal elevator that would take us 4,850 feet into Earth’s crust. We wore neon vests, steel-toed boots, hard hats, and, strapped to our belts, personal respirators, which would protect us from carbon monoxide in the event of a fire or explosion. The Cage descended swiftly and surprisingly smoothly, its spare frame revealing glimpses of the mine’s many levels. Our idle chatter and laughter were just audible over the din of unspooling cables and whooshing air. After a controlled plummet of about ten minutes, we reached the bottom of the facility.

			Our two guides, both former miners, directed us into a pair of small linked rail cars and drove us through a series of narrow tunnels. The cars jostled forward with a sound like the rattling of heavy metal chains as the thin beams of our headlamps illuminated curving walls of dark stone threaded with quartz and specked with silver. Beneath us, I saw flashes of old railing, shallow stands of water, and rocky debris. Although I knew we were deep underground, the tunnels acted like blinders, restricting my perspective to a narrow chute of rock. Glancing at the tunnel’s ceiling, I wondered what it would feel like to see the full extent of the planet’s crust above us—a pile of rock more than three times as tall as the Empire State Building. Would our depth become palpable the way height does when you peer over the edge of a cliff? Sensing the onset of inverse vertigo, I quickly shifted my gaze straight ahead.

			Within twenty minutes, we had traded the relatively cool and well-ventilated region near The Cage for an increasingly hot and muggy corridor. Whereas the surface world was snowy and well below freezing, a mile down—much closer to Earth’s geothermal heart—it was about 90°F with nearly 100 percent humidity. Heat seemed to pulse through the rock surrounding us, the air became thick and cloying, and the smell of brimstone seeped into our nostrils. It felt as though we had entered hell’s foyer.

			The rail cars stopped. We stepped out and walked a short distance to a large plastic spigot protruding from the rock. A pearly stream of water trickled from the wall near the faucet’s base, forming rivulets and pools. Hydrogen sulfide wafted from the water—the source of the chamber’s odor. Kneeling, I realized that the water was teeming with a stringy white material similar to the skin of a poached egg. Caitlin Casar, a geobiologist, explained that the white fibers were microbes in the genus Thiothrix, which join together in long filaments and store sulfur in their cells, giving them a ghostly hue. Here we were, deep within Earth’s crust—a place where, without human intervention, there would be no light and little oxygen—yet life was literally gushing from rock. This particular ecological hot spot had earned the nickname “Thiothrix Falls.”

			As I gingerly probed the strands of microbes with a pen, biogeochemist Brittany Kruger opened one of several valves on the spigot before us and began conducting various tests on the discharged fluid. By simply dribbling some of the water into a blue handheld device, reminiscent of a Star Trek tricorder, Kruger measured its pH, temperature, and dissolved solids. She clamped filters with extremely tiny pores onto some of the valves to collect any microorganisms drifting through the water. Meanwhile, Casar and environmental engineer Fabrizio Sabba examined a series of rock-filled cartridges that had been hooked up to the spigot. Back at the lab, they would analyze the contents to see if any microbes had flowed into the tubes and survived within them, despite the complete darkness, the lack of nutrients, and the absence of a breathable atmosphere.

			On a different level of the mine, we sloshed through mud and shin-high water, stepping carefully to avoid tripping on submerged rails and stray stones. Here and there, delicate white crystals ornamented the ground and walls—most likely gypsum or calcite, the scientists told me. When our headlamps caught the tunnels of pitch-black rock at the right angle, the crystals shimmered like stars. After another twenty-minute journey, this time on foot, we reached another large spigot jutting out from the rock. Only half a mile underground, and better ventilated, this alcove was much cooler than the last. The rock around the faucet was mired in what looked like wet clay, which varied in color from pale salmon to brick red. This, too, Casar explained, was the work of microbes, in this case a genus known as Gallionella, which thrives in iron-rich waters and excretes twisted metal spires. At Casar’s request, I filled a jug with fracture water from the faucet, scooped microbe-rich mud into plastic tubes, and stored them in coolers, where they would await future analysis.

			Kruger and Casar have visited the former Homestake Mine at least twice a year for many years. Every time they return, they encounter enigmatic microbes that have never been successfully grown in a laboratory and species that have not yet been named. Their studies are part of a collaborative effort co-led by Magdalena Osburn, a professor at Northwestern University and a prominent member of the relatively new field known as geomicrobiology.

			Osburn and her colleagues have shown that, contrary to long-held assumptions, Earth’s interior is not barren. In fact, the majority of the planet’s microbes—perhaps more than 90 percent—may live deep underground. These intraterrestrial microbes tend to be quite different from their counterparts on the surface. They are ancient and slow, reproducing infrequently and possibly living for millions of years. They often acquire energy in unusual ways, breathing rock instead of oxygen. And they seem capable of weathering geological cataclysms that would annihilate most creatures. Like the many tiny organisms in the ocean and atmosphere, the unique microbes within Earth’s crust do not simply inhabit their surroundings—they transform them. Subsurface microbes carve vast caverns, concentrate minerals and precious metals, and regulate the global cycling of carbon and nutrients. Microbes may even have helped construct the continents, literally laying the groundwork for all other terrestrial life.

			

			—

			The story of the living rock we call Earth is a story of perpetual metamorphosis. The world our species has known is only one of the planet’s successive and often radically distinct identities. Many of Earth’s previous permutations would have been inhospitable and largely unrecognizable not only to humans but to any creature apart from a primordial microbe.

			When Earth first formed, it was a seething ball of molten rock, likely too small, hot, and volatile to hold on to liquid water or maintain an atmosphere for long. Whatever incipient atmosphere might have existed was probably obliterated about 4.5 billion years ago in an unfathomably violent collision between Earth and one of its smaller sibling planets. The impact resulted in a massive field of rocky debris, some of which eventually coalesced into the Moon. Over the next 100 million years, Earth’s molten surface cooled and formed a crust, expelling steam and other gases, including carbon dioxide, nitrogen, methane, and ammonia. Ongoing volcanic activity thickened this gaseous cloak. A continual barrage of asteroids and meteorites delivered more water vapor, carbon dioxide, and nitrogen on impact.

			Together, all the gases released from the planet’s interior and supplied by hurtling space rocks created a new atmosphere. Immense volumes of water vapor condensed into clouds and poured back to the surface in heavy rains that may have lasted for millennia. By four billion years ago, if not earlier, the liquid water accumulating on the nascent crust had become a shallow global ocean pockmarked by volcanic islands, which gradually grew into the first landmasses.

			Like so much in Earth’s earliest history, exactly where and when the planet first stirred to life is not definitively known. At some point not long after our planet’s genesis, in some warm, wet pocket with the right chemistry and an adequate flow of free energy—a hot spring, an impact crater, a hydrothermal vent on the ocean floor—bits of Earth rearranged themselves into the first self-replicating entities, which eventually evolved into cells. Evidence from the fossil record and chemical analysis of the oldest rocks ever discovered indicate that microbial life existed at least 3.5 billion years ago and possibly as far back as 4.2 billion years ago.

			Among all living creatures, the peculiar microbes that dwell deep within the planet’s crust today may most closely resemble some of the earliest single-celled organisms that ever existed. Collectively, these subsurface microbes comprise an estimated 10 to 20 percent of the biomass—all the living matter—on Earth. Yet until the mid-twentieth century, most scientists did not think subterranean life of any kind was plausible below a few meters.

			Humans undoubtedly began to encounter the shallowest and most conspicuous forms of underground life as soon as they began to explore and inhabit caves, but the oldest surviving reports of such encounters date only to the 1600s. In 1684, while traveling throughout central Slovenia, naturalist Janez Vajkard Valvasor investigated rumors of a mysterious spring near Ljubljana, beneath which a dragon was thought to live. Locals believed the dragon forced water to the surface every time it shifted its body. After heavy rains, they explained, they sometimes found baby dragons washed up on rocks nearby—slender and sinuous with blunted snouts, frilled throats, and nearly translucent pink skin. Based on these reports, Valvasor described the animals as “akin to a lizard, in short, a worm and vermin of which there are many hereabouts.” It was not for another century that naturalists formally identified the creatures as aquatic salamanders that lived exclusively underground in water flowing through limestone caves. They are now known as olms.

			In 1793, Alexander von Humboldt published one of his earliest scientific studies: a monograph on fungi, moss, and algae that eked out a living in mines near Saxony, Germany. Nearly four decades later, in September 1831, cave guide and lamplighter Luka Čeč found a tiny copper beetle, less than a third of an inch long, scuttling through caves in southwestern Slovenia. It was somewhat antlike in appearance, with a bulbous abdomen, narrow head, and spindly legs. Upon closer examination, entomologist Ferdinand Schmidt determined that the beetle was a previously unknown species that had adapted to life underground: it had no wings or eyes, instead navigating its surroundings with its long, bristled antennae. The news of this discovery initiated a flurry of scientific exploration. Between 1832 and 1884, naturalists documented numerous cave-dwelling species new to science, including various crickets, pseudoscorpions, woodlice, spiders, millipedes, centipedes, and snails.

			In the early twentieth century, scientists started to get glimpses of the true abundance of life deep underground. Around 1910, while trying to determine the source of methane gas in mines, German microbiologists isolated bacteria from coal samples collected 3,600 feet below the surface. In 1911, the Russian scientist V. L. Omelianski discovered viable bacteria preserved in permafrost alongside an unearthed mammoth. Not long after, UC Berkeley soil microbiologist Charles B. Lipman reported that he had revived ancient bacterial spores trapped in chunks of coal obtained from a Pennsylvania mine.

			Although tantalizing, these early studies did not persuade most scientists that microbes were prevalent in the deep crust because of the possibility that surface microbes had contaminated the samples. Over the next few decades, however, researchers continued to find microbes in rock and water obtained from mines and drill sites in Asia, Europe, and the Americas. Soviet biologists even started using the term “geological microbiology.” By the 1980s, attitudes in the scientific community had started to shift. Studies of aquifers—underground reservoirs of water embedded in rock—indicated that bacteria populated groundwater and changed its chemistry, even thousands of feet below the surface. The United States Department of Energy launched a Subsurface Science Program to monitor groundwater contamination and investigate whether microbes could help filter any pollutants. Program manager Frank J. Wobber and his colleagues developed more rigorous methods for preventing the accidental introduction of surface microbes, such as disinfecting drill bits and rock cores and tracking the movement of fluids through the crust to make sure surface water was not mingling with their samples.

			Ultimately, the results of this research and similar studies confirmed that, if anything, early proponents of a subterranean biosphere had been too conservative in their estimates. Wherever scientists looked—within the continental crust, beneath the seafloor, under Antarctic ice—they found unique communities of microbes collectively containing thousands of unidentified species. Sometimes, microbes were clearly present but diffuse: in certain pockets of the crust, there appeared to be as few as one microbe per cubic centimeter, equivalent to a country with only one person every four hundred miles. The underworld was real, but its inhabitants were much smaller and stranger than anyone had imagined.

			In the 1990s, Cornell astrophysicist Thomas Gold published a series of provocative claims about the microbial underland. Gold proposed that microorganisms permeated the entire subsurface, living in fluid-filled pores between the grains in rocks, sustaining themselves not with light and oxygen but primarily with methane, hydrogen, and metals. Although scientists had not yet found microbes further than 1.86 miles underground, Gold suspected that they lived even deeper—up to 6.2 miles—and that the biomass within the crust was at least equal to, if not greater than, that on the surface. He further suggested that all life on Earth, or at least some branches of it, may have originated in the planet’s interior; that other planets and moons might also harbor subterranean ecosystems; and that deep-dwelling microbes, protected from surface vicissitudes, were likely the most common form of life throughout the cosmos.

			By the early 2000s, motivated in part by Gold’s vision, scientists had started negotiating new ways to plunge even farther into Earth’s crust. Mines were particularly promising because they provided access to the remote subsurface without requiring much additional drilling or infrastructure. Tullis Onstott, a professor of geosciences at Princeton University, and his colleagues traveled to ultra-deep gold mines in South Africa and retrieved samples of groundwater from nearly two miles underground. Within some of the deepest samples, they found a single species: a baguette-shaped bacterium with a whiplike tail that endured temperatures up to 140°F and acquired energy from the chemical byproducts of radioactively decaying uranium embedded in its sunless home.

			Onstott and his colleagues decided to name the microbe Desulforudis audaxviator after a passage in Jules Verne’s Journey to the Center of the Earth, which reads “descende, Audax viator, et terrestre centrum attinges”—descend, bold traveler, and you will attain the center of the Earth. The water in which D. audaxviator was discovered had not been disturbed for tens of millions of years at a minimum, suggesting that a population of these daring microbial terranauts may have sustained itself for at least as long. “We do not normally think of rock as harboring life,” Onstott writes in his book Deep Life. “I am a geologist by training, and like most geologists, I too have viewed rocks as inanimate entities.” But now, he continues, as a geomicrobiologist, he sees all rocks as little worlds unto themselves, composed of microorganisms, “some of which may have been living in the rock since its formation hundreds of millions of years ago.”

			Some communities of subsurface microbes may be even older. The Kidd Creek Mine in Ontario, Canada, is one of the largest and deepest mines in the world: extending about 1.86 miles belowground, it contains rich veins of copper, silver, and zinc that formed nearly three billion years ago on the ocean floor. In 2013, University of Toronto geologist Barbara Sherwood Lollar published a study demonstrating that some parcels of water in the Kidd Creek Mine have been untouched and isolated from the surface for more than a billion years—the oldest water ever discovered on Earth. Transparent when first collected, the iron-rich water tinges a pale orange when exposed to oxygen; it has the consistency
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