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Introduction


I GREW UP LISTENING TO STORIES OF RIVERS. IN THE STORIES, HUMANS confronted the rivers. In the stories, the river always won.


In my childhood the rivers were the Mississippi River and its tributaries. I grew up in Michigan, but my father’s father’s family was from the town of Greenville, Mississippi. The Greenville of my grandfather’s childhood was located on the ancient floodplain behind the earthen levee meant to hold the Mississippi River back. The Mississippi River could swallow boats. It would swallow small boys. And when my grandfather was about nine years old, it swallowed the entire town of Greenville. Houses floated downriver. Cows were strangled on their ropes as the river pulled them away. Many hundreds of people drowned. The town was never the same afterward.


The Great Flood, which occurred in 1927, was the sort of disaster that seemed to demand an explanation. The explanation depended on who was telling the story. One version blamed “gentlemen” from Arkansas, Mississippi’s cross-river neighbor to the west. If the levee holding back the river on the Mississippi side were to break, the water would inundate Mississippi and spare Arkansas, which is just what happened during the Great Flood. Hence, some say (with no evidence whatsoever) that a group of gentlemen from Arkansas took their boats across the river and used dynamite to blow a hole in the levee and flood Greenville. In other versions, the flood was brought forth as the punishment of an angry God. Floodwaters and plagues have been among the favorite tools of vengeful gods going back to the earliest recorded Sumerian stories. In the version of the story I remember hearing most often, the water simply got too high and eventually began to make the levee bubble and then liquify. In some of the retellings, my grandfather was the boy who spotted the place where the levee began to liquify and notified people in town.


The truest story about the flood of Greenville is that it was caused by human attempts to control the river. It is in the nature of rivers to meander beyond their banks, carving new courses across the landscape. But a meandering river was and is ill-suited for houses, let alone cities, built near the river. It was and is ill-suited for big ports built along the river. In the years leading up to the Great Flood, the people living along the river spent inordinate amounts of money building levees to keep the river from meandering. The course of the river, previously governed by time, physics, and chance, was made artificial. It would be said that it was “tamed,” “controlled,” and even “civilized” so as to allow cities to grow and wealth to accumulate. The taming of the river was carried out with a sense of pride and, at times, hubris. It was the hubris associated with a belief in the ability of humans to take nature and bend it to a more human design.


For millions of years the Mississippi spilled over its banks each year, flooding the flat plains alongside the river. And it meandered, moving this way and that, creating new habitat and even new land as it did. As Amitav Ghosh noted in The Great Derangement, about the Bengal Delta, “the flow of water and silt [was] such that geological processes that usually unfold in deep time appear[ed] to occur at a speed where they [could] be followed from week to week and month to month.”1 The geography of Louisiana, for instance, is the consequence of the river’s ancient movements; the state is the mouth of the river that drains a continent.


Trees evolved to rely on the floods and movements of the rivers, as did grasses. Fish relied on this swamping exuberance of water as part of their natural cycle of life and death. Native Americans along the Mississippi timed their farming, foraging, and ceremonies to these cycles and built settlements on ground high enough to escape the water when necessary. Nature and Native Americans alike responded to the river by working with it, taking advantage of its inevitable seasons and episodes. But the large-scale commercial transport along the Mississippi that fed early industrialization could not wait on nature and could not be bothered with its seasons or chronic movements. The early days of American industrialization required that boats travel on regular schedules and that cities, the ultimate destinations of the boats’ goods, be as close as possible to the river. Industrialization required the river to be consistent, not just predictable.


Attempts to make the river consistent were attempts to make the river part of the broader realm of human control. Its banks were talked about as though they were analogous to pipes through which water flowed and could be redirected, slowed, sped up, or even stopped. The consequences of this view of the river were many. The consequences flooded my grandfather’s home. The river was still wild. The river is still wild. Regardless of our interventions, the river, as the poet A. R. Ammons put it, will “go on with the ongoing.”2


Even now that it is even more restrained, the Mississippi River will continue, every so often, to eat boats, small boys, and farms. It will flood towns, and we will be somehow surprised when it does. These floods will grow worse because of climate change. The river’s predations are a reminder that nature will devour human attempts to escape, combat, or dominate nature. In this, the Mississippi River is like the river of life of which we are part. Our attempts to control the Mississippi are a metaphor for our attempts to control nature in general, but especially for our attempts to control life.


WHEN WE IMAGINE the future, it is common to imagine ourselves nested within an ecosystem of technology, an ecosystem populated by robots, devices, and virtual realities. The future is shining and technological. The future is digital, ones and zeros, electricity and invisible connections. The dangers of the future—automation and artificial intelligence—are, as a slew of new books have pointed out, of our own invention. Nature is an afterthought in our contemplation of what comes next, a transgenic potted plant behind a window that does not open. Most depictions of the future do not even include nonhuman life, except on distant farms (tended by robots) or in indoor gardens.


We imagine a future in which we are the only living protagonists. We seek, collectively, to simplify the living world and channel it into our service, to circumscribe it so fully within our powers that it ceases to even be visible. We put up a levee between our civilizations and the rest of life. That levee is a mistake, both because it is not possible to hold life at bay and because in trying to achieve such a scenario, we do so at our own expense. It is a mistake with regard both to our place in nature and to what we know about the rules of nature and of the human relationship with the rest of nature.


We are taught some of the laws of nature in school. We know about gravity, inertia, and entropy, to name a few. But these are not the only laws of nature. Beginning with Charles Darwin, biologists have discovered, as the writer Jonathan Weiner put it, “laws of terrestrial motion as simple and universal as the physicists’,”3 laws of the motions of cells, bodies, ecosystems, and even minds. These are the biological laws that we need to have in the front of our mind if we are to make any sense of the years ahead. This is a book about those laws and what they tell us about the natural history of the future.


Some of the laws of biological nature, the kind I’ve most often studied, are laws of ecology. The most useful laws of ecology (and related fields such as biogeography, macroecology, and evolutionary biology) are, like the laws of physics, universal. These biological laws of nature, like the laws of physics, allow us to make predictions. However, as physicists have pointed out, they are more limited than the laws of physics because they only apply to the tiny corner of the universe in which life is known to exist. Still, given that any story that involves us also involves life, they are universal relative to any world we might experience.


It is easy to get caught up in whether to call the rules of biological nature “laws,” as I do here, “regularities,” or something different. I’ll leave that debate to the philosophers of science. In keeping with the everyday usage of the term, I will call them “laws.” These are the “laws of the jungle”—or, rather, the laws of the jungle, prairie, swamp, and, because our homes are also alive, bedroom and bathroom. Ultimately, I am most concerned with the reality that knowing about such laws helps us understand the future into which we are—arms flailing, coal burning, and full speed ahead—hurling ourselves.


Most of the laws of nature are, to ecologists, well known. Most of them were first studied more than a hundred years ago and have been elaborated and refined in recent decades with advances in statistics, modeling, experiments, and genetics. Because these laws are known and intuitive to ecologists, ecologists often don’t mention them. “Of course that is true. Everyone knows. Why talk about it even?” But these laws are often not intuitive if you haven’t spent recent decades thinking and talking about them. And what is more, when the future is considered, these laws nearly all lead to conclusions and consequences that surprise even ecologists, conclusions and consequences at odds with many of the decisions we make in our everyday lives.


One of the most robust biological laws is natural selection. Natural selection is Charles Darwin’s elegant revelation of the way life evolves. Darwin chose the term “natural selection” to reflect the reality that in each generation, nature “selects” some individuals relative to others. It selects and disfavors those individuals with traits that make them less likely to survive and reproduce. The favored individuals are the ones that pass on their genes and the traits those genes encode.


Darwin imagined natural selection to be a slow process. We now know that it can happen very quickly. Evolution by natural selection has been observed in real time in many, many species. None of this is surprising. What is surprising is the river-like inevitability with which the consequences of this simple law flow into our daily lives each time we, for example, try to kill a species.


We try to kill species when we use antibiotics, pesticides, herbicides, and any other “-cide.” We do this in our homes, hospitals, backyards, farm fields, and even, in some cases, forests. When we do, we are attempting to exert control in much the same way as those who built the levees along the Mississippi River also tried to exert control. The effects are predictable.


Recently, Michael Baym and colleagues at Harvard University constructed a giant Petri plate, a “megaplate,” divided into a series of columns. I feature this megaplate and its columns in Chapter 10. It is a plate of great significance. Into the megaplate Baym put agar, which is both food and habitat for microbes. The outside column on each side of the megaplate contained agar and nothing more. Moving inward, each subsequent column was laced with antibiotics at ever-higher concentrations. Baym then released bacteria at both ends of the megaplate to test whether they would evolve resistance to the antibiotics.


The bacteria had no genes that conferred resistance to the antibiotics; they entered the megaplate as defenseless as sheep. And if the agar was the pasture for these bacterial “sheep,” the antibiotics were the wolves. The experiment mimicked the way we use antibiotics to control disease-causing bacteria in our bodies. It mimicked the way we use herbicides to control weeds in our lawn. It mimicked each of the ways we try to hold back nature each time it flows into our lives.


So what happened? The law of natural selection would predict that so long as genetic variation could emerge, via mutation, the bacteria should eventually be able to evolve resistance to the antibiotics. But it might take years or longer. It might take so long that the bacteria would run out of food before they evolved the ability to spread into the columns with antibiotics, the columns filled with wolves.


It didn’t take years. It took ten or twelve days.


Baym repeated the experiment again and again. It played out the same each time. The bacteria filled the first column and then briefly slowed, before one and then many lineages evolved resistance to the lowest concentration of the antibiotic. Those lineages then filled that column and slowed again, briefly, before another lineage and then, again, many lineages evolved resistance to the next highest concentration of antibiotics. This continued until a few of the lineages evolved resistance to the highest concentration of antibiotics and poured into the final column, like water over a levee.


Seen sped up, Baym’s experiment is horrifying. It is also beautiful. Its horror lies in the speed with which bacteria can go from being defenseless to indestructible relative to our power. Its beauty lies in the predictability of the experimental results, given an understanding of the law of natural selection. This predictability allows two things. It allows us to know when resistance might be expected to evolve, whether among bacteria, bedbugs, or some other group of organisms. It also allows us to manage the river of life so as to make the evolution of resistance less likely. An understanding of the law of natural selection is key to human health and well-being and, frankly, to the survival of our species.


There are other biological laws of nature whose consequences are similar to those of natural selection. The species-area law governs how many species live on a particular island or habitat as a function of its size. This law allows us to predict where and when species will go extinct, but also where and when they will evolve anew. The law of corridors governs which species will move in the future as climate changes, and how. The law of escape describes the ways in which species thrive when they escape their pests and parasites. Escape accounts for some of the successes of humans relative to other species and for how we have been able to achieve such extraordinary abundance relative to other species. The law frames some of the challenges that we will face in the coming years when our possibilities of escape (from pests, parasites, and the like) are fewer. The law of the niche governs where species, including humans, can live and where we are likely to be able to successfully live in the future as climate changes.


These biological laws are alike in that their consequences play out independently of whether or not we pay them heed. And, in many cases, our failure to pay them heed ushers us into trouble. Failing to pay attention to the law of corridors leads us to inadvertently help problem species (rather than beneficial or simply benign species) into the future. Failure to pay attention to the species-area law leads to the evolution of problem species such as a new species of mosquito in the London Underground railway system. Failure to pay attention to the law of escape leads us to squander moments and contexts in which our bodies and crops are free of parasites and pests. And so on. Conversely, the laws are also similar in that if we pay them heed, if we consider how they will influence the natural history of the future, we can create a world that is more forgiving of our own existence.


Other laws relate to the ways in which we, as humans, behave. As laws of human behavior they are both narrower and messier than the broader laws of biology; they are as much tendencies as laws. Yet they are tendencies repeated across times and cultures, tendencies that are relevant to understanding the future both because they suggest how we are most likely to behave and because they also indicate what we need to be aware of if we are to go against the rule.


One of the laws of human behavior relates to control, to our tendency to try to simplify life’s complexities, just as one might try to straighten and channel an ancient and powerful river. The coming years will present more novel ecological conditions than have occurred in millions of years gone by. Our human populations will swell. More than half the Earth is now covered by ecosystems we have created—cities, farm fields, waste-treatment plants. We now, meanwhile, control, directly and incompetently, many of the most important ecological processes on Earth. Humans now eat half of all the net primary productivity, the green life that grows, on Earth. And then there is the climate. In the next twenty years, climatic conditions will emerge unlike any humans have ever been exposed to before. Even under the most optimistic scenarios, by the year 2080 hundreds of millions of species will need to migrate to new regions and even new continents in order to survive. We are reshaping nature at unprecedented scales, and for the most part, we are absentmindedly looking the other way while doing so.


As we reshape nature, our behavioral tendency is to use more and more control: to make our farm fields simpler and more industrial and, to return to a previous example, to make our biocides ever stronger. This, I will argue, is a problematic approach in general, but it is especially so in a changing world. In a changing world, our behavioral tendency to try to control is at odds with two laws of diversity.


The first law of diversity is manifest in the brains of birds and mammals. In recent years, ecologists have revealed that animals with brains capable of using inventive intelligence to carry out novel tasks are favored by variable environments. These animals include crows, ravens, parrots, and some primates. Such animals use their intelligence to buffer the diverse conditions they encounter, a phenomenon described as the law of cognitive buffering. When environments that were once consistent and stable become variable, these species with inventive intelligence become more common. The world becomes a crow’s world.


A second law of diversity, the diversity-stability law, states that ecosystems that include more species are more stable through time. An understanding of this law and of the value of diversity proves useful in the context of agriculture. Regions with a greater diversity of crops have the potential to have more stable crop yield from year to year and hence less risk of crop shortages. Repeatedly, although our tendency is often to try to simplify nature when we are confronted with change, or even to rebuild it from scratch, maintaining nature’s diversity is more likely to lead to sustained success.


When we try to control nature, we often come to imagine ourselves as outside nature. We speak of ourselves as if we were no longer animals, as if we were a species alone, disconnected from the rest of life and subject to different rules. This is a mistake. We are both part of and intimately dependent on nature. The law of dependence states that all species depend on other species. And we, as humans, are probably dependent on more species than any other species ever to exist. Meanwhile, just because we depend on other species does not mean nature depends on us. Long after we go extinct, the rules of life will continue. Indeed, the worst assaults we carry out on the world around us nonetheless favor some species. What is remarkable about the big story of life is the extent to which it is ultimately independent of us.


Finally, one of the most consequential sets of laws regulating how we plan for the future relates simultaneously to our ignorance about nature and our misperceptions about its dimensions. The law of anthropocentrism states that, as humans, we tend to imagine the biological world to be filled with species like us, species with eyes, brains, and backbones. This law emerges from the limits of our perception and the limits of our imaginations. It is possible that we might someday escape this law and break through our ancient biases—possible but, for reasons that I elaborate, unlikely.


A decade ago, I wrote a book called Every Living Thing about the diversity of life and what remains to be discovered. Life, I argued in that book, is far more diverse and ubiquitous than we imagine. The book was an extended consideration of what I call Erwin’s law.


Repeatedly scientists have announced the end (or near end) of science, the discovery of new species, or the discovery of life’s extremes. Usually, in doing so, they position themselves as having been key to putting the final pieces in place. “Finally, now that I am done, we are done. Look what I know!” And repeatedly, after such announcements, new discoveries have revealed life to be far grander and more poorly studied than had been imagined. Erwin’s law reflects the reality that most of life is not yet named, much less studied. Erwin’s law is named for a beetle biologist, Terry Erwin, who, with a single study in a rain forest in Panama, changed our understanding of the dimensions of life. Erwin initiated a revolution in our understanding of life analogous to the Copernican Revolution. The Copernican Revolution was complete when scientists came to agree that Earth and the other planets circled the sun. The Erwinian revolution will be complete when we remember that the living world is far vaster and more unexplored than we imagine it to be.


Collectively, these laws of the living world and our place in it offer a vision for what is and is not possible with regard to the natural history of the future and our place in it. Only by keeping life’s laws in mind can we imagine a sustainable future for our species, a future in which our cities and towns are not flooded again and again by the consequences of our failed attempts to manage life—flooded not only by water but also by pests, parasites, and hunger. We will fail again and again if we ignore these laws. The bad news is that our default approach to nature seems to be to try to hold it back. We tend to fight nature at our own expense and then blame vengeful gods (or gentlemen from Arkansas) when things don’t work out. The good news is that it doesn’t have to be that way: if we pay attention to a set of relatively simple laws of life, we have a much better chance at surviving a hundred years, a thousand years, or even a million years. And if we don’t, well, ecologists and evolutionary biologists together actually have a pretty good idea of the trajectory of life in our absence.4










CHAPTER 1



Blindsided by Life


THE FIRST SPECIES OF HUMAN, HOMO HABILIS, EVOLVED ROUGHLY 2.3 million years ago. Homo habilis then begat Homo erectus. Homo erectus, in turn, begat a dozen or so other human species, including, eventually, Neanderthals, Denisovans, and Homo sapiens. All of this transpired over years during which many mammal species were very numerous. Reindeer numbered in the millions. Some mammoth species numbered in the hundreds of thousands. Yet the largest population ever attained by any human species between 2.5 million years ago and 50,000 years ago would have been around ten to twenty thousand individuals. These individuals would have been organized into highly dispersed, relatively small groups. At no time and nowhere did they abound. For essentially the entirety of prehistory, humans were relatively rare, their survival far from inevitable. That would change.


Around fourteen thousand years ago, our species, Homo sapiens, began to settle into more sedentary lives. For some populations, hunting and gathering gave way to farming, beer brewing, and baking. This transition brought population growth, which continued over the succeeding millennia. Roughly nine thousand years ago, as the first small cities began to emerge, the total number of humans on Earth was still relatively small, and yet the rate of human population growth had begun to increase. By the year zero, the total population on Earth may have been ten million, which is to say, the size of a modern Chinese city of no special renown. Yet, the rate of human population growth was continuing to increase.


Then, between the year zero and today, that rate accelerated. Earth added eight billion people. This increase in human populations has been called “the great escalation” or the “great acceleration.” The consequences of humans escalated, and the rate at which those consequences increased, year by year, accelerated.1


In the laboratory, we see the kind of population growth that humans underwent during the great acceleration when we study bacteria and yeasts. A few small settlement-like colonies on a Petri dish, when given as much food as they want and need, initially grow slowly, but growth accelerates until the food is devoured and the Petri dish is covered with bubbling life. We are that bubbling life on Earth’s Petri dish, a reality that began to be noticed as early as 1778 when the French naturalist, Georges-Louis Leclerc, the comte de Buffon, wrote, “The entire face of the Earth bears the imprint of human power.”2


During the great acceleration, the proportion of Earth’s biomass consumed by humans increased exponentially until, today, more than half of all the green growth on Earth, the terrestrial primary productivity, is consumed by humans. By one estimate, 32 percent of the terrestrial vertebrate biomass on Earth is now composed of nothing more than fleshy, human bodies. Domestic animals make up 65 percent. Just 3 percent is left over for the rest of vertebrate life, the remaining tens of thousands of boney animal species. Unsurprisingly in this context, rates of extinction have increased more than a hundredfold, perhaps much more. Any measure of the human effect on life over the last twelve thousand years shows a line rising, often exponentially. It is true of the pollutants produced by human societies. Methane emissions have increased by 150 percent. Nitrous oxide emissions have increased by 63 percent. Carbon dioxide emissions have nearly doubled to levels last seen three million years ago. The trends are similar for pesticides, fungicides, and herbicides. These effects are all increasing, all accelerating in step with the growth of our populations, needs, and desires.


At some hard-to-define point during the great acceleration, the populations and actions of humans ushered in a new geological epoch, the Anthropocene. It all happened so quickly. Compared to the long history of life, the growth of human populations was instantaneous. A train crash. An explosion. A mushroom rising from the wet ground of our origin. In confronting the consequences of this rise, as if studying the aftermath of a collision, one gathers the pieces and imagines that if enough pieces, enough details, are gathered, the whole will make sense. This seems to be a logical supposition, so logical that it has become a common approach to doing science. For biologists, the pieces that are gathered are species. Biologists examine the species. Biologists chart their details and their needs. But there is a problem with this approach: our own lack of awareness.


The species we study to understand the world are nearly all unusual species. They are species that are representative neither of the realities of the living world nor of the portion of the living world most likely to affect our own well-being. Our problem is simple. We tend to assume the living world to be both like us and relatively well understood. Both of these assumptions are wrong, the result of law-like biases in the way we make sense of the world. I begin by considering these biases because we can’t understand the natural history of the future without being aware of the wide gulf between our perceptions of the biological world and its more interesting realities.


The first of our biases is anthropocentrism. This bias is so deeply part of our senses and psyche that it might be called a law, the law of anthropocentrism. The law of anthropocentrism is grounded in our biology. Every animal species has a perception of the world framed by its own senses. If it were dogs that were in charge of science, I’d be writing about the problem of caninecentrism. But what is unique with humans is that our bias influences not only the way we individually perceive the living world around us, but also the scientific system we have built to catalog the world. It was the Swedish natural historian Carl Linnæus who gave our system its rules, but he also gave the system’s anthropocentrism momentum, inertia, and a peculiar geography.


Linnæus was born in 1707 in the village of Råshult, about 150 kilometers northeast of the city of Malmö in southern Sweden. Råshult has a climate more or less like that of Copenhagen, Denmark. It has some of the coldest summers in the world, and its winters are sufficiently dark and cloudy that when the sun appears, people turn their faces to it like sunflowers. They even point. “There it is!” It was in Råshult that Linnæus became interested in nature; it was farther north in Sweden, in Uppsala and its surrounds, that he would study nature.


Sweden, despite its large size, is among the least biologically diverse countries in the world. Yet Linnæus assumed that the biological poverty of his home place was the norm. Linnæus’s trips outside Sweden were to the Netherlands, northern France, northern Germany, and England. These regions are slightly more southerly than Sweden, and yet, relatively speaking, they are much the same in terms of their biology. As seen and imagined by Linnæus, Earth’s landscape was, if not uniformly Swedish, at least Swede-ish. It was rainy and cold and populated by deer, mosquitoes, and biting flies and by beech, oak, aspen, willow, and birch trees. It was a landscape of delicate spring flowers, late summer berries, and fungi pressing up out of the ground in the wet fall, just in time to be eaten.


[image: Image]


Figure 1.1. Population growth of humans over the last twelve thousand years. Prior to twelve thousand years ago, that is, before 10,000 BCE, human populations are thought to have never numbered more than about 100,000 globally, a tally that would not show up on this graph. Figure by Lauren Nichols.


Before the 1700s, scientists in different places and cultures had different systems for naming life. Linnæus codified and began to implement a universal system, a scientific common tongue, in which each species was given a genus name and a species name in Latin; humans, for example, would be Homo (our genus) sapiens (our species). He then considered the species near at hand. He studied and touched them, bestowing on them, as if in blessing, new names—Linnaean names.


Because Linnæus began renaming species in Sweden, the first species he renamed were Swedish and, more generally, northern European. The Western scientific tradition of naming all of life began with a Swedish bias. Even today, the farther you go from Sweden, the easier it is to discover a species new to science. Nor was Linnæus’s Swedishness his only bias. He was also inescapably human. It couldn’t have been otherwise. As a human, Linnæus tended to study the species around him that visually commanded his attention. Linnæus liked plants and had a particular fascination with their sex parts. But he also studied animals. Within the animal kingdom, vertebrates received most of his focus. Among the vertebrates, Linnæus tended to pay attention to mammals. Within mammals, Linnæus tended to ignore small species, such as the innumerable kinds of mice, preferring to feature bigger species. In general, his focus was either on species that were visually pleasing or obvious to him and to his colleagues, such as flowering plants, or on species that were enough like us in size or behavior to be both easily seen and relatable. In this way, his focus was both Eurocentric and anthropocentric. The scientists that Linnæus trained, and modestly called his “apostles,” for the most part followed in his footsteps and had similar biases. So too have most scientists since. These biases influence not only which species are named first,3 but also which species are studied in detail and especially which species are the subject of conservation efforts.
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Figure 1.2. The number of vascular plant species in each of 103 different countries. Note that Sweden is among the least biologically diverse countries with regard to plant diversity. For example, although Colombia is just twice as big as Sweden, it contains roughly twenty times as many plant species as does Sweden. Patterns in the diversity of, for example, birds, mammals, and insects are similar.


The problem with the Eurocentric and anthropocentric biases of science are that they give us a false impression of the world. They lead us to imagine that the species we have studied are a reflection of the world itself, rather than just the part of the world we have chosen to study. Several decades ago, it became clear just how wrong this perception was when scientists started to consider a simple question: “How many species are there on Earth?”


Attempts to answer this question in earnest began with the entomologist Terry Erwin. In the 1970s, Erwin set out to study a group of beetles that live in the tops of tropical rain forest trees in Panama. These tree-living beetles, which most often live at the interface between branches and clouds, are called ground beetles because they were first studied in Europe. In Europe, ground beetles are not terribly diverse, but the species that are present do, indeed, tend to run around on the ground.


In trying to find and identify ground beetles in the sky, Erwin deployed a new method. He would climb up into a tall tree, using ropes, and then spray a fog of pesticide into the canopy of an adjacent tree. Initially, he fogged trees of the species Luehea seemannii. After fogging trees, he returned to the ground and then waited for dead insects to fall. When Erwin tried this method for the first time, the insects fell by the tens of thousands onto tarps that he had stretched out on the forest floor. To his delight, there were ground beetles, but there was also a great deal more.


Erwin would ultimately tally about 950 species of beetles in Luehea seemannii trees, at least for the kinds of beetles that he and his collaborators could identify. On top of that, he estimated there were an additional 206 species of beetles in his samples from the weevil family, though no weevil expert had time to formally make the necessary identifications. The resulting total of about 1,200 species of beetles amounts to more beetle species in one kind of tree in one forest than there are bird species in the United States. Erwin next considered other kinds of insects and then other kinds of arthropods more generally. He came to notice that not only were most of the species of ground beetles new to science, but so too were most of the species of other kinds of beetles and most of the species of each and every other kind of arthropod. What was more, when Erwin started sampling other kinds of trees, he saw different species than he had on the Luehea seemannii trees. Each rain forest tree species had its own insect and other arthropod species, and tropical rain forest tree species are extraordinarily diverse.


Erwin was confronted with a riot of unnamed life. He was surrounded by species no scientist had ever seen before, much less studied in any detail. No one knew anything about these species, other than the trees from which they had fallen. It was at this point that Erwin received a call from the botanist Peter Raven. Raven, then director of the Missouri Botanical Garden, asked Erwin a simple question. If there were so many unnamed beetle species in a single tree of a single species, “how many species might there be in an entire acre of forest in Panama?” Raven’s question was prompted by work he was doing as chair of a National Research Council committee charged with identifying the gaps in our understanding of tropical forest biology.4 Erwin responded, “Peter, nobody knows that stuff about insects. It’s just impossible.”5


AT THE TIME Raven called Erwin, there was no good estimate of the diversity of life on Earth. In 1833, the entomologist John Obadiah Westwood polled his entomological acquaintances and, on the basis of the results, hypothesized that there might be five hundred thousand insect species on Earth, to say nothing of other kinds of organisms. In the context of his report to the National Science Foundation, Raven had also offered an estimate, based on some simple math. He predicted there might be three to four million species on Earth. If Raven was right, more than half of all species on Earth were unnamed.


Meanwhile, although Erwin had said it was “impossible” to estimate the number of species of insects in an acre of forest in Panama, much less the number of all species on Earth, he decided to give it a try. He started by doing some calculations. If there were 1,200 species of beetle in the Luehea seemannii trees, and one-fifth of those beetle species were dependent on that particular tree species, how many beetle species might there be in a hectare of Panamanian forest? Assuming that the discoveries he had made in Luehea seemannii trees were representative of the sort of specialization he might find on other tropical trees, Erwin calculated the number of beetle species in a Panamanian forest, given the number of tree species present. He then adjusted his figures to get an estimate of the total number of arthropods (encompassing not just insects, but also spiders, centipedes, and the like) more generally. The result was forty-six thousand species of arthropods in a hectare of forest in Panama. That was his answer for Raven (though it was a little late—Raven’s report to the National Science Foundation had, by then, been long since published). But Erwin decided to go a little further. He used the same sort of simple math to estimate the number of arthropod species not just in a hectare of forest in Panama or all the forests in Panama but, instead, in all the tropical forests of the world. If there were about fifty thousand tropical tree species on Earth, Erwin wrote in a two-page paper in the Coleopterists Bulletin, “there might be 30 million tropical arthropod species in the world.” Given that only about a million species of arthropods (and 1.5 million species of organisms more generally) were named at the time, this would mean that nineteen out of every twenty species of arthropods were not yet named!6


Erwin’s estimate provoked a wave of academic controversy. Scientists debated its validity aggressively in print and passive-aggressively in person.


Some scientists suggested, in private, that Erwin was foolish. Some said it in public. Some thought him foolish because his estimate was too high. Others thought he was foolish because his estimates for their own favorite groups of organisms were too low. Dozens of scientific papers were written. Erwin wrote responses to the responses to his papers. He collected new data. He wrote more papers, which, in turn, triggered new responses. Meanwhile, other scientists were inspired to collect new data. More papers were written. The work of refining, rejecting, or improving Erwin’s estimate was aggressive, furious, contested, and public.


Eventually, the debate basically ceased, or at least slowed dramatically. After years of debate, scientists had reached a kind of quiet consensus; the number of unnamed species of animals was sufficiently large that it would be centuries before we know for sure whether Erwin was right. The most recent estimate of the number of insect and other arthropod species on Earth suggested there might be about eight million, which is to say that seven out of eight animal species are not yet named. Eight million is fewer species than Erwin hypothesized and yet still far more than had ever been imagined before his work.7 The unknown is large; the known is humble.


In causing scientists to reconsider the dimensions of animal life, Erwin served as a kind of Copernicus of biodiversity. The astronomer Copernicus argued that the universe was heliocentric. Earth, Copernicus said, circled the sun rather than the other way around, and in addition, Earth rotated on its axis once a day. Erwin, meanwhile, revealed us to be just one animal species among millions. He also revealed that the average animal species is not a vertebrate like us, or northern (like Linnæus). It is instead a tropical beetle, moth, wasp, or fly. Erwin’s insights were radical. Indeed, they were so radical that it has proven more difficult to incorporate them into our daily understanding of the world than it was to imagine that still-seeming Earth is both spinning on its axis and circling the sun.


The Erwinian revolution in our perspective does not end with insects. Fungi, such as those that produce mushrooms, appear to be even more poorly known than are insects. My colleagues and I recently studied the fungi found inside houses across North America. We found fungi in every house. But what was remarkable was not the presence of fungi but, instead, the number of kinds of fungi. The most recent tallies of all the named fungi in North America noted roughly twenty thousand species. By studying the dust in houses, we found twice as many species.8 That is to say that no fewer than half of those species we found in houses must be new to science—thousands of fungus species new to science in homes. It isn’t that houses are special. Instead, the teeming, unnamed, fungal multitudes in our own homes simply point to our broader ignorance of the fungal life around us. Each time you breathe in, half of the kinds of fungal spores you inhale are yet to be named, much less studied in sufficient detail to understand their consequences for our own health and well-being. Pause now to take a breath; inhale the fungal unknown. Fungi are probably not as diverse as insects, but they are far more diverse than are vertebrates.


But it isn’t the fungi that we must make sense of if we are to complete the Erwinian revolution; it is, instead, the bacteria. Linnæus knew of the existence of bacteria, but he ignored them. He lumped all microscopic life into what was, in effect, a single species, “chaos,” too small and different to be organized or even organizable. Recently Kenneth Locey and one of my collaborators, Jay Lennon, tried to take the measure of this chaos. They focused just on bacteria and estimated that there might be a trillion kinds of bacteria on Earth. A trillion (1,000,000,000,000).9 A trillion. Perhaps it was these multitudes that Terry Erwin had in mind when, later in his career, in a moment of humility before the grandeur, he noted that “biodiversity is infinite” and “there is no way to estimate the infinite.”10 Locey and Lennon’s assessment of bacterial diversity was not that it is infinite, but relative to the known world, it is nearly so. Locey and Lennon based their estimate on the study of data from thirty-five thousand samples, from around the world, of soil, water, feces, leaves, foods, and other habitats in which bacteria dwell. In those samples, they were able to identify five million genetically different kinds of bacteria. They then used some of the general rules of life (for example, how the number of species in a habitat increases with the number of individuals in that habitat) to estimate how many kinds of bacteria they would have encountered were Earth to be sampled completely. The answer was a trillion, give or take a few billion. Locey and Lennon’s estimate may well be very wrong, but it will be decades, maybe centuries, maybe longer, before we can say for sure. In a casual, drifty, late-day conversation, one of my close colleagues said she thought there were probably only a billion species of bacteria. But then she went on to say, “However, I have no idea. What I do know is that new bacteria species are everywhere.” We are sitting on them, breathing them in, and drinking them; we are just not naming or counting them, or at least naming or counting them remotely fast enough to make sense of the wilderness we walk through each day.


By the time I was a graduate student, Erwin’s estimate had led scientists to imagine that most species were insects. For a while, it seemed as though fungi might be the big story. Now it seems as though, to a first approximation, every species on Earth is a bacterial species. Our perception of the world keeps changing; more specifically, our measure of the dimensions of the biological world keeps expanding. And as it does, the average way of living in the world seems to be less and less like our own. The average animal species is not European, nor is it a vertebrate. And as for the average species more generally, it is neither animal nor vegetable; it is instead bacterial.


Bacteria, though, are not even the end of the story. Most individual strains and species of bacteria appear to have their own specialized viruses called bacteriophages. In some cases, as bacteriophage expert Brittany Leigh reminded me recently via email when reviewing this chapter, the number of kinds of bacteriophages outnumbers the number of kinds of bacteria ten to one. If there are a trillion species of bacteria, then it is possible there are also a trillion kinds of bacteriophages or even ten trillion kinds of bacteriophages. No one knows. What we do know, with certainty, is that the vast majority of species are not yet named or studied in any way or understood.


Beyond the bacteriophages, there is a final layer to this unraveling of our position at the center of things. It may be that the average species is not only not European, and not an animal, but also, not able to survive on the surface of the Earth, as I was recently reminded by Karen Lloyd, a microbiologist at the University of Tennessee.


Lloyd studies microbes that live beneath the ocean in Earth’s crust. Not long ago, it was thought that Earth’s crust was devoid of life. Research by Lloyd and others has shown, instead, that it is brimming with it. The organisms living in the crust do not depend on the sun for sustenance. They rely instead on energy generated by using gradients in chemicals deep down below us all. They use such energy in order to live simple, slothful lives.


Some of these organisms live so slowly that a single generation might take from a thousand to ten million years. Imagine, now, one cell of one of those latter, ten-million-year species. Imagine a cell that is about to divide, finally, tomorrow. It might have last divided before the ancestors of humans and gorillas began their separate trajectories. It would have last divided even before the ancestor of chimpanzees and humans diverged from the ancestor of gorillas. In one generation, such a cell would have lived through not only the entire sweeping evolutionary story of humans, but also all of the great acceleration. What will the next generation in that lineage experience in its lifetime, one that could conceivably end in about the year ten million?


These slow-living, chemical-eating crust microbes were discovered only relatively recently. But they are now thought to represent up to 20 percent of all of the living mass of life (what scientists call biomass) on Earth. Depending on how deep they go, this may be an underestimate. We have no idea how deep they go. Deeper, certainly, than we humans have been. The crust microbes aren’t “normal.” Theirs is not the average condition of life. Yet their lifestyle is actually more common, whether measured in terms of biomass or of diversity, than is the mammalian lifestyle or the vertebrate lifestyle.


The average species is neither like us nor dependent on us, in contrast to what our anthropocentrism would tend to suggest. This is the key insight of the Erwinian revolution that goes along with the recognition of what I call Erwin’s law. Erwin’s law states that life tends to be far less well studied than we imagine it to be. Together, the law of anthropocentrism and Erwin’s law are hard to remember in our daily lives. It might require a kind of daily affirmation. “I am large in a world of small species. I am multi-cellular in a world of single-celled species. I have bones in a world of boneless species. I am named in a world of nameless species. Most of what is knowable is not yet known.”


IT IS SURPRISING that we as a species have been as successful as we have despite our ignorance of the biological world and our biased perspective on its dimensions. Einstein said that “the eternal mystery of the world is its comprehensibility”; in other words, what is incomprehensible is how much we comprehend.11 But I don’t think that is quite right. I think that what is even more incomprehensible is that we have survived despite how little we have comprehended. We are like a driver who somehow gets down the road, despite being too short to see out the window, a little drunk, and very fond of acceleration.


In part we have been able to get by because we have been able to understand what the smaller, unnamed species around us do even if we don’t know what they are. This, for example, is what bakers and brewers have long done in making sourdough bread or beer.


In making sourdough bread, one mixes flour and water, and then, over days, seemingly miraculously, the flour-water mixture begins to bubble and expand and become acidic. This bubbling mixture, called the starter, can then be added to more flour and water to make a dough that rises and becomes sour. The resulting sour-dough can then be baked to yield bread. We don’t know when the first sourdough bread was baked. I’ve recently begun collaborating with archaeologists on a project to consider whether a seven-thousand-year-old bit of charred food is the oldest sourdough bread. We don’t yet know whether that bit of food is ancient sourdough (it seems like it might be). But even if it isn’t, it seems likely that the oldest sourdough bread, when discovered, will be at least that old.


The oldest beer so far discovered actually predates agriculture.12 The process used to make that beer would have been very similar to the process of making sourdough bread. Grains are sprouted. Those sprouted (malted) grains are boiled and left until they begin to become sour and alcoholic.


In both ancient brewing and baking, traditional scientists improved their ability to make better products through trial and error. Bakers figured out, for instance, that some starter could be stored up, fed, and reused to make new doughs bubble. They figured out what conditions the starter liked. They treated the starter like a hard-to-describe, and yet very important, family member. Similarly, brewers figured out how to take some of the froth from the top of one beer and add it to another. That froth too was a kind of “animal.”


What the bakers didn’t understand was that the starters rose because of ancient yeasts and that they became sour because of ancient bacteria. What the brewers didn’t understand was that the beers became alcoholic because of ancient yeasts and became sour because of ancient bacteria. What was more, neither bakers nor brewers understood that the bacteria in the bread and beer were coming from the grains they were growing and from their own bodies. Nor did they grasp that the yeasts in the bread and beer were coming from the bodies of wasps (the natural habitat of beer and bread yeasts). It was enough to know the steps necessary to keep conditions right for these microbes, the recipe for going about daily life in a world full of unknowns.


However, as our ancestors began to change the world around them, they inadvertently also altered the composition of species around them. When they did, their recipes for daily life sometimes failed to work. Bread didn’t rise. Beer didn’t brew. They couldn’t say why. They gave up, moved, innovated, or found new things to make. We don’t see much of a record of the failures that led to these transitions. We just see the transitions. Sometimes the archaeological record forgivingly glosses over our missteps, the way a photograph taken in dim light and from a great distance can hide some wrinkles and blemishes. It is likely, however, that as human populations grew and as ecological changes due to humans accelerated, the number of such failures of the ancient recipes for daily living increased.


MANY YEARS AGO, I read a story by a science writer in which he entered a cave with a guide and a group of fellow travelers. As the group entered the cave, bats began to fly out in large numbers. The writer could hear their movement and chittering and could even feel the wind from their many wings. “Don’t worry,” the guide announced, “the bats know exactly where you are thanks to their ability to echolocate. They see us in the dark!” As the guide turned to walk farther into the cave a bat, flying quickly out into the night, hit him in the face—hard.


What the guide did not know was that while bats do have amazing abilities to “see” in the dark via echolocation, they also use a detailed knowledge of landmarks and repeated routes to find their way, especially in caves. The bat was flying along a preferred route and suddenly encountered the guide, who was, according to its model of the world, not there. The bat was blindsided by the man and the man by the bat.


Many of our past successes have been in a world of fixed objects, a world of relative stability. We charted our way even without being able to see clearly. But by altering the life around us, we have created a situation like that faced by the bat. As we confront the future, our collective bearings are off, and our perception of the world around us is deeply flawed. Nothing is where it used to be. We have begun to crash into things; we find ourselves blindsided by life.


In some cases, the consequences of our stumbles are problematic but not deadly. Such cases offer a window into a broader fall. For example, my collaborators recently tried to make and study sourdough starters in a laboratory at North Carolina State University, a laboratory full of the same sorts of unusual microbial species common in homes that are sealed tight and where food is rarely fermented. When we did, the result was unsuccessful. Few yeasts colonized the starters. Instead, the starters were colonized by filamentous fungi known as molds; molds do not leaven bread. By bringing bread making into the laboratory, we had altered some component of the recipe too much. Similar things appear to be happening in some homes that are tightly sealed, walled off from outdoor life. In these places, we have changed the composition of life in ways that have broken sourdough’s ecological system.


Our dysfunctional, laboratory sourdough starters are microcosms of our biological macrocosm. As for our own role? Earlier, I compared humanity to microbes on a Petri dish, but that isn’t quite right, because we aren’t alone on our round home. We are one species in the broader community of life, and yet we are a species with disproportionate effects. We humans are akin to the lactic acid bacteria in a sourdough starter. Like us, the lactic acid bacteria shape the world of which they are a part while also simultaneously being dependent on the other species around them. But unlike us, the lactic acid bacteria tend to make the world around them more hospitable for themselves. They produce acid and thrive in its context. There are also two more big differences. The first is that the lactic acid bacteria live in a world that contains tens of species, not millions, billions, or trillions. The second is that when the lactic acid bacteria use up all their resources, we save them. We reach down and offer them flour, anew.


IF WE RUN out of food, we will not be rescued by a celestial restocking of our stores. We must both use resources and sustain their production.


One might argue for a third difference between our role and that of lactic acid bacteria. We are self-aware, sometimes.


Our self-awareness, however, has its limits. Even once some of the consequences of our decisions begin to become apparent, our various actions are often so intertwined that it is hard to know which one caused any particular effect. Recently, a group of amateur entomologists in Germany began to revisit collections of insects they had made over the last thirty years. Those insects had been gathered using a standardized type of trap in standardized sites. Year by year, the insects from the traps were sorted, identified, and added to the group’s collection. The initial goal of these amateurs, many of whom were, like Terry Erwin, beetle people, was to simply document the insects of Germany, with a focus on rare species. The amateurs did not necessarily expect to document any major surprises, and certainly nothing that would be newsworthy outside their small group. After all, Germany is one of the two or three best-studied places on Earth with regard to insects. Also, while it is more diverse than Linnæus’s Sweden, it is not drastically so. There are almost certainly more insect species in an individual tropical forest in Panama or Costa Rica, for instance, than in all of Germany. For example, while there are about a hundred species of ants known from Germany, more than five hundred species of ants are now known from the forests found at La Selva Biological Station in Costa Rica.13 Yet when the entomologists compared the number of insects they had collected in different years, they were in for a shocker. Over the preceding thirty years, the total biomass of insects in the natural habitats they were studying had declined by 70 to 80 percent, unnoticed. This had occured in one of the best-studied countries on Earth. It is still unclear just what caused this decline.14


It is also unclear what the consequences of this decline in the numbers of German insects have been. We know that it has led to losses of population in insect-eating birds. But what else has happened? No one yet knows. We will know, I suppose, the consequences once we run into them.


It is easy, with so much in flux, so much unknown, to give up. In the darkness of our ignorance and disorientation, maybe the easiest solution is to abandon ourselves to our fate, to walk blindly into the future, hoping. We can’t figure it out. It is too complex, and we are too ignorant, and too much has changed. Sure, we are going to bang our heads trying to find our way, but maybe that is our lot. Another option is to focus on the details, to zoom in on the story of a particular German beetle species. From a deep knowledge of the specific, broader solutions can emerge. The focus on the specific needs to be part of the approach, but it will never offer a full picture, in no small part because there are just so many damned specifics.


The approach I embark on here is to avail ourselves of life’s laws to make sense of our changing world even before we have named all of its parts. But even as we do, we need to keep Erwin’s law in mind. Erwin’s law reminds us that the biological world is bigger and more diverse than we imagine; the known world is modest and the unknown immense. Even the laws I will introduce to you in this book are subject to Erwin’s law, subject to the possibility that the organisms that have not yet been studied don’t necessarily behave like those that have been. And yet the knowledge that our view of the living world is fuzzy, partial, and biased shouldn’t stop us from trying to use what we do know to make sense of the world. Amid the great darkness, our light is dim and yet nonetheless illuminating, and one way or another, we need to find our way.15
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