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			PREFACE

			The Deep History of Ourselves is about the evolution of behavior. Not just the behavior of humans or other mammals or even other animals. It is about how behavior began as soon as living entities, organisms, came into being. These single-cell microbes, ancestors of the bacteria we share the planet with, had to do many of the same things we do to survive—avoid harm, obtain nutrients, maintain fluids and temperature, and reproduce. Deep History follows how subsequent organisms have used behavior to meet these same general survival requirements in their lives. But similarities only make sense in terms of differences, and a key goal of the book is to provide an account of the things most different about us: language, culture, our capacities of thinking and reasoning, and our ability to reflect upon who we are. These are new, but have deep roots that extend to the beginning of life.

			Shortly before starting Deep History, I read E. O. Wilson’s The Meaning of Human Existence. I was enthralled with the very compact “single idea” nature of his chapters, and decided to do the same. The chapters of Deep History are thus formulated as very brief “thoughts” or “meditations,” stand-alone vignettes that cover a limited topic. I aimed to keep them to about fifteen hundred to two thousand words, and succeeded in most cases. I also wanted to follow Wilson’s lead and write a short book, but did not do so well on that front.

			The chapters are grouped thematically, so that if you want to learn specifically about how life began, or bacterial behavior, or how sexual reproduction emerged, or how life progressed from single to multicellular existence, or how nervous systems evolved, or about the key role of sponges and jellyfish in human evolution, or how cognition or emotion evolved, or what we know about consciousness and the brain, you can just read the relevant sections that interest you. But for those who read from start to finish, Deep History will take you on an ascent of the tree of life in such a way as to connect the survival capacities of ancient microbes to our own unique capacities to survive and thrive by thinking and feeling, to contemplate our personal past and future, and the future of our kind.

			This is my fourth single-authored book. I learned something important in writing the first one. The best way to figure out what you really know—and don’t know—about your field is to write about it. Deep History, though, was a little different. I knew from day one I had a lot of research to do if I was going to write about the history of life. Much of the first part of the book is thus written with me serving more as a scientific journalist than as an expert. Consequently, I sought the help of experts when I felt I was completely out of my depth (hopefully, I did enough of this). When I got to the parts I “knew” about, I got to have my usual “aha” experiences about how much I had to figure out, and then also reached out to colleagues.

			Thanks very much to all of you who consulted, including Tyler Volk (prebiotic chemistry and early life), Nick Lane (origins of life), Karl Niklas (origins of multicellular life and the role of export- and alignment-of-fitness), Sarah Barfield (germline segregation), Ralph Greenspan and Takeo Katsuki (jellyfish behavior), Iñaki Ruiz-Trillo (protozoan ancestors of multicellular organisms), Linda Holland (early origins of bilateral animals; divergence of protostomes and deuterostomes; divergence of chordates from other deuterostomes, and vertebrates from other chordates), Maja Adamska (sponge physiology and behavior), Sten Grillner (early vertebrate nervous systems), Eric Nestler (epigenetics and behavior), Betsy Murray (evolution of perception and memory systems), Charan Ranganath (perception and memory), Cecilia Heyes and Thomas Suddendorf (ruling out nonconscious explanations before claiming consciousness in humans or animals), Nathaniel Daw (cognitive deliberation), Marian Dawkins (anthropomorphism), Liz Romanski, Helen Barbas, Roozbeh Kiani, and Todd Preuss (prefrontal cortex), Hakwan Lau and Steve Fleming (metacognition and consciousness), Karl Friston (predictive coding), Richard Brown (philosophy of mind), David Rosenthal (higher-order thought theory of consciousness), and Christophe Menant (self, consciousness, and evil).

			I wanted Deep History to have a visual as well as a verbal narrative. When I mentioned this to an artist friend, Heide Fasnacht, she told me that she had a talented student who might be worth considering. Caio da Silva Sorrentino’s work impressed me, and once he generated some samples, based on preliminary text that I had written, I was sold. Caio developed the perfect visual concept for the art, one reminiscent of biological illustrations from the late nineteenth century, including hand-drawn lettering. Caio is indeed a talented illustrator, and I have enjoyed working with him. Deep History greatly benefited from his vision.

			When writing my last book, Anxious, my wife, Nancy Princenthal, was busy with her book on the artist Agnes Martin, which went on to win the PEN America Award for Biography. We basically started and finished around the same time, and our marriage survived the horse race. It also survived our in-tandem efforts being completed now—Deep History for me and a book on sexual violence in the art of the 1970s for her. I could not have gotten mine done quite the same without her moral support and also expert editing of parts I was struggling with. Our son, Milo LeDoux, a classicist turned capital-markets attorney, contributed key millennial insights from time to time over dinner. For example, when I mentioned something about human behavior often being nonconsciously controlled, he quipped, “It’s sort of like being behind the wheel of a Tesla.” He gets a footnote or two in the book.

			Rick Kot, my editor at Viking and friend in life, has shepherded me through my last three books. He has helped shape each one conceptually, and tidied up my text when I would get too “weedsy.” I couldn’t ask for a better publishing partner than Viking. The entire staff has been fabulous on this and my other books with them. On this one, Norma Barksdale, Katie Hurley, Claire Vaccaro, and Cassie Garruzzo were especially helpful.

			Thanks also to my agent, Katinka Matson at Brockman Inc. She has held my hand through my four books, sharpening the proposals to make them appealing to publishers and providing helpful guidance along the way.

			New York University has been a wonderful academic home to me since 1989. The university, and my home department, the Center for Neural Science, have supported me every step along the way, and made it possible for me to be both a scientist and writer, and, in some ways, even helped me be a musician.

			William Chang has run my office at NYU for almost two decades. He has been a key player behind the scenes in keeping my text and illustrations in order, and in so many other ways. Claudia Farb and Mian Hou, two other multidecade staff members, have also helped in ways that defy words. I also thank all the undergraduate and graduate students and postdoctoral researchers and visiting scholars and other scientists who have been research collaborators over the years.

			Finally, I thank past and present members of my band the Amygdaloids for their friendship, musical collaboration, and intellectual stimulation, including Tyler Volk, Daniella Schiller, Nina Curly, Gerald McCollum, Amanda Thorpe, and Colin Dempsey. We are “rock-it” scientists.

		

	
		
			
				Prologue

			

			WHY ON EARTH . . . ?

			When I mentioned to a friend that I was writing a book about the history of life, she asked, Why on earth are you doing that? She knew that I had spent most of my scientific career studying circuits in the rat brain that underlie behavioral reactions to danger, with an eye on how that information could help us understand at least some aspects of human emotions, especially fear and anxiety.

			Part of the answer to my friend’s question is that if we really want to understand human nature, we have to understand its evolutionary history. As the biologist Theodosius Dobzhansky once said, “Nothing in biology makes sense except in the light of evolution,” and that includes behavior.

			That behavior and evolution are interrelated is hardly a novel idea. Darwin emphasized it, as did pioneering ethologists such as Niko Tinbergen and Konrad Lorenz. The behaviorists who dominated psychology in the first half of the twentieth century paid little attention to evolution, but contemporary psychologists and neuroscientists accept it as a key factor.

			Most efforts to understand the evolution of behavior, especially in neuroscience, typically focus on the relation between closely related groups, such as humans and other mammals. There are obvious reasons for doing so. For example, since the brain controls behavior, studies of how brains evolved in such groups help explain the evolution of their respective behavioral repertoire, and also ours. But there are also good reasons to look deeper. Research comparing mammals (often rodents) and invertebrates (such as flies and worms) shows the connection between these, and is revealing how memory works in us. But in this book I have opted to dive even deeper, in fact, very deep—all the way back to the beginning of life, and even earlier, to the so-called prebiotic chemical conditions of the Earth that made biology, and hence life, possible.

			I had always been casually interested in the evolution of the brain and behavior, but never pursued the topic with much vigor. Then, in 2009, I spent some time at Cambridge on sabbatical and became friendly with Seth Grant, a neurobiologist whom I first met while he was a postdoc uptown working in Nobel Laureate Eric Kandel’s lab at Columbia. While there, he began researching the evolution of genes involved in synaptic plasticity to better understand the biological mechanisms of learning and memory, and was continuing this line of work at Cambridge.

			Seth found parallels in plasticity-related genes between rodents and sea slugs, suggesting that they may each have inherited the ability to learn from a common ancestor that lived many hundreds of millions of years ago. But even more interesting, some of the same genes exist in single-cell protozoa. That’s relevant, since animals and current-day protozoa share a common protozoan ancestor that lived over a billion years ago. Some of the learning-related genes in our nervous system may therefore come to us via such microbial ancestors.

			If you know anything about protozoa, you may be scratching your head regarding these findings. Most people, if they think about it at all, think of behavior, and especially learned behavior, as a product of a nervous system. But protozoa, being single-cell organisms, don’t have nervous systems, since that would require special cells—neurons—and they only possess one all-purpose cell. Yet they have a robust behavioral life—they swim away from harmful chemicals and toward useful ones—and they even use past experience to guide their present responses, suggesting that they have the ability to learn and remember. The logical conclusion is that behavior, learning, and memory don’t actually require a nervous system.

			This was eye-opening to me, so I did a little research to see what was known about the behavioral capacities of these single-cell organisms. I found accounts not only of their swimming away from danger and toward nutrients, but also of moving toward or away from chemicals or sunlight to balance fluids or regulate temperature inside the cell relative to its environment. Protozoa even engage in mating behavior—sex—to reproduce their kind.

			Protozoa are relatively recent single-cell organisms, having appeared about two billion years ago, when they evolved from another familiar single-cell creature—bacteria, which are the oldest living organisms, having emerged about 3.5 billion years ago. Bacteria exhibit many of the same kinds of behaviors that protozoa do, but did so first. They approach and avoid useful and harmful things in their world, and may even learn from experience what is useful and harmful in their world. They don’t, however, reproduce sexually; they simply divide in half. Sex is the behavioral claim to fame of eukaryotes, which evolved from bacteria, and which include protozoa and animals.

			When animals engage in defensive, energy management, fluid balance, and reproductive behaviors by freezing/fleeing, eating, drinking, and mating, scientists and laypeople alike often describe these activities as an expression of underlying psychological states—consciously felt experiences such as fear, hunger, thirst, and sexual pleasure. In doing so we effectively project our own experiences onto other organisms. Given how ancient these behaviors are, and how they arose long before nervous systems, we should probably be more judicious in making such attributions based on our mental states.

			I will argue in this book that such survival behaviors have deep roots that date back to the beginnings of life. Animals later evolved neurons and circuits to make these behaviors more efficient and effective. But all organisms, whether composed of only one or of billions of cells, engage in these kinds of survival activities in the process of staying alive and well.

			Because humans consciously experience feelings when we engage in our own survival behaviors, we intuit that these feelings and the behaviors must be intrinsically related—that the feelings are the causes of the behaviors. And because other animals close to us (other mammals, for example) behave like us in survival situations, and the circuits that control these behaviors are similar in us and them, their survival behaviors must be driven by their feelings.

			But I will present evidence that turns this logic on its head. I will show you that there is indeed good evidence that the same brain systems control survival behaviors in humans and other mammals, but that these are not the systems that are responsible for conscious feelings we experience when we engage in such behaviors. The behaviors and feelings occur simultaneously, not because the feelings drive the behavior, but because their respective systems are responsive to the same stimuli.

			Survival behaviors thus have very old roots that make them universal. But the kinds of experiences humans call conscious feelings—that is, emotions—I propose are a much more recent development, possibly emerging via evolutionary changes in the human brain a mere few million years ago that brought language, culture, and self-awareness to our species. This idea is likely to be controversial to some, perhaps many, since it seems to deprive animals of conscious experiences. But I hope that even those who are skeptical about this view of animal consciousness will hear me out.

			I don’t, in fact, deny that animals have conscious experiences. My point, instead, is that any conscious experiences they have are likely to be very different from ours, as every species has somewhat different brains. And given that brain circuits with unique properties not found in other animals, not even other primates, are emerging as potentially important for the kinds of conscious experiences we have, we should be cautious in attributing humanlike conscious experiences to other creatures. But to say that they don’t have the kinds of experiences we have does not mean they have no experiences. For example, that they do not suffer the way we do does not mean that they do not suffer. While it is extremely difficult to scientifically assess consciousness in other animals, toward the end of the book I will speculate about what kinds of conscious experiences nonhuman primates and nonprimate mammals might possibly be capable of, given the kind of brain each possesses.

			Recognition that the circuits that control our survival behaviors are different from those that assemble our emotions and other conscious experiences allows us to see our connection to the deep history of life in a new way. Like all species, we are similar to the species from which we evolved, but are also, by definition, different. And to fully appreciate our differences, we have to be as precise as possible about both our similarities and differences, using science, not intuition, to draw the conclusions.

			Though I had been thinking about the ancient biology of survival since 2009, my first public foray into this topic began with a 2012 article entitled “Rethinking the Emotional Brain.” I have continued this line of thought in other writings and lectures ever since. Deep History consolidates and extends the nascent ideas I had been mulling over into an overarching vision of how we came to be who we are, taking the argument all the way from the beginning of life in primordial microbes to the emergence of our ability to consciously know about the existence of our selves and our thoughts, memories, and emotions.
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				Chapter 1

			

			DEEP ROOTS

			“We are our brains.” This statement is viewed as incontrovertible by some and preposterous by others. What is clear is that the essence of who we each are depends on our brains. Brains enable us to think, to feel joy and sorrow, to communicate through speech, to reflect on the moments of our lives, and to anticipate, plan for, and worry about our imagined futures.

			The evolutionary history of the human brain (figure 1.1) is usually recounted in terms of animals relatively close to us, especially mammals and other vertebrates. We hear a lot about how humans have neural capacities that allow more sophisticated behavioral and cognitive features than those of our primate ancestors who possessed brains that diverged from those of other mammals. We also hear that mammals and their brains evolved from reptilian ancestors, and that reptiles and amphibians evolved from fish, which in turn evolved from invertebrate ancestors.
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					Figure 1.1: Evolution of Humans from Vertebrate Ancestors

				
			
			Insights about the psychological functions of other vertebrates clearly provide insights into how our brains have come to be what they are, and how they contribute to our own psychological essence, the core of who we are, including those things we like about ourselves, but also characteristics we’d rather not have. But I will argue that this common strategy can take us only so far. It is like trying to understand the history of digital computers by starting with the first devices that were cosmetically similar to today’s computers—Commodore, Apple, and IBM “personal computers” of the late 1970s. In fact, the essence of digital computing had long been figured out by the time these devices were introduced. So if you want to know how present-day computers work, you can learn a lot by studying them and their immediate forerunners. But if you really want to know how they came to be what they are, and why they do what they do, you have to know their deep history—their evolution from analog ancestors, including nonelectronic ones (the abacus, for example).

			Similarly, to truly understand the complex psychological functions of our brains, we have to take the long—in fact, the very long—view of history. Like the roots of a tree, the deep roots of our brain and its cognitive and behavioral capacities are not visible; we must dig down to unearth and understand them. And we must dig past other mammals, other vertebrates, and even beyond the invertebrate ancestors of vertebrates. We need to go as deep as ancient unicellular microorganisms, the original life-forms on Earth.*

			Why do we have to look so far into the past to understand the origins of the human brain and its functions? Unicellular organisms like bacteria don’t have a nervous system, much less a brain. Why can’t we just focus on animals with brains, or at least nervous systems, if our goal is to understand the human brain? A key argument of this book, as discussed in the prologue, is that core survival requirements were solved by the first successful living organisms billions of years ago, and that they passed their solution on to every organism that followed.

			As organisms evolved to consist of many cells, the problem of controlling their behavioral activities in the quest to survive became more complex, requiring the coordination of the activities of cells distributed in different parts of the body. This led first to simple diffuse nervous systems in creatures like hydra and jellyfish, and eventually to nervous systems with central control units, or brains.

			Cellular features that enabled early primitive organisms to survive and reproduce were thus carried forward and underlie the history of life as we know it (see frontispiece). But my point is not to trace the biological interconnectedness of organisms on Earth—a project that has been undertaken many times before—but rather to show that the roots of behaviors that humans routinely call upon in day-to-day life are more ancient than we generally acknowledge.

			Behavior is not, as we commonly suppose, primarily a tool of the mind. Of course, human behavior can reflect the intentions, desires, and fears of the conscious mind. But when we go deep into the history of behavior, we can’t help but conclude that it is first and foremost a tool of survival, whether in single cells or more complex organisms that have conscious control over some of their actions. The connection of behavior to mental life is, like mental life itself, an evolutionary afterthought.

			To truly appreciate how our brains make it possible to be who we are, we need to understand survival strategies that were built into ancient single-cell organisms, maintained in primitive multicellular life-forms, taken over by specialized cells called neurons when nervous systems developed in early invertebrates, retained in nervous systems of invertebrate ancestors of vertebrates, and subsequently used by humans and all other animals in daily life, regardless of how simple or complex their body is.

			Only by examining the natural history of life on Earth can we appreciate the unique features that were added to organisms incrementally over the course of evolution and that resulted in the kind of brain we have and the functions embodied within it. This does not mean that human behavior can be fully understood in terms of ancient survival responses. It means that we need to be clearer about which aspects of human behavior are related to processes inherited from various other organisms, so that we can better understand those that are not.

		

	
		
			
				Chapter 2

			

			THE TREE OF LIFE

			Until the second half of the nineteenth century, the interrelation of living organisms was generally envisioned as a progression that placed humans above all other earthly creatures. Aristotle’s ranking, called the “scale of nature” (scala naturae) or “ladder of life,” was based on the complexity of observable features of organisms. Humans, being the most complex, were at the top. The presence of blood divided what we now called vertebrates from invertebrates, and within invertebrates those with a shell (e.g., clams, mussels, and oysters) were considered as a separate class, intermediate between animals and plants. Christian theologians in the Middle Ages, building on the creation story of Genesis and Aristotle’s scale, proposed a ranking based on “perfection,” considered as closeness to God. In this “Great Chain of Being,” humans, made in God’s image, were the most perfect of all organisms on Earth. Particularly notable in this tradition is the notion that all life began more or less simultaneously, roughly six thousand years ago, when God populated the Garden of Eden, most famously with people, apples, and snakes; and once created, the distinct organisms continued to exist in the same form, unchanged over the millennia.

			In the nineteenth century, a different view began to emerge through the writings of Alfred Russel Wallace and Charles Darwin. Darwin, though, captured the spotlight of history, and will be our focus here.

			In his 1859 book, On the Origin of Species, Darwin proposed that present-day organisms evolved from earlier forms over long periods of time—in fact, much longer than the several thousands of years proposed in the biblical account. Building on his own observations of nature, and those of earlier philosophers and scientists, Darwin argued that the relation between organisms is more like a branching tree, a “tree of life,” than the linear scale implied by metaphors based on steps or ladders. In Darwin’s words: “The green and budding twigs may represent existing species; and those produced during former years may represent the long succession of extinct species.”

			At the base of the trunk lies what Darwin called the “primordial form,” an organism from which all other life-forms evolved, in piecemeal fashion, with some adapting and surviving and others becoming extinct. Breaking with the Judeo-Christian tradition, which treated organisms as unique, unrelated creations, Darwin argued that all living organisms are connected to one another by way of this common ancestry.

			While the tree of life is a more accurate scientific depiction of nature than the ladder or scale view, it does not always successfully circumvent the conclusion that humans have a special place in nature. For example, the late-nineteenth-century biologist Ernst Haeckel popularized Darwin’s tree of life in several illustrated publications. One famous one, called the Pedigree of Man (figure 2.1), depicts a tree with branches, but has the major groups of animals stacked up on top of one another along the trunk, with humans occupying the topmost part of the tree. It is unlikely that Haeckel, a pioneering biologist who made numerous contributions in his own right, intended to imply that humans are the result of a single linear progression of life. Regardless of his intention, though, his diagram suggests to a naïve viewer that humans are the “highest” organisms on Earth, the end point of the ancient progression of life.
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					Figure 2.1: Haeckel’s Pedigree of Man

				
			
			Mid-twentieth-century textbooks continued to place humans at the top of the tree of life. This was in part driven by a prominent theory of brain evolution that viewed the human brain as a mélange of the brains of our vertebrate ancestors, with a reptilian brain beneath an early mammalian brain, which in turn was below a later, and “higher,” kind of mammalian brain possessed by primates, with the human brain being the pinnacle. The presupposition that we are the top of the evolutionary heap continues to influence views about brain evolution and function in some circles, as well as about the nature of the human mind and the realms of ethics and morality. It’s very difficult for humans to abandon the idea that we are special, the purpose of life.

			Human “exceptionalism” is for many people an unquestioned assumption. For the religious, it is a God-given fact; for humanists, it is a celebration of our special powers of thought and feeling. But just as our species emerged through change, we, too, are constantly changing. Each time a baby is conceived, it receives a unique genetic makeup that never existed before. What is considered special today may well turn out to be mundane in the organisms that diverge from us in the future; they will have their own traits that make them different from us, and thus special in their way.

			In some sense, then, we are special, if by “special” we mean different. Using that criterion, every organism, being a distinct form of life, can be considered special. The challenge, though, is to pinpoint exactly how we differ from other species so that we neither anthropocentrically deny features deserved by other organisms, nor anthropomorphically attribute features to other organisms that they may not possess.

			When we talk about our family history, our “family tree,” we are referring to a set of tiny sprouts on twigs far, far out on the human twig of the tree of life. Just as your family history is of interest to you because it is your history, the evolutionary history of our species is our history, and of particular personal interest to us. But our species is only another twig on just another branch of the tree. It’s a twig we care about, and a point from which to view the history of life, but not because we occupy a special place in the natural order of things.

		

	
		
			
				Chapter 3

			

			KINGDOMS COME

			The classification of the natural world has long been a preoccupation of scientists. The Greeks referred to this exercise as the “carving of nature at its joints.” Aristotle carved the natural world into three categories—plants, animals, and humans. The difference between them, he explained, is that plants are limited to nutritional and reproductive capacities, while animals additionally have sensation and movement; and humans are distinct from mere animals in that they also had thought or reason. These capacities reflected three kinds of souls: plants have a vegetative soul; animals, which he called brutes, a sensitive (sensory) soul; and humans a rational soul.

			The categories that result from such efforts are called kingdoms, the number of which has been the subject of much debate (table 3.1). In the sixteenth century, the famed taxonomist Carl Linnaeus revised Aristotle’s scheme, dividing life into plants, animals (including humans), and minerals. The invention of the microscope in the seventeenth century led to the discovery of microbes, single-cell organisms invisible to the naked eye. Ernst Haeckel named these protists (meaning “the first”) and added Protista to Plantae and Animalia to form a three-kingdom system of life. With the invention of the electron microscope in the twentieth century, it was discovered that some microbes have a cell nucleus, where DNA is sequestered, while in others there is no nucleus and DNA is distributed throughout the cell. Unicellular organisms with a nucleus (e.g. amoeba, paramecia, and algae) remained in Protista, while those lacking a nucleus (bacteria) were placed in the kingdom Monera, which was divided into two groups, Bacteria and Archaebacteria (commonly known as Archaea). Later, fungi (mushrooms and yeast) were added as another multicellular group, giving us the six-kingdom view, which is the most widely accepted way to classify nature today.* As we will see later, organisms without a nucleus (bacteria and archaea) are called prokaryotes, while those with cells containing a nucleus are called eukaryotes (protists, plants, fungi, and animals).

			TABLE 3.1: Evolving Views of the Kingdoms of Life

			
				
					
					
					
					
					
				
				
					
							
							2 KINGDOMS

						
							
							3 KINGDOMS

						
							
							4 KINGDOMS

						
							
							5 KINGDOMS

						
							
							6 KINGDOMS

						
					

				
				
					
							
							Plants

						
							
							Plants

						
							
							Monera

						
							
							Monera

						
							
							Bacteria

						
					

					
							
							Animals

						
							
							Animals

						
							
							Protista

						
							
							Protista

						
							
							Archaea

						
					

					
							
							
							Minerals

						
							
							Plants

						
							
							Plants

						
							
							Protista

						
					

					
							
							
							
							Animals

						
							
							Fungi

						
							
							Plants

						
					

					
							
							
							
							
							Animals

						
							
							Fungi

						
					

					
							
							
							
							
							
							Animals

						
					

				
			

			Modern biologists continue to use the branching-tree metaphor to represent relationships within and between kingdoms, but are careful to avoid the implication that humans are an end point in an evolutionary progression. In contemporary depictions of the tree of life, the six kingdoms are each represented as a major limb of the tree, with different groups of organisms within each depicted as branches of their kingdom’s limb (figure 3.1).
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					Figure 3.1: The Six Kingdoms Shown in a Tree of Life

				
			
			Classification does not stop with kingdoms, as there are many different subgroups of organisms within them. Linnaeus sought to provide a rank-order system for organizing these groups into progressively more restricted categories. Building on Linnaeus, it is common to classify organisms within kingdoms into phylum, class, order, family, genus, and species. For our own species, the classification is: kingdom Animalia, phylum Chordata, subphylum Vertebrata, class Mammalia, order Primate, family Hominid, genus Homo, and species sapiens.

			Classification schemes in no way represent a return to the notion that different kinds of organisms are unique de novo creations. They are instead very much in keeping with Darwin’s suggestion that every organism alive now is, in one way or another, related to all present and past members of each of the kingdoms, because all forms of life arose from a primordial common ancestor.

		

	
		
			
				Chapter 4

			

			COMMON ANCESTRY

			There are two broad ways to trace evolutionary history. One is through the fossil remains of organisms in different layers or strata of rocks. By dating the rocks, the period in which the organism lived can be estimated. This method is limited by the fact that many organisms have soft tissues that do not fossilize well. The other approach is to use the tools of modern genetics to reconstruct history with much more precision, since an organism’s genes are the record of its evolutionary history.

			Scientists have been able to identify Darwin’s primordial form by comparing the genes from different kingdoms of organisms and isolating common genes that date back to the beginning of life. As Nick Lane writes in his book The Vital Question, the ancestor of all life on Earth is a cell that arose between 4 billion and 3.8 billion years ago, about a half a billion years after the Earth was formed. This cell, he says, was quite sophisticated, and by virtue of having survived, passed its survival-relevant traits on to every subsequent cell that has lived since, including all the cells in our bodies. The primordial organism, the mother of all life, has a name, or a nickname: she’s called LUCA, the last universal common ancestor of all of life, the base of the tree of life.*

			LUCA was likely not the first instance of life. A cell is a complicated piece of biological machinery, and LUCA didn’t suddenly just appear fully formed. RNA, DNA, and proteins formed primitive forms of life, called protocells, in the early waters of the world. From these biological fits and starts, LUCA eventually emerged. While LUCA herself no long exists, her first children—Bacteria and Archaea—do, and they form an essential link in the evolution of all subsequent life, including animals like us.

			The key to understanding evolutionary history is thus the notion of common ancestry. A group of organisms with a common ancestor is called a clade. Evolutionary biologists often use cladograms to show common ancestry based on fossil or genetic evidence. The six kingdoms of life that evolved from LUCA are shown in the cladogram in figure 4.1. The branch points from the long diagonal line in a cladogram represent common ancestors, which are often not living organisms—99 percent of all species that have ever lived are extinct (common ancestor branch points are shown as dots in this first cladogram). The ends of the lines extending out from branch points represent living organisms.*
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					Figure 4.1: The Six Kingdoms of Life Shown in a Cladogram

				
			
			This is a good place to dispel the incorrect idea that humans evolved from monkeys. The famous “Scopes Monkey Trial” that pitted evolution against religion was based in part on this false assumption. Humans are hominids, and our closest nonhominid primate relatives are chimpanzees. So, if anything, it should have been the “Chimp Trial.” But the fact is, neither did we evolve from chimps. Instead, early hominids shared a common ancestor with chimps (figure 4.2).
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					Figure 4.2: Cladogram of Primate Evolution

				
			
			Similarly, although rats and humans are both mammals, and thus share certain features, such as body hair and nursing of young, we have no rats in our past. Instead, rats and primates share a common mammalian ancestor from which these features were inherited. This is why we can learn some important things about the human brain by studying that of rodents. In doing so, though, we have to be careful not to assume or imply that a human is simply a more advanced rat, or even a more advanced chimp, as these animals are in different clades.

			Darwin proposed that the way that clades emerge from common ancestors is through natural selection. His theory assumed that traits vary in a population, and those traits that are useful to survival increase in frequency because those individuals who have them are more likely to survive and reproduce. In other words, the useful traits are selected and stabilized. The later discovery that genes and chromosomes are the mechanisms of inheritance provided strong support for the theory.

			Natural selection would seem to continuously drive organisms toward a better and better fit to their environment. And while that sounds good, as the old saying goes, you can have too much of a good thing. If a shortage of food supplies or the arrival of new predators necessitates a move, a group’s being extremely well adapted to their current environment could be a disadvantage, as it may have shed traits that could have given it more flexibility to adapt to new environments where other traits would be useful.

			Besides selection and migration, other factors are important in evolution. Genetic mutations are a key source of variability. Mutations are best known for their deleterious effects, such as in diseases, but they can also result in traits that are beneficial to survival and can thus come to be stabilized in the population as well. Genetic drift—random changes in the frequency of certain genes in a population—also affects evolution. For example, imagine a hurricane that causes the death of many inhabitants of an isolated island. If many of those who died had genes for a certain trait, the frequency of that trait could decrease in the future population. As different traits become more prominent, a new clade can come to exist.

			An important distinction should be made at this point between features that are derived from a common ancestor and those that are similar in different species for reasons other than common ancestry. The vertebral column (backbone or spine) possessed by all vertebrates is a feature derived from the common ancestor of all vertebrates, and the possession of body hair by mammals was passed on from the furry common ancestor of all mammals. The opposable thumb of primates and pandas, however, is a feature that was not present in the common mammalian ancestor of these animals and thus evolved separately to solve a similar problem. Also, there is no winged common ancestor that links bats to birds—bat wings actually evolved as modifications of the forearm of their nonwinged mammalian ancestors. Differences based on common ancestry are said to be homologous, while those that are not based on common ancestry are merely analogous.

		

	
		
			
				Chapter 5

			

			IT’S A LIVIN’ THING

			What is it, exactly, that we are grouping when we construct trees of life or make kingdom classifications, or draw cladograms? The short answer is that we are classifying organisms, a term I’ve used without providing a proper definition. So let’s do that here. An organism is a living thing, an entity that functions as a physiological unit, the component parts of which operate with a high degree of cooperation and a low degree of conflict to help ensure well-being and sustain the life of the overall entity and to reproduce itself so that its kind can continue.

			The mission of an organism is simple: It is to acquire nutrients and energy so that growth can occur and life can be sustained to at least the point of reproduction. Organisms are born, mature, reproduce, and at some point cease to exist as a physiological unit. Only those that live long enough to reproduce have a chance of contributing to the genetic future of their kind. Viability (the ability to grow and persist) and fecundity (the ability to reproduce) are thus key characteristics of organisms. And at the heart of viability and reproduction is metabolism, the chemical process by which cells make and use energy. Indeed, Richard Dawkins describes the difference between living and nonliving things in terms of energy. Living things—organisms—make and use energy in the process of living, while nonliving things are acted on by energy—dead bodies decompose, water evaporates, rocks and minerals disintegrate.

			LUCA, the common ancestor of all organisms, passed on genes that build the fundamental structure of an individual organism’s constituent cell or cells. In unicellular organisms, all of the tools necessary for viability and reproduction are contained within the single cell. The job of staying alive is considerably more complex in multicellular organisms, where many different types of cells form distinct tissues, organs, and systems that must all work together as a unit. Understanding how complex multicellular organisms evolved from unicellular life-forms is a key part of our story. But so is behavior, which plays a role in evolution.
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				Chapter 6

			

			THE BEHAVIOR OF ORGANISMS

			Evolution is a process by which features of organisms within a group change over generations by means of natural selection. Underlying this process is the fit between the individual organism and its environment. Those individuals whose traits are useful in the current environment are more likely to survive long enough to reproduce and to pass their genes on to their offspring. While an organism’s survival depends on many of its characteristics, as the pioneering behavioral scientist Theodore Schneirla pointed out, behavior is “a decisive factor in natural selection.”

			Another eminent behavioral scientist, B. F. Skinner, defined behavior as “that part of the functioning of an organism which is engaged in acting upon or having commerce with the outside world.” It is common to view behavior as a product of nervous systems and the muscle contractions they control, and thus consider it as something only animals, which possess both nervous systems and muscles, do. Although Skinner’s research was carried out on animals, he had the foresight to define behavior in terms of organisms in general. As we will see in the next several chapters, behavior is a feature of all organisms, not just those with nervous systems and muscles. But let’s start with animal behavior.

			The simplest form of behavior in animals is a reflex, an innate stimulus-response reaction that occurs by way of nerves that directly connect sensory input systems with muscles. Reflexes are automatically elicited by certain stimuli and are not dependent on volitional control. As a result, they are very useful in assessing such factors as neurological function in babies. Inborn reflex patterns are essential not only for early survival but throughout life. For example, they control balance and gait, and if you step on a sharp object, your foot reflexively withdraws. A sudden loud noise activates several reflexes, collectively called the startle response, causing your eyes to blink and neck to stiffen while your whole body flinches. When you eat, reflexes underlie chewing, swallowing, digestion, and waste excretion. As blood pressure rises, the beating of the heart reflexively slows to keep pressure in a safe range.

			Reflexes typically involve the response of a specific muscle group (mouth, leg, foot, eye) or a set of responses within a body system (balance, digestion, and startle). But animals also need to perform movements that involve coordination of the entire body, and some of these are, like reflexes, inborn. Pioneering ethologists such as Konrad Lorenz and Niko Tinbergen called these more complex hardwired responses fixed action patterns, but I prefer the term fixed reaction patterns, which better describes their automaticity.

			Like reflexes, fixed reaction patterns are elicited automatically by specific stimuli. But in contrast to reflexes, they unfold over time as complex sequences of behavior. Tinbergen’s most famous example is egg retrieval by a mother goose. The sight of an egg out of the nest elicits neck extension and rolling of the egg back to the nest. Another example in birds is mouth gaping in chicks triggered by beak movements of the mother just above the nest. And in male stickleback fish the sight of a red belly (signifying an intruding male) elicits fighting while the swollen belly of a female (signifying a receptive partner) initiates mating by the male. In mammals, the sight or odor of food elicits approach, while sights, sounds, and odors signifying a predator elicit freezing, fleeing, or fighting, depending on the proximity of the predator.

			Fixed reactions, not surprisingly, underlie universal survival activities, such as feeding, drinking, defense, and reproduction, and in some species, behaviors associated with parenting and social interactions as well. But the specific expression of such behaviors in a given species is unique—all animals defend, eat, and mate, but how they do so is specific to the kind of body they have. For this reason, fixed reaction patterns are considered species-typical behaviors.

			In the 1950s, there were heated debates about whether these fixed behaviors are truly innate. Today it is accepted that, while there is a strong species-related (innate) component to such responses, they can also be influenced by environmental factors. For example, some complex behavioral sequences can be affected by past experience or guided and modified by current experience. Egg rolling by a goose depends in part on sensory feedback from the activity, as the response loses precision if such feedback is eliminated. Certain mating rituals are expressed only during the mating season, when environmental conditions trigger the release of reproductive hormones that lower the threshold for reproductive behaviors. Similarly, food seeking and consumption are influenced by chemical signals in the body and brain that indicate that energy supplies are low.

			Although humans rely on learning and culture more than they do innate tendencies, we do still have some of these predispositions, such as our propensity to respond in certain ways to heights, snakes, the sight of an aggressive person nearby, the sound of a crying baby, and sexual stimuli. Not everyone responds to the same degree to these stimuli, but most people have at least a tendency to do so.

			While reflexes and fixed reaction patterns are wired by evolution to certain classes of stimuli, both kinds of behavior can also arise, through learning, in response to novel stimuli. For example, if you haven’t eaten for a while and see an advertisement for a tasty food—say, a juicy hamburger—you will likely begin to salivate. You are not salivating as a reaction to the food itself, but to a stimulus that represents the food. This is a real-life example of Ivan Pavlov’s famous studies in dogs where a bell sounded before the arrival of food to elicit an anticipatory salivary reflex response (figure 6.1). The reflex response itself is innate and didn’t change (wasn’t learned), but the stimulus that evoked it did change (was learned to be a signifier of food). Similarly, freezing in place, a species-typical fixed reaction pattern usually elicited by the odor or sight of a predator, can come to be elicited by a novel and meaningless stimulus that is predictive of the predator. This is studied in the laboratory by Pavlovian conditioning as well, by pairing a sound, sight, or odor with an electric shock. The shock mimics the sensation of being wounded by a predator, and a stimulus that predicts the tissue irritation caused by the shock comes to evoke the defensive behavior typically elicited by a predator, as well as physiological changes that support the behavior, such as increased heart rate or faster breathing. As an actual example in humans, consider what happens if a neighbor’s dog bites you as you pass his mailbox. If subsequently you are lost in thought one day while walking home and suddenly notice the mailbox, you may well momentarily freeze and notice your heart beating faster. Pavlovian conditioning is universal throughout the animal kingdom, and even exists in unicellular organisms.
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					Figure 6.1: Conditioned Reflexes—Pavlov’s Dogs

				
			
			The examples so far emphasize how novel stimuli come to elicit behaviors that are largely inborn. But some animals can also acquire novel behaviors through learning. If an arbitrary response, such as pressing a bar or pushing a button, is followed by a beneficial outcome (a reinforcer), it will increase the likelihood of similar behavior in the future. This effect was first described by Edward Thorndike in the late nineteenth century when he found that food-deprived cats held in a chamber became very animated when presented with food placed outside the chamber. Their random movements eventually led to their opening the door, allowing them access to the food (figure 6.2). Over the course of multiple repetitions of this, the cats learned which movement to perform to open the door. This is called instrumental learning, since the behavior is instrumental in producing the reinforcer.
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					Figure 6.2: Instrumental Behavior—Thorndike’s Cats

				
			
			In the aversive domain, laboratory studies of instrumental conditioning typically involve avoidance learning, in which an animal learns to use cue stimuli (such as tones) associated with danger (typically electric shock) to guide its actions. Freezing occurs first, but once the animal learns that when the cue is present it can perform the behaviors to avoid harm, its success in doing so reinforces the avoidance response.

			Sometimes the instrumental behaviors learned by reinforcing outcomes are repeated so often that they can become habits that are performed even if the response no longer produces the outcome. While instrumental habits can be useful, they also contribute to a variety of human adjustment problems—for example, continued use of addictive drugs long after their desirable consequences have ceased. Current research suggests that the outcome-dependent version of instrumental learning is limited to mammals and birds, but that habits can be learned by all vertebrates and even some invertebrates.

			Stimuli connected to survival activities (defense, eating, drinking, reproduction) are the reinforcers (outcomes) that underlie Pavlovian and instrumental conditioning. This explains why in laboratory studies of instrumental conditioning, the delivery of food, drink, and sex-related stimuli, or the removal of harmful stimuli, are common reinforcers. Survival and learning are closely connected.

			Some species exhibit even more complex forms of behavior that depend on cognitive capacities. Here, cognition will be used to refer to the ability to form representations and use them to guide behavior—as when you refer to a mental spatial map when planning a route and using the plan to drive to your destination. As we will see, these basic cognitive capacities, like outcome-dependent instrumental responses, are present in mammals and birds, but have not been demonstrated in other species. In mammals, cognitive capacities involving internal deliberation (mulling over what to do) are especially well developed in primates, and especially in humans. These more sophisticated cognitive capacities provide additional novel and flexible ways of meeting the challenges of survival that go beyond those provided by reflexes, fixed action patterns, Pavlovian responses, and instrumental learning. For example, humans can simultaneously hold in mind a number of alternative actions and deliberate and choose on the basis of expectations about which might lead to the most desirable outcome. The more sophisticated the cognitive capacities of a species, the greater the ability of its members to transcend survival—to act for the sake of living in a particular way, rather than merely for the sake of remaining alive. This increased capacity for cognitive control over behavior may be why fixed action patterns play such a small role in humans. Cognitive prowess also makes it possible for humans to act in ways that are potentially harmful to survival (intentionally choosing to engage in risky behaviors, such as high-speed driving, mountain climbing, skydiving, or taking addictive drugs).

		

	
		
			
				Chapter 7

			

			BEYOND ANIMAL BEHAVIOR

			In the nineteenth century, biologists such as Darwin and Jacques Loeb described the behavioral responses of plants to external light or chemicals. The well-known ability of a sunflower to bend to follow the passage of the sun is one such example. Primitive, stimulus-induced behaviors of nonmobile organisms such as plants are called tropisms. Plant “behavior” is a thriving area of research.

			For example, in What a Plant Knows, the biologist Daniel Chamovitz describes sophisticated information-processing capacities that plants use to control their movements in response to stimulation. Plants not only “follow the sun” by bending their stems, they also align their leaves in such a way as to maximize exposure to light and thereby promote growth. Some plants actually anticipate sunrise from “memory,” and even when deprived of solar signals retain this information for several days. In Brilliant Green, Stefano Mancuso and Alessandra Viola argue that plants possess not only the senses of sight, touch, smell, and hearing, but more than a dozen other sensory capacities that humans lack (including the ability to detect minerals, moisture, magnetic signals, and gravitational pull). For example, the roots of plants sense the mineral and water content of the soil and alter their direction of growth accordingly. Some plants also capture prey by sensing their presence—the most famous example is the Venus flytrap.

			Some are reluctant to label plant movements as behaviors, since they lack nerves and muscles. But just as they are able to breathe without lungs and digest nutrients without a stomach, plants have the ability to move (behave). We should not dismiss the existence of behavioral capacities in an organism simply because it lacks the physiological mechanism that is responsible for the behavior in animals.

			Plants clearly sense the environment, learn, store information, and use that information to guide movements; they behave. One might say that there is certain “intelligence” to their behavior. This is true as long as intelligence is defined in terms of the ability to solve problems through behavioral interactions with the environment, rather than with respect to mental capacity.

			We need not, and cannot, stop with animals and plants when considering behavior. Early behavioral researchers around the turn of the twentieth century, such as Conwy Lloyd Morgan and Herbert Spencer Jennings, were very interested in single-cell protists, specifically the protozoan known as paramecia (figure 7.1). These were shown to use primitive approach and withdrawal responses called taxic behavior to engage with useful and harmful stimuli in their daily lives. Morgan, for example, noted: “The primary end and object of the receptions of the influences (stimuli) of the external world or environment . . . is to set agoing certain activities. Now in the unicellular organisms, where both the reception and the response are effected by one and the same cell, the activities are for the most part simple, though even among these protozoa there are some which show no little complexity of response” (italics added). The renowned early-twentieth-century British philosopher Bertrand Russell similarly pointed out: “From the protozoa to man there is nowhere a very wide gap either in structure or in behaviour.” Later Lorenz concurred, suggesting that evolutionary continuity exists between protozoa and humans. Similar claims might also be made about bacteria. These ancient unicellular organisms, as discussed in the next chapter, sense and respond to their environment, and may even learn and remember.
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					Figure 7.1: Protozoan Taxic Behavior

				
			
			Earlier I defined cognition as the ability to form internal representations and use them in guiding behavior. There is a movement afoot to extend the conception of cognition beyond its role in using internal representations to guide behavior so that plants and microorganisms can be said to be cognitive creatures. Some do this by equating cognition with information processing. Since all behavior involves information processing, all behavior would, under this theory, involve cognition. Others take a different tack, defining cognition as the adaptive regulation of states and interactions by an agent with respect to the consequences for the agent’s own viability. With both such moves, all organisms, including protists and bacteria, are cognitive creatures.

			These approaches are said to correct the anthropocentric view of cognition. But it is not the case that contemporary cognitive scientists claim that cognition is a human specialization—the study of animal cognition is a vibrant area of research. If the extended view just described catches on, it will only necessitate coming up with a new name to account for processes that underlie the use of internal representations to guide behavior. Cognition serves that role just
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