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            “I began a true rocket scientist.

            At the end I conducted research toward making aircraft safer for us all. 

            I am a man of wind and light.”

         

         
      
   
      
         Contents

         
            	Cover

            	Title Page

            	Dedication

            	Contents

            	Preface: Scientia as a Meme

            	The Longevity Factor

            	The Illusion of Explanatory Depth

            	Synaptic Transfer

            	The Genetic Book of the Dead

            	Exaptation

            	The Virial Theorem

            	The Second Law of Thermodynamics

            	Emergence

            	Natural Selection

            	DNA

            	Genetic Rescue

            	Positive Feedbacks in Climate Change

            	The Anthropocene

            	The Noösphere

            	The Gaia Hypothesis

            	Ocean Acidification

            	Intertemporal Choice

            	Future Self-Continuity

            	The Climate System

            	The Universe of Algorithms

            	Babylonian Lottery

            	Class Breaks

            	Recursion

            	Referential Opacity

            	Adaptive Preference

            	Antagonistic Pleiotropy

            	Maladaptation

            	Epigenetics

            	The Transcriptome

            	Polygenic Scores

            	Replicator Power

            	Fallibilism

            	Intellectual Honesty

            	Epsilon

            	Systemic Bias

            	Confirmation Bias

            	Negativity Bias

            	Positive Illusions

            	Russell Conjugation

            	Empathic Concern

            	Naïve Realism

            	Motivated Reasoning

            	Spatial Agency Bias

            	Counting

            	On Average

            	Number Sense

            	Fermi Problems

            	Exponential

            	Impedance Matching

            	Homeostasis

            	Ashby’s Law of Requisite Variety

            	Variety

            	Allostasis

            	The Brainstem

            	The Principle of Least Action

            	“The Big Bang”

            	Multiverse

            	Gravitational Radiation

            	The Non-Returnable Universe

            	The Big Bounce

            	Affordances

            	Enactivism

            	Paleoneurology

            	Complementarity

            	The Schnitt

            	Matter

            	Substrate Independence

            	PT Symmetry

            	Gravitational Lensing

            	The Cosmological Constant, or Vacuum Energy

            	Invariance

            	Unruh Radiation

            	Determinism

            	State

            	Parallel Universes of Quantum Mechanics

            	The Copernican Principle

            	Rheology

            	The Premortem

            	It’s About Time

            	Maxwell’s Demon

            	Included Middle

            	Relative Deprivation

            	Antisocial Preferences

            	Reciprocal Altruism

            	Isolation Mismatch

            	Mysterianism

            	Relative Information

            	Time Window

            	Effective Theory

            	Coarse-Graining

            	Common Sense

            	“Evolve” As Metaphor

            	The Reynolds Number

            	Metamaterials

            	Stigler’s Law of Eponymy

            	Comparative Advantage

            	Premature Optimization

            	Simulated Annealing

            	Attractors

            	Anthropomorphism

            	Cognitive Ethology

            	Mating Opportunity Costs

            	Sex

            	Supernormal Stimuli

            	Costly Signaling

            	Sexual Selection

            	Phylogeny

            	Neoteny

            	The Neural Code

            	Spontaneous Symmetry Breaking

            	Regression to the Mean

            	Scientific Realism

            	Fundamental Attribution Error

            	Habituation

            	General Standardization Theory

            	Scaling

            	The Menger Sponge

            	The Holographic Principle

            	The Navier-Stokes Equations

            	The Scientist

            	Bayes’ Theorem

            	Uncertainty

            	Equipoise

            	Ansatz

            	“On The Average”

            	Blind Analysis

            	Homophily

            	Social Identity

            	Reflective Beliefs

            	Alloparenting

            	Cumulative Culture

            	Life History

            	Haldane’s Rule of the Right Size

            	Phenotypic Plasticity

            	Sleeper Sensitive Periods

            	Zone of Proximal Development

            	Length-Biased Sampling

            	Construal

            	Double Blind

            	The Law of Small Numbers

            	Commitment Devices

            	Illusory Conjunction

            	Bisociation

            	Conceptual Combination

            	Boolean Logic

            	Neurodiversity

            	Case-Based Reasoning

            	Media Richness

            	Peircean Semiotics

            	Historiometrics

            	Population Thinking

            	Bounded Optimality

            	Satisficing

            	De-Anonymization

            	Functional Equations

            	Decentering

            	Transfer Learning

            	The Symbol-Grounding Problem

            	Abstraction

            	Networks

            	Morphogenetic Fields

            	Herd Immunity

            	Somatic Evolution

            	Criticality

            	Information Pathology

            	Iatrotropic Stimulus

            	Mismatch Conditions

            	Actionable Predictions

            	The Texas Sharpshooter

            	Digital Representation

            	Embodied Thinking

            	The Trolley Problem

            	Mental Emulation

            	Prediction Error Minimization

            	Impossible

            	Optimization

            	The Cancer Seed and Soil Hypothesis

            	Simplistic Disease Progression

            	Effect Modification

            	The Power Law

            	Type I and Type II Errors

            	The Ideal Free Distribution

            	Chronobiology

            	Deliberate Ignorance

            	The Need for Closure

            	Polythetic Entitation

            	Quines

            	Verbal Overshadowing

            	Liminality

            	Possibility Space

            	Alternative Possibilities

            	Indexical Information

            	Emotion Contagion

            	Negative Evidence

            	Emptiness

            	Effect Size

            	Surreal Numbers

            	Standard Deviation

            	The Breeder’s Equation

            	Fixpoint

            	Non-Ergodic

            	Confusion

            	Coalitional Instincts

            	The Scientific Method

            	Humility

            	Acknowledgments

            	Index

            	About the Author

            	Also by John Brockman

            	Copyright

            	About the Publisher

         

      
   
      
      
      
         
            Preface: Scientia as a Meme

         
         
            Richard Dawkins’ “meme” became a meme, known far beyond the scientific conversation in which it was coined. It is one of a
               handful of scientific ideas that have entered the general culture, helping to clarify and inspire. Of course, not everyone
               likes the idea of spreading scientific understanding. The Bishop of Birmingham’s wife is reputed to have said, about Darwin’s
               claim that human beings are descended from monkeys: “My dear, let us hope it is not true, but, if it is true, let us hope
               it will not become generally known.”
            

         

         Of all the scientific terms or concepts that ought to be more widely known, in order to inspire and expand science-minded
            thinking in the general culture, perhaps none are more important than “science” itself.
         

         
         Many people, even many scientists, harbor a narrow view of science—as controlled, replicated experiments performed in the
            laboratory and consisting quintessentially of physics, chemistry, and molecular biology. The essence of science, however,
            is best conveyed by its Latin etymology: scientia, meaning “knowledge.”
         

         
         The scientific method is simply that body of practices best suited for obtaining reliable knowledge. The practices vary among
            fields: the controlled laboratory experiment is possible in molecular biology, physics, and chemistry, but it is either impossible,
            immoral, or illegal in many other fields customarily considered scientific, including all of the historical sciences: astronomy,
            epidemiology, evolutionary biology, most of the Earth sciences, and paleontology. If the scientific method can be defined
            as those practices best suited for obtaining knowledge in a particular field, then science itself is simply the body of knowledge
            obtained by those practices.
         

         
         Science (that is, reliable methods for obtaining knowledge) is an essential part of psychology and the social sciences, too—especially
            economics, geography, history, and political science. Along with the broad observation-based and statistical methods of the
            historical sciences, detailed techniques of such conventional sciences as chemistry and genetics are proving essential for
            tackling problems in the social sciences. Science, then, is the reliable acquisition of knowledge about anything, whether
            it be the vagaries of human nature, the role of great figures in history, or the origins of life itself.
         

         
         It is in this spirit of scientia that Edge, on the occasion of its 20th anniversary, is pleased to present the Edge Annual Question for 2017:
         

         
         
            WHAT SCIENTIFIC TERM OR CONCEPT OUGHT TO BE MORE WIDELY KNOWN?

         

         Happy New Year!

         
         John Brockman

         
         Publisher & Editor, Edge

         
         
      
   
      
      
      
         
            The Longevity Factor

            Yuri Milner
Physicist; entrepreneur and venture capitalist; science philanthropist

         
         In 1977, the Voyager probes were launched toward the outer solar system, each carrying a golden record containing hundreds of sounds and images,
            from the cry of a newborn baby to the music of Beethoven. In the emptiness of space, they could last for millions of years.
            By that time, will they be the sole representatives of human culture in the cosmos? Or primitive relics of a civilization
            that has since bloomed to the galactic scale?
         

         
         The Drake equation estimates the number of currently communicative civilizations in the Milky Way by multiplying a series
            of terms, such as the fraction of stars with planets and the fraction of inhabited planets on which intelligence evolves.
            The final term in the equation doesn’t get much attention. Yet it’s crucial, not just for the question of intelligent life
            but also for the question of how to live intelligently. This is L, the longevity factor, and it represents the average life span of a technological civilization.
         

         
         What determines this average? Surely the intelligence of the civilizations. The list of existential threats to humanity includes
            climate change, nuclear war, pandemics, asteroid collisions, and perhaps artificial intelligence. And all of these threats
            can be avoided. Some can be addressed here on Earth; others require activity in space, but with the ultimate aim of protecting
            the planet.
         

         
         In 1974, Princeton physicist Gerard K. O’Neill published a paper, “The Colonization of Space,” which led to the first conference
            on the subject, sponsored by Princeton and Stewart Brand’s Point Foundation, and to O’Neill’s highly influential 1976 book,
            The High Frontier. That has been an inspiration for the current generation of visionaries, who advocate steps such as the transfer of heavy
            industry into orbit, where it can run on solar energy and direct its heat and waste away from Earth, and the colonization
            of Mars.
         

         
         However powerful our local solutions, betting everything on one planet would be imprudent. Stephen Hawking has estimated:
            “Although the chance of a disaster to planet Earth in a given year may be quite low, it adds up over time, and becomes a near
            certainty in the next 1,000 or 10,000 years. By that time we should have spread out into space, . . .” In the long term, Mars
            must be a stepping-stone to more distant destinations, because two adjacent planets could be simultaneously affected by the
            universe’s more violent events, such as a nearby supernova. We need to start thinking at the galactic level. The first target
            might be the Earth-size planet Proxima b, recently discovered orbiting the nearest star to the sun, 4.2 light-years away.
            Sooner rather than later, we’ll have to master propulsion fast enough to make interstellar journeys practical. Perhaps by
            that time we’ll have developed beyond our organic origins. It has been estimated that von Neumann probes—robots that can land
            on a planet, mine local materials, and replicate themselves—could colonize the entire galaxy within 10 million years.
         

         
         But even a galactic civilization might face existential threats. According to our current understanding of the laws of physics,
            in any region of space there’s a chance that a “death bubble” forms and then expands at speeds approaching the speed of light.
            Because the physics inside the bubble would differ from that of ordinary space, as it expanded it would destroy all matter,
            including life. The chances of this happening in a given year may seem extremely low—perhaps less than 1 in 10 billion. But
            as Hawking reminded us, if you wait long enough the improbable is inevitable.
         

         
         Yet the renowned physicist Ashoke Sen has recently suggested that even in the face of death bubbles there might be an escape
            route. The loophole is the accelerating expansion of the universe. In 1998, astronomers discovered that all galaxies not strongly
            bound together by gravity are moving apart ever faster. This accelerating expansion will eventually carry them beyond one
            another’s cosmic horizon—so far that even light from one can never reach another. Thus they can no longer communicate—but,
            on the bright side, they can also never be swallowed by the same death bubble.
         

         
         So by splitting into daughter civilizations and putting as much distance between them as possible, a civilization could “ride”
            the expansion of the universe to relative safety. Of course, another death bubble will eventually pop up within any cosmic
            horizon, so the remaining civilizations need to keep replicating and parting ways. Their chances of survival depend on how
            far they can travel: If they can move at a substantial fraction of the speed of light, they’ll raise their chances of survival
            considerably. But even those that dispersed only far enough not to be bound by another galaxy’s gravity—about 5 million light-years—might
            significantly improve their odds.
         

         
         Such problems may seem remote. But they’ll be real to our descendants, if we can survive long enough to allow those descendants
            to exist. Our responsibility as a civilization is to keep going for as long as the laws of physics allow.
         

         
         The longevity factor is a measure of intelligence—the ability to predict potential problems and solve them in advance. The
            question is, How intelligent are we?
         

         
         
      
   
      
      
      
         
            The Illusion of Explanatory Depth

            Adam Waytz
Psychologist; Associate Professor, Kellogg School of Management, Northwestern University

         
         If you asked 100 people on the street if they understand how a refrigerator works, most would say yes. But ask them to produce
            a detailed, step-by-step explanation of exactly how, and you’d likely hear silence or stammering. This powerful but inaccurate
            feeling of knowing is what Leonid Rozenblit and Frank Keil in 2002 termed the illusion of explanatory depth (IOED), stating, “Most people feel they understand the world with far greater detail, coherence, and depth than they really
            do.”
         

         
         Rozenblit and Keil initially demonstrated the IOED through multi-phase studies. In a first phase, they asked participants
            to rate how well they understood certain artifacts—such as a sewing machine, crossbow, or cell phone. In a second phase, they
            asked participants to write a detailed explanation of how each artifact worked and afterward asked them to re-rate how well they understood each one. Study after study showed that
            ratings of actual knowledge dropped markedly from phase one to phase two, after participants were faced with their inability
            to explain how the artifact in question operated. Of course, the IOED extends well beyond artifacts: to how we think about scientific fields,
            mental illnesses, economic markets, and virtually anything we’re capable of (mis)understanding.
         

         
         At present, the IOED is pervasive, given that we have abundant access to information but consume it in a largely superficial
            way. A 2014 survey found that roughly six in ten Americans read news headlines and nothing more. Major geopolitical issues—civil
            wars in the Middle East, the latest climate-change research—are distilled into tweets, viral videos, memes, “explainer” Web
            sites, soundbites on comedy news shows, and daily e-newsletters that get inadvertently re-routed to the spam folder. We consume
            knowledge widely, but not deeply.
         

         
         Understanding the IOED helps us combat political extremism. In 2013, Philip Fernbach and colleagues demonstrated that the
            IOED underlies people’s policy positions on issues like single-payer healthcare, a national flat tax, and a cap-and-trade
            system for carbon emissions. As in Rozenblit and Keil’s studies, Fernbach and colleagues first asked people to rate how well
            they understood those issues and then to explain how each issue worked and finally to re-rate their understanding. In addition,
            participants rated the extremity of their attitudes on those issues both before and after offering an explanation. Both self-reported
            understanding of an issue and attitude extremity dropped significantly after the attempts to explain the issue; people who
            strongly supported or opposed an issue became more moderate. What’s more, reduced extremity also reduced willingness to donate
            money to a group advocating for the issue. These studies suggest that the IOED is a powerful tool for cooling off heated political
            disagreements.
         

         
         The IOED provides us with much-needed humility. In any domain of knowledge, often the most ignorant are the most overconfident
            in their understanding of that domain. Justin Kruger and David Dunning famously showed that the lowest performers on tests
            of logical reasoning, grammar, and humor are the most likely to overestimate their test scores. Only through gaining expertise
            in a topic do people recognize its complexity and calibrate their confidence accordingly. Having to explain a phenomenon forces
            us to confront this complexity and realize our ignorance. At a time when political polarization, income inequality, and urban-rural
            separation have fractured us regarding social and economic issues, recognizing our modest understanding of those issues is
            a first step to bridging the divides.
         

         
         
      
   
      
      
      
         
            Synaptic Transfer

            David Rowan
Editor, Wired U.K.

         
         For all its fiber-enabled, live-video-streaming, 24/7-connected promise, our information network encapsulates a fundamental
            flaw: It is proving a suboptimal system for keeping the world informed. While it embraces nodes dedicated to propagating a
            rich seam of information, because the Internet’s governing algorithms are optimized to connect us to what they believe we’re
            already looking for, we tend to retreat into familiar and comfortably self-reinforcing silos—idea chambers whose feeds, tweets,
            and updates inevitably echo our preexisting prejudices and limitations. The wider conversation, a precondition for a healthy
            intellectual culture, isn’t getting through. The signals are being blocked. The algorithmic filter is building ever higher
            walls. Facts are being invalidated by something called “post-truth.” And that’s just not healthy for the quality of informed
            public debate that Edge has always celebrated.
         

         
         Thankfully, a solution is suggested by neural networks of a biological kind. Inside our brains, no neuron ever makes direct
            contact with another neuron; these billions of disconnected cells pursue their own individual agendas without directly communicating
            with their neighbors. But the reason we can form memories or sustain cogent debate is that the gaps between these neurons
            are programmed to build connections between them. These gaps, called synapses, connect individual neurons using chemical or
            electrical signals and thus unite isolated brain cells into a robust central and peripheral nervous system. The synapses transfer
            instructions between neurons, link our sense receptors to other parts of our nervous system, and carry messages destined for
            our muscles and glands. Without these gap-bridging entities, our disconnected brain cells would be pretty irrelevant.
         

         
         We need to celebrate the synapse for its vital role in making connections—and, indeed, to extend the metaphor to the wider
            worlds of business, media, and politics. In an ever more atomized culture, it’s the connectors of silos, the bridgers of worlds,
            that accrue the greatest value. So we need to promote the intellectual synapses, the journalistic synapses, the political
            synapses—the rare individuals who pull down walls, who connect divergent ideas, who dare to link two mutually incompatible
            fixed ideas in order to promote understanding.
         

         
         Synaptic transfer in its scientific sense can be excitatory (encouraging the receiving neuron to forward the signal) or inhibitory
            (blocking the receiving neuron from forwarding the signal). Combined, these approaches ensure a coherent and thriving brain-body
            ecosystem. But as we promote the metaphorical sense of synaptic transfer, we can afford to be looser in our definition. Today
            we need synapse builders who break down filter bubbles and constrained worldviews by making connections wherever possible.
            These are the people who further gainful signaling by making unsolicited introductions between those who might mutually benefit;
            who convene dinner salons and conferences where the divergent may unexpectedly converge; who, in the Bay Area habit, “pay
            it forward” by performing favors that transform a business ecosystem from one of hostile competitiveness to one based on hope,
            optimism, and mutual respect and understanding.
         

         
         So let’s recast the synapse, a term coined a century ago from the Greek for “join together,” and promote the term to celebrate
            the gap-bridgers. Be the neurotransmitter in your world. Diffuse ideas and human connections. And help move us all beyond
            constrained thinking.
         

         
         
      
   
      
      
      
         
            The Genetic Book of the Dead

            Richard Dawkins
Evolutionary biologist; Emeritus Professor of the Public Understanding of Science, University of Oxford; author, The God Delusion; co-author (with Yan Wong), The Ancestor’s Tale: A Pilgrimage to the Dawn of Evolution

         
         Natural selection equips every living creature with the genes that enabled its ancestors—an unbroken line of them—to survive
            in their environments. To the extent that present environments resemble those of the ancestors, to that extent is a modern
            animal well equipped to survive and pass on the same genes. The “adaptations” of an animal, its anatomical details, instincts,
            and internal biochemistry, are a series of keys that exquisitely fit the locks that constituted its ancestral environments.
         

         
         Given a key, you can reconstruct the lock it fits. Given an animal, you should be able to reconstruct the environments in
            which its ancestors survived. A knowledgeable zoologist, handed a previously unknown animal, can reconstruct some of the locks
            that its keys are equipped to open. Many of these are obvious. Webbed feet indicate an aquatic way of life. Camouflaged animals
            literally carry on their backs a picture of the environments in which their ancestors evaded predation.
         

         
         But most of the keys an animal brandishes are not obvious on the surface. Many are buried in cellular chemistry. All of them
            are, in a sense which is harder to decipher, also buried in the genome. If only we could read the genome in the appropriate
            way, it would be a kind of negative imprint of ancient worlds, a description of the ancestral environments of the species:
            The Genetic Book of the Dead.

         
         Naturally the book’s contents will be weighted in favor of recent ancestral environments. The book of a camel’s genome describes
            recent millennia in deserts. But in there, too, must be descriptions of Devonian seas from before the mammals’ remote ancestors
            crawled out onto land. The genetic book of a giant tortoise most vividly portrays the Galapagos island habitat of its recent
            ancestors and before that the South American mainland where its smaller ancestors thrived. But we know that all modern land
            tortoises descend earlier from marine turtles, so our Galapagos tortoise’s genetic book will describe somewhat older marine
            scenes. And those marine ancestral turtles were themselves descended from much older, Triassic land tortoises. And, like all
            tetrapods, those Triassic tortoises themselves were descended from fish. So the genetic book of our Galapagos giant is a bewildering
            palimpsest of water, overlain by land, overlain by water, overlain by land.
         

         
         How shall we read The Genetic Book of the Dead? I don’t know, and that’s one reason for coining the phrase: to stimulate others to come up with a methodology. I have a
            dim inkling of a plan. For simplicity of illustration, I’ll stick to mammals. Gather together a list of mammals who live in
            water and make them as taxonomically diverse as possible: whales, dugongs, seals, water shrews, otters, yapoks. Now make a
            similar list of mammals that live in deserts: camels, desert foxes, jerboas, etc. Another list of taxonomically diverse mammals
            who live up trees: monkeys, squirrels, koalas, sugar gliders. Another list of mammals that live underground: moles, marsupial
            moles, golden moles, mole rats. Now borrow from the statistical techniques of the numerical taxonomists but use them in a
            kind of upside-down way. Take specimens of all those lists of mammals and measure as many features as possible—morphological,
            biochemical, and genetic. Now feed all the measurements into the computer and ask it (here’s where I get really vague and
            ask mathematicians for help) to find features that all the aquatic animals have in common, features that all the desert animals
            have in common, and so on. Some of these will be obvious, like webbed feet. Others will be non-obvious, and that’s why the
            exercise is worth doing. The most interesting of the non-obvious features will be in the genes. And they will enable us to
            read The Genetic Book of the Dead.
         

         
         In addition to telling us about ancestral environments, The Genetic Book of the Dead can reveal other aspects of history. Demography, for instance. Coalescence analysis performed on my personal genome by my
            co-author (and ex-student) Yan Wong has revealed that the population from which I spring suffered a major bottleneck, probably
            corresponding to an out-of-Africa migration event, some 60,000 years ago. Yan’s analysis may be the only occasion when one
            co-author of a book has made detailed historical inferences by reading the Genetic Book of the other co-author.
         

         
         
      
   
      
      
      
         
            Exaptation

            W. Tecumseh Fitch
Professor of Cognitive Biology, University of Vienna; author, The Evolution of Language

         
         Some memes are fortunate at birth: They represent clear new concepts, are blessed with a memorable name, and have prominent
            intellectual “parents” who ably shepherd them through the crucial initial process of dissemination, clarification, and acceptance.
            “Meme” itself is one of those lucky memes. Many other memes, however, are less fortunate in one or more of these respects,
            and through no fault of their own languish, for decades or even centuries, in the shadows of their highborn competitors.
         

         
         The core evolutionary concept of “change of function” is one of those unfortunate memes. It was one of Darwin’s key intellectual
            offspring in The Origin—“the highly important fact that an organ originally constructed for one purpose . . . may be converted into one for a wholly
            different purpose.” It played a central role in Darwin’s thinking about the evolution of novelty, particularly when a new
            function required an already complex organ (e.g., lungs for breathing or wings for flying).
         

         
         But unlike its more successful sibling memes “natural selection” and “adaptation,” Darwin never bothered to name this idea
            himself. It was left to later writers to coin the term “pre-adaptation,” with its unfortunate implicit connotations of evolutionary
            foresight and planning. And as “pre-adaptation” the meme languished until 1982, when it was adopted, spruced up, and rebaptized
            as “exaptation” by Stephen Jay Gould and Elisabeth Vrba. The new word’s etymology explicitly disowns any teleological implications
            and focuses attention on the conceptually key evolutionary moment: the change in function.
         

         
         To illustrate exaptation, consider the many useful organs that are embryologically derived from the branchial arches, which
            originated as stiffeners for the water-pumping and filtering pharynx of our invertebrate ancestors and then developed into
            the gill bars of early fish (and still serve that function alone, in a few surviving jawless fish, like lampreys). Each arch
            is complex, containing cartilage, muscles, nerves, and blood vessels, and there are typically six pairs of them running serially
            down the neck.
         

         
         In the first exaptation, the frontmost gill bars were converted into biting jaws in the first jawed fish, ancestral to all
            living terrestrial vertebrates, while the pairs of arches behind them kept supporting gills. But when these fishy forebears
            emerged fully onto land and water-breathing gills became superfluous, there was suddenly a lot of prime physiological real
            estate up for grabs. And like cheap loft space, subsequent evolution has come up with diverse new functions for these tissues.
         

         
         Numerous novelties stem today from the branchial arches. In humans, our external ears and middle ear bones (themselves derived
            exaptively from early tetrapod jaw bones) are branchial-arch derivatives, as is our tongue-supporting hyoid skeleton and our
            sound-producing larynx. Thus, virtually all the hardware used for speech and singing was derived, in multiple exaptive steps
            and via multiple different physiological functions, from the gill bars of ancestral fish. Such innovative changes in function,
            shaped and sculpted to their new use by subsequent natural selection, play a central role in the evolution of many novel traits.
         

         
         As this example illustrates, and Darwin emphasized, change of function is everywhere in biology and thus deserves to be a
            core part of our conceptual toolkit for evolutionary thinking. But unfortunately our poor but deserving meme’s bad luck was
            not to end in 1982, because Gould and Vrba were somewhat overzealous in their championship of the concept, implying that any trait that had undergone a change in function deserved the name “exaptation.” Given how widespread change of function is,
            this move would rename many or even most adaptations as exaptations in one imperious terminological stroke. By pitting exaptation
            against adaptation, our poor meme was disadvantaged again, since no one was likely to give up on the latter term.
         

         
         For exaptation to be a useful term, it should be interpreted (much as Darwin originally suggested) as one important phase
            in evolution: the initial stage in which old organs are put to new use, for which they will typically be only barely functional.
            Subsequent “normal” natural selection of small variants will then gradually shape and perfect exaptations to their new function,
            at which point they become ordinary adaptations again. We can thus envision an exaptive cycle as being at the heart of many
            new evolutionary traits: first, adaptation for some function, then exaptation for a new function, and finally further adaptive
            tuning to this new function. A trait’s tenure as an exaptation should thus typically be brief, in evolutionary terms: A few
            thousand generations should suffice for new mutations to appear and shape it to its new function.
         

         
         I believe exaptation to be a concept of central importance not only for bodily organs but also for the evolution of mind and
            brain (e.g., for the evolution of language). Much of what we use our brains for in modern times represents a change in function
            (e.g., piloting airplanes from basic visually-guided motor control, or mathematical thinking from basic precursor concepts
            of number and geometry). These new cognitive abilities (and many others, like reading) are clearly exaptations, with no further
            shaping by natural selection (yet). But debate rages about whether somewhat older but still recent human capacities like linguistic
            syntax have yet been tailored by natural selection to better fulfill their current role. (Proposed cognitive precursors for
            linguistic syntax include hierarchical social cognition as seen in primates or hierarchical motor control as seen in many
            vertebrates.)
         

         
         But before these issues can be productively debated, the long-suffering meme of exaptation must be clearly defined, fully
            understood, and more widely appreciated. Contemporary theorists’ interpretations should fuse the best components of its chequered
            past: Darwin’s concept and Gould and Vrba’s term. Only then can exaptation take its rightful place at the high table of evolutionary
            thought.
         

         
         
      
   
      
      
      
         
            The Virial Theorem

            Seth Lloyd
Quantum mechanic; Professor of Mechanical Engineering, MIT; Miller Fellow, Santa Fe Institute; author, Programming the Universe

         
         The word “meme” denotes a rapidly spreading idea, behavior, or concept. Richard Dawkins originally coined the term to explain
            the action of natural selection on cultural information. For example, good parenting practices lead to children who survive
            to pass on those good parenting practices to their own children. Ask someone under twenty-five what a meme is, however, and
            chances are you’ll get a different definition: Typing “meme” into Google Images yields page after page of photos of celebrities,
            babies, and kittens, overlaid with somewhat humorous text. Memes spread only as rapidly as they can reproduce. Parenting is
            a long-term and arduous task that takes decades to reproduce itself. A kitten photo reproduces in the few seconds it takes
            to resend. Consequently, the vast majority of memes are now digital, and the digital meaning of “meme” has crowded out its
            social and evolutionary meaning.
         

         
         Even in their digital context, memes are still usually taken to be a social phenomenon, selected and re-posted by human beings.
            Human beings are increasingly out of the loop in the production of viral information, however. Net bots who propagate fake
            news need not read it. Internet viruses that infect unprotected computers reproduce on their own, without human intervention.
            An accelerating wave of sell orders issued by high-frequency stock-trading programs can crash the market in seconds. Any interaction
            between systems that store and process information will cause that information to spread, and some bits spread faster than
            other bits. By definition, viral information propagates at an accelerating rate, driving stable systems unstable.
         

         
         Accelerating flows of information aren’t confined to humans, computers, and viruses. In the 19th century, physicists such
            as Ludwig Boltzmann, James Clerk Maxwell, and Josiah Willard Gibbs recognized that the physical quantity called entropy is
            in fact just a form of information—the number of bits required to describe the microscopic motion of atoms and molecules.
            At bottom, all physical systems register and process information. The second law of thermodynamics states that entropy tends
            to increase: This increase of entropy is nothing more nor less than the natural tendency of bits of information to reproduce
            and spread. The spread of information is not just a human affair, it’s as old as the universe.
         

         
         In systems governed by the laws of gravitation, such as the universe, information tends to spread at an accelerating rate.
            This accelerating spread of information stems from a centuries-old observation in classical mechanics called the virial theorem. The virial theorem (from the Latin vis, or “strength,” as opposed to the Latin virus, or “slimy poison”) implies that when gravitating systems lose energy and information, they heat up. A massive cloud of cool
            dust in the early universe loses energy and entropy and clumps together to form a hot star. As the star loses energy and entropy,
            radiating light and heat into the cold surrounding space, the star grows hotter, not colder. In our own star, the sun, orderly
            flows of energy and information between the sun’s core (where nuclear reactions take place) and its outer layers result in
            stable and relatively constant radiation for billions of years. A supermassive star, by contrast, radiates energy and information
            faster and faster, becoming hotter and hotter in the process. Over the course of a few hundred thousand years, the star burns
            through its nuclear fuel, its core collapses to form a black hole (an event called the gravothermal catastrophe), and the
            outer layers of the star explode as a supernova, catapulting light, energy, and information across the universe.
         

         
         Accelerating flows of information are a fundamental part of the universe; we can’t escape them. For human beings, the gravitational
            instability implied by the virial theorem is a blessing: We wouldn’t exist if the stars hadn’t begun to shine. The viral nature
            of digital information is less blessed. Information that reproduces itself twice in a second wins out over information that
            reproduces only once in a second. In the digital memes ranked as most popular by Google Images, this competition leads to
            a race to the bottom. Subtlety, intricacy, and nuance take longer to appreciate and so add crucial seconds to the digital-meme-reproduction
            process, leading to a dominance of dumb and dumber. Any constraint that puts information at a disadvantage in reproducing
            causes that information to lose out in the meme race. Truth is such a constraint: Fake news can propagate more rapidly than
            real news exactly because it is unconstrained by reality—and so can be constructed with reproduction as its only goal. The
            faulty genetic information contained in cancerous cells can propagate faster than correct genetic information, because cancer
            cells need not respond to the regulatory signals the body sends them.
         

         
         Human society, living organisms, and the planets, stars, and galaxies making up the universe all function by the orderly exchange
            of information. Social cues, metabolic signals, and bits of information carried by the force of gravity give rise to societies,
            to organisms, and to the structure of the universe. Chaos, by contrast, is defined by the explosive growth and spread of random
            information. Memes used to be cultural practices that propagated because they benefited humanity. Accelerating flows of digital
            information have reduced memes to kitten photos on the Internet. When memes propagate so rapidly that they lose their meaning,
            watch out!
         

         
         
      
   
      
      
      
         
            The Second Law of Thermodynamics

            Steven Pinker
Johnstone Family Professor, Department of Psychology, Harvard University; author, The Sense of Style

         
         The second law of thermodynamics states that in an isolated system (one that is not taking in energy), entropy never decreases.
            (The first law is that energy is conserved; the third, that a temperature of absolute zero is unreachable.) Closed systems
            inexorably become less structured, less organized, less able to accomplish interesting and useful outcomes, until they slide
            into an equilibrium of gray, tepid, homogeneous monotony and stay there.
         

         
         In its original formulation, the second law referred to the process in which usable energy, in the form of a difference in
            temperature between two bodies, is dissipated, as heat flows from the warmer to the cooler body. Once it was appreciated that
            heat is not an invisible fluid but the motion of molecules, a more general, statistical version of the second law took shape.
            Now order could be characterized in terms of the set of all microscopically distinct states of a system: Of all these states,
            the ones we find useful make up a tiny sliver of the possibilities, while the disorderly or useless states make up the vast
            majority. It follows that any perturbation of the system, whether a random jiggling of its parts or a whack from the outside,
            will, by the laws of probability, nudge the system toward disorder or uselessness. If you walk away from a sand castle, it
            won’t be there tomorrow, because as the wind, waves, seagulls, and small children push the grains of sand around, they’re
            more likely to arrange them into one of the vast number of configurations that don’t look like a castle than into the tiny
            few that do.
         

         
         The second law of thermodynamics is acknowledged in everyday life, in sayings such as “Ashes to ashes,” “Things fall apart,”
            “Rust never sleeps,” “Shit happens,” “You can’t unscramble an egg,” “What can go wrong will go wrong,” and (from the Texas
            lawmaker Sam Rayburn), “Any jackass can kick down a barn, but it takes a carpenter to build one.”
         

         
         Scientists appreciate that the second law is far more than an explanation for everyday nuisances; it is a foundation of our
            understanding of the universe and our place in it. In 1915 the physicist Arthur Eddington wrote:
         

         
         
            The law that entropy always increases holds, I think, the supreme position among the laws of Nature. If someone points out
               to you that your pet theory of the universe is in disagreement with Maxwell’s equations—then so much the worse for Maxwell’s
               equations. If it is found to be contradicted by observation—well, these experimentalists do bungle things sometimes. But if
               your theory is found to be against the second law of thermodynamics I can give you no hope; there is nothing for it but to
               collapse in deepest humiliation.
            

         

         In his famous 1959 lecture “The Two Cultures and the Scientific Revolution,” the scientist and novelist C. P. Snow commented
            on the disdain for science among educated Britons in his day:
         

         
         
            A good many times I have been present at gatherings of people who, by the standards of the traditional culture, are thought
               highly educated and who have with considerable gusto been expressing their incredulity at the illiteracy of scientists. Once
               or twice I have been provoked and have asked the company how many of them could describe the Second Law of Thermodynamics.
               The response was cold: it was also negative. Yet I was asking something which is the scientific equivalent of: Have you read
               a work of Shakespeare’s?
            

         

         And the evolutionary psychologists John Tooby, Leda Cosmides, and Clark Barrett entitled a recent paper on the foundations
            of the science of mind “The Second Law of Thermodynamics is the First Law of Psychology.”
         

         
         Why the awe for the second law? The second law defines the ultimate purpose of life, mind, and human striving: to deploy energy
            and information to fight back the tide of entropy and carve out refuges of beneficial order. An underappreciation of the inherent
            tendency toward disorder, and a failure to appreciate the precious niches of order we carve out, are a major source of human
            folly.
         

         
         To start with, the second law implies that misfortune may be no one’s fault. The biggest breakthrough of the Scientific Revolution was to nullify the intuition that the universe is saturated with purpose—that
            everything happens for a reason. In this primitive understanding, when bad things happen—accidents, disease, famine—someone
            or something must have wanted them to happen. This in turn impels people to find a defendant, demon, scapegoat, or witch to punish. Galileo and Newton replaced
            this cosmic morality play with a clockwork universe in which events are caused by conditions in the present, not goals for
            the future. The second law deepens that discovery: Not only does the universe not care about our desires but in the natural
            course of events it will appear to thwart them, because there are so many more ways for things to go wrong than to go right.
            Houses burn down, ships sink, battles are lost for the want of a horseshoe nail.
         

         
         Poverty, too, needs no explanation. In a world governed by entropy and evolution, it is the default state of humankind. Matter
            does not just arrange itself into shelter or clothing, and living things do everything they can not to become our food. What
            needs to be explained is wealth. Yet most discussions of poverty consist of arguments about whom to blame for it.
         

         
         More generally, an underappreciation of the second law lures people into seeing every unsolved social problem as a sign that
            their country is being driven off a cliff. It’s in the very nature of the universe that life has problems. But it’s better
            to figure out how to solve them—to apply information and energy to expand our refuge of beneficial order—than to start a conflagration
            and hope for the best.
         

         
         
      
   
      
      
      
         
            Emergence

            Antony Garrett Lisi
Theoretical physicist

         
         Thought, passion, love . . . this internal world we experience, including all the meaning and purpose in our lives, arises
            naturally from the interactions of elementary particles. This sounds absurd, but it’s so. Scientists have attained a full
            understanding of all fundamental interactions that can happen at scales ranging from subatomic particles to the size of our
            solar system. There is magic in our world, but it’s not from external forces that act on us or through us. Our fates are not guided by mystical
            energies or the motions of the planets against the stars. We know better now. We know that the magic of life comes from emergence.
         

         
         It’s the unimaginably large numbers of interactions that make this magic possible. To describe romantic love as the timely
            mutual squirt of oxytocin trivializes the concerted dance of more molecules than there are stars in the observable universe.
            The numbers are beyond astronomical. There are approximately 100 trillion atoms in each human cell, and about 100 trillion
            cells in each human. And the number of possible interactions rises exponentially with the number of atoms. It’s the emergent
            qualities of this vast cosmos of interacting entities that make us us. In principle, it would be possible to use a sufficiently
            powerful computer to simulate the interactions of this myriad of atoms and reproduce all our perceptions, experiences, and
            emotions. But to simulate something doesn’t mean you understand the thing—it only means you understand a thing’s parts and
            their interactions well enough to simulate it. This is the triumph and tragedy of our most ancient and powerful method of
            science: analysis, understanding a thing as the sum of its parts and their actions. We have learned and benefited from this
            method, but we have also learned its limits. When the number of parts becomes huge, such as the number of atoms making up
            a human, analysis is practically useless for understanding the system—even though the system does emerge from its parts and
            their interactions. We can more effectively understand an entity using principles deduced from experiments at or near its
            own level of distance scale—its own stratum.
         

         
         The emergent strata of the world are roughly recapitulated by the hierarchy of our major scientific subjects. Atomic physics
            emerges from particle physics and quantum field theory; chemistry emerges from atomic physics; biochemistry from chemistry;
            biology from biochemistry; neuroscience from biology; cognitive science from neuroscience; psychology from cognitive science;
            sociology from psychology; economics from sociology; and so on. This hierarchical sequence of strata, from low to high, is
            not exact or linear—other fields, such as computer science and environmental science, branch in and out, depending on their
            relevance, and mathematics and the constraints of physics apply throughout. But the general pattern of emergence in a sequence
            is clear: At each higher level, new behavior and properties appear that aren’t obvious from the interactions of the constituent
            entities in the level below but do arise from them. The chemical properties of collections of molecules, such as acidity,
            can be described and modeled, inefficiently, using particle physics (two levels below), but it’s much more practical to describe
            chemistry, including acidity, using principles derived within its own contextual level and perhaps one level down, with principles
            of atomic physics. One would almost never think about acidity in terms of particle physics, because it’s too far removed.
         

         
         And emergence is not just the converse of reduction. With each climb up the ladder of emergence to a higher level in the hierarchy,
            it is the cumulative side effects of interactions of large numbers of constituents that result in qualitatively new properties
            that are best understood within the context of the new level.
         

         
         Every step up the ladder to a new stratum is usually associated with an increase in complexity. And the complexities compound.
            Thermodynamically, this compounding of complexity—and activity at a higher level—requires a readily available source of energy
            to drive it and a place to dump the resulting heat. If the energy source disappears, or if the heat cannot be expelled, complexity
            necessarily decays into entropy. Within a viable environment, at every high level of emergence, complexity and behavior is
            shaped by evolution through natural selection. For example, human goals, meaning, and purposes exist as emergent aspects in
            psychology favored by natural selection.
         

         
         The ladder of emergence precludes the need for any supernatural influence in our world. Natural emergence is all it takes
            to create all the magic of life from building blocks of simple inanimate matter. Once we think we understand things at a high
            level in the emergence hierarchy, we often ignore the ladder we used to get there from much lower levels. But we should never
            forget that the ladder is there—that we and everything in our inner and outer world are emergent structures arising in many
            strata from a comprehensible physical foundation. And we also should not forget an important question this raises: Is there
            an ultimate fundamental level of this hierarchy, and are we close to knowing it, or is it emergence all the way down?
         

         
         
      
   
      
      
      
         
            Natural Selection

            Jonathan B. Losos
Lehner Professor for the Study of Latin America, Professor of Organismic and Evolutionary Biology, Harvard University; Curator
                  in Herpetology, Museum of Comparative Zoology; author, Improbable Destinies

         
         It’s easy to think of natural selection as omnipotent. As Darwin said, “[N]atural selection is daily and hourly scrutinizing . . .
            every variation, even the slightest; rejecting that which is bad, preserving and adding up all that is good.” And the end
            result? Through time, a population becomes better and better adapted. Given enough time, wouldn’t we expect natural selection
            to construct the ideal organism, optimally designed to meet the demands of its environment?
         

         
         If natural selection worked like an engineer—starting with a blank slate and an unlimited range of materials, designing a
            blueprint in advance to produce the best possible structure—then the result might indeed be perfection. But that’s not a good
            analogy for how natural selection works. As Nobel laureate François Jacob suggested in 1977, the better metaphor is a tinkerer
            who “gives his materials unexpected functions to produce a new object. From an old bicycle wheel, he makes a roulette; from
            a broken chair the cabinet of a radio.” In just this way, “[e]volution does not produce novelties from scratch. It works on
            what already exists, either transforming a system to give it new functions or combining several systems to produce a more
            elaborate one.”
         

         
         What a tinkerer can produce is a function of the materials at hand, and the consequence is that two species facing the same
            environmental challenge may adapt in different ways. Consider the penguin and the dolphin. Both are speedy marine organisms
            descended from ancestors that lived on land. Although they have similar lifestyles, chasing down swift prey, they do so in
            different ways. Most fast-swimming marine predators propel themselves by powerful strokes of their tail, and the dolphin is
            no exception. But not the penguin—it literally flies through the water, its aquatic celerity propelled by its wings.
         

         
         Why haven’t penguins evolved a powerful tail for swimming like so many other denizens of the sea? The answer is simple. Birds
            don’t have tails (they do have tail feathers but no underlying bones). Natural selection, the tinkerer, had nothing to work
            with, no tail to modify for force production. What the penguin’s ancestor did have, however, were wings, already well suited
            for moving through air. It didn’t take much tinkering to adapt them for locomotion in a different medium.
         

         
         Sometimes the tinkerer’s options are limited and the outcome far from perfect. Take, for example, the panda’s “thumb,” made
            famous by Stephen Jay Gould. As opposable digits go, the modified wrist bone is subpar, limited in flexibility and grasping
            capabilities. But it gets the job done, helping the panda grasp the bamboo stalks on which it feeds.
         

         
         Or consider another example. The long and flexible neck of the swan is constructed of twenty-five vertebrae. Elasmosaurus, a giant marine reptile from the age of dinosaurs, with a contortionist’s neck as long as its body, took this approach to
            the extreme, with seventy-two vertebrae. Pity, then, the poor giraffe, with only seven long blocky vertebrae in its seven-foot
            bridge. Wouldn’t more bones have made the giraffe more graceful, better able to maneuver through branches to reach its leafy
            fare? Probably so, but the tinkerer didn’t have the materials. For some reason, mammals are almost all constrained to have
            seven cervical vertebrae, no more, no less. Why this is, nobody knows for sure—some have suggested a link between neck-vertebra
            number and childhood cancer. Whatever the reason, natural selection didn’t have the necessary materials; it couldn’t increase
            the number of vertebrae in the giraffe’s neck. So it did the next best thing, increasing the length of the individual vertebra
            to nearly a foot.
         

         
         There are several messages to be taken from the realization that natural selection functions more like a tinkerer than an
            engineer. We shouldn’t expect optimality from natural selection; it just gets the job done, taking the easiest, most accessible
            route. And as a corollary: We humans are not perfection personified, just natural selection’s way of turning a quadrupedal
            ape into a big-brained biped. Had we not come along, some other species, from some other ancestral stock, might eventually
            have evolved hyperintelligence. But having come from different starting blocks, that species probably wouldn’t have looked
            much like us.
         

         
         
      
   
      
      
      
         
            DNA

            George Church
Professor of Genetics, Harvard Medical School; Director, Personal Genome Project; co-author (with Ed Regis), Regenesis: How Synthetic Biology Will Reinvent Nature and Ourselves

         
         You might feel that “DNA” is already one of the most widely known scientific terms—with 392 million Google hits and Ngram
            score rising swiftly since 1946 to surpass terms like “bread,” “pen,” “bomb,” “surgery,” and “oxygen.” “DNA” even beats more
            general terms, like “genetics” or “inheritance.” This super-geeky acronym for deoxyribonucleic acid (by the way, not an acid
            in nature but a salt) has inspired vast numbers of clichés, like “corporate DNA,” and cultural tropes, like crime-scene DNA.
            It’s vital for all life on Earth, responsible for the presence of oxygen in our atmosphere, present in every tissue of every
            one of our bodies. Nevertheless, knowing even a tiny bit (which could save your life) about your DNA in your own body has
            probably lagged behind your literacy in sports, fictional characters, and the doings of celebrities.
         

         
         The news is that you can now read all of your genes in detail for $499 and nearly your complete DNA genome for $999. The nines
            even make it sound like consumer pricing. (“Marked down to the low, low price of $2,999,999,999. Hurry! Supplies are limited!”)
            But what do you get? If you’re fertile, and even if you haven’t yet started making babies or are already done, there’s a chance
            you’ll produce live human #7,473,123,456. You and your mate could be healthy carriers of a serious disease causing early childhood
            pain and death, like Tay-Sachs, Walker-Warburg, Niemann-Pick A, or Nemaline myopathy. It doesn’t matter if you have no example
            in your family history, you’re still at risk. The cost of care can be $20 million for some genetic diseases, but the psychological
            impact on the sick child and the family goes far beyond economics. In addition, diagnosis of genetic diseases with adult onset
            can suggest drugs or surgeries that add many quality-adjusted life years (QALYs).
         

         
         Would you take analogous chances with your current family (for example, refusing air bags)? If not, why avoid knowing your
            DNA? As with other (non-genetic) diagnoses, you don’t need to learn anything that isn’t currently highly predictive and actionable—or
            involves action you’d be unwilling to take. You might get your DNA–reading cost reimbursed via your health insurance or healthcare
            provider, but at $499 is this really an issue? Do we wait for a path to reimbursement before we buy a smartphone, a fancy
            meal, a new car (with air bags), or remodel the kitchen? Isn’t a healthy child or ten QALYs for an adult worth it? And before
            or after you serve yourself, you might give a present to your friends, family, or employees. Once we read human-genome DNA
            #7,473,123,456, then we’ll have a widely known scientific concept worth celebrating.
         

         
         
      
   
      
      
      
         
            Genetic Rescue

            Stewart Brand
Founder, The Whole Earth Catalog; Cofounder, The Well; Cofounder, The Long Now Foundation; author, Whole Earth Discipline

         
         Wildlife populations are most threatened when their numbers become reduced to the point where their genetic diversity is lost.
            Their narrowing gene pool can accelerate into what’s called an “extinction vortex.” With ever fewer gene variants (alleles),
            the ability to adapt and evolve declines. As inbreeding increases, deleterious genes accumulate and fitness plummets. The
            creatures typically have fewer offspring, and many of them are physically or behaviorally impaired, susceptible to disease,
            increasingly unable to thrive. Most people assume they are doomed, but that no longer has to be what happens.
         

         
         Genetic rescue restores genetic diversity. Conservation biologists are warming to its use with growing proof of its effectiveness.
            One study of 156 cases of genetic rescue showed that 93 percent had remarkable success. The most famous case was a dramatic
            turnaround for the nearly extinct Florida panther. By the mid 1990s, only twenty-six were left, and they were in bad shape.
            In desperation, conservationists brought in eight female Texas cougars, which are closely related to the Florida cats. Five
            of the females reproduced. The result of the outcrossing was a rapid increase in litter success—424 panther kittens born in
            the next twelve years. The previous population decline of 5 percent a year reversed to population growth of 4 percent a year.
            Signs of inbreeding went away, and signs of increasing fitness grew. Scientists noticed, among other things, that the genetically
            enriched panthers were becoming harder to capture.
         

         
         Often genetic diversity can be restored by means as straightforward as connecting isolated populations with wildlife corridors
            or larger protected areas, but new technological capabilities are broadening the options for genetic rescue. Advanced reproductive
            technology offers an alternative to transporting whole, genetically distinct parents; artificial insemination has brought
            genetic refreshment to cheetahs, pandas, elephants, whooping cranes, and black-footed ferrets. With the cost of genome sequencing
            and analysis coming down, we can now examine each stage of genetic rescue at the gene level instead of having to wait for
            external traits to show improvement. This has already been done with Rocky Mountain bighorn sheep.
         

         
         Another strategy being considered is “facilitated adaptation.” Different populations of a species face different local challenges.
            When a particular population can’t adapt fast enough to keep up with climate change, for example, it may be desirable to import
            the alleles from a population that has already adapted. With gene editing becoming so efficient (CRISPR, etc.), the desired
            genes could be introduced to the gene pool directly. If necessary, the needed genes could even come from a different species
            entirely. That’s exactly what’s been done to save the American chestnut from the fungus blight that killed 4 billion trees
            early in the 20th century and reduced the species to functional extinction. Two fungus-resistant genes were added from wheat,
            and the trees were made blight-proof. They are now gradually returning to their keystone role in America’s great Eastern forest.
         

         
         One further reservoir of genetic variability has yet to be tapped. In museums throughout the world, there are vast collections
            of specimens of species that have been reduced to genetically impoverished remnant populations in the wild or in captive breeding
            programs. Those museum specimens are replete with extinct alleles in their preserved (though fragmented) DNA. Ancient-DNA
            sequencing and analysis is becoming so precise that the needed alleles can be identified, reproduced, and reintroduced to
            the gene pool of the current population, restoring its original genetic diversity. The long-dead can help rescue the needful
            living.
         

         
         
      
   
      
      
      
         
            Positive Feedbacks in Climate Change

            Bruce Parker
Visiting Professor, Center for Maritime Systems, Stevens Institute of Technology; author, The Power of the Sea

         
         There is very little appreciation among the general public (and even among many scientists) of the great complexity of the
            mechanisms involved in climate change. Climate change significantly involves physics, chemistry, biology, geology, and astronomical
            forcing. The present political debate centers on the effect of the increase in carbon dioxide in the Earth’s atmosphere since
            humankind began clearing the forests of the world and (especially) began burning huge quantities of fossil fuels. But this
            debate often ignores the complex climate system this increase in CO2 is expected to change—or not change, depending on one’s political viewpoint.
         

         
         The Earth’s climate has been changing over the 4.5 billion years of its existence. For at least the past 2.4 million years,
            the planet has been going through regular cycles of significant cooling and warming in the Northern Hemisphere; we refer to
            them as ice-age cycles. In each cycle, there’s a long glacial period of slowly growing continental ice sheets covering large
            parts of the Northern Hemisphere—sheets that are miles thick—accompanied by a sea-level drop of 300+ feet. This is eventually
            followed by a rapid melting of the ice sheets and an accompanying rise in sea level, beginning a relatively short interglacial
            period, which we’re in right now. For some 1.6 million years, the glacial/interglacial cycle averaged about 41,000 years.
            Evidence of this is seen in the many excellent paleoclimate data sets collected around the world from ice cores, sediment
            cores from the ocean bottom, and speleothems in caves (stalactites and stalagmites). These data records have recently become
            longer and with higher resolution—in some cases, down to decadal resolution. Changes in temperature, volume of the ice sheets,
            sea level, and other parameters over millions of years can be determined from the changing ratios of various isotope pairs
            (e.g., 18O/16O, 13C/14C, etc.), based on an understanding of how those element isotopes figure differently in various physical,
            chemical, biological, and geological processes. Changes in atmospheric CO2 and methane can be measured in ice cores from the Greenland and Antarctic ice sheets.
         

         
         In these data, the average glacial/interglacial cycle matches the oscillation of the Earth’s obliquity (the angle between
            the Earth’s rotational axis and its orbital axis). The Earth’s obliquity oscillates between 22.1° and 24.5° on a 41,000-year
            cycle, causing a very small change in the spatial distribution of insolation (sunlight hitting and warming the Earth). However,
            beginning about 0.8 million years ago, the glacial/interglacial cycle changed to approximately 82,000 years, and more recently
            it changed to approximately 123,000 years. This recent change, to longer glacial/interglacial cycles, is referred to by many
            scientists as the “100,000-year problem,” because they don’t understand why this change occurred.
         

         
         But that’s not the only thing scientists don’t understand. They still don’t know why these periods begin and end. The most
            significant changes in climate over the Earth’s recent history are still a mystery. For a while, scientists were also not
            sure how such a small variation in insolation could lead to the buildup of major ice sheets on the continents of the Northern
            Hemisphere. Or how it could lead to their melting. They eventually understood that there were positive feedback mechanisms within the Earth’s climate system that slowly cause these dramatic changes. Perhaps a better understanding of these positive
            feedback mechanisms will give the public an appreciation of climate change’s complexity.
         

         
         The most agreed upon and easiest to understand positive feedback mechanism involves the reflection of sunlight (albedo) from
            large ice sheets that build up in a glacial period. Ice and snow reflect more light back into space (causing less warming)
            than do soil or vegetation or water. Once ice sheets begin to form at the beginning of a glacial period, more sunlight is
            reflected away, so there’s less warming of the Earth; the Earth thus grows colder and the ice sheets expand, covering more
            soil, vegetation, and water and thus further increasing reflection into space, leading to further cooling and larger ice sheets,
            etc. There’s also a positive feedback during interglacial periods, but in the warming direction: As ice sheets melt, more
            land or ocean is exposed, which absorbs more light and further warms the Earth, further reducing the ice sheets, leading to
            more warming, and so on.
         

         
         CO2 in the atmosphere also varies over a glacial/interglacial cycle. Its concentration is lower during glacial periods and higher
            during interglacial periods. There are various processes that can cause CO2 to decrease during cold periods and increase during warm periods—processes involving temperature effects on CO2, its solubility in the ocean, changes in biological productivity in the ocean and on land, changes in salinity, changes in
            dust reaching the ocean, etc. So the debate has been whether CO2 causes the warmth that produces an interglacial period or whether something else causes the initial warming which then leads
            to an increase in CO2. Either way, there’s another important positive feedback here involving CO2, because the temperature changes and the changes in CO2 are in the same direction.
         

         
         There are other possible positive feedback mechanisms and much more detail which cannot be included in a short essay. The
            point here is that, to some degree, climate scientists understand how, through various positive feedback mechanisms, glacial
            periods get colder and colder as the ice sheets expand, and interglacial periods get warmer and warmer as the ice sheets melt.
            But the big question remains unsolved: No one has explained how you switch from glacials to interglacials and then back to glacials. No one knows what causes a glacial termination (the sudden warming
            of the Earth and melting of the ice sheets) or what causes a glacial inception (the not-quite-as-sudden cooling of the Earth
            and growing of the ice sheets). And if you don’t understand that, you don’t completely understand climate change, and your
            climate models are lacking a critical part of the climate-change picture.
         

         
         Carbon dioxide may have been higher at various points in Earth’s history, but there’s evidence that it has never risen to
            its present levels as quickly as it has during humankind’s influence. Is it the quantity of CO2 in the atmosphere that’s important or is it the rapidity of its increase? And what influence does such a rate of increase
            in CO2 occurring at the end of an interglacial period have on the ice-age cycle? The key to accurately assessing the degree to which
            we have affected climate change (and especially what the future consequences will be) is to make the climate models as accurate
            as possible. Which means including all the important physical, chemical, biological, and geological processes. The only way
            to test those models is to run them in the past and compare their predictions to the paleoclimate data sets we’ve meticulously
            acquired. Right now, these models cannot produce glacial terminations and glacial inceptions that accurately match the paleoclimate
            data. That’s the next big hurdle. It would be helpful if those debating anthropogenic global warming could gain a little more
            understanding of the complexity of what they’re debating.
         

         
         
      
   
      
      
      
         
            The Anthropocene

            Jennifer Jacquet
Assistant Professor of Environmental Studies, NYU; author, Is Shame Necessary?

         
         To understand earthquakes in Oklahoma, the Earth’s sixth mass extinction, or the rapid melting of the Greenland ice sheet,
            we need the Anthropocene—an epoch that acknowledges humans as a global geologic force. The Holocene, a cozier geologic epoch
            that began 11,700 years ago with climatic warming (giving us conditions that, among other things, led to farming), doesn’t
            cut it anymore. The Holocene is outdated because it cannot explain the recent changes to the planet: the now 400-parts-per-million
            of carbon dioxide in the atmosphere from burning fossil fuels, the radioactive elements present in the Earth’s strata from
            detonating nuclear weapons, or that one in five species in large ecosystems is considered invasive. Humans caused nearly all
            of the 907 earthquakes in Oklahoma in 2015; they were the result of the extraction process for oil and gas, part of which
            involves injecting saltwater, a by-product, into rock layers. The Anthropocene is defined by a combination of large-scale
            human impacts and, as a concept, gives us a sense of both our power and our responsibility.
         

         
         In 2016, the Anthropocene Working Group, made up of thirty-five individuals, mostly scientists, voted that the Anthropocene
            should be formalized. This means a proposal should be taken to the overlords of geologic epochs, the International Commission
            on Stratigraphy, which will decide on whether to formally adopt the Anthropocene into the official geological timescale.
         

         
         Any epoch needs a starting point, and the Anthropocene Working Group favors a mid-20th century start date, which corresponds
            to the advent of nuclear technology and the global reach of industrialization—but it won’t be that simple. Two geologists,
            one of whom is the commission chair, pointed out that units of geologic time are defined not by their start date alone but also by their content. They argue that the Anthropocene is more a prediction about what could
            appear in the future rather than what’s here now, because in geologic terms it’s “difficult to distinguish the upper few centimeters
            of sediment from the underlying Holocene.” While hardcore geologists were pushing back against formalizing the Anthropocene,
            a recent article in Nature argued that social scientists should be involved in determining the Anthropocene’s start date. Their role in delineating
            the geologic timescale would be unprecedented, but then again so is this new, human-led era.
         

         
         Whether the geologic experts anoint it as an official epoch, enough of society has already decided that the Anthropocene is
            here. Humans are a planetary force. Not since cyanobacteria has a single taxonomic group been so in charge. Humans have proved
            that we’re capable of seismic influence, of depleting the ozone layer, of changing the biology of every continent—but not,
            at least so far, capable of living on another planet. The more interesting questions may not be about whether the Anthropocene
            exists or when it began but about whether we’re prepared to take this kind of control.
         

         
         
      
   
      
      
      
         
            The Noösphere

            David Christian
Director, Big History Institute and Distinguished Professor in History, Macquarie University, Sydney; author, Maps of Time: An Introduction to Big History

         
         The idea of the Noösphere, or “the sphere of mind,” emerged early in the 20th century. It flourished for a while, then vanished. It deserves a second
            chance.
         

         
         The Noösphere belongs to a family of concepts describing planetary envelopes or domains that have shaped Earth’s history:
            biosphere, hydrosphere, atmosphere, lithosphere, and so on. The idea of a distinct realm of mind evolved over several centuries.
            The 18th-century French naturalist Buffon wrote of a “realm of man” beginning to transform the Earth’s surface. Nineteenth-century
            environmental thinkers like George Perkins Marsh tried to measure the extent of those transformations, and Alexander von Humboldt
            declared that our impact on the planet was already “incalculable.”
         

         
         The word “Noösphere” emerged in Paris, in 1924, from conversations between the Russian geologist Vladimir Vernadsky and two
            French scholars, the paleontologist and priest Teilhard de Chardin and the mathematician Édouard Le Roy. In a lecture he gave
            in Paris in 1925, Vernadsky described humanity and the collective human mind as a new “geological force,” by which he seems
            to have meant a force comparable in scale to mountain building or the movement of continents.
         

         
         In a 1945 essay, Vernadsky described the Noösphere as “a new geological phenomenon on our planet. In it for the first time,
            man becomes a large-scale geological force.” As one of many signs of this profound change, he noted the sudden appearance on Earth of new minerals and purified metals:
            “That mineralogical rarity, native iron, is now being produced by the billions of tons. Native aluminum, which never before
            existed on our planet, is now produced in any quantity.” In the same essay, published in the year of his death, and fifteen
            years before Yuri Gagarin became the first human to enter space, Vernadsky wrote that the Noösphere might even launch humans
            “into cosmic space.”
         

         
         Unlike Gagarin, the idea of a Noösphere did not take off, perhaps because of the taint of vitalism. Both Teilhard and Le Roy
            were attracted to Henri Bergson’s idea that evolution was driven by an élan vital, a “vital force.” Vernadsky, however, was not tempted by vitalism in any form. As a geologist working in the Soviet Union,
            he seems to have been a committed materialist.
         

         
         Today it’s worth returning to the idea of a Noösphere in its non-vitalist, Vernadskyian version. Vernadsky is best known for
            developing the idea of a “biosphere,” a sphere of life that has shaped planet Earth on geological timescales. His best known
            work on the subject is The Biosphere. Today the idea seems inescapable, as we learn of the colossal role of living organisms in creating an oxygen-rich atmosphere,
            in shaping the chemistry of the oceans, and in the evolution of minerals and rock strata such as limestone.
         

         
         The sphere of mind evolved within the biosphere. All living organisms use information to tap flows of energy and resources,
            so in some form we can say that “mind” has always played a role within the biosphere. But even organisms with developed neurological
            systems and brains foraged for energy and resources individually, in pointillesque fashion. It was their cumulative impact
            that accounted for the growing importance of the biosphere. Humans were different. They didn’t just forage for information;
            they domesticated it, just as early farmers domesticated the land, rivers, plants, and animals surrounding them. Like farming,
            domesticating information was a collective project. The unique precision and bandwidth of human language allowed our ancestors
            to share, accumulate, and mobilize information at the level of the community and eventually the species, and to do so at warp
            speed. And increasing flows of information unlocked unprecedented flows of energy and resources, until we became the first
            species in 4 billion years to mobilize energy and resources on geological scales. “Collective learning” made us a planet-changing
            species.
         

         
         Today, students of the Anthropocene can date when the Noösphere became the primary driver of change on the surface of planet
            Earth. It was in the middle of the 20th century. So Vernadsky got it more or less right. The sphere of mind joined the pantheon
            of planet-shaping spheres a little over fifty years ago. In just a century or two, the Noösphere has taken its place alongside
            the other great shapers of our planet’s history: cosmos, earth, and life.
         

         
         Freed of the taint of vitalism, the idea of a Noösphere can help us get a better grip on the Anthropocene world of today.
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