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Introduction

DISCOVERING YOUR INNER SCIENTIST

[image: ]

When I brought home my iPad for the first time, before I’d finished getting it out of the box, my then three-year-old daughter spotted it and announced, “I want to play Angry Birds!” I was a little bemused by the idea that the game’s marketing reached even the preschool set, but I was not particularly unhappy. After all, Angry Birds is a great way to learn about science.

I’m not talking about using the game to investigate the physics of birds flung from slingshots, but I mean the process of the game: To succeed at Angry Birds, you need to think like a scientist.* When confronted with a new level, you need to look closely at the arrangement of pigs and blocks and other elements, to determine exactly what you need to accomplish. Then you develop a mental model of what will happen when you start launching birds: “If I hit this block with the yellow bird, it will topple that block onto the pigs, and collapse this tower. . . .” Then you test your model directly and see how well your prediction matches (video-game) reality. If you’ve guessed correctly, you devastate the pigs and move on to the next level; if your model was incorrect or incomplete, you refine it and try again.

That’s as nice an encapsulation of the process of science as you’ll find anywhere, and it’s wildly popular. The original mobile-phone game and its many spin-offs are among the most successful video-game franchises of all time, downloaded over a billion times as of early 2013 and boasting more than 260 million monthly users. It’s simple enough that a three-year-old can figure out the basics, and complex enough to be addictive even for adults. I’ve lost hours to it myself.

The success of Angry Birds gives the lie to the popular notion that science is something arcane and esoteric, beyond the comprehension of ordinary humans. Even people who openly state that they can’t understand and don’t like science play Angry Birds and, in the process, use exactly the same bag of mental tricks that scientists do as they try to figure out the basic rules governing the universe. One in every twenty humans alive today devote part of their idle time each month to acting like a scientist, just in the pursuit of one silly video game. All of us, from three-year-olds on up through adults, have a scientist inside us.

LOOK, THINK, TEST, TELL

That may seem like a strange thing to claim. When I say that everyone has an inner scientist, I get a lot of skeptical reactions from people who say, “I never use any of the stuff I learned in science class.” This reaction confuses two different meanings of science: One is the product of science, the body of knowledge about particles, molecules, animals, planets, and stars—facts that people memorize in science classes—and the other is the process of science. The process is, to my mind, the more fundamental and important definition of science.

The process of science consists of four steps:*

       •  Look at the world around you, and identify some phenomenon you would like to understand.

       •  Think of a model that might explain how and why that phenomenon occurs in terms of general rules about how the universe operates.

       •  Test your theory with further observations, and carry out experiments to see if the predictions of your model agree with reality.

       •  Tell everybody you know your proposed explanation and the results of your tests.

Clearing a level on Angry Birds requires you to go through the steps of the scientific process.† You look at the level, think about a possible tactic for wiping out the pigs, and test your model by launching the birds at your selected target. And if you’re playing with friends or kids, you tell them how you did it and share your results with other people via high-score lists and other social features.

This four-step process is the best method we have for generating reliable knowledge about the world. It’s also one of the most fundamentally human activities there is, and this process and its products, for good or ill, have made us the dominant species on the planet.

SCIENCE IS WHAT MAKES US HUMAN

In 2011, scientists excavating the Blombos Cave in South Africa unearthed what they described as “prehistoric paint kits” dated to a hundred thousand years ago: shell containers and simple stone tools bearing traces of colored minerals. The traces on the tools show that these minerals were ground to powder, and traces in the containers indicate that the powder was mixed with charcoal and animal fat to make a paste. Previous excavations had discovered chunks of red ochre from about seventy-five thousand years ago with an angled pattern etched into one of the blocks. These are some of the earliest direct evidence we have of symbolic thinking in humans, with the production of decorative pigments and the deliberate, abstract marking of the raw materials.

These paint-making tools also offer clear evidence of prehistoric science. The minerals used to make the pigments were dug up several kilometers away and brought to the cave. The paste-making involved several components, which were processed separately, then deliberately combined. The traces on one of the grinding stones show that it was first used to grind bits of yellow goethite, then cleaned or resharpened by chipping stone flakes off the end, before being used to grind red ochre.

Taken all together, the artifacts show that as early as one hundred thousand years ago, humans were doing science. They had developed, through trial and error, a complicated, multistep process for producing colored pastes. They had determined which minerals were needed to produce particular colors, located good sources of them, and worked out how to grind and mix them with other materials to produce the desired results. They even knew to use different types of minerals for different colors and took care to avoid mixing them. And they shared that information with others, passing it down through the millennia that the cave was occupied.

For as long as there have been humans, then, there have been humans doing science. The process of looking at the world, figuring out how things work, testing that knowledge, and sharing it with others ought to be taken as one of the defining traits of our species. The process of science is not some incidental offshoot of more general human activity; it’s the very thing that makes us who we are.

Everything we are as a species can be traced back to the scientific process of discovery by trial and error. Stone tools and weapons let us become predators rather than prey, despite our not having much in the way of natural armament. Clothes made from animal skins and natural fibers let us expand into environments very different from the African plains where we evolved. The development of agriculture led to urban civilizations, which freed up some people to study the world more thoroughly, which fueled further advances, and so on until the modern day, when we thoroughly dominate the surface of the Earth and some distance above it. Not a bad end for some jumped-up apes playing with paint in seaside caves.

SCIENTISTS ARE NOT THAT SMART

The claim that science is fundamentally human may seem outlandish, given that very few people spend their days doing things that we recognize as science. The popular image of scientists is of a tiny, elite (and possibly deranged) minority of people engaged in esoteric pursuits. One of the three most common responses when I tell somebody I’m a physicist is, “You must be really smart. I could never do that.”* Other scientists I’ve spoken with report the same.

While the idea that scientists are uniquely smart and capable is flattering to the vanity of nerds like me, it’s a compliment with an edge. There’s a distancing effect to being called “really smart” in this sense—it sets scientists off as people who think in a way that’s qualitatively different from “normal” people. We’re set off even from other highly educated academics—my faculty colleagues in arts, literature, and social science don’t hear that same “You must be really smart” despite the fact that they’ve generally spent at least as much time acquiring academic credentials as I have. The sort of scholarship they do is seen as just an extension of normal activities, whereas science is seen as alien and incomprehensible.

A bigger problem with this awkward compliment, though, is that it’s just not true. Scientists are not that smart—we don’t think in a wholly different manner than ordinary people do. What makes a professional scientist is not a supercharged brain with more processing power, but a collection of subtle differences in skills and inclinations. We’re slightly better at doing the sort of things that professional scientists do on a daily basis—I’m better with math than the average person—but more importantly, we enjoy those activities and so spend time honing those skills, making the differences appear even greater.

To turn things around a bit, I’m a decidedly mediocre carpenter. Not because I lack any of the physical or mental skills needed for the task—I can and have built things out of wood for home improvement projects. I’m not good at it, though, because I don’t particularly enjoy the process and so don’t seek out opportunities to engage in carpentry. I can do it if I have to, but my work is slow and plodding, and when I try to speed it up, I make mistakes and end up needing to start over. Professional woodworkers or even serious hobbyists, who do enjoy those tasks and put in the time practicing them, are vastly better at the essential tasks. This is not merely physical, either—they’re also better at the mental aspect of the job, figuring out how to accomplish a particular construction goal, which is where I generally fail most dramatically. But you’ll never hear anyone say, “A carpenter? You must be really smart.”

Inclination isn’t the entire story, to be sure—innate talents play a role. I love the game of basketball and spend a good deal of time playing in a lunchtime pickup game with other faculty, staff, and students. No amount of practice is going to make me an NBA player, though, because I lack the necessary physical gifts—I’m considerably taller than average (about six feet six), but not especially quick or agile. I struggle to keep up with the players on the team at Union College and wouldn’t stand a chance against a big-time college player. Love of the game only takes you so far.

At the same time, though, my lack of elite physical ability doesn’t preclude my playing basketball for several hours a week. And nobody thinks it all that odd for a bunch of middle-aged professors to devote some time to running around playing games; there are even some social advantages to participating in sports on an amateur level, particularly for men. Nobody expects us to say, “Well, I can’t make it to the NBA, so I’ll never touch a basketball again.”

And yet, that’s just what happens with science, which is the biggest problem with the perception of scientists as really smart. The incorrect image of science as something only a few innately brilliant individuals can handle leads many people to give up on science entirely once they decide that they can’t make a career of it. There’s no social advantage to having an amateur interest in science; in some contexts, it’s even a liability, marking you out as a nerd. This problem is unique to science—nobody thinks it odd for people who can’t make a career in academia to continue to read literature, go to art museums, or take an active interest in politics and history. In many professional contexts, it’s considered surprising if you don’t do any of those things, but science is something you’re expected to give up unless you’re “really smart” enough to make it your career.

DISCOVERING YOUR INNER SCIENTIST

Ironically, though, even people who consciously reject the thought of doing science themselves spend a good deal of time acting like scientists. The scientific process is a major component of any number of popular hobbies and pastimes. Whatever you do to unwind, it almost certainly draws on the same bag of mental tricks used by successful scientists. If you collect stamps or coins as a hobby, you’re making use of the same impulse that helped Charles Darwin develop the theory of evolution. If you play bridge or other card games, you use the same inference process that led Vera Rubin and other astronomers to the realization that the universe contains vast amounts of stuff we can’t see directly. And if you do crossword puzzles to relax, you’re using the cross-checking and deduction that led the founders of quantum mechanics to develop the strangest and most successful theory in the history of physics.

The rest of this book is broken into four parts, organized around the steps in the scientific process: looking, thinking, testing, and telling. Each chapter in a part will describe an everyday activity—antique hunting, cooking a meal, playing basketball—that relates to one of these aspects of scientific activity. We’ll also look at historical examples of scientific discoveries that crucially relied on a process similar to that particular hobby.*

Through these stories, I hope to convince you that whether you realize it or not, you have an inner scientist. You’re using the process of science every day, even if you don’t do science for a living. In the same way that amateur athletes blow off steam by playing the occasional game of basketball, nonscientists unwind by using scientific thinking in the pursuit of fun and relaxation. Knowing this, I hope, will inspire you to make some more conscious use of your inner scientist, both to better understand science and to more effectively pursue other interests.

EUREKA

This book takes its title from one of the oldest and best-known anecdotes in the history of science, concerning the ancient Greek mathematician and engineer Archimedes of Syracuse. When Hiero II ascended to power in Syracuse around 265 BCE, he commissioned a wreath of gold to be offered as a tribute to the gods. After the wreath was completed, he became suspicious that the goldsmith had held back some of the metal and replaced it with an equal (but cheaper) weight of silver. Hiero asked Archimedes to find a way to determine whether the ornate wreath was, in fact, pure gold.

This is a tricky question, because the weight of the wreath matched the weight of gold the goldsmith had been given, and Archimedes worried over the problem for some time. One day after much fruitless thought, he settled into a hot bath and noticed that as he stepped into the tub, water spilled over the sides. And as he pushed more of his body into the tub, more water spilled over. This, he realized suddenly, was the solution to his problem: Since silver is less dense than gold, a wreath made of a mix of the two metals would have a greater volume than an equal mass of pure gold and would push aside more water when submerged. He leaped out of the tub yelling “Eureka!” (Greek for “I’ve found it!”) and was so excited that he forgot to dress before racing to the royal palace to tell the king his solution.

This might seem like an awkward starting point for a book that intends to demystify the process. After all, as the story has it, Archimedes solves the problem via a flash of insight, something that seems awfully mystical and remote from everyday activities. Also, he’s an unworldly weirdo who ends up running naked through the streets because he figured out a physics problem.

The “Eureka!” moment, though, is a much more general phenomenon, something that nearly everyone has experienced at some point. Indeed, Archimedes’s exclamation has become a shorthand phrase for that moment when the solution to a vexing problem becomes clear, seemingly in an instant, or when a wholly new idea pops into mind. The creation of Barbie dolls, Starbucks shops, and any number of popular songs has been attributed to eureka moments while the discoverer was doing something seemingly unrelated to the problem at hand. For myself, a lot of my best writing ideas have come not while I was sitting at the keyboard staring at the computer screen, but while I was out walking the dog, or playing with my kids.

Like most things involving thinking about thinking, though, the feeling of out-of-nowhere inspiration is almost certainly an illusion, hiding a lot of behind-the-scenes mental activity. Archimedes didn’t stumble across the solution to a problem he had no prior part in, after all. He noticed a small detail related to a problem he had been struggling with for some time, and that meshed with pieces already in place to provide the answer he needed. This wasn’t a moment of isolated inspiration, but was the culmination of an ongoing process of thought. Archimedes didn’t stop thinking like a scientist just because he was taking a bath, even if he was probably taking a bath as a much-needed break from worrying about a scientific problem.

Scientists can find inspiration in everyday activities largely because the thought processes involved in those activities are not all that far removed from those involved in doing science. And the reverse is true, as well: Many everyday activities can benefit from a scientific approach. Ideas for new toy lines or business plans might seem to come from a very distant place, but in reality, they’re the product of our inner scientists working diligently in the background. And the systematic working out of those ideas to make massively successful and inescapable dolls and coffee shops has a lot in common with the process of science.

WHY SHOULD YOU THINK LIKE A SCIENTIST?

Even if everyone can think like a scientist, though, that doesn’t explain why you should. After all, as a citizen of a modern society, you don’t have to work out from first principles how to make an iPad or to program video games—somebody else has already done that. You could just pick up a tablet, download an app, and kick back playing Angry Birds while resting on the laurels of past generations of scientists. You don’t need to be a scientist to make it in the world today. So why should you bother thinking scientifically?

On a practical level, making use of your inner scientist can make you more effective, both at generating eureka moments and at capitalizing on them once they occur. But the best reason to think like a scientist is that the scientific approach to the world is fundamentally optimistic and empowering.

It may seem odd to call science optimistic, given the regular stories about how scientists have discovered that we’re all going to die in some gruesome manner—killed by drug-resistant bacteria, crushed by flaming rocks from outer space, roasted by global warming. I’m talking about a more abstract form of optimism, though. The scientific way of looking at the world is founded on the idea that the world is comprehensible; scientific thinkers know that questions have answers and that we can find those answers. In a very deep way, that’s as optimistic as you can get.

Science is also empowering, because it gives us the tools we need to find answers to all sorts of questions. There are few things more frustrating than trying to deal with some problem and running into people who regard “I don’t know” as a final answer. Scientific thinking turns “I don’t know” into “I don’t know . . . yet.” The process of science lets you find answers to just about any question you might ask.

Your inner scientist is helpful not only for abstract matters of science, but also for almost any problem. If you are comfortable with the process of science, you can confront all sorts of situations with confidence. Even relatively mundane problems—figuring out how to use a new piece of computer software or deciding what process to follow for some task at work—can be addressed scientifically. You never need to stop doing something because you don’t know some fact or don’t know how something works. You can figure out whatever you need to know.

If you know how to use your inner scientist, you never need to settle for ignorance. And that’s an incredibly powerful tool you can use to make your life better. It doesn’t get more optimistic and empowering than that.

In this book, we’ll dig into the process of science and look at how it applies to everyday activities. We’ll not only show that you can act like a scientist, but also show how you already do, often without realizing it. All of us, from toddlers on, have a scientist inside us, and if you can recognize this capability and make use of it, your inner scientist will change your world for the better.
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  * A fellow physics professor and blogger does study bird-flinging physics and has even written a book about the physics of Angry Birds: Rhett Allain, Angry Birds: Furious Forces (Washington, DC: National Geographic, 2013).

  * This definition is far too vague to pass muster with a philosopher of science, of course, but I’m trying to be inclusive rather than exclusive for this book. I’m not concerned with the precise location of the boundary between science and not-science, but I want to capture the broad outline of the process. The full story is far more complicated than this simple description, but this basic outline is enough for the purposes of this book. For an excellent, more detailed look at how science is done, see the Understanding Science project at UC Berkeley (http://undsci.berkeley.edu/index.php).

  † Unless, of course, you’re just mechanically following the level-clearing instructions presented on one of the many cheat sites on the Web. But that’s not very much fun.

  * The other responses are, “I hated that when I took it in high school/college,” and, “Can you explain string theory to me?” This goes a long way toward explaining why physicists have a reputation as lousy conversationalists.

  * Most of the historical examples will be drawn from physics and astronomy, because those are the fields I know best, but the overall process is universal, and analogous examples can be found in all fields of science.


STEP ONE
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LOOKING

The most exciting phrase to hear in science, the one that heralds new discoveries, is not “Eureka!” but “That’s funny.”

—Attributed to Isaac Asimov

The process of science, broadly defined, begins by looking at the world to identify something interesting that needs an explanation. This crucial first step takes many forms.

In observational sciences, the first step literally involves looking at the universe around us. Astronomers use telescopes to capture the light from distant stars. Geologists look at the layers of rocks exposed by erosion or in samples the scientists obtained by drilling into the ground. Biologists look for new organisms in nature or observe the behavior of species already known.

In experimental sciences, the process of looking involves deliberately perturbing in some way the subject being studied. A physicist bombards atoms and molecules with laser light and watches how they respond. A chemist combines various substances and sees what is produced when they react. A cognitive scientist places people or animals in unusual situations and looks at how their behavior changes.

Regardless of the field of science, the looking phase is a search for patterns. Observational scientists look for many examples of similar phenomena—astronomical objects emitting the same kinds of light, places with similar layers of rocks, animals that share particular traits. Experimental scientists look for repeatable responses to perturbations—atoms that always absorb a particular wavelength of light, chemical reactions that always produce the same products, persistent biases in people’s responses to certain situations. The events studied can be exceedingly rare—some of the exotic particles studied by physics turn up only a handful of times in billions of particle accelerator collisions—but repeatability is essential. Singular events are not well suited to scientific explanation.

In this part of the book, we’ll look at some examples of everyday activities that rely on the amassing of data and the search for patterns for success, and we’ll give some historical examples of scientific discoveries that grew out of similar processes.


Chapter 1

COLLECTING THE ORIGIN OF SPECIES
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All science is either physics or stamp collecting.

—Ernest Rutherford

One of the most straightforward hobbies is the collecting of things. If you think of an object that comes in more than one variety, you can almost certainly find somebody who collects it, and probably at least one Internet forum discussing the ins and outs of collecting whatever it is.

The urge to collect starts very young. Our daughter once spent many weeks assembling a rock collection. Of course, as she was four years old at the time, she wasn’t exactly discriminating—most of her rocks were bits of gravel from the path to our backyard—but she took it very seriously. As any parent knows, toy makers have been quick to exploit this urge, churning out all manner of items—trading cards, stickers, stamps, plastic figures, cups, and plates—branded with images of popular characters, encouraging kids to collect every variation at several dollars a pop.

While many collectible items are targeted at children, millions of adults maintain collecting hobbies. Some of the items collected and traded are holdovers from childhood, such as baseball cards and collectible toys, which are snapped up as eagerly by adult collectors as by children. Others straddle the line between child and adult, such as comic books, sports memorabilia, and autographs. Still others are almost purely adult pursuits—I had a great-aunt who spent decades building a collection of china bells—and others collect china, crystal, porcelain figurines, and all manner of other fragile, decorative items. Some items are collected for intrinsic value, like art and antiquities—many excellent museums have their origin in this hobby—but for the most part, collectors accumulate things for the sheer pleasure of it.

Probably the most iconic collecting hobby is stamp collecting, which has been around long enough to get mentioned by the physicist Ernest Rutherford circa 1900 in his famous dig at other sciences (quoted at the start of this chapter).* The hobby is respectable enough to have a fancy Latin name.† It’s a widespread and well-established hobby for a wide range of ages, with the American Philatelic Society listing more than five hundred local stamp collecting clubs in the United States and more than 650 registered dealers. Particularly rare or important stamps have sold at auction for millions of dollars. Famous stamp collectors include heads of state (US president Franklin Roosevelt and King George V of Britain), authors (Ayn Rand), and entertainers (Freddie Mercury and John Lennon both had childhood stamp collections, now held by postal museums in the United Kingdom and the United States, respectively).

Like a lot of kids, I had a stamp collection for a while. I never collected anything particularly notable, but going through old letters and boxes of stamps from relatives who had had collections was enjoyable in a quiet way. And putting the individual stamps together to make a larger picture was fascinating. I remember an intimidatingly large three-ring binder with spots for every US stamp that had been issued to that point, and the satisfaction of completing a page. My hobby also gave a sense of history outside the collection—for example, seeing all the stamps of the 1893 Columbian Issue commemorating the 400th anniversary of Christopher Columbus’s famous voyages showed me there was a good deal more to the story than I had heard in grade school.

Beyond the immediate pleasures of building a collection, though, the impulse to collect can be a starting point for science. The most obvious product of collecting hobbies is an array of physical objects, but collecting is also a mental state. Serious collectors develop habits of mind particular to their hobbies—a sort of constant low-level awareness of possible sources of stamps, an ability to spot new specimens, and close observation and knowledge of the fine gradations that separate valuable stamps from worthless bits of colored paper. These habits of mind also serve well in science; the simple act of collecting a diverse array of interesting objects or observations also serves as the starting point for most sciences.

Rutherford’s famous gibe contains a small element of truth, because the physics of his day was more fully developed than other sciences, in terms of successful unifying theories like Newton’s laws of motion and Maxwell’s equations for electromagnetism. But that very development started with the “stamp collecting” of lots of individual bits of data. Newton would not have been able to formulate his laws without decades of carefully recorded astronomical observations and experimental tests by previous generations of scientists. Maxwell’s equations bring together the results of dozens of seemingly unconnected experiments on the behavior of charged particles and magnets. And the amassing of examples continues to be critically important to this day—the Standard Model of particle physics is arguably the most comprehensive and successful scientific theory in human history, but modern particle physics is the ultimate big-data science, with the Large Hadron Collider (LHC) producing hundreds of petabytes worth of experimental data in a year.*

The other sciences at the turn of the twentieth century were nowhere near as fully developed as they are now or as physics was then. In geology, the idea of continental drift was decades off and scientists still had some trouble determining the age of the Earth—the best available estimates from the temperature of the Earth and Sun suggested an age of at most a few hundred million years, a small fraction of the apparent age from rocks. In chemistry, the rules determining bonding of atoms into molecules were known, but the underlying principles were not understood until the development of quantum mechanics; there was even some debate as to whether atoms were real physical entities or merely a mathematical convenience. Biology was probably the furthest along, but even there, the rules of heredity were still being worked out and the discovery of DNA as the mechanism of heredity, one of the crucial foundations of modern biochemistry, was nearly a half-century away.

All of these sciences have made remarkable progress in the past century, matching or even surpassing the development of physics in Rutherford’s day. The development of our modern understanding of all of these sciences began with the collection of a huge number of “stamps,” allowing scientists to determine patterns that are only clear through the accumulation of a vast array of information. So while there is some truth to Rutherford’s snide taxonomy, in another sense, it misunderstands the process of science. Stamp collecting is an essential step on the way to deeper scientific understanding. This is best illustrated by what may well be the most important and controversial scientific book ever written, Charles Darwin’s On the Origin of Species.

FROM BEAGLE TO BOOK: DARWIN’S BACKGROUND

In December 1831, HMS Beagle, under the command of Captain Robert FitzRoy, set sail from England to perform a hydro-graphical survey of South America. The intended mission was fairly unremarkable—it was a follow-up to an earlier survey (now largely forgotten) conducted from 1825 to 1830. Accompanying the ship was a young man from a prosperous family, Charles Darwin, who was himself fairly unremarkable. Darwin had recently completed his education at Cambridge and signed on to the Beagle as a sort of unofficial naturalist and dinner companion for FitzRoy. Darwin’s father initially disapproved of this “wild scheme,” but relented after the intervention of his brother-in-law, Josiah Wedgwood. Charles took ship for five years to make a study of the geology, plants, animals, and people of South America as the Beagle picked its way down the eastern coast of South America, around Tierra del Fuego, and up the western coast of South America before striking off across the Pacific to return to England.

It’s hard to imagine that anyone involved could have known how momentous this voyage would turn out to be. And indeed, for twenty years the trip didn’t appear to have been particularly earth-shaking. Young Darwin acquired a huge number of specimens of interest to science, including quite a few new species and some impressive fossils, but his work initially consisted of just picking up whatever interesting-looking items the expedition happened to encounter, without any grand theoretical goal. One of his new bird species, a small variety of rhea, was discovered when Darwin realized the ship’s company was eating it for dinner.* And when collecting samples of the many finch species of the Galapagos Islands, Darwin initially didn’t bother to record which birds came from which island.† He wouldn’t have recognized the reference to stamp collecting, as the first postage stamp wasn’t issued until 1840, but Darwin on the Beagle started out operating very much in the “stamp collecting” mode.

The primary immediate impact of the voyage was personal, confirming his passion for the study of nature. Darwin wrote a popular book about his travels as part of a series about the voyage (the Journal of Researches, now known as The Voyage of the Beagle), and between the success of the book and Wedgwood family money, he was able to abandon the original plan for him to join the clergy.‡ In 1842, he settled down in a country house to study nature at his leisure.§ And the voyage did plant seeds that would lead to his later work—while he didn’t carefully record the origin of the Galapagos finches, he did note striking differences between the mockingbirds on different islands, which started him questioning whether divisions between species were as sharp and immutable as scientists then thought.

Although he never needed to work at a trade, Darwin was hardly idle, studying a wide range of organisms in great detail and so obsessively that his children assumed that all fathers spent their days peering through microscopes. One of his sons, visiting a friend’s family, famously asked, “Where does your father do his barnacles?” His books about barnacles won a prize from the Royal Society, and he was an active member of the leading scientific societies of the day. He also carefully tracked the behavior of plants in his gardens and spent many years raising pigeons.

The fruit of all this labor came in 1859, when Darwin published his most important book, On the Origin of Species by means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life. This is the book that launched the modern concept of biological evolution, sparked enormous public controversy, and made Darwin a figure to be reviled or revered by various combatants in the culture wars that continue to this day.

Darwin was not, however, the first person to think in evolutionary terms—not by a long shot. His own grandfather Erasmus Darwin, a physician and poet, had been promoting evolutionary ideas in the late 1700s, and the French scientist Jean-Baptiste Lamarck had worked out his own detailed theory of gradual change in animal species beginning around the same time. Darwin was enormously influenced by another Charles, the geologist Charles Lyell, whose Principles of Geology he read on the Beagle. Lyell argued that rather than being created at some specific point within the last ten thousand years or so, the Earth had existed for an unimaginably long time, with its geology slowly but steadily changing due to slow processes of uplift and erosion.*

Why, then, does Darwin have iconic status, while earlier evolutionary thinkers are only remembered by historians of science? Darwin’s Origin supplanted earlier theories for two reasons. First, he provided a clear mechanism by which evolutionary changes occur: the slow accumulation of small variations that make specific individual organisms more likely to survive and reproduce. Those beneficial changes are passed on to future generations, where further variations occur, with the beneficial changes passed on, and so on.

This mechanism of natural selection places Darwin’s theory squarely within the realm of science.† Erasmus Darwin and Lamarck had invoked vague metaphysical “principles” driving continual improvements in species, as if there were some goal to be attained, which is an uncomfortable basis for a scientific theory.‡ Lamarck provided the first coherent theoretical framework for talking about evolution, and Darwin himself cited it as an influence on his thinking, but without a better idea of the mechanism of change, Lamarck’s theory gained little traction as science.

The second, equally important, factor that secured Darwin’s triumph came from his years of careful collecting, from the Beagle to his barnacles to the breeding of pigeons. The Origin succeeded as brilliantly as it did in large part because Darwin supported his argument with concrete evidence, piles and piles of it. All those years of collecting and cataloging plants and animals like stamps in an album paid off.

INSIDE THE ORIGIN

Despite the lengthy title, On the Origin of Species by means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life is fairly compact, particularly by the standards of Victorian literature—around five hundred pages, in a single volume.§ Darwin himself thought of it as an abstract for a much longer work, which he never completed, and refers to it as such within the text.¶

Those pages are packed with information, though. Darwin’s relatively breezy and conversational style flows smoothly enough to be an easy read even today (though the lengthy and complicated sentences characteristic of Victorian prose take a little getting used to), but he presents a mountain of evidence, from a dizzying array of sources. He illustrates his points with references to all manner of plants and animals, cites the research of eminent scholars and conversations with farmers and animal breeders, and describes the results of his own experiments. Hardly a paragraph goes by without at least one reference to specific observations of the natural world.

This vast array of information is necessary because convincing people of evolution through natural selection is an inherently difficult task. By its very nature, the process of evolution is extremely slow.* Evolutionary change requires many generations—probably hundreds—to become visible. The process is not easily observed directly—it would require either organisms with exceptionally short lifetimes (so that human observers could watch enough generations go by) or the ability to look back over thousands if not millions of years.

Since the changes happen so slowly, an argument for evolution, particularly in 1859, must be more circumstantial. We are able to directly observe plants and animals only in a narrow slice of time (the past few hundred years, at most), with fragmentary additional evidence from fossils created in the more distant past. We can see traces of evolutionary history in the structure and behavior of modern plants and animals, however, and while the evidence from a single species or group of organisms may not be terribly convincing by itself, the accumulation of evidence from many different organisms of different types produces a compelling argument.

Darwin’s argument in the Origin follows a straightforward progression. First, he establishes that small variations in the characteristics of different organisms occur randomly in nature and that these characteristics are inherited by the next generation. Then he argues that all living things are constantly engaged in a “struggle for existence,” competing with other organisms and against environmental factors for the resources needed to survive and reproduce. Given those two factors, the idea of natural selection follows directly: The random variation of individual characteristics will occasionally produce individuals with some trait that makes them more likely to survive and reproduce—longer legs to better outrun predators, say, or a longer snout to better extract food from hard-to-reach places. They will pass this trait on to their descendants, some of which will have still further variations—even longer legs or snouts—that make them more likely to survive and reproduce, in turn passing their variations on to future generations, and so on. The changes from one generation to the next will be too small to notice, but over time, they will accumulate, eventually producing organisms with characteristics dramatically different from those of their ancestors. In a place where predators are particularly common, a speedy and long-legged version will be found, while somewhere else, where finding food is more important than avoiding predators, a long-snouted version might dominate. This is natural selection, an analogy to the deliberate selection employed by breeders of domestic plants and animals. Plant and animal breeders allow only individuals with desired characteristics to reproduce, eventually producing very distinct breeds. Unlike domestic breeding, however, natural selection occurs automatically, with no particular intent driving it.

Each step of this argument is backed up with a huge amount of evidence from different species of animals and plants. Darwin addresses variation in two dense opening chapters, the first establishing variability and inheritance among domesticated animals, and the second arguing for similar variability in wild animals. The first chapter alone cites observations regarding ducks, cows, goats, cats, sheep, pigs, dogs, cattle, donkeys, guinea fowl, reindeer, camels, rabbits, ferrets, horses, geese, and peacocks, along with at least ten named breeds of pigeons, to illustrate the effects of animal breeding. The chapter goes on to mention gooseberry, cabbages, roses, pelargonium, dahlia, and pears (along with references to fruit and flowers of unspecified varieties) to show the influence of horticulturists. He also cites work from at least twenty-four sources, ranging from other scientists and noted animal breeders, to the Roman writer Pliny and the book of Genesis. All of this while regularly apologizing for being unable to go into sufficient detail in the space of a single book.

Having established that individual organisms vary in their characteristics and that these variations are passed on to their offspring, Darwin moves on to establish the struggle for existence. The argument here is, as he puts it, “the doctrine of Malthus applied with manifold force to the whole animal and vegetable kingdoms.” The reference is to the Rev. Thomas Malthus, whose 1798 Essay on the Principle of Population argued that human population will necessarily grow until checked by famine or disease.* Darwin extends this idea to all of nature, arguing that plants and animals inevitably reproduce at rates that would quickly exhaust the available resources to support them, if not for other forces acting to reduce their populations.

Again, this step of the argument is copiously illustrated with examples from his own work and that of others. He includes a calculation estimating that a single pair of slow-breeding elephants reproducing unchecked would produce fifteen million descendants in five hundred years; as we’re not all in danger of being trampled, there must be something checking the elephant population. He describes an experiment showing that fast-growing weeds will overwhelm other plants when a cleared patch of ground is allowed to fill back in. And he reports an accidental experiment by one of his country neighbors, where enclosing a tract of land to keep animals out led to a dramatic increase in the abundance of Scotch pines, whose seedlings were otherwise eaten by grazing livestock. These observations clearly demonstrate that plants and animals compete with each other for available resources, that small changes alter the balance of that competition, and that altering the balance leads to readily observable changes in the populations of the various species present.

Darwin’s fourth chapter puts these ideas together to introduce the core idea of evolution through natural selection: Since individual organisms are prone to vary in their characteristics and must struggle to avoid starvation or predation, any variation that increases the likelihood of success in that struggle will be more likely to be passed on to the next generation. This is necessarily the most abstract chapter of the book, relying in large part on hypothetical arguments about the possible course of evolution for various organisms. But even Darwin’s hypotheticals come with citations and evidence. After considering the operation of natural selection on a population of wolves hunting deer, he immediately cites the observation of two distinct types of wolves in the Catskill Mountains of New York, as suggested by his hypothetical model. After considering the operation of natural selection on hypothetical flowering plants and insects, Darwin reports the results of his own observations of plants in his garden, showing the effects of flower structure on their fertilization by insects, which again fit with his hypothetical model.

Like a good student of rhetoric, he devotes much of the book—seven of the fourteen chapters—to anticipating and addressing objections to the theory, backed up with still more observations and experiments consistent with the theory. Many of the apparent “difficulties” Darwin notes—the apparent improbability of evolving an organ as complex as an eye, for example, or the apparent lack of “transitional forms”—are still cited in anti-evolution propaganda, but none pose any real obstacle to the theory. Darwin’s counterarguments are backed with the best evidence available to him and in many cases set the pattern for modern responses to the same questions (these days backed with still more evidence from the intervening 150 years).

While none of the individual bits of data are decisive, his encyclopedic array of examples, spanning much of the globe and extending to all corners of the animal and plant kingdoms, produces a convincing and formidable argument. It doesn’t hurt that he is also a charming and persuasive writer, but the Origin would not be the book it is without the twenty-plus years that Darwin spent collecting “stamps” to serve as examples in support of his argument.

EVOLUTION SINCE THE ORIGIN

In the 150 years since Darwin published the Origin, the already strong case supporting his theory has become overwhelming, and evolution by natural selection is the cornerstone of modern biology. Although Darwin’s theory was controversial when it was published, the geneticist Theodosius Dobzhansky published in 1973 a famous essay titled “Nothing in Biology Makes Sense Except in the Light of Evolution,” a phrase widely adopted by evolutionary biologists. Dobzhansky argued that without the unifying concept of evolution, biology would be nothing more than “a pile of sundry facts, some of them interesting or curious but making no meaningful picture as a whole”—just a stamp collection, in Rutherford’s terms. With evolution, everything fits together, across a diverse collection of subfields; paleontology, genetics, cell biology, and ecology all provide clear evidence of evolution.

Essentially all of the “difficulties” Darwin identified with his theory have been addressed. In some cases, finding answers was simply a matter of further time and research. Darwin noted that the fossil record of the history of life is necessarily somewhat patchy, as the conditions needed to preserve fossils for millions of years are rare. A century and a half of further fossil collecting, though, has provided innumerable examples filling in gaps in the record of Darwin’s day, clearly tracing the slow change of species over millions of years of evolution. New evidence continues to come to light, with recent discoveries like the limbed fish Tiktaalik shedding new light on the transition from purely ocean-dwelling fish to land-dwelling tetrapods.

Some other scientific advances have made it possible to directly see evolution in action. The germ theory of disease had not yet caught on when Darwin was writing, and antibiotic drugs were still decades off, but the modern medical problem of antibiotic resistance clearly demonstrates the effects of natural selection in the wild. Disease-causing organisms are more likely to survive and reproduce if they have some small variation that makes them less susceptible to the antibiotics doctors and hospitals use to treat infections. If that variation is inherited by the organisms’ descendants, these resistant offspring will eventually dominate the population of infectious organisms. Drugs that used to be effective at killing particular bacteria are observed to become less and less effective over time, a real and deadly phenomenon that can only be understood in terms of evolution by natural selection.

In other cases, new scientific advances allowed biologists to put Darwin’s theory on more solid conceptual ground. In the Origin, Darwin is forced to admit that the exact rules of inheritance are a mystery, and he struggles to explain exactly why individuals of a species vary in their characteristics and how their traits are passed on. Beginning with the plant studies of Gregor Mendel, an obscure contemporary of Darwin’s whose work was rediscovered in the 1900s, biologists developed a concrete and quantitative understanding of inheritance. With the development of biochemistry and the discovery of the DNA code, our knowledge of heredity exploded. Modern biologists have a vastly better understanding of how genes combine to produce individual traits and how small errors in copying genes (or damage by environmental factors) can introduce the new variations needed to drive evolution by natural selection. Hardly a week goes by now without some splashy press release touting the discovery of a gene associated with some trait or another, and some biologists regard genes, not organisms, as the central elements when talking about evolution.

The evidence for evolution is so broad and so overwhelming that I’m forced to take a cue from Darwin himself and apologize for lacking the space to do justice to so complicated a subject. There are countless books and websites devoted to the subject for those interested in reading more, particularly the excellent Understanding Evolution site run by the University of California Museum of Paleontology (http://evolution.berkeley.edu/evolibrary/home.php), which includes articles detailing the very latest developments in evolutionary biology.

Some modern discussions of evolution, particularly in the area of genetics, would be all but incomprehensible to Darwin, while others would seem comfortingly familiar. One thing, though, has remained unchanged since Darwin’s time: The case for evolution through natural selection is not sealed by any single spectacular piece of evidence, but by an immense collection of small clues pointing to the same answer. Science cannot wind evolution backward like some home movie, showing a seamless transition from humans to protohumans to chimpanzee-like creatures, to tiny early mammals living in the shadow of dinosaurs. That level of detail will never be possible. But the vast preponderance of evidence, collected together, one piece at a time like stamps in an album, points unmistakably to the evolutionary origins of humans and, indeed, of all living things today.*

BEYOND THE ORIGIN

While Darwin’s work is probably the highest-profile example of clinching a discovery through the amassing of vast piles of evidence, all sciences start with the collection of “stamps,” small bits of data that may seem no more than faintly interesting curiosities at first glance. This is particularly true of the observational sciences, where researchers attempt to piece together long-ago events that are not easily repeated. The idea that the continents shift position over time began with Alfred Wegener’s observation that the coastlines of Africa and South America seem almost like complementary puzzle pieces. The idea of continental drift didn’t gain acceptance until after multiple lines of other evidence were found to support it: close similarities between rock strata and fossils on opposite sides of the Atlantic, evidence of sea-floor spreading at the Mid-Atlantic Ridge, and matching “stripes” of magnetization in rocks on either side of the ridge, tracing out the history of magnetic pole flips. Thanks to the convergence of all those bits of evidence, the idea that the continents shift position over millions of years is central to the modern theory of plate tectonics, as central to geology as evolution is to biology.

In astronomy, the Big Bang theory of cosmology has similarly attained a nearly unassailable position at the heart of our understanding of the universe, through the accumulation of many lines of evidence. Vesto Slipher and Edwin Hubble noted that distant galaxies all appear to be receding from us, as you would expect in an expanding universe. And Arno Penzias and Robert Wilson discovered the “cosmic microwave background radiation,” a remnant of light left over from when the universe was only 300,000 years old. The existence of this background radiation had been predicted by Ralph Alpher and Robert Herman as a necessary consequence of the Big Bang. And the mysterious dark matter and dark energy that account for some 96 percent of the energy content of the universe are accepted by the vast majority of scientists, despite this stuff’s never having been directly detected. But thanks to the convergence of many observations that suggest the presence of vast amounts of matter we can’t see (we’ll discuss some of these observations in Chapter 6), scientists accept the
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