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We humans can be justifiably proud of our brains. No other species has ever had such large brains and so much intelligence. But there is a major problem. Our brains evolved. The brains of our most successful ancestors were not necessarily the ones that understood the truth but the ones that allowed their possessors to prevail in the struggle for existence. As a result, our brains did not evolve to reason but to rationalize, or to see the truth but to create it. Our brains are the playthings of bias and illusion. We use our brains to manipulate others and to deceive ourselves.1 We often see what we want to see rather than what is really there. All of us.


Illusion and bias are not necessarily bad things. Illusion and bias can be simple and useful. Without these illusions and biases, our brains might be overwhelmed by the complexity of the world. Illusions and biases have allowed our brains to make quick decisions in order for us to survive a sudden threat or to take advantage of a sudden opportunity. An attack by a predator or an enemy is not the best time for rational thought. Our ape brains have been immensely successful in large measure because they can make profitable use of reality and truth but are not constrained by them.


Our biased and deluded brains served us well enough in the past. We did not need to understand the truth so long as we could be successful in the game of evolution. But today, our biases and illusions put us at risk of worldwide catastrophe. We are drowning in yottabytes of information. We do not need more information but a new way of thinking that will liberate our minds from bias and illusion.




Some of the mistakes created by our biased brains affect us only individually. Mistaking correlation for causation can make us waste time and money on health fads that are illusions. But other mistakes that we make collectively can endanger the whole world. Our species is the victim of its own success, and now we have overrun the earth. Every natural habitat, even those we have set aside as parks and reserves, has been altered by our presence and our economic and political activities. Errors made by one individual, one corporation, or one nation can now affect the whole world. Today, all individuals and all countries and all economies are so interconnected that if one group acts like cavemen, they can drag much of the rest of the world down with them. They can be religious extremists trying to wage holy war, or they can be executives of “too big to fail” corporations who use misinformation to increase their profits, or they can be politicians who create their own “facts” in order to win campaigns, and their effects will be felt worldwide. With over seven and a half billion people in the world, there is no room for delusion anymore. Having an ape brain couldn't happen at a worse time. Illusions and biases served us well in the past, but today they have brought us to the brink of disaster.


One example of how our brains mislead us is the illusion of the cornucopia of nature. It just seems natural to assume that the world is big enough to supply all of our desires and absorb all of our wastes. Maybe it was like that back in the Stone Age. When a caveman threw bones away—“away” meaning outside the camp—the great maw of nature could decompose them. But there are now over seven billion of us, each of us using immense amounts of material and energy and generating toxic wastes. There is no such place as “away” where our wastes can be safely dumped.


Perhaps the most important example of this illusion is global climate change, a topic that I will revisit repeatedly in this book. You can't see global warming. You have to deduce it from evidence. All you can see is weather; you can't see climate. Climate is the long-term and broad-scale average of weather. As Mark Twain is reported to have said, climate is what you expect, weather is what you get. Climate is the weather you expect to see in an “average year.” But as the old farmer said, he'd been farming for forty years and had only seen two average years.




We can get the answer to almost any question with just a few keystrokes and the swoop of a computer mouse or the swipe of the screen. You would think that having all of this information at our fingertips would make it easier to find the truth. But this is not the case, for several reasons.


One reason that more information does not lead to a better understanding of the world is that, no matter how much information we have, we can only think about one thing at a time. For a moment, it seems we can take hope in the prodigious capacity of the human brain. Our brains are more complex than any computer. In 2013, a supercomputer consisting of eighty-three thousand processors took forty minutes to mimic what a typical human brain can do in one second.2 But each of us can still only think about one thing at a time. Herman Melville wrote in 1851, “So long as a man's eyes are open in the light, the act of seeing is involuntary; that is, he cannot then help mechanically seeing whatever objects are before him. Nevertheless, as anyone's experience will teach him, that though he can take in an undiscriminating sweep of things at one glance, it is quite impossible for him, attentively, and completely, to examine any two things…at one and the same instant of time…in order to see one of them, in such a manner as to bring your mind to bear on it, the other will be utterly excluded from your contemporary consciousness.”3 Your brain is doing lots of things subconsciously this very moment. Your brain stem is controlling your body temperature, your heartbeat rate, and your breathing. Your cerebellum is keeping you from falling out of the chair in which you are probably sitting at this moment. But your conscious mind can only pay attention to one thing at a time, no more and no less than a Cro-Magnon hunter-gatherer. You could say that, in this sense, nothing has changed much in the last twenty thousand years.


Another reason that more knowledge does not lead to greater understanding is that, as explained above, the human mind does not look for truth in data but rationalizes it—no matter how many or how few data there are. The easiest thing for our brains to do, when overloaded with information, is to pay attention only to the information that agrees with what we already believe. We have, at our fingertips, troves of information that can free us from our ancient biases, but instead we use this information selectively to reinforce our biases. Perversely, we become more mistaken when we have access to more information.




And not only do we use our brains to deceive others, but we also use our brains to deceive ourselves. Our brains take the data of reality and alter our perceptions to create self-deception, as explained by Robert Trivers.4 On the bad side, by actually believing the false things that we claim to be true, we become more convincing liars. On the not-so-bad side, by actually believing false things, we can delude ourselves into being happy despite unalterably dismal circumstances. Either way, believing false things can sometimes make us more successful in the evolutionary struggle. And we have to really believe them, not just pretend to. Our brains did not evolve just to rationalize but also to believe that rationalization is reason. Our brains are the amphitheaters of delusion.


We do not need more information about the world. What we need desperately is some way to escape the biases and illusions created by our evolved brains. We need some good news, and we need it now.


But there is good news. This way of thinking already exists. It is the scientific method. Although science has existed in its modern form for only a few centuries, and although most people in the world do not avail themselves of it, science has led to immense breakthroughs in understanding the world. In just a few centuries, we have come to understand the universe, the earth, and ourselves as we never could, and never could imagine, before.


To save ourselves and the world, do we all have to become scientists? This cannot happen, and if it had to, there would be no hope for any of us. Fortunately—and this news is good enough that you can put it on a placard on your wall—you don't have to be a scientist to use the scientific method. The scientific method is based on mental processes that come naturally to all of us. Most people realize that using “the process of elimination” is just “common sense.” We have an instinct for science, just as we also have biases and illusions. The scientific way of thinking is lurking in our minds, if we can just give it a chance to emerge. The first purpose of this book, then, is to convince you that we desperately need to think scientifically—not just scientists but also all of us.


Some people have the impression that scientists have discovered the secrets to the universe. But this belief carries two insidious unspoken messages. The first is that scientists are a species apart, a brilliant breed of super-hominids whose thought processes a non-scientist can never



hope to understand. The second is that scientists want everybody else to think they are smart so that nobody will question what they say, which leads directly to the antipathy that many citizens feel toward academics in general and scientists in particular, that scientists have, for example, hoodwinked everyone else about evolution and global warming. The result is a widespread disregard for scientific evidence.5 But most scientists invite everyone who wishes to apply her innate critical skills to see the evidence and draw conclusions for herself.


The second purpose of the book is to show you that the scientific way of thinking is not only instinctual but is also surprisingly simple. It is something that anybody can do. Scientific thinking is basically just organized common sense. The hard part is not the science itself but keeping our biases and illusions out of it. I am a scientist and a science educator, and I want to help you get started on the journey of science.


Here is the way we can think scientifically. First, we create a statement about cause and effect, a claim about how something works. We call such a statement a hypothesis. Second, we gather evidence that tests the hypothesis. The evidence must be something that is accessible to anyone (external), not just to the person who makes the claim (internal). This evidence will allow us to determine that the hypothesis is true, that it is false, or that we do not yet know. Third…


There is no third. That's it. That's science. We test claims by means of evidence. The hypothesis, if it withstands the test, makes sense of an otherwise confused mass of facts. One hypothesis can lead to another, with the eventual result that a whole framework of hypotheses—now called a theory—helps make sense not just of a set of facts but also of the whole world.


But suppose we reach the wrong conclusion. No problem. Since the evidence is external, someone else can come along and present better evidence, which may lead to a different conclusion.6 In contrast, faith is an internal experience. Many people cling to religious beliefs in the absence of, or even in opposition to, external evidence. But science is external. Science is public. What one person claims, another can test.


Yes, the scientific method is liberating, all right, but it liberates your mind by constraining it. Your mind is free to float untrammeled through all of the clouds and rapids and cliffs of bias and illusion. In order to make your mind seek the truth, you have to keep it from running off in other



directions. Think of an ox dragging a cart through the mud. The ox could go in any direction, leaving the cart in the mud. But the yoke constrains the movement of the ox. Science is that yoke: it allows the ox (your mind) to pull the cart of knowledge forward through the mud of confusion.


We scientists have brains that are just as biased and as plagued with illusions as anyone else's. But we have developed a system that allows us to escape from them, most of the time. Most of this book is about the kinds of errors our ape brains can lead us into, and what the scientific method does about them. You cannot even measure something without bias. For example, how do you know that the measure is valid? Is the gross domestic product a valid measure of national wealth? Even things as simple as accurately measuring the height of a person or how hot the weather is outside can be a challenge. Not only do bias and illusion make it difficult for you to reach the correct conclusion; they also even contort the very process of measurement itself. You cannot even trust your senses when making measurements!


I not only explain these challenges, but I also give examples of major studies in which scientists have used very, very creative methods of avoiding bias and illusion. When you read about these studies, you will forever reject the notion that science is a plodding ramble through dusty piles of facts. Scientific creativity is exceeded only by the prodigious and stupefying creativity of the natural world itself. Scientists think big because their subject is big.


There is more good news. Not only can any normal human being participate in scientific thinking, but also every normal human being begins childhood with that ability. The tiniest infant looks around and observes everything, first the nearby things such as his mother on which he can focus his eyes, and, later, things that are farther away. Although an infant is also subject to inchoate forms of bias and illusion, the infant spends most of his time applying the scientific method to understanding the world. What happens if I push the plate to the edge of the tray? How do I tell which foods are yummy and which are yucky? What happens if I run into a wall? What happens if I scream? And there is more. Children are curious about not just the room and the toys but also about what we call the natural world—trees and birds and rocks. It is only later that an older child may develop the attitude that the natural world is boring.



The ones who never develop this attitude often grow up to be scientists or science teachers. The biggest challenge in science education is to keep kids from ever becoming bored in the first place. The National Research Council may have exaggerated just a little in the title of their report, Every Child a Scientist,7 but not much. Science is a creative adventure, not entirely different from other kinds of human thought, such as creative writing.


You can experience some of the joy by reading science books and also by going on a field trip led by an enthusiastic professional or amateur scientist. You can even become an amateur scientist yourself by joining one of the nationwide or worldwide networks of citizen-scientists who gather data and submit them to large online databases. The data can be anything from bird sightings to human aging to light pollution to human sexuality. As much fun as science may be to read about, it is much more fun to do, and you don't need to be a credentialed scientist to contribute to this worldwide scientific quest for understanding. You can be an amateur scientist. People often use the word amateur disparagingly—but it comes from the Latin word for love. Amateurs are people who do something because they love it, not because it is their job.


There is even more good news. Not only can the scientific method lead our minds, appropriately constrained, to find the truth, and not only is the scientific method based on an instinctual process, but science can also lead us into a world of beauty. It does so in several ways. Consider these examples.


• First, there is a deep sense of beauty in knowing that the world makes sense. The world is not what Carl Sagan called, referring to the non-scientific view of the universe, a “demon-haunted world” in which anything can happen any time based on the whim of a deity.8


• Second, there is beauty in knowing that there is something we might be able to do about our problems. Before we knew that germs caused many diseases, there was not much we could do about them. But now we have, within a couple of years of its first emergence, identified the Zika virus and we know what it does and how it does it. It is not a pretty picture, but our knowledge allows us at least a chance of slowing down its spread and dealing with its consequences.




• And finally, science allows us to begin recognizing the diversity around us. To someone who has never studied trees, a tree is a tree is a tree. But once you begin to study trees, the world becomes so much more interesting because you notice how many kinds there are and how each one of them is a little different in the way it functions in the natural world. Cottonwoods grow fast and die young; oaks grow slowly and die old: once you realize this, a forest is no longer a backdrop but is, in itself, an interesting story.


Our brains evolved to rationalize, but the ability to reason is one of the components of our ape-brain process of rationalization. And when you grasp this simple truth, you are ready to begin thinking scientifically. Nor do you have to believe everything every scientist says as if it is handed down by God, any more than you have to believe everything a politician or a preacher says. You can apply the scientific method to everything and draw your own conclusions. This is perhaps the most exhilarating liberation of which the human mind is capable.


The scientific method is organized common sense. This sounds simple enough. But then it gets complicated. In order to test hypotheses, scientists sometimes have to do absurdly beautiful experiments that make you laugh and then make you think. And it is difficult to deal with bias and illusion. Scientists have to go through a lot of effort, and spend a lot of money, to design experiments that avoid bias and illusion, not only on the part of the experimenter but of the experimental subject as well.


• Bias and illusion influence even the very process of measurement itself: how accurately do we measure something, and how big of a sample do we need?


• Our brains tend to see straight lines while nature throws us curves. This is particularly important with the nonlinear economies of scale and threshold values. Even the explosion of evolution and the death of Mars were nonlinear processes.


• Our brains see everything as categories (often just two) while in nature most of what we see is continuous variation.


• Our brains see everything as simple cause and effect while in nature an effect can also be a cause, and an effect can have multiple causes.




• Our minds have the bias of agency: that is, when something happens, an intelligence must have deliberately caused it to happen. Because we are intelligent, we see intelligence everywhere. How can you tell whether an animal is intelligent or not?


• You might be perfectly capable of making measurements, but if the measurements do not represent a fair sample of the diversity of reality, or are in fact measuring something other than what you think they are, they are invalid and misleading.


• Our brains have a confirmation bias in which we literally see what we expect to see rather than what's really out there.


Science can liberate us from the errors to which even the best human brain is vulnerable. But it has also generated some important Big Ideas that have transformed our whole view of the universe and ourselves. Science is very different from religion, which appears to be a human instinct. Finally, knowing what we know about the world (about everything from global warming to the dangers of tobacco), we scientists cannot sit silently and let people who have it all wrong mess up this beautiful and, as far as we know, unique world. And this leads us on a beautiful venture.


Join me in exploring how the process of science liberates us from illusion and bias. Come laugh with me at the creative ways in which scientists find creative ways to test their hypotheses. And come and see that the scientific way of thinking is not completely different from the common sense and the creativity that we have always known and loved.




DO IT YOURSELF!


Many chapters in this book will have a “Do It Yourself!” box that will suggest scientific activities that you can do.
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Science is an adventure of discovery, not a pile of facts. It is an adventure of discovery not too different from other ways in which humans explore ideas and, if they are lucky, figure things out. Pseudoscience can masquerade as science. However, its purpose is not discovery but propaganda, not liberation of the mind but its conquest.
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Science is a way of knowing. The human species has developed many ways of answering questions involving religion, tradition, deductive philosophy, etc. Science is a relatively new way of finding things out, taking its modern form in the Renaissance.1 Its roots can be traced back even further, however. The eleventh-century French priest Peter Abélard defended the right to doubt the “truths” that we have inherited from the past. He said, “It is by doubting that we come to investigate, and by investigating that we recognize the truth.” (He got in trouble for it.) Science has proven to be a very powerful, very effective, and very enjoyable way of finding things out, as explained by physicist Richard Feynman and biologist Richard Dawkins.2


As noted in the introduction, a hypothesis is a statement about cause and effect, a story about the way things work. Science does not test just any hypotheses. Scientific hypotheses must have the following characteristics:


• Physical. Science studies only things that happen by the laws of nature. Science does not study miracles. This does not mean that miracles never happen. Some scientists privately believe in miracles but will never include them in their scientific work.


• Repeatable. Singularities (processes that happen only once, of which miracles would be an example) cannot be studied by science. Science can, however, investigate a nonrecurring event if that event has left behind enough evidence. Scientists can study



the asteroid impact that occurred sixty-five million years ago and caused the end of the dinosaur era. No such massive asteroid impact has occurred since that time, but it was an entirely natural process and could happen again.


• Measurable. There must be some way of not just detecting the object of study but, if possible, of also quantifying it. Scientists really do try to reduce everything to numbers but only for analysis. Scientists revert to real, human concepts when interpreting and applying the results.


• Falsifiable. Any scientific statement must be capable of disproof. If there is no possible set of observations that could ever prove a hypothesis wrong, then it is not scientific.


The first three points impose the limits of reality on science. Science may tell us that things we want to believe are physically impossible. Believing in the impossible is for religion, not science.


The fourth point is particularly important. Many people and organizations who claim to have scientific credibility champion hypotheses that are unfalsifiable. That is, no matter what data may come along, they find some way to incorporate them into their system of beliefs without changing those beliefs. Religion has done this for a long time. No matter what happens in the world, religious people find some way of explaining it away as being God's will. But scientists are not supposed to do this.


Perhaps the most famous philosopher of science, Karl Popper,3 realized that Einstein's theories of relativity were falsifiable, while Sigmund Freud's theories of psychoanalysis were not. No matter what he observed, from cigars to happiness, Freud found some way to “explain” it by psychoanalysis. It was not possible to specify anything that might come forth from the human brain that would make Freud say, “Well, I guess I was wrong.” But Einstein's theories could be put to the test. In 1919, Sir Arthur Eddington did just that when he demonstrated, during a total solar eclipse, that the gravity of the sun bent the light from stars. Indeed, such “gravitational lensing” of starlight is still used to determine the mass of faraway stars.4 Had this bending not occurred, Einstein's theories, at least in the form that then existed, would have been discredited. It could have been back to the drawing board for Einstein but never for Freud.




The same disregard for falsifiability seems to underlie the assertions of those few scientists who reject the consensus on global warming. Most climate scientists, and scientists in general, accept the hypothesis that human activities (which include the release of carbon dioxide and methane gas into the air, and the destruction of forests and prairies, as well as the indirect effects of these activities) have caused the earth to become warmer during the past 150 years, more than natural processes, such as variation in the intensity of sunlight or the dust and gas from volcanoes, could have produced during that time. In 2017, the Government Accountability Office estimated that, during the preceding decade, extreme weather and fire events had cost the federal government $350 billion and that global warming will make the problem worse in the immediate future. Note that this is just the cost incurred by the federal government, not by state and local governments, by corporations, or by individuals.5 Credit agencies, such as Moody's Investor's Service, have begun to take preparedness for global climate change into account when assessing the creditworthiness of US municipalities; if a city has no plans to deal with global warming, it may receive a lower credit rating.6 The alternative hypothesis would indicate that if global warming has occurred, it has been largely due to natural processes, not human activity. The US Global Change Research Program, a joint project of thirteen federal agencies mandated by the Global Change Research Act of 1990, has issued a series of detailed reports in which they calculate how much global warming has occurred, how much human processes have contributed to that warming, and how much global warming would have occurred in the absence of human processes. The scientists on this panel concluded that, indeed, natural processes contributed to global warming but that human processes contributed well over ten times as much.7


But no amount of evidence seems to satisfy the “denialists” or “climate deniers.” To them, it appears, as long as any doubt about any of the measurements remains possible (and there is always doubt about any measurement), then we must conclude that humans are not causing global warming. No matter what evidence climate scientists may present, it will never be good enough to satisfy the deniers. Climate change deniers could be scientific, but, because their hypotheses are unfalsifiable, they are not.




WHERE SCIENTIFIC HYPOTHESES COME FROM


The first step in scientific investigation is to generate a hypothesis. Here is an example. I am a botanist. One time I designed a class project that tested a hypothesis about the way plants grow. I hypothesized that plant roots would proliferate in layers of high-nutrient soil more than they would in layers of nutrient-poor soil. You could think of my hypothesis as a story: when roots encounter rich soil, they branch out and form a network that draws in the nutrients, but when they encounter poor soil, they grow straight down through it, increasing their chances of finding rich soil farther down.


A brain generates hypotheses about things that it knows the most about. The more you know about something, the more likely you are to generate a hypothesis that is worth investigating. How can you generate a hypothesis about the growth of roots if you have never dug underground to look at them?


But the act of generating a hypothesis need not be entirely conscious. Sometimes hypotheses are just hunches that spring out of the subconscious mind. Our subconscious minds are doing calculations and estimates, and they present an executive summary of their findings to our conscious minds, which may be unaware that any calculations or estimates may have been done. Our subconscious minds form and test hypotheses, though in a manner less disciplined than that employed by our conscious minds. That is, our subconscious minds are not merely the haunt of primitive animal emotions. They often practice a primordial form of scientific inquiry, of which our conscious minds see only the tip of the iceberg.


One example of this is a pharmaceutically active plant extract that I discovered. It seemed to be merely a chance discovery. I made an extract from some twigs of a rare species of tree that I study, and discovered that the extract kills staph bacteria. I had no reason at all to believe that it would; in fact, when I used the extract against other kinds of bacteria, it did not work. But it was not entirely a guess. I knew that many pharmaceutical compounds originally came from plants and that some of them were “chance” discoveries.8 Therefore, my discovery was not as random as it seemed.




Sometimes, but only rarely, hypotheses emerge from dreams. The chemist August Kekulé literally dreamed up the structure of the benzene molecule. He dreamed of a snake forming itself into a ring by biting its own tail. This dream would have been of no use to him if he had not been trained in chemistry. But to him the dream suggested the hypothesis that the core of a benzene molecule was a ring of carbon atoms. Whether in hunches or in dreams, the subconscious mind can suggest hypotheses.


When generating hypotheses, scientists attempt to take every possibility into consideration. This is, of course, impossible. Nobody, scientists included, can ever be sure whether all possibilities have been considered. That is where Sherlock Holmes got it wrong. He said that when all other competing hypotheses have been eliminated, the one remaining hypothesis, no matter how incredible it may sound, must be true. Modern scientists know better than to believe this because, as it turns out, there are almost always alternate hypotheses out there in the universe that we have not thought of yet. There are always “unknown unknowns.” Neither a scientist nor anyone else can say, “I have examined all the possibilities.” Perhaps this is why the science of evolution did not emerge until a couple of centuries ago. No one could have thought of evolution as even a possibility until scientists had learned about genetics and about the populations within which natural selection occurs. Only then did the hypothesis of evolution become thinkable and testable.


SIMPLIFIED MODELS OF REALITY


The world is too complex for us to pay attention to everything that happens; we have to use hypotheses that are simplified models of reality. Scientific research is carefully crafted to isolate just the process that the scientist is studying and to eliminate everything else. This is not easy to do; as a matter of fact, it is perhaps the hardest part of scientific research.


Let me give a simple example of this. There is a species of wildflower, which lives only one year and reproduces only from seeds, and which is very rare out in the dry oak woodlands where I live. But the soil is full of its seeds. Along comes a big fire, which burns down the whole forest. The following spring, the wildflower seeds sprout and the flowers



bloom profusely, covering whole acres with astonishing purple flowers. There is obviously something about the fire that causes the seeds to germinate. Now, the woodland is a very complex place. And fires are very complex. Seeds that sprout after fires are exposed to heat and smoke during the fire, and in the season after the fire the seeds experience brighter light (because the larger plants have been burned away) and a flush of nutrients from the ashes. To incorporate all of the complexity of the fire into an experiment will contribute nothing to understanding what caused the seeds to germinate. Instead, my research assistant and I needed a simplified experiment. Our hypothesis was that chemicals in the smoke caused the seeds to germinate.


PUTTING IT TO THE TEST


Once a scientist has a hypothesis, she must put it to the test. This idea, of testing hypotheses rather than just accepting received wisdom, is a hallmark of science that goes back at least as far as Francis Bacon's Novum Organum.9


To test a hypothesis, you need to have something to compare it to. That is, you have to know what your measurements would be like if your hypothesis is not true. Your null hypothesis states what you expect to see if your main hypothesis is wrong. (Null means nothing.)


Sometimes scientists test hypotheses by conducting an experiment. In an experiment, the scientist is actually in control of what is going on, which helps to eliminate as many extraneous factors as possible. The treatment is based on the hypothesis, and the control is based on the null hypothesis.


To test the root-growth hypothesis mentioned previously,10 I had my students grow some sunflower seedlings in glass cylinders with layers of rich and poor soil. We watched (and measured) the growth that was visible from the outside as the roots penetrated through the layers. Once the roots had grown to the bottom of each cylinder, we were able to compare the amount of root growth in the rich soil to that in the poor soil. The layers of good soil were the treatments, and the layers of poor soil were the controls. We also used cylinders of just good soil, or just poor soil, to which we could compare our results. We found that roots grew in the good soil more than in the poor soil (figure 1-1).




[image: images]


Figure 1-1. A simple experiment that demonstrates that plant roots proliferate in rich soil (here, dark loam potting soil) more than in soil that is poor in nutrients (here, white perlite).


Students could see and measure root growth through the glass. In some of the glass columns, the seedlings first encountered a thick layer of loam, while in others they first encountered a thick layer of perlite, thus correcting for the “sequence effect” (see chapter 12), in which the first encounter is the decisive one. Even when perlite was the top layer, it was necessary to use a thin layer of loam. Loam contains microbes that inhibit the growth of fungi that would otherwise kill seedlings growing on pure perlite. The controls were pure loam or pure perlite. This experiment used beans, whose roots did not distinguish between loam and perlite. When the experiment was repeated with sunflowers, the roots grew more in the loam than in the perlite.


To test the smoke-and-seed-germination hypothesis, we placed seeds on wet paper in little clear dishes under a light.11 There were about twenty dishes. Half of the dishes just had plain water. The other half



had water that had been infused with smoke. The dishes with plain water were the control, and the dishes with smoky water were the treatment. We found that the seeds in plain water did not germinate. That is, light and water were not enough to make them germinate. But many of the seeds in the smoky water germinated, indicating that the smoke caused germination. (We could have used just one plate for each treatment, but scientists always replicate their experiments because you never know what might happen to just one dish—a fungus might start growing in it, or the lid might get knocked off, who knows? And we had about twenty-five seeds in each dish.) These plates were a very simplified subset of the complex reality of a forest fire.


The only difficult part of our experiment was trying to get smoke infused into water. Some scientists use specialized apparatus to do this, such as pumps, test tubes, and glass pipes. But my assistant and I used a hookah pipe. We burned oak wood in the bowl and drew the smoke through the water reservoir using a nasal aspirator. We did this rather than puffing on the smoke because it took three hours, and who wants to smoke oak wood for three hours? Most people who use such pipes for tobacco and other things want the smoke, but we wanted the water. After three hours, the water was a foggy amber color. Our experiment cost nothing, besides the dishes we already had sitting around in the lab, because my assistant already had a hookah pipe. I never asked her what she normally used it for, but I will simply note that her relatives live out in the woods of rural eastern Oklahoma.


If it turns out the hypothesis is right, that's wonderful, and the scientists can go write a paper about it. (We did.) But if it turns out that the hypothesis is wrong (that the null hypothesis is right), the scientist has to revise the hypothesis and try again.


Science is, in a way, a process of elimination. You test one hypothesis after another until you find one that works. It is not just scientists who do this. Let me give you an example. Did you ever listen to Car Talk? You know, the radio show where people call in with questions about their cars? The hosts, Tom and Ray Magliozzi, were pretty funny. But they also used the scientific method all the time. They would probably have laughed if someone called them scientists, but they were. So let me use an automotive example to illustrate the process of science.




Suppose the oil light comes on in your car. You might lose your cool for a few moments, but pretty soon your brain (yes, yours) switches to a scientific mode of thought. Your first idea (hypothesis) might be that your car does not have enough oil. Then you test this hypothesis. You check the oil level with the dipstick. If the oil level is low, you get more oil. But suppose the oil level is not low. Your next idea (hypothesis) may be that the oil pump is defective. So you have a mechanic check your oil pump. If that is the problem, you just get a new oil pump. But suppose the oil pump is working. Perhaps your next idea (hypothesis) is that the oil filter is clogged. So you have your mechanic check the filter. And if that isn't the problem, then perhaps the oil sensor itself is malfunctioning. You eliminate one possibility after another (figure 1-2).


[image: images]


Figure 1-2. Are auto mechanics scientists? Here is a flow chart of sequential tests of hypotheses about why the oil light comes on in your car, as explained in the text.




You have to make sure that you do your tests or experiments properly. For example, you need to turn the engine off and wipe the dipstick, then reinsert it.


What I have just described is the scientific method. You have an observation that you need to explain. You propose a hypothesis, and then you test it. You may end up testing a series of hypotheses. Eventually, unless the problem becomes so complex that you decide it is not worth the time and money to solve it, you will reach an answer. It is common sense. The process of elimination. Science.


As I noted in the introduction, there is no single list of steps that constitute the Scientific Method. I said that there were two steps: propose a hypothesis, then test it. But we can expand these two steps. Here is my slightly longer list of the basics, the first three of which this chapter has already described, and the last four of which make up much of the next section of the book:


• We specify a hypothesis.


• We specify a null hypothesis also.


• We design a test of the hypothesis that eliminates extraneous factors.


• We spend a lot of time thinking about all the ways we could be wrong, so that we can prevent these things from happening before the research rather than trying to figure out what went wrong afterward.


• We perform the research and gather the data.


• We do statistical analyses on our results.


• Then we draw conclusions.


Scientists need hypotheses not just to reach a conclusion but also to do any work at all. Without hypotheses to guide us, we scientists would run around in the world of exciting and fascinating data like a puppy in a room full of new butts.


Sometimes it is difficult to decide which of two competing hypotheses is the null hypothesis. Consider, for example, the controversy over the use of herbicides in agriculture, particularly glyphosate, the active chemical in a Monsanto herbicide. You didn't know there was a controversy?



This is because, in the United States, there isn't much of one. The hypothesis is that glyphosate is, beyond any doubt, unsafe (that is, it has adverse effects on human or animal health); otherwise we should accept the null hypothesis that it is safe. The burden of proof, therefore, is on those who claim that it is unsafe. But, to many scientists and citizens in Europe, the hypotheses are reversed. The hypothesis is that Monsanto must prove that glyphosate is safe beyond any doubt; otherwise we should accept the null hypothesis that it is unsafe. The burden of proof then falls on Monsanto.12


In all of the foregoing, I have assumed that null results (“this didn't work”) are bad. But actually, as Stuart Firestein explains in Failure: Why Science Is So Successful, the null results are important.13 Scientists seldom report experiments in which the hypothesis fails. But scientists should, Firestein claims, because other scientists should know about which hypotheses have already failed, so as to not repeat them, or perhaps to improve on the techniques of earlier scientists. Firestein speculates about a possible online clearinghouse for null results that scientists can consult. Of course, null results do not make as compelling a narrative as results that confirm a hypothesis. To read one of them would be like reading a Perry Mason mystery in which the heroic lawyer was not only wrong but the murder was also never solved.


Therefore, science really is just organized common sense. That is what a prominent scientist and friend of Charles Darwin, Thomas Henry Huxley, called it over a century and a half ago. Scientific common sense is different from ordinary common sense, however, because scientists use the hypothesis-testing approach in a disciplined fashion. For many people, just thinking of a hypothesis is good enough. But to a scientist, a hypothesis is not the end but the beginning. A scientist must test the hypothesis before accepting it.


If science is just organized common sense, one might think that science must be a very simple process. Just test creative hypotheses and draw conclusions from them. But the human mind is incapable of seeing the world objectively. The human mind is the plaything of illusions, sometimes of delusions. In this way, the mind of a scientist is no different from the mind of anyone else. A large part of the work of scientists is the attempt to recognize biases and illusions and to make corrections for



them. If anything, this takes more time, effort, and resources than any other part of the scientific endeavor. That's what the next section of the book is about.




DO IT YOURSELF!


Think of something that you believe and is based at least partly on scientific information. Turn it into a hypothesis. Also specify a null hypothesis. Try to make your hypothesis falsifiable—that is, what observations could you make that might possibly show your belief to be wrong?
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The scientific way of thinking is not just something that scientists do. As I explained in the previous chapter, auto mechanics use the scientific method. But let me give you another example: the process of writing fiction resembles the process of science. I am a scientist, a science writer, and a fiction writer. I'm no expert on fiction, but I at least know the difference between F. Scott Momaday and N. Scott Fitzgerald. As scientist and novelist C. P. Snow asked, what could be more different than science and the arts?1
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