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PREFACE


Here’s a quick quiz.


Which of the following statements are true?




□ DNA is the blueprint of life.


□ Rainforests are the lungs of the planet.


□ There is no gravity in space.





If you see this as a trick question, you’re right. Although the third statement (which reflects a popular misconception about gravity) is objectively false, the first two statements are more difficult to evaluate. Both rely on metaphors instead of presenting objective facts, so they’re not easily categorized as either true or false. Yet both statements are frequently presented as valuable truths, encapsulating important knowledge about science. To evaluate either metaphor, we first have to interpret it—to restate it in terms of objective assertions. This is exceedingly tricky, because we can easily draw wildly different conclusions from either metaphor.


The problem here is not just that metaphors are indirect. The broader issue is our tendency to rely on short, familiar phrases to represent large chunks of knowledge. Consider the following examples:




□ the five senses


□ survival of the fittest


□ killing germs


□ high levels of radiation


□ twenty-four hours a day


□ full of energy


□ a left-brained person


□ global warming





Each of these phrases is intended to be easily understood, encapsulating a great deal of information we think we already know. In essence, each of these phrases is a kind of meme. In our mass media and social networks, we depend on these verbal shortcuts to make our communication more efficient. Because the phrases are so familiar, we tend to feel confident in our understanding of what these phrases mean. Yet each of these phrases provides cover for common scientific misconceptions. More often than not, our understanding of the science behind these phrases is an awkward blend of truth and untruth. It’s not that our popular beliefs about science are all wrong; it’s that they are often not quite right.


That leads to the first goal of this book: to look at the real science behind popular phrases such as these. In other words, what is it we think we know that isn’t quite what we think?


The second goal is to connect the dots. We live in the Information Age, constantly bombarded by disconnected bits of information that are promoted with great urgency by countless media sources and social contacts. When all that information remains disconnected, it’s merely a collection of trivia without a larger meaning. It’s like standing 2 inches from a pointillist painting and staring at the individual dots. I admit that looking at the individual dots—those bits of trivia—can sometimes be fascinating. But the real value comes when you can finally see the big picture, which is not until you step back to see the entire canvas at once. To me, all of those little factoids lack significance until I can see how they fit together.


In my experience, most people are truly interested in connecting the dots—assembling a coherent picture from selected bits of information. But unfortunately, not all of the factoids we encounter are truly factual. The result can be like a huge jumble of puzzle pieces, half of which are decoys that don’t actually fit into the big picture. If you have trouble choosing and assembling the correct puzzle pieces, the big picture might never come into view. Or worse yet, a completely erroneous big picture might emerge. In the thirteen chapters of this book, I sort through a prodigious pile of puzzle pieces and select the useful ones that can actually contribute to an accurate, connected picture.


My third and final goal with this book is simply to have a bit of fun. Science information can be presented in a way that’s dull and boring, or it can be presented in a way that’s lively and interesting. I certainly want to present my collection of dots and puzzle pieces in a manner that you will find highly engaging—to give you a book that’s truly enjoyable to read. In short, this book is intended to be a fun exercise in connecting the dots that lurk behind the common shorthand phrases we use when we talk about science. Wait—I don’t think I’ve quite captured it. Perhaps I should just say that you and I are about to work together on a big jigsaw puzzle, and I hope to be a lively raconteur as we play.


But before we get started, I must offer a warning. Although I am a stickler for science details, eager to get each of my facts exactly right, you should not assume I’ve actually gotten everything perfectly correct. Part of the issue is that science is actually a process, not a collection of facts. This process constantly generates new information, resulting in the continuous questioning of old assumptions. Our knowledge of science undergoes a never-ending process of refinement and reinterpretation of the details. This constant change allows us to see the big picture with ever more clarity, and once in a while it even causes a noteworthy shift in the appearance of the big picture. So there’s no way I’m ever going to be 100 percent correct. Plus, I’ve tried to cover a wide range of topics, and my understanding of any one of those topics is likely to have a few gaps, even though experts in several of these fields have reviewed my chapters and provided me with valuable feedback.


So my ambitious goal has been to create a book that’s at least 98 percent correct. The other 2 percent of the information I present might include “facts” that are misleading, oversimplified, out of date, slightly misstated, or downright erroneous. Realistically, 98 percent is not too bad. One of my favorite quotes describes the astronomer and science writer Carl Sagan (who died in 1996) as someone who was “very often right and always interesting.” If I can meet a similar standard, to be usually right and almost always interesting, I will have done well. To put it another way, I have high hopes that you will find this book enlightening as well as engaging.
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The Lungs of the Planet


Ever since I was a child, my friends have noticed a slightly obsessive-compulsive nature to my personality. Just slightly, mind you. For example, I cannot stand to be in the same room as a desk drawer or kitchen drawer that has not been fully closed; I must close it immediately. Simply retreating into the next room will not solve the problem, because I’ll still remember that there’s an unclosed drawer in the adjoining room. And if I run across a set of data I haven’t seen before, I often feel compelled to type that data into a spreadsheet so that I can sort and analyze the data in various ways. Hardly a week goes by in which I haven’t created some fascinating new spreadsheet, such as the one that lists all of the species of trees found in a park near my home, along with the botanical family for each species and the typical height of a mature tree. If you ever happen to visit me, I’ll be happy to show you my latest spreadsheet.


Another consequence of this personality trait is that whenever I read about science on the internet or in popular publications, I often find myself saying, “Wait! That’s not right!” Anyone in the same room with me will soon get an earful about the erroneous material I’ve just encountered. Quite often, the offending passage is not completely wrong; it’s just not quite right. That was the case the first time I encountered this sentence in a popular science article:


“Rainforests are the lungs of the planet.”


What? Really?


Since that first encounter, I have seen several variations on this sentence. Sometimes rainforests is replaced by forests or trees. Sometimes the word planet is replaced by earth or world. But all of these variations convey essentially the same message. The lungs meme has now become quite widespread on the internet and is always expressed as if it were an absolute truth. And by meme I don’t mean a funny picture or a video, but a concept encapsulated by a short, punchy phrase, such as this metaphor comparing forests to lungs.


On one level, I genuinely appreciate the poetry of this metaphor. On another level, I love the implication that trees and forests have value as living creatures, not just as a source of wood. But an analogy is only as good as the conclusions one draws from it. What conclusions should we draw from this comparison of rainforests to lungs?


What Are Lungs?


You and I each have two lungs, and we use those lungs to breathe. We think of breathing as a two-phase cycle: first we inhale and then we exhale. The air we inhale from the earth’s atmosphere is about 78 percent nitrogen, 21 percent oxygen, and 1 percent argon, along with a tiny amount of carbon dioxide (about 4/100 of 1 percent). The air we exhale is obviously different—but not as different as you might think. It is still mostly nitrogen, and still 1 percent argon. The main difference is that some of the oxygen has been removed from the air, replaced by carbon dioxide. (The air we exhale also has more water vapor, evaporated from the moist interior of the lungs.)


It is common to say that we breathe in oxygen and breathe out CO2, but this is far from accurate; we mostly breathe in nitrogen and breathe out nitrogen. Perhaps most surprising, our exhalations contain far more oxygen than carbon dioxide. About a quarter of the oxygen we inhale is absorbed by tiny blood vessels in the lungs, and the rest of the oxygen is exhaled without being used. The same blood vessels that absorb oxygen also give off carbon dioxide, thereby eliminating a waste product from the body. The most important part of breathing is not the inhaling nor the exhaling but the gas exchange—extracting oxygen from the air and getting rid of CO2.


Many other types of animals besides humans have lungs. On the other hand, certain tiny creatures meet their oxygen needs by absorbing it directly through the skin, without the use of lungs. Even if human skin were optimized for maximum oxygen uptake, a human could never absorb enough oxygen through the skin; we have too much body mass for the amount of skin we have. Lungs solve this problem by presenting an astounding amount of surface area to the air, due to the hundreds of millions of little sacs (called alveoli) inside each lung. Furthermore, these surfaces are always moist, facilitating gas exchange. The muscles in your diaphragm force air in and out of your mouth and nose, inhaling and exhaling, thereby bringing in a fresh batch of outside air every few seconds.


Is It Accurate to Compare Forests to Lungs?


The lungs metaphor implies that forests—especially tropical rainforests—serve as a kind of air exchanger, taking in fouled air and replacing it with clean air, thereby benefiting the whole planet. The underlying idea is that a forest improves the air by removing carbon dioxide and releasing oxygen. On a literal level, this is the opposite of what lungs actually do. Lungs take in fresh air and exhale stale air, partially depleted of oxygen but enriched in carbon dioxide. However, the comparison to lungs is intended as a rough analogy, not a literal fact, so we interpret the metaphor to mean that trees perform the reverse process. Thus a balance is implied between the forests of the world and the animals of the world. In fact, many educational materials contain graphics that illustrate such a balance.


The main strength of this metaphor is its emphasis on gas exchange (the exchange of carbon dioxide with oxygen), which is an important concept. But if a forest has the equivalent of lungs, where are these lungs? The answer is that most of the gas exchange occurs in the leaves. Pores on the lower surface of each leaf (called stomates or stomata) allow gases to move in and out. During the day, carbon dioxide enters through these pores and oxygen escapes. This is consistent with the “reverse lungs” concept. But at night the opposite happens: oxygen enters through the pores and carbon dioxide escapes, a reversal of direction that the lungs metaphor does not explain or even acknowledge. This daily cycle happens because photosynthesis occurs only during the day, but metabolism occurs twenty-four hours a day.


When we think of real lungs, we also think of breathing—alternately inhaling and exhaling. Muscles in the chest first pull air into the lungs and then a few seconds later push the air back out. Do forests “breathe” in a similar manner? Some websites and popular media articles suggest as much, saying that trees “breathe in carbon dioxide and breathe out oxygen.” Some go even farther, saying that trees “suck in carbon dioxide,” as if trees actually had lungs. Both of these words—breathe and suck—imply the use of muscles to force air in and out of a lung cavity.


But this is not what happens in a plant. Instead, carbon dioxide and oxygen both slowly diffuse through the open pores in the bottom surface of each leaf, gradually moving from a place of higher concentration to a place where the concentration is lower. When CO2 is more concentrated in the air outside the leaf than inside, CO2 slowly enters the pores. When oxygen is more concentrated inside the leaf than outside, oxygen slowly exits the pores. Thus, oxygen and carbon dioxide can pass through a leaf pore in opposite directions at the same time—quite different from our usual concept of breathing, in which all the air is forced to go in a single direction at any given moment.


One additional issue with the lungs meme is that it tends to ignore why forests produce the opposite results from animal lungs. Rather than simply praising trees for their benefits to us, we should also ask: Why do trees remove carbon dioxide from the air? What’s in it for the trees? Answering this question—as we will shortly—is the key to unlocking the underlying science. Unfortunately, a child who has been taught the lungs meme might answer this question by saying, “Because people and animals need oxygen.” This confuses a benefit with a cause. While it’s beneficial to us that trees release oxygen and remove CO2 from the air, trees do it for reasons that have nothing to do with us.
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Gas exchange through a stomate on a leaf





What Is the Point of the Metaphor?


Of course, the reason the lungs metaphor appears so often in the popular media and educational materials is that we (the readers) are supposed to draw an important lesson from it. However, these various sources don’t all agree on the point of the lesson.


In some instances, the explicitly stated lesson is that forests produce the air we breathe—and that if we don’t stop cutting down trees, we will soon run out of oxygen. (“Forests are the lungs of the earth. If we destroy them, we destroy ourselves!”) However, this is a massive exaggeration. Destroying the world’s forests would indeed be catastrophic, for many reasons, but it would not result in our suffocating. It is true that all of the free oxygen in our atmosphere was put there by living creatures—a very important point. However, this oxygen has slowly accumulated for several billion years, and it’s not going to disappear overnight. Furthermore, trees are not the only organisms that release oxygen into the atmosphere. All green plants do so, along with a multitude of microscopic green organisms (algae and cyanobacteria) that live in water and wet places. So while trees are indeed major producers of oxygen, they aren’t the sole source.


In contrast, some articles in the media that use the lungs metaphor suggest a far more useful lesson: because trees remove carbon dioxide from the air, they help to offset some of the human-caused increase in atmospheric CO2. This lesson draws a connection between forests—especially tropical rainforests—and global climate change. If we can slow down or reverse the worldwide reduction in the number of trees, this should help slow the rate of climate change.


So the real point of the lungs meme is not so much the relationship between trees and oxygen as the relationship between trees and carbon dioxide. On the internet and in educational materials, various authors have used a wide range of verbs to summarize this relationship:




• Trees remove carbon dioxide from the air.


• Trees absorb and store carbon dioxide.


• Trees filter carbon dioxide from the air.


• Trees clean the air.


• Trees purify the air.





Each of these phrases represents a slightly different meme intended to encapsulate the relationship. The word remove is by far the most accurate of these verbs. Unfortunately, all of these verbs can lead to misconceptions, in part because of several important ideas that these simple memes omit.



Filtering, Absorbing, Storing, Purifying


One popular meme, often associated with the lungs metaphor, is that trees filter the air—equating forests to an air filtration system. The idea is that trees filter out carbon dioxide and other “bad” substances from the air. One advantage of this meme is that it’s easy to understand. The better versions of this meme explicitly mention CO2: trees filter carbon dioxide from the air. However, if you take this meme too literally, you might assume that air passes right through the leaves as through a filter, entering from one side of the leaf and exiting the other side, which is not the case.


The filtration meme offers no direct explanation of what happens to the CO2 that has been removed. This can lead to the misconception that the extracted CO2 is completely destroyed. On the other hand, if you take the analogy of a filter quite literally, you are more likely to assume that the carbon dioxide accumulates over time in the leaves of plants, which isn’t correct either.


What do trees do with the CO2? A popular concept—similar to the filtration meme but distinct from it—is that trees absorb and store CO2. One version of the concept equates a tree to a giant sponge that sops up carbon dioxide from the air, storing it inside the tree. This meme has three important strengths: (1) it’s easy to understand, (2) it acknowledges that the carbon dioxide is not magically eliminated, and (3) it subtly implies that the carbon dioxide will return to the atmosphere if the tree is destroyed.


However, this meme also implies that trees serve as storage units for carbon dioxide, which is not correct. Trees use carbon dioxide—they don’t store it. A tree converts carbon dioxide into other carbon-based chemical compounds it can use. The great mass of a tree consists primarily of just two things: carbon-based compounds (also called organic compounds) and water. Most of the carbon atoms removed from the air have been incorporated into wood, leaves, or other essential parts of the tree.


Despite the imperfections of this meme, a person who learns it will probably realize that destroying a forest has two negative effects connected to carbon dioxide. First, there are fewer trees to remove carbon dioxide from the air. And second, destroying a forest tends to release a lot of carbon dioxide into the atmosphere in a short period of time.


The relationship between trees and carbon dioxide is sometimes expressed in the popular media with the verbs clean and purify, as in “trees clean the air” or “forests purify the air.” It is true that trees can reduce the concentration of certain harmful pollutants in the air, such as ozone, sulfur dioxide, nitrogen dioxide, and particulates (soot and dust). But applying these verbs to carbon dioxide just muddies the water.


The verb purify is especially misleading, because it implies that carbon dioxide in the air is an impurity. Carbon dioxide occurs naturally in the air, and green plants depend on it to survive. Therefore, our entire food supply depends (directly or indirectly) on the presence of CO2 in the air. The real issue is that when the amount of CO2 in the atmosphere changes, either increasing or decreasing, it causes climates all around the world to change, which is disruptive to both human societies and natural ecosystems. It’s actually quite good that the atmosphere contains CO2, but it’s bad that human activity is causing the concentration of CO2 in the air to increase so rapidly.


The verb purify is misleading in other ways. First, it greatly exaggerates the results. Trees can reduce the level of pollutants in the air, but they fall far short of actually purifying it. Second, trees also pump large quantities of material into the air. Many species of trees are wind pollinated, including oaks, maples, birches, hickories, pines, junipers, and poplars. A single mature tree can release hundreds of millions of pollen grains into the air each year, to the dismay of people who suffer from spring allergies (as I do). Many trees also scent the air by releasing odoriferous chemicals. Of course, we usually perceive these odors as pleasant, such as the smell of pine, juniper, or eucalyptus (or my personal favorite, California bay laurel). In effect, the chemicals released into the air serve as nature’s air freshener. (Perhaps this explains why people hang tree-shaped air fresheners in their cars!) Furthermore, insect-pollinated trees, such as the southern magnolia, can release wonderful scents when the flowers are in bloom, thereby alerting pollinators that dinner is served. But none of this counts as purifying the air. When we smell the fresh scent of a forest, it’s not because the air has been purified but because of the natural chemicals that have been released into the air.


Why Do Trees Remove CO2 from the Air?


If the key lesson of the lungs metaphor is that trees remove CO2 from the air, our lesson isn’t complete until we understand why trees do it. The answer, in a word, is photosynthesis. As we were all taught in school, green plants use photosynthesis to capture the energy of sunlight. In this abbreviated form, the concept seems to be unrelated to our discussion about trees and carbon dioxide. However, a slightly longer version spells out the connection: green plants use the energy of sunlight to convert carbon dioxide and water into sugar, releasing oxygen as a by-product.


Unlike the memes discussed earlier, the concept of photosynthesis provides a reason that plants remove carbon dioxide from the air: to produce sugar. It also explains what happens to the carbon: it becomes part of the sugar molecule (C6H12O6). This explanation also implies how green plants benefit from the process: they can use the sugar.


The diagram on the following page indicates the specific molecules involved in photosynthesis, but to produce a balanced equation you would have to mention the quantities of each molecule: six molecules of CO2 and six molecules of water combine to form one molecule of glucose plus six molecules of oxygen.


Note the detail that oxygen is given off as a waste product of photosynthesis. Carbon dioxide and water contain more oxygen atoms than are needed to make sugar, so the excess oxygen is released as a gas. That’s the reason green plants give off oxygen—not because animals and humans need it. In fact, when the earliest photosynthetic organisms began to pump oxygen into the atmosphere three billion years ago, the gas poisoned much of the existing life on Earth, killing it off but paving the way for the later evolution of oxygen-dependent creatures. (This episode may sound quite sad, but that ill-fated early life was mostly anaerobic bacteria of various kinds.)
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The process of photosynthesis





This simple model of photosynthesis—using sunlight to convert CO2 and water into sugar—provides a great foundation for understanding the relationship between trees and carbon dioxide. However, this model is incomplete because it fails to explain what happens to all that sugar. The simplest such explanation (although still incomplete) is that the sugar produced by photosynthesis serves as food for the plant. This is a crucial concept. Every living cell needs energy to survive, and for most plant and animal cells, this energy is delivered as sugar. The sugar produced in the leaves of a plant must be transported to all the living cells in the plant, including the roots.


Once you fully grasp these two ideas—that every plant cell needs food in the form of sugar and that a living plant must move sugar to where it’s needed—it makes perfect sense that most land-based green plants have an internal water-based transport system. In fact, two distinct transport systems are at work. One system moves sugar water down from the leaves to the roots, and the other system moves mineral water up from the roots to the leaves.


Why do plant cells need energy? Cells use the chemical energy of sugar to drive the normal metabolic processes that keep the plant alive. When the cells use this energy, the sugar reverts to carbon dioxide and water—and oxygen is consumed in the process. The upshot is that every cell in a plant constantly consumes oxygen and gives off carbon dioxide, just as animal cells do. However, when the sun is shining, the chloroplasts in the leaves and other green surfaces do just the opposite, and they do it at a much faster rate. Thus, during the day, green plants are net consumers of carbon dioxide and net producers of oxygen. But at night, when photosynthesis shuts down, it’s just the opposite.


In short, to truly make sense of the concept of photosynthesis, one must remember the following three details:




1. Plants use the energy of sunlight to convert carbon dioxide into sugar.


2. The creation of sugar molecules is a way of storing the energy of sunlight.


3. Sugar is the principal source of energy for living cells.





But even if you remember these three details, the story is not complete—because sugar molecules provide a second benefit that is just as important as storing energy.


Making Useful Stuff from Sugar


What is that second benefit? you may be asking. The concept missing from the preceding discussion is that much of the sugar produced by green plants is not used to provide energy to the cells of the plant. Instead, the sugar is converted into other organic compounds that are useful to the plant. A surprisingly wide range of compounds is produced, including starches, fats, proteins, and many other classes of molecules. Some of these compounds, such as starches and fats, require nothing more than the atoms already present in sugar—carbon, hydrogen, and oxygen. But some compounds (such as proteins) require additional atoms (such as nitrogen) that arrive via the mineral water sent up from the roots. These various molecules serve many different purposes in the life of the plant.


In most plants, a high percentage of the sugar that is created is converted into cellulose—or in the case of woody plants, cellulose and lignin. These are the structural materials that give a plant its shape and allow it to stand upright. (Lignin, which is much stiffer than cellulose, is the compound that makes woody plants “woody.”) Humans cannot digest cellulose or lignin, so we tend to eat the parts of plants where the digestible compounds—such as sugars, starches, fats, and proteins—have been concentrated.


All that useful stuff plants make tends to build up over time. This brings us to the concept of biomass. Contrary to what the word sounds like, biomass is not a religious ceremony for science teachers. Instead, biomass is any material that consists either of living tissue—plant or animal—or matter that was once living. In a forest ecosystem, most of the biomass consists of living trees or dead remnants of trees, such as the leaf litter on the forest floor. Some of the biomass is underground, including tree roots, fungus, other microorganisms, and the myriad little critters that live in the soil.


One component of biomass is water, embedded in living or dead tissue. But the rest of the biomass consists almost entirely of energy-rich carbon-based compounds. For that reason, dried biomass is flammable and can be used as fuel. The most obvious example is firewood, but any dried plant material tends to burn easily. This fact reveals a key detail: cellulose and lignin contain a lot of stored chemical energy. In fact, all the carbon-based compounds in a plant are high-energy, and this energy can be traced back to sugar created by photosynthesis.


The only organisms that can convert CO2 to sugar are green plants and green microorganisms (algae and cyanobacteria), both of which contain chlorophyll. These are the only organisms that can create new biomass. (One minor exception is organisms that use inorganic chemical energy instead of sunlight to create new biomass, such as the bacteria around deep-sea hydrothermal vents.) Animals cannot create new biomass, but they can convert part of the biomass they eat into other kinds of tissue. However, doing so always results in a net loss of biomass. In other words, when an animal eats biomass (plant or animal tissue), only a small part of that biomass is incorporated into the body of the animal as muscle or other tissue. A larger part of that biomass is simply metabolized for its energy. And a far larger part of the eaten biomass is wasted, especially if the animal is incapable of digesting cellulose. The key point here is that in a typical terrestrial ecosystem, such as a forest or grassland, all of the biomass in the system is originally created by plants. (In an aquatic ecosystem, algae and cyanobacteria—which are also photosynthetic organisms—often fill the role instead.)


When discussing the biomass of an ecosystem, it’s helpful to consider how dense the biomass is. This can be expressed, for example, as tons of biomass per acre or metric tons per hectare. Not surprisingly, forests (especially tropical forests) tend to have very high values because so much biomass is locked up in woody tree trunks, branches, and roots.


Did I Hear Someone Say “Carbon Sink”?


If the term carbon sink makes you think of a high-tech bathroom fixture, I’m about to open your eyes to a completely new meaning. A carbon sink is anything that absorbs large amounts of carbon dioxide from the atmosphere, retaining the carbon in one form or another. Because forests have such high biomass density and all biomass consists of carbon-rich compounds that originated as atmospheric CO2, forests can be viewed as a major carbon sink.


However, a carbon sink doesn’t always remain a sink; the flow of carbon atoms can easily reverse direction. The biomass of a forest reverts to CO2 again whenever any of the following happens:




• Sugars are metabolized by plant or animal cells in order to access the stored energy.


• Dead biomass, such as fallen leaves or downed trees, decomposes into simpler compounds. (Decomposer organisms play a key role, utilizing some of the stored energy while breaking down the organic compounds.)


• Fire races through a forest, burning the dead forest litter—and in the case of a crown fire, also consuming parts of living trees.





In a typical forest, far more carbon is captured than released, although the amount varies according to the type of forest, the age of the forest, and other factors. Recent studies have explored this issue in detail, examining a wide range of forests around the world. They show that a typical forest continues to gain biomass until the forest is about eight hundred years old, after which the quantity of biomass remains at a steady state and the forest becomes carbon neutral.


This result may seem counterintuitive, especially if you picture a forest as reaching maturity in less than a century. But consider the most massive trees in any typical forest, such as the largest species of oaks in many temperate forests. These trees can live for hundreds of years, gaining biomass in their trunks every year (because the diameter continues to increase as long as the tree is alive). Furthermore, after the forest finally reaches a steady state in its aboveground biomass, the soil carbon continues to increase for a while. The upshot is that a typical forest continues to capture additional carbon for about eight hundred years. Most forests in the world are far younger than that, in part because humans have cut them down at one time or another.


At the other end of the age spectrum, freshly harvested forest land—even if replanted with young trees—continues to lose carbon dioxide to the air for about fifteen years before finally becoming a carbon sink again. That is due to the decomposition of all the dead tree parts left behind—branches, leaves, stumps, and roots—and the loss of some of the existing soil carbon. But for a typical forest in the age range of fifteen to eight hundred years, the amount of stored carbon continues to increase over time.


Because trees can be very large, it seems intuitive that a forest would store more carbon per acre than any other type of ecosystem. But is that really true? If you consider only the aboveground storage of carbon, the tropical rainforests of the world are the clear winners. Forests in temperate climates also store a lot of carbon, but less than tropical forests.


However, if you also consider the organic carbon stored in soils, the picture becomes more complicated. In the extensive peatlands of the world, the density of carbon storage can be as great as in tropical forests. However, much of this carbon is stored in a thick blanket of peaty soil, not in living vegetation. The acidic, waterlogged soils prevent fallen organic matter from decomposing, so it builds up over a long period of time. Peatlands are especially common in the far north—Canada, Russia, and Alaska—but the tropics also contain significant areas of peatland. The destruction of forested peatlands in Indonesia and Malaysia to make way for palm oil plantations is particularly significant because the combination of forest with peaty soil is especially carbon rich.


Destroying peat bogs is as bad as destroying tropical forests when viewed through the lens of preserving our major carbon sinks. Peat bogs are easily destroyed by draining away the water, which exposes the soil to air, allowing the organic matter to decompose. However, peatlands are not the only ecosystem with high levels of organic carbon in the soil. Mangrove swamps tend to have very high levels of soil carbon, and grasslands tend to have fairly high levels. Worldwide, more organic carbon is found in the top meter of soil than in all the aboveground biomass.


The ocean is also a major carbon sink, because carbon dioxide is soluble in water and easily passes between the atmosphere and the ocean. In fact, the ocean contains far more carbon dioxide than the atmosphere. Thus, the three major carbon sinks of the world are vegetation, soil, and oceans, and each is capable of returning carbon dioxide to the atmosphere, depending on current conditions.


To round out this picture, it is also helpful to think about the former carbon sinks of the world, now locked away deep in the earth. The two former carbon sinks are fossil fuel reserves and limestone in the earth’s crust.


Our reserves of fossil fuel—oil, gas, and coal—are the remnants of ancient swamps in which large amounts of plant material accumulated without decomposing. This organic matter eventually became buried under soil thousands of feet deep. The combination of heat, pressure, and time converted the buried soil into sedimentary rock, and the embedded organic material into petroleum, natural gas, and coal. These fossil fuels have been locked away for hundreds of millions of years, but now humans actively seek out these reserves to burn as fuel, which returns the carbon dioxide to the air.


The vast amounts of limestone in the earth’s crust are a result of the presence of carbon dioxide in the oceans. CO2 combines with water to form carbonate, which remains dissolved in the water. Many forms of sea life extract carbonate to produce shells, reefs, and other hard structures. Additional carbonate interacts with calcium that has weathered from continental rocks and washed into the ocean. Both of these processes result in a steady rain of calcium carbonate settling to the bottom of the ocean, forming thick layers of marl that eventually become limestone and related rocks. When limestone is processed to create cement, some of the carbon dioxide returns to the air.


The Big Picture


But what about the original question? Are rainforests the lungs of the planet? If we turn this into a true/false question, the best answer is false. In no practical sense can we accurately say they are the lungs of the planet. Every molecule of CO2 captured from the atmosphere and converted into biomass results in the release of one molecule of oxygen. The atmosphere has five hundred times as many oxygen molecules as CO2 molecules, so if plants somehow converted every single molecule of atmospheric carbon dioxide into biomass, this would have no appreciable effect on the concentration of oxygen in the air. (However, if this imaginary scenario actually happened, CO2 would seep from the ocean into the air, restoring part of the missing CO2.) Likewise, humans and animals don’t use enough oxygen to significantly affect the amount of it in the atmosphere.


On the flip side, while it is very helpful to preserve forests and to plant new trees—for many reasons, including our fight against global warming—forests will never generate enough biomass to completely compensate for all the fossil fuel CO2 we have poured (and continue to pour) into the atmosphere. In other words, trees alone cannot reduce the levels of atmospheric carbon dioxide to their preindustrial levels.


Now that we have thoroughly tugged at the loose threads in the lungs metaphor, the sweater has become seriously unraveled. But perhaps this threadbare garment still has some use. Here are the five principal concepts to take away from this discussion:




1. The lungs metaphor is all about gas exchange—oxygen and carbon dioxide—and how forests do it in the opposite direction from animals. But the most valuable idea in this metaphor is that trees remove carbon dioxide from the air.


2. Trees don’t remove CO2 because of their deep compassion for people. Instead, they need the CO2 to make sugar, thereby capturing the energy of sunlight. This process, called photosynthesis, gives off oxygen as a waste product.


3. Sugar is the principal source of energy for living cells—in both plants and animals. When a cell uses this energy, the sugar reverts to CO2 and water, consuming oxygen in the process.


4. Plants convert some of the sugar they make into a wide range of other essential organic compounds, providing structure and shape, as well as food for the various animals in the ecosystem.


5. The forests of the world are a major carbon sink, storing additional biomass as they grow. Destroying a forest releases most of the carbon back into the atmosphere.





Taken together, these five concepts provide a detailed and nuanced picture of the relationship between trees and carbon dioxide.


Of course, the forests of the world provide far more benefits than just capturing carbon—and the wholesale destruction of forests does far more harm than just releasing carbon dioxide into the atmosphere. But with the current emphasis on trees as part of the solution for fighting the rising levels of atmospheric CO2, it is helpful to have a good understanding of the underlying scientific concepts.


I’m happy that I was able to wrap up this chapter with a nice little list of five key points. I often think lists are even more interesting than spreadsheets. I’ve got lists all over the place. I even keep a list of the lists I intend to make. However, if your personal preference is to see a spreadsheet rather than a list, just let me know and I’ll see what I can do.
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No Gravity in Space


I was busy arranging my coffee mugs the other day when I heard a shocking statement on the radio. I was actually paying more attention to the mugs than the radio—lining them up on a kitchen shelf, equidistant from each other, with the handles on the right and the principal image or text facing forward. I used a ruler (marked in millimeters) to ensure I was getting it right. But then I heard a voice on the radio mention that the International Space Station is a great place to conduct certain scientific experiments because there is no gravity in space. I was so stunned that I nearly dropped my favorite mug, the one that depicts the periodic table of elements. No gravity in space? How could they say such a thing on the radio? I promptly jotted down a note to remind myself to address this unfortunate misconception.


It’s true that astronauts in Earth orbit experience weightlessness—and that this effect is sometimes misleadingly called zero gravity—but weightlessness does not actually indicate a lack of gravity. In fact, quite a lot of gravity is tugging on the space station. The space station orbits in a continuous loop around Earth, completing each orbit in about ninety-three minutes. This nearly circular path is the result of Earth’s gravity. Without Earth’s gravitational attraction, the space station would fly off in a straight line, rapidly leaving the vicinity of Earth. The same thing applies to the moon, whose orbit is nearly a thousand times as far from Earth as that of the space station. It, too, would fly off if not for the effect of Earth’s gravity.


Of course, this leads to an apparent contradiction. If Earth’s gravity is strong enough to bend the path of the space station into a circle, how can the astronauts—and everything else inside the space station—experience weightlessness? If the space station is subject to Earth’s pull, shouldn’t the people inside feel the effects of gravity too?


Einstein’s Elevator


A helpful place to start is with a famous thought experiment conducted by Einstein a century ago. Imagine yourself standing in a windowless elevator. You have not yet pushed a button, and therefore the elevator is not yet moving. You are aware of Earth’s gravity because your legs support your weight. Because of gravity, you have no doubt as to which way is up and which way is down. Now imagine that this same elevator, with you inside, is magically transported far into space, far from any source of gravity such as a planet or a star. If the elevator is not moving (or more accurately, not accelerating), you will float around inside the elevator in a state of weightlessness. The only clue as to which way is up is the interior design of the elevator.


Now imagine that this elevator, still out in deep space, begins to accelerate in the direction of up, consistent with the interior of the elevator. Instead of experiencing weightlessness, you will again be standing on the floor of the elevator. If we assume that the elevator accelerates at a constant rate, you will feel a constant downward force that is indistinguishable from gravity. Depending on the rate at which the elevator accelerates, this downward force could exactly match the familiar effect of Earth’s gravity. Standing in that elevator accelerating through space, you will not be able to distinguish the experience from an unmoving elevator back on Earth. Even if you play a game of basketball or ping-pong inside the elevator, you will not be able to distinguish between accelerating through space and sitting still on Earth. This thought experiment told Einstein that a gravitational field is indistinguishable from acceleration. In fact, he concluded that the two are equivalent, and this insight played a key role in his formulation of the theory of general relativity.


Let’s continue the exercise. Suppose you enter an elevator at the top floor of a very tall building. Imagine that this particular elevator is capable of accelerating downward at a rate that exactly balances the effect of gravity. You press the button to travel to the ground floor, and for a few seconds you experience complete weightlessness. (However, before reaching the bottom, the elevator must sharply decelerate, resulting in several seconds when your weight is much greater than its normal value.) Even though you experience a period of weightlessness, you remain under the influence of Earth’s gravity the entire time. Your weightlessness is due not to a lack of gravity but to a balance between two effects. Without the effect of gravity, the downward acceleration of the elevator would plaster you against the ceiling. But the downward force due to gravitational acceleration exactly balances it, so you float weightlessly within the elevator.


The training program for future astronauts puts this idea to practical use. A special jet airplane (the “vomit comet”) produces the effect of weightlessness. After climbing high into the sky, the jet dives toward the earth, exactly matching the rate of gravitational acceleration. In other words, the people inside are falling toward the earth due to gravity, but the downward motion of the jet matches the increasing speed at which they are falling. With each dive, the passengers on this jet experience twenty to thirty seconds of weightlessness, floating around a padded cabin within the plane. During this entire period of weightlessness, Earth’s gravity never disappears; it is simply masked by the downward acceleration of the jet.


Passengers aboard the space station—or in any other space capsule orbiting Earth—experience weightlessness for almost exactly the same reason as on that diving jet. However, before we can make sense of this idea, we have to explore another related concept.



Newton’s Apple


When I was a kid, I was told that Newton discovered gravity when an apple fell on his head. It’s a cute story, but no evidence exists that a falling apple ever collided with Newton’s noggin. Furthermore, this story completely misstates the essence of Newton’s discovery. People were already quite familiar with gravity long before Newton. It was an everyday experience that if you drop an object, it falls to the ground. Newton’s genius was to ask questions about gravity that most people failed to ask, and then to discover answers to those questions.


Newton had indeed grown up around apple trees, and he had seen apples fall. On a windless day, an apple falls in a straight line directly toward the ground—in other words, perpendicular to it. But on a windy day, a falling apple follows a curved path to reach the ground. For a mind like Newton’s, this observation would lead to lots of questions, such as: Why did the path of the apple curve? What is the exact shape of this curve? What would happen if the wind were much stronger?


This last question is especially fascinating. In a stronger wind, the apple would fall farther from the tree. Increase the wind even more, and the apple would fall farther still, tracing a more elongated curve. However, the surface of the earth also forms a curve. Imagine a wind so strong that the curve of the apple’s path exactly matches the curvature of the earth. The apple would just keep circling the earth forever, never getting any closer to the ground. Newton knew that this would never actually happen to an apple, but he realized that this idea could apply to the moon in its orbit around the earth, or to the planets in their orbits around the sun.


Unfortunately, the apple analogy has a serious weakness: it’s unclear whether the gust of wind just gives the apple an initial shove or if the wind continues to push the apple during its fall. So when Newton wrote up his laws of motion, he used the example of a cannonball instead. Newton imagined a cannon sitting atop a very high mountain. The cannon fires horizontally, shooting the cannonball parallel to the surface of Earth. (Note that the cannon does not influence the cannonball after it exits the cannon’s bore.) Because of gravity, the cannonball eventually falls to the ground, tracing a curved path. But if the cannon were to eject the cannonball with sufficient speed, the arc of the falling cannonball would exactly match the curvature of the earth. As long as the cannonball never slowed down, it would keep circling the earth. Of course, air friction would indeed cause the cannonball to slow down, but air friction does not affect the motion of the moon around the earth, or the earth around the sun.




[image: Image]


How the combined effect of inertia and gravity can produce a circular orbit





Newton also realized that the trick for describing the curve of a falling object is to consider the horizontal motion separately from the vertical motion. A gust of wind gives the apple its horizontal motion, and the firing of the cannon gives the cannonball its horizontal motion. But in both cases, gravity gives the object its vertical motion. The horizontal speed of the falling apple or flying cannonball is essentially constant, while the vertical speed continues to increase due to gravitational acceleration. This combination of motions produces a curved path.


This same idea—that a combination of horizontal velocity and vertical acceleration produces a curved path—also applies to any object in orbit around the earth. Take the example of the space station, which maintains a roughly constant distance from Earth and an essentially constant speed in its orbit around Earth. At that elevation, where the friction of Earth’s atmosphere is quite small, the horizontal component of motion is entirely due to inertia. Inertia is the tendency of an object to keep traveling in a straight line at a constant speed in the absence of external forces. The space station does not rely on rocket engines to keep it moving forward—and yet it keeps moving forward. If not for the gravity of the earth, the path of the space station would indeed be a straight line. But the gravity of the earth keeps bending its path toward the earth, just enough to match the curvature of the earth. The space station is always falling toward the earth, but it never gets any closer to the earth. The falling toward the earth is exactly balanced by the inertial tendency to travel away from the earth on a straight, tangential path.


This is why an astronaut aboard the space station experiences weightlessness. Everything inside the space station is falling toward Earth at exactly the same rate as the space station itself. Earth’s gravity is still present, acting on the space station and everything inside it. But the net result is weightlessness, just as on the “vomit comet” training jet.


You Can’t Orbit at Just Any Speed


Maintaining Earth orbit requires a balance between the motion of falling (due to gravity) and the motion of flying away (due to inertia). It follows that speed is a crucial factor. The space station orbits Earth at 17,100 miles per hour. If it orbited any more slowly, the two effects would no longer be in balance, and the space station would gradually lose elevation, eventually crashing into Earth. If it orbited much faster, the space station would gain elevation and eventually fly off into space.


The pull of Earth’s gravity diminishes as you move away from the earth. This means that the farther you get from Earth, the smaller the amount of gravitational acceleration. Therefore the proper speed for maintaining orbit depends on the height of the orbit. The moon, at 239,000 miles from the earth, needs to travel at 2,200 miles per hour to maintain its orbit—only one-fifth the orbital speed of the space station (which orbits approximately 240 miles above the earth). It takes the moon about twenty-nine days to circle the earth, compared to ninety-three minutes for the space station. If the moon were traveling at the same speed as the space station, it would complete its orbit around the earth in just six days, passing through all the lunar phases from full moon to new moon and back to full moon. But if the moon really did travel as fast as the space station, it would be moving too fast to stay in Earth’s orbit, and it would fly off.
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Comparing low earth orbit to a geostationary orbit





Now imagine a satellite orbiting the earth at a greater distance than that of the space station but not as far away as the moon. The time to complete one orbit would have to be more than ninety-three minutes but less than twenty-nine days. The actual amount of time would depend on the height of the orbit. Imagine that this satellite is just the right distance to require twenty-four hours to complete one orbit. If the orbital path were aligned with the spin of the earth (that is, traveling directly to the east and directly above the equator), the satellite would appear to hover at single point above the earth. From the standpoint of someone on the ground, the satellite would appear not to be moving at all, and thus this is called a geostationary orbit. It can be very helpful to park certain kinds of satellites (such as communications satellites) in such an orbit, which is about a hundred times as far from Earth as the space station and other low-orbit satellites but only one-tenth as far away as the moon. Geostationary satellites travel around the earth at 6,876 miles per hour—much slower than the space station but much faster than the moon.


The Tough Issue I’ve Avoided: What Is Gravity?


I’ve come to the point where I must acknowledge the giant elephant in the room. Newton and Einstein didn’t exactly see eye to eye about the nature of gravity. Newton’s model of gravity conforms rather well to most of our intuitive perceptions regarding space, time, and motion. Einstein’s explanation of gravity is more technically correct than Newton’s, but it is quite different, and it clashes horribly with our intuition.


Newton thought of gravity as a force, and based on this concept, he developed a set of laws and formulas that precisely describe the motion of objects in the solar system. Newton’s formulas are still widely used by engineers and physicists today for all sorts of purposes. However, there are some phenomena that Newtonian physics cannot explain. Einstein looked at gravity in a different way, as a bending of space-time, and this approach allowed him to develop a different set of laws and formulas that are capable of describing these other cases. As a result, we continue to use Newtonian physics for the many situations where it provides accurate results, but we switch to the more complex Einsteinian physics when there are “relativistic effects” that must be accounted for. For example, Newton’s laws work fine for putting a satellite into orbit, but to calculate our location based on communication with GPS satellites, we have to use Einstein’s formulas.


In Newtonian physics, we describe gravity as an attraction between two masses—which implies that gravity acts as a force. The bigger the mass, the greater the gravitational attraction it exerts on other masses. But distance is also a factor. Two objects that are close together will exert a greater force on each other than those same two objects when they are farther apart.


As he explained in his theories of relativity, Einstein saw gravity as a warping of space-time in the vicinity of any mass. A large mass warps space-time more than a small mass does. The amount of warping varies with the distance from the mass, decreasing as the distance increases. This concept, even though it has been proven correct, is not intuitive at all. We can easily perceive three-dimensional space, and we can easily perceive time—both of which are key elements in Newtonian physics. It is far more difficult to grasp the idea of merging those concepts into a seamless four-dimensional space-time.


What I’ve said so far may already seem weird, but it gets even weirder. In Einstein’s model, you could say that our perception of gravity is simply an illusion caused by our inability to perceive space-time. Any object in orbit around another object is actually traveling through space-time in a straight line and at a constant velocity—in other words, it is “inertial” with respect to space-time. This differs sharply from our concept of inertia in Newtonian physics. And remember when we discussed Einstein’s realization that gravity and acceleration are equivalent? This means that whenever you can feel the effect of gravity, you are actually accelerating through space-time. Thus, if you are standing on the ground, you are accelerating—but if you are feeling weightless (as in the plummeting “vomit comet”), you are not accelerating. Again, this sharply contrasts with our concept of acceleration in Newtonian physics. It all boils down to whether we place our frame of reference in three-dimensional space (as Newton did) or in space-time (as Einstein did).
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