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In December 2013, as I was finishing this book, I lost my dad to cancer. He was a structural engineer, and while my intellectual interests led in other directions, I got my passion for discovering how things work from him. This book is dedicated, with much love, to Raymond Lloyd Chalker.
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My garden pond.








INTRODUCTION



From the Ground Up


 


MY FIRST HOUSE WAS IN CORVALLIS, Oregon, home of Oregon State University, where my husband and I were working on our Ph.D. research in horticulture. Our tiny front yard had enough room for a single specimen tree, in this case a lovely ‘Bloodgood’ Japanese maple (Acer palmatum var. atropurpureum). We were eager to update the front entry, and we replaced the 1930s era concrete steps with a basket-weave brick entry and wooden deck. The design perfectly showcased our maple, and we were thrilled with the transformation.


Well, until the next year. Suddenly, our maple tree didn’t grow so well. Many of the branches died. Finally, it was in such dire straits that we dug it up and replaced it with a much smaller tree, which thrived. But what happened to the first tree?


I asked one of my favorite professors at Oregon State about the sudden demise. Jim Green was our department’s extension specialist and didn’t teach any of my graduate classes. But he was knowledgeable, easy-going, and had a wicked sense of humor. The graduate students loved him.


Imagine my shock, then, when he turned visibly angry as I explained our landscaping changes and subsequent tree death.


“What in the world did you think would happen,” he snapped, “when you disturbed seventy-five percent of the tree’s root zone in the middle of summer?”


Wow. I hadn’t even thought about that. We’d dug up the existing lawn and laid down bricks and deck timbers. I remember silently cursing the roots as we dug. And they were probably cursing us back. I felt stupid, not just because I had irked Jim, but because I hadn’t foreseen these consequences myself. After all, I was getting a Ph.D. in horticultural plant physiology!


In hindsight, I think this was a defining moment for me, though I didn’t know it at the time. I do know that it was during this time I became more curious as to how plants responded to different environmental stresses (besides dying, of course). Over three decades I evolved from a laboratory plant physiologist (studying how plants function and interact with their environment), to an applied urban horticulturist, and finally to an extension specialist at Washington State University. Though my career continued to change, my interest in how plants work only became more engrossing. I combed through articles on soil science, arboriculture, environmental horticulture, and restoration ecology as well as those in the more traditional botany and horticulture journals.


While botany books describe leaves and roots in isolation from each other (and therefore have chapters called “The Leaf” or “The Root”), physiology is the study of systems. It’s impossible to explain the physiology of a leaf or a root, because their functions are influenced by other plant parts. It would be like describing how a heart works without mentioning the lungs that provide the oxygen or the arteries and veins that deliver and return blood. Instead, plant physiology textbooks have chapters on photosynthesis, mineral uptake, and flowering. However, it can be difficult to make these conventional topics both accessible and interesting to the nonscientist. Current books on plant physiology are primarily focused on newer research at the molecular and genetic levels. The content is timely and important, but boy does it turn off your average gardener, who probably sees no practical connection between gene regulation in corn and the corn growing in the backyard vegetable garden. What we gardeners most want to know is how plants work so that we can have gardens and landscapes that are healthy, beautiful, and don’t need constant additions of fertilizers and pesticides.


So this book is structured a bit differently. Each chapter opens with a real-life situation, often something in my own garden that I invite you to explore with me. Then I integrate the science as needed to answer questions that gardeners invariably have. I’ve tried to include all of the practical topics that you would find in a textbook, with examples and illustrations to make the science useful and easily understandable.
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Understanding how plants work helps gardeners design and manage landscapes that require less fertilizer and fewer pesticides.





What kinds of things will you discover? We begin at the microscopic level and explore the basic machinery of plant cells, which is substantially different from that of our own cells. Next we explore a vital plant network hidden underground, the root system, which in conjunction with fungal partners seeks out water and nutrients. In chapter 3, we consider which minerals are essential for plant survival, growth, and reproduction and which can be detrimental to these processes. Plants have the unique ability to combine water and carbon dioxide in leaves to produce their own food, and photosynthesis is the topic of chapter 4.


Many gardeners live in seasonal climates, and our deciduous trees put on a wonderful display of reds, oranges, and yellows in autumn. In chapter 5, we’ll discover that the plant pigments behind these colorful displays also can help plants retain water, live in salty or contaminated soils, avoid freeze damage, and fight diseases. Yet another pigment is the focus of chapter 6, which describes how plants measure day length to determine when it’s time to germinate, flower, drop their leaves, and close up shop for the winter.


We think of plants as sedentary creatures, but in fact they move quite a bit. In chapter 7, we’ll learn how plants move to follow the sun, avoid predators, and even capture food. Unfortunately, these movements sometimes put plants into places where we don’t want them, so we grab the pruning shears. Chapter 8 explores how plants respond to pruning, staking, and other forms of manipulation that we try to impose on them. The final chapter investigates every plant’s ultimate goal: leaving behind offspring to carry their genes forward. Plants produce an amazing array of pigments, fragrances, and seed structures that help them manipulate their environment and pollinators—including gardeners—to achieve this goal.


Throughout the book, I’ve included advisory sidebars on which gardening products and practices work and which don’t. You’ll find that many of the products and practices you’ve sworn by for years are not only a waste of money, but may actually harm your plants and soil. Just so you know, I used to buy the same products and follow the same practices, even with my training in horticulture. For instance, did you know that phosphate fertilizer can make plants work unnecessarily to take up water and nutrients? Or that the biggest barrier to getting your new tree to establish is amending the backfill soil with organic material? Think that Epsom salts will nourish plant roots just like they do your feet? Better think again! Understanding how plants work will help you predict what garden products are worth a try and which are best left on the shelf.


We often make gardening more of a chore than it needs to be, making decisions about plant care based on how we think plants will respond. Everything from watering to fertilizing to pruning or mowing is dictated by this mindset. Unfortunately, many gardeners make decisions that aren’t just erroneous but may cause actual and long-lasting harm to plants, soils, and the surrounding environment. When you know how plants work, you’ll understand how to use natural processes to your benefit. For instance, proper mulching drastically reduces weeds. Pruning at the right time and in the right place reduces explosions of unwanted growth that have to be pruned again. By using natural plant responses to nurture your garden or to outfox weeds, you’ll have more time to spend watching and learning from your garden, rather than constantly fighting it.


I hope you’ll find yourself rereading this book as you explore your own garden with newfound curiosity and fascination.


Let’s get started!




 



1 Under the Microscope


 


IT’S TAKEN NEARLY FIFTEEN YEARS, but our garden is finally something I’m happy to share with visitors. In the front yard, a lovely pond dominates the sunny landscape, surrounded by small trees, shrubs, and groundcovers in every imaginable foliar shade: black mondo grass, lime green ginkgo, brick red laceleaf maple, and a contorted larch that turns the most amazing fiery colors in autumn. Following the flagstone pathway around the house and through a narrow glade filled with rhododendrons and azaleas, we enter the shady, north-facing backyard with its fragrantly flowered sarcococca and hardy gardenias. Ferns and mosses, ancient plants, are at home in this environment, as are the hostas with their dinner-plate-sized leaves. Hydrangeas thrive, untouched by pests or disease. On the deck in a sunny spot is my bog garden, a large ceramic container full of carnivorous pitcher plants and sundews.


The curious gardener might wonder why there are so many different leaf colors. What makes those flowers smell so good? How can a tree grow in bizarre contortions and maintain that shape? And why do some plants successfully avoid pests and disease? To answer these and many other questions that gardeners have asked for centuries, we need to step out of the garden and into the laboratory to explore the world of plant cell biology.


This chapter gives you a quick and selective introduction to plant anatomy and biochemistry. There are some structures, chemicals, and processes associated with plant cells that we need to discuss before we can look at how a plant works in its environment. First, we’ll look at several cell structures: some that are found in both plants and animals and others that are unique to plants. Next, we’ll consider the vast pharmacy of biochemicals manufactured by plants to fabricate, communicate, and regulate. Finally, we’ll look at three specialized cells and tissues whose activities we can help—or hurt—when we’re gardening.
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Plant cells are connected to one another by plasmodesmata.





The Cell Wall: Home Protection


Unlike animal cells, plant cells are surrounded by a rigid wall made of cellulose and other biochemicals. Rigid cell walls ultimately allow trees to grow to great heights and protect individual cells from environmental injury and biological attack. But while the cell wall protects the cell and gives it rigidity, it also isolates cells from one another, which makes transport of materials between cells very difficult. Fortunately, the walls are pierced by tiny holes through which the inner cell membranes extend. These tiny membrane tubes, called plasmodesmata, are an important means of transport and communication between cells. Plasmodesma (the singular form) has a very cool Greek meaning: plasm refers to form and desma is a girl’s name meaning binding oath. So plasmodesmata bind forms together, in this case plant cells.


Individual cells are also cemented to one another by a gelatinous layer of pectins, carbohydrates that you’re familiar with if you make preserves. Without pectin, jams and jellies would be more like syrup, as would young plant tissues.


Why do plants have cell walls, rather than some kind of internal skeleton? Plant cells have to withstand internal water pressure, and without the wall, the cell membrane would burst. This water pressure is vital in moving sugars, minerals, gases, and other dissolved substances throughout the plant.


The Cell Membrane: Border Patrol


Both plant and animal cells are surrounded by a membrane, which keeps all the contents floating together in a soupy liquid called cytoplasm. The cells have various organelles (literally, little organs) that have specific tasks, such as producing energy (mitochondria), directing cell reproduction (nucleus), or packaging materials (Golgi apparatus and Golgi bodies). Nutrients, dissolved gases such as oxygen and carbon dioxide, and building blocks for various compounds are all contained in the cytoplasm. Besides keeping all the organelles and cytoplasm contained, the cell membrane plays a critical role in determining what’s allowed to enter and leave the cell.


As an analogy, let’s consider the border between any two countries. I travel frequently between Washington State and British Columbia, and when I enter either country a customs official questions me about fruit, alcohol, and other materials I might be transporting. Likewise, receptors on the cell membrane inspect various molecules to determine whether they should be allowed into or out of the cell. Usually this system works well, but occasionally something unwanted might slip across, like a virus or an environmental pollutant.


The Mitochondria: Power Plants


Those of you who remember your basic high school biology might recall this nifty alliteration: “the mighty mitochondria are the powerhouses of the cell.” All plant and animal cells contain mitochondria. Here’s the interesting thing: the mitochondria are, in fact, alien invaders. Mitochondria contain DNA that’s radically different than the DNA in the cell’s nucleus, and they reproduce independently of the cell’s reproductive cycle. (Fun fact: the mitochondria in most plants and animals are derived from those in the egg. That’s how maternal lines are established.) Mitochondrial DNA is most similar to that found in present-day bacteria.
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A typical plant cell





How could this possibly have happened? The most convincing theory, which is supported by a great deal of evidence, is that ancient, single-celled ancestors of plants and animals engulfed ancient bacterial cells. This isn’t as far-fetched as you might think. Going back to high school biology again, you might remember watching a paramecium or amoeba (single-celled animals) gobble up little algal or bacterial cells under a microscope. The theory states that some of these bacterial cells were not digested and instead became permanent cellular guests. Because they benefitted the host cell by providing energy, the descendants of the original host cells retained the bacteria, which eventually lost the ability to live independently and are now cell organelles.


The Chloroplasts: More Alien Invaders


One of the obvious differences between plants and animals is that plants photosynthesize using chlorophyll-rich chloroplasts to capture light energy and convert it to sugar. Like mitochondria, chloroplasts contain unique DNA and replicate independently. However, chloroplast DNA is most similar to that found in blue-green algae. So plant cells contain two different alien invaders, both of which benefit the host cell by producing energy.


When plant cells eventually divide, the nucleus orchestrates the action while mitochondria and chloroplasts simply go along for the ride. It’s not an equal partitioning, so dividing cells usually have different numbers of chloroplasts in each half. From a gardener’s perspective, this is where some really interesting things can happen in plants.


Just like nuclear DNA, chloroplast DNA also collects mutations (spontaneous, random changes in the genetic code). Some of these mutations affect the color of the chloroplast itself. If a newly dividing cell only contains white chloroplasts, for instance, then that cell will be white, as will all of its descendants. What started as a single white cell becomes a white blotch and eventually a variegated leaf.


The Vacuole: Warehouse Central


When we look at a plant cell under the microscope, most of it appears to be made up of nothing. That nothing is the vacuole (meaning vacuum). Because plants don’t have an excretory system like animals do, for many years vacuoles were thought to be cellular garbage dumps. The vacuole is a membrane filled with water and lots of dissolved substances: acids, sugars, and an amazing assortment of what are collectively called secondary compounds. In a healthy cell, the vacuole is so bloated that it may take up 95 percent of the entire cell, pressing all the other organelles against the cell membrane. Oddly, this is actually good for cell health, because oxygen, light, and other necessities enter the cell through the membrane.


I don’t like crowds, and I really don’t like crowds in small spaces, like elevators. When I’m in a hot and stuffy crowded elevator, I try to stand along a wall, especially near the front where fresh air rushes in when the doors open. So, although it might seem problematic that the chloroplasts, mitochondria, and other organelles are squashed against the cell membrane by the vacuole, it’s the best possible place for them to be to get oxygen, light, and other resources.


The vacuole is able to absorb and retain all of this water because it stores a lot of dissolved substances. An important mantra in understanding how plants work is “Water always moves to where water isn’t.” The more compounds the vacuole accumulates, the less space is left for water. This imbalance attracts more water into the vacuole, which creates high turgor pressure inside the cell. When the vacuole simply can’t expand any more—when it squashes into the cell wall—then water flow stops.


What about all of those dissolved compounds that vacuoles supposedly store? Are they really waste products, as once thought? Or do they have more important roles to play?


Secondary Compounds: A Plant’s Personal Pharmacy


Many of the dissolved substances within the vacuole are secondary compounds. This name is unfortunate because it suggests these chemicals are not as important as primary compounds. While primary compounds are those required for plant growth and development (things like sugars, DNA, fats, and proteins), various secondary compounds have defensive, attractive, or as yet unknown properties. So, even if they aren’t required for basic growth, secondary compounds are crucial in a plant’s ability to compete and survive in its environment.


I can still remember the “wow” moment when I learned in my graduate plant biochemistry class that we probably have yet to discover 90 percent of the compounds that plants make. I wouldn’t be surprised if the number was closer to 99 percent. Researchers have done a good job of investigating secondary compounds that have economic benefit, from vanilla to pyrethrin to codeine, but it’s likely that every plant species makes one or more unique compounds. We haven’t even scratched the surface.


Secondary compounds are usually classified based on the biochemical pathway through which they are constructed by the plant (such as the alkaloids, phenolics, and terpenoids). This does little to help gardeners (or anyone else) understand what roles they play in a plant’s life. Rather than turn this into a side trip through Biochemistry Land, let’s look at the major roles secondary compounds play in plant survival.


BUILDING BLOCKS


LIGNIN. Every time you get a splinter, struggle to cut through a tree branch, or marvel at the ability of a spirally trained spruce to maintain its shape, you can thank (or blame) lignin. This complex compound toughens up the walls of mature cells and allows them to resist many environmental stresses, pests, and disease. It is slow to decompose, which gives woody mulch its staying power.


CUTIN. Cutin is part of the cuticle, which is the flexible, waxy layer protecting leaves and other soft tissues above ground. Cutin and other associated biochemicals help keep water in and invaders out of leaves. Its waxy nature is sensitive to soap, however, which is why many herbicides contain a soapy substance that helps breach the cuticle and deliver death to weeds.


SUBERIN. While leaves are covered in cutin, roots are swathed in a suberin sheath that has the same protective function. Additionally, suberized cells help select what substances in the roots will be transported through the xylem into the rest of the plant. The suberin in bark is what makes bark mulch a pretty poor choice, as the waxiness repels water absorption and movement.


CAROTENOIDS. Like their name suggests, carotenoids are carroty-orange pigments, although they can range in color from pale yellow to nearly red. Though their presence in leaves is masked by chlorophyll, carotenoids are important in scavenging the green light that chlorophyll can’t capture for the photosynthetic machine.


ENVIRONMENTAL AND DISEASE PROTECTION


ANTIOXIDANTS. Many secondary compounds have antioxidant activity, including carotenoids and anthocyanins, the pigments that make plant tissues orange or various shades of red, blue, and purple, respectively. In plant cells, antioxidants absorb and neutralize reactive chemicals that otherwise could damage sensitive membranes. We get at least some of these benefits when we eat pigment-rich plant parts, and it certainly makes me feel virtuous about my fresh raspberry addiction (especially when they’re out of season locally).


SUNSCREEN. Some compounds, like anthocyanins, absorb excess solar energy so leaves aren’t overloaded. Others, like cuticular waxes, reflect sunlight and reduce the heat load. Plants with gray-green or blue-gray foliage are loaded with these waxes. Indoor and greenhouse-grown plants don’t waste energy on these protective agents, however, and they will fry just like my Irish skin does if they’re moved outside into full sun. Tuck them into shaded areas for several days first to let them toughen up.


ANTIMICROBIAL AGENTS. When attacked by fungal pathogens, plants can use existing saponins, soap-like compounds that break down fungal cell walls. Some other chemicals, called phytoalexins, are made only when pathogens attack. Finally, lignin and other structural compounds can be used as cellular reinforcements to wall off the rest of the plant from disease.
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Plants from hot environments, like this manzanita, often have gray-green foliage to reflect excess sunlight.
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The blue-gray foliage of this palm is adapted to sunny conditions.





HERBIVORE PROTECTION


Many of the secondary compounds produced by plants to fend off herbivores will repel, deter, or kill you as well. When plants are domesticated for human consumption, we breed many of these defensive compounds out of them. That’s why your fruits and veggies are so inviting to insects and other pests: they no longer have their natural abilities to keep predators away.




Harpin


THE PRODUCT


Sold as Messenger, harpin is derived from a protein isolated from fire blight bacteria (Erwinia amylovora).


THE SUPPOSED BENEFITS


Harpin acts like a vaccination to prepare plants to fight environmental stress and disease.


HOW PLANTS RESPOND


When it enters a plant cell, harpin turns on biochemical pathways that produce anti-stress compounds. It’s a process that works great in the laboratory, but has little success with real plants in the landscape. The reason is pretty easy to understand. Remember that cell wall and those layers of waterproofing compounds on the leaf surface? It’s really difficult to force the harpin molecule through the cuticle and cell wall. If harpin can’t get into the cell, it can’t turn on the necessary biochemical pathways. This is a product that’s a good idea, but with limited practical use.
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A protein from the bacterium responsible for fire blight helps plants fight disease in the laboratory, but not in the garden.








REPELLANTS. The odor of these compounds drives plant-eating insects and animals away before they can even take a bite. We take advantage of aromatic repellants, like essential oils of clove, cinnamon, and lemon, as natural pesticides. How many times do you see insect damage on mint leaves as you’re picking them to make jelly or juleps? Obviously, like us, other animals are also attracted to rather than repelled by these compounds.


DETERRENTS. The taste of these compounds keeps snacking herbivores from coming back for seconds. These are often acidic, bitter, or astringent: think Mr. Yuk. Tannins, named for their early use in tanning leather, are good examples of astringent deterrents. When you take a mouthful of a nice dry red wine or bite into a too-green banana, you are getting a dose of tannins. While the first example may be a more pleasant experience than the second, the effect in your mouth is the same: the tannins bind to your salivary proteins and make your mouth feel drier. This doesn’t hurt us, but insects that feed on tannin-rich leaves may have so many of their salivary and digestive proteins bound up that they aren’t able to get much food value from the leaves. Too much of a tannin-rich diet may prevent them from surviving and reproducing. Successful insects look for something a little less astringent.


Other deterrents include skin irritants, like the itchy oils of poison ivy, poison oak, and poison sumac, and phototoxic chemicals found in many members of the parsley family, such as giant hogweed. Farm workers and even grocery shoppers have gotten itchy hands from these light-activated chemicals when handling damaged or diseased celery or parsnips.


POISONS. Of course, these chemicals are the ultimate deterrents. Murder mystery fans will be familiar with strychnine (an alkaloid found in seeds of an Asian tree) and digitalin (a cardiac disruptor found in foxglove leaves). Other less infamous poisons can interfere with growth and reproduction of herbivorous insects. It’s not surprising, then, that many of these compounds, like pyrethrins, neem, rotenone, and nicotine, are widely used as pesticides. (But just because these are natural pesticides, it doesn’t mean they are safer than synthetic ones.)


ATTRACTION


Plants not only produce secondary compounds to repel other organisms, they also emit chemical signals into the environment to attract them. For example, beneficial microbes—bacteria and fungi that provide food, protection, or other benefits—often rely on chemical cues from receptive plants as their invitation to begin a partnership.




Sending out an SOS


Like clockwork, the first buds on the rose bushes in our sunny front yard emerge in April, followed by an army of aphids that covers the buds entirely. If I happen to see this, I’ll set my hand sprinkler on stun and blast them away, but sometimes I’ll forget. When that happens, do my rosebuds get sucked away into lifeless husks? No. In fact, they don’t show much damage at all. Eventually our local lacewings and ladybugs stop by for a little green snack.


How do these beneficial predators know where the aphids are? Many plants, ornamentals and vegetables alike, send out very specific gaseous signals when they’re under attack. Over time, certain species of predatory and parasitoid insects have learned that these airborne alarms mean lunch. These signals are only emitted during the day, when natural enemies are active. When the herbivorous pests are gone (having either escaped or been eaten), the compounds are no longer produced. To make this phenomenon even more fascinating, plants downwind of the victim may also pick up on the signal and start building chemical defenses against future attack by the herbivore.


When we gardeners indiscriminately spray pesticides for the slightest pest problem, we not only kill the pest, but also the beneficial organisms that could take care of our problem for us at no charge.





POLLINATION. Plants are beguiling in the scents and colors they use to attract birds, bees, and a whole slew of other animal pollinators. Essential oils and other volatile compounds lure pollinators with promises of food or even sex. Your nose might even have helped in pollination as you moved through your garden, taking in all the fragrances. Flower colors are provided by secondary compounds and can be quite specific in their targets. Birds, for instance, see best in the red end of the spectrum—hummingbirds are an obvious example. In contrast, bees prefer flowers at the blue end of the spectrum and can even see into the ultraviolet range. Though we can’t see them, many flowers take advantage of bee vision and provide pollination guides leading to the center of the flower that can only be seen under ultraviolet light. If you were a bee, you’d pretty much be seeing giant neon signs reading “Eat here!”


DISPERSAL. After successful pollination, scents and colors are used to attract animals as seed dispersers. The volatile compounds associated with ripe strawberries, peaches, and other summer delights, heated and released by the sun, are irresistible to us and the other fruit eaters we race against. Colors, provided by anthocyanins, carotenoids, and other pigments, are important visual cues that alert fruit lovers to edibility. Whereas most green fruits are hard and bitter, their more mature red, blue, or orange forms are magnets for attention.
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