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Case Study


Have You Thanked the Insects Today?


Insects have a bad reputation. We classify many as pests because they compete with us for food, spread human diseases such as malaria, and invade our lawns, gardens, and houses. Some people have “bugitis,” fear all insects, and think the only good bug is a dead bug. This view fails to recognize the vital roles insects play in helping sustain life on earth.


A large proportion of the earth’s plant species (including many trees) depends on insects to pollinate their flowers (Figure 4-1, right). Without pollinating insects, we would have few fruits and vegetables to enjoy.


Insects that eat other insects help control the populations of at least half the species of insects we call pests.


An example is the praying mantis (Figure 4-1, left). This free pest-control service is an important part of the natural capital that helps sustain us.


Insects have been around for at least 400 million years and are phenomenally successful forms of life. An estimated 10 quintillion (ten followed by 18 zeros) insects live with us on the earth— about 1.6 million insects for each one of us.


Some insects can reproduce at an astounding rate. For example, a single female housefly and her offspring can theoretically produce about 5.6 trillion houseflies in only one year.


Insects can rapidly evolve new genetic traits, such as resistance to pesticides. They also have an exceptional ability to evolve into new species when faced with new environmental conditions, and they are quite resistant to extinction.


For example, we can apply chemical pesticides to protect crops from pests. This can help grow more food. But there is a downside to pesticides.


They can harm beneficial insects that help protect crops from other insects. Widespread use of chemical pesticides can also accelerate the natural ability of rapidly reproducing insect pests to develop genetic resistance (immunity) to such chemicals. Thus in the long run, chemical pesticides can backfire and become less effective in reducing crop losses from insect pests—a glaring example of unintended consequences.


The environmental lesson is that although insects can thrive without newcomers such as us, we and most other land organisms would perish quickly without them. Learning about the roles insects play in nature requires us to understand how insects and other organisms living in a biological community such as a forest or pond interact with one another and with the nonliving environment. Ecology is the science that studies such relationships and interactions in nature, as discussed in this and the following six chapters.


Figure 4-1 Insects play important roles in helping sustain life on earth. The bright green caterpillar moth feeding on pollen in a crocus (right) and other insects pollinate flowering plants that serve as food for many plant eaters.


The praying mantis eating a monarch butterfly (left) and many other insect species help control the populations of at least half of the insect species we classify as pests.
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The earth’s thin film of living matter is sustained by grand scale cycles of energy and chemical elements.


G. EVELYN HUTCHINSON


This chapter addresses the following questions:


What is ecology?


What basic processes keep us and other organisms alive?


What are the major components of an ecosystem?


What happens to energy in an ecosystem?


What are soils, and how are they formed?


What happens to matter in an ecosystem?


How do scientists study ecosystems?


What are two principles of sustainability derived from learning how nature works?


4-1 THE NATURE OF ECOLOGY


What Is Ecology? Understanding Connections


Ecology is a study of connections in nature.


Ecology (from the Greek words oikos, “house” or “place to live,” and logos, “study of”) is the study of how organisms interact with one another and with their nonliving environment. In effect, it is a study of connections in nature—the house for the earth’s life. Ecologists focus on trying to understand the interactions among organisms, populations, communities, ecosystems, and the biosphere (Figure 4-2).


An organism is any form of life. The cell is the basic unit of life in organisms. Organisms may consist of a single cell (bacteria, for instance) or many cells.


Look in the mirror. What you see is about 10 trillion cells divided into about 200 different types.


On the basis of their cell structure, organisms can be classified as either eukaryotic or prokaryotic. Each cell of a eukaryotic organism is surrounded by a membrane and has a distinct nucleus (a membrane-bounded structure containing genetic material in the form of DNA), and several other internal parts called organelles (Figure 4-3a, p. 58). All organisms except bacteria and some algae are eukaryotic.


A membrane surrounds the cell of a prokaryotic organism, but the cell contains no distinct nucleus or other internal parts enclosed by membranes (Figure 4-3b). All bacteria are single-celled prokaryotic organisms. Most familiar organisms are eukaryotic, but they could not exist without hordes of prokaryotic organisms called microbes that can only be seen only with the aid of a microscope (see Case Study at right).


Organisms can be classified into species, groups of organisms that resemble one another in appearance, behavior, chemistry, and genetic makeup. Scientists use a special system to name each species. (See Appendix 4 to find out how biologists came up with the name Homo sapiens for our current species.)


Organisms that reproduce sexually by combining cells from both parents are classified as members of the same species if, under natural conditions, they can potentially breed with one another and produce live, fertile offspring.


How many species are on the earth? We do not know. Estimates range from 3.6 million to 100 million, many of them in tropical forests. Most are insects and microorganisms too small to be seen with the naked eye. A best guess is that we share the planet with 10–14 million other species.


So far biologists have identified, named, and briefly described about 1.4 million species, most of them insects (Figure 4-4, p. 58).


Case Study: What Species Rule the World?


Small Matters!


Multitudes of tiny microbes such as bacteria, protozoa, fungi, and yeast help keep us alive.


They are everywhere and there are trillions of them.


Billions are found inside your body, on your body, in a handful of soil, and in a cup of river water.


These mostly invisible rulers of the earth are microbes, a catchall term for many thousands of species of bacteria, protozoa, fungi, and yeasts—most too small to be seen with the naked eye.


Microbes do not get the respect they deserve.


Most of us think of them as threats to our health in the form of infectious bacteria or “germs,” fungi that cause athlete’s foot and other skin diseases, and protozoa that cause diseases such as malaria. But these harmful microbes are in the minority.


You are alive because of multitudes of microbes toiling away, mostly out of sight. You can thank microbes for providing you with food by converting nitrogen gas in the atmosphere into forms that plants can take up from the soil as nutrients that keep you alive and well. Microbes also help produce foods such as bread, cheese, yogurt, vinegar, tofu, soy sauce, beer, and wine. You should also thank bacteria and fungi in the soil that decompose organic wastes into nutrients that can be taken up by plants that we and most other animals eat. Without these wee creatures we would be up to our eyeballs in waste matter.


Microbes, especially bacteria, help purify the water you drink by breaking down wastes. Bacteria in your intestinal tract break down the food you eat. Some microbes in your nose prevent harmful bacteria from reaching your lungs. Others are the source of disease-
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Figure 4-2 Natural capital: levels of organization of matter in nature. Note the five levels that ecology focuses on.


fighting antibiotics, including penicillin, erythromycin, and streptomycin. Genetic engineers are developing microbes that can extract metals from ores, break down various pollutants, and help clean up toxic waste sites.


Some microbes help control plant diseases and populations of insect species that attack our food crops. Relying more on these microbes for pest control can reduce the use of potentially harmful chemical pesticides.


What Is a Population? Life in a Group


Members of a species interact in groups called populations that live together in a particular place or habitat.


A population is a group of interacting individuals of the same species occupying a specific area (Figure 4-5, p. 59). Examples are all sunfish in a pond,


NASA
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Figure 4-3 (a) Generalized structure of a eukaryotic cell. The parts and internal structure of cells in various types of organisms such as plants and animals differ somewhat from this generalized model. (b) Generalized structure of a prokaryotic cell. Note that prokaryotic cells lack a distinct nucleus.)


Figure 4-4 Natural capital:


breakdown of the earth’s 1.4 million known species.


Biologists estimate that we share the planet with 3.6 million to 100 million species, with a best estimate of 10–14 million species.


Protein construction Nucleus (information storage) Energy conversion Packaging 


(a) Eukaryotic Cell (b) Prokaryotic Cell


DNA (information storage, no nucleus) Cell membrane (transport of raw materials and finished products) Protein construction and energy conversion occur without specialized internal structures Cell membrane (transport of raw materials and finished products)


white oak trees in a forest, and people in a country. In most natural populations, individuals vary slightly in their genetic makeup, which is why they do not all look or act alike. This is called a population’s genetic diversity (Figure 4-6).


The place or environment where a population (or an individual organism) normally lives is its habitat. It may be as large as an ocean or as small as the intestine of a termite.


The area over which we can find a species is called its distribution or range. Many species, such as some tropical plants, have a small range and may be found on a single hillside. Other species such the grizzly bear have large ranges.
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Figure 4-6 The genetic diversity among individuals of one species of Caribbean snail is reflected in the variations in shell color and banding patterns.


Figure 4-5 A population of monarch butterflies. The geographic distribution of this butterfly coincides with that of the milkweed plant, on which monarch larvae and caterpillars feed.


Scientists studying ecosystems seek answers to several questions. First, how many members of each species are present? Second, how do these organisms capture energy and matter (nutrients) from their environment?


Third, how do they transfer energy and matter among themselves and to other ecosystems?


Fourth, how do they release energy into the environment and return nutrients to the environment for recycling?


4-2 THE EARTH’S LIFE-SUPPORT SYSTEMS


What Are the Major Parts of the Earth’s Life-Support Systems? The Spheres of Life


The earth is made up of interconnected spherical layers that contain air, water, soil, minerals, and life.


We can think of the earth as being made up of several spherical layers, as diagrammed in Figure 4-7 (p. 60).


Study this figure carefully. The atmosphere is a thin envelope or membrane of air around the planet. Its inner layer, the troposphere, extends only about 17 kilometers (11 miles) above sea level. It contains most of the planet’s air, mostly nitrogen (78%) and oxygen (21%). The next layer, stretching 17–48 kilometers (11–30 miles) above the earth’s surface, is the stratosphere. Its lower portion contains enough ozone (O3) to filter out most of the sun’s harmful ultraviolet radiation. This allows life to exist on land and in the surface layers of bodies of water.


The hydrosphere consists of the earth’s water.


It is found as liquid water (both surface and underground), ice (polar ice, icebergs, and ice in frozen soil layers called permafrost), and water vapor in the atmosphere.


The lithosphere is the earth’s crust and upper mantle; the crust contains nonrenewable fossil fuels (created from ancient fossils that were buried and subjected to intense pressure and heat) and minerals, and renewable soil chemicals (nutrients) needed for plant life.


The biosphere is the portion of the earth in which living (biotic) organisms exist and interact with one another and with their nonliving (abiotic) environment.


The biosphere includes most of the hydrosphere and parts of the lower atmosphere and upper lithosphere.


It reaches from the deepest ocean floor, 20 kilometers (12 miles) below sea level, to the tops of the highest mountains.


All parts of the biosphere are interconnected. If the earth were an apple, the biosphere would be no thicker than the apple’s skin. The goal of ecology is to understand the interactions in this thin, life-supporting global membrane of air, water, soil, and organisms.


What Are Communities and Ecosystems?


Interactions in Nature


A community consists of populations of different species living and interacting in an area, and an ecosystem is a community interacting with its physical environment of matter and energy.


A community, or biological community, consists of all the populations of the different species living and interacting in an area. It is a complex and interacting network of plants, animals, and microorganisms.


An ecosystem is a community of different species interacting with one another and with their physical environment of matter and energy. Ecosystems can range in size from a puddle of water to a stream, a patch of woods, an entire forest, or a desert. Ecosystems can be natural or artificial (human created). Examples of artificial ecosystems are crop fields, farm ponds, and reservoirs. All of the earth’s ecosystems together make up what we call the biosphere.
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Figure 4-7 Natural capital: general structure of the earth. The earth’s surface consists of a crust of rock floating on a mantle of solid and partly melted rock, which surrounds an intensely hot core.


What Sustains Life on Earth? Sun, Cycles, and Gravity


Solar energy, the cycling of matter, and gravity sustain the earth’s life.


Life on the earth depends on three interconnected factors, shown in Figure 4-8.


The one-way flow of high-quality energy from the sun, through materials and living things in their feeding interactions, into the environment as low-quality energy (mostly heat dispersed into air or water molecules at a low temperature), and eventually back into space as heat. No round-trips are allowed because energy cannot be recycled.


The cycling of matter (the atoms, ions, or molecules needed for survival by living organisms) through parts of the biosphere. Because the earth is closed to significant inputs of matter from space, the earth’s essentially fixed supply of nutrients must be recycled again and again for life to continue. Nutrient trips in ecosystems are round-trips.


Gravity, which allows the planet to hold onto its atmosphere and causes the downward movement of chemicals in the matter cycles.


Heat Heat Heat


Carbon cycle Nitrogen cycle Water cycle Oxygen cycle Phosphorus cycle Heat in the environment


Biosphere


Figure 4-8 Natural capital: life on the earth depends on the one-way flow of energy (dashed lines) from the sun through the biosphere, the cycling of crucial elements (solid lines around circles), and gravity, which keeps atmospheric gases from escaping into space and draws chemicals downward in the matter cycles. This simplified model depicts only a few of the many cycling elements.


How Does the Sun Help Sustain Life on Earth? A Distant Nuclear Fusion Reactor


Energy released by the gigantic nuclear fusion reactor we call the sun provides the light and heat needed to sustain the earth’s life.


Energy from the sun supports most life on the earth by lighting and warming the planet. It supports photosynthesis, the process in which green plants and some bacteria make compounds such as carbohydrates that keep them alive and feed most other organisms. And it powers the cycling of matter and drives the climate and weather systems that distribute heat and fresh water over the earth’s surface.


About one-billionth of the sun’s output of energy reaches the earth—a tiny sphere in the vastness of space—in the form of electromagnetic waves (Figure 3-10, p. 45). The amount of energy reaching the earth from the sun equals the amount of heat energy the earth reflects or radiates back into space. Otherwise, the earth would heat up to temperatures too hot for life as we know it.


Much of the sun’s incoming energy is reflected away or absorbed by chemicals, dust, and clouds in the atmosphere as shown in Fig-
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ure 4-9. About 80% of the energy that gets through warms the troposphere and evaporates and cycles water through the biosphere. About 1% of this incoming energy generates winds, and green plants, algae, and bacteria use less than 0.1% to fuel photosynthesis.


Most of the solar radiation making it though the atmosphere hits the surface of the earth and is degraded into longer-wavelength infrared radiation. This infrared radiation interacts with so-called greenhouse gases (such as water vapor, carbon dioxide, methane, nitrous oxide, and ozone) in the troposphere. The radiation causes these gaseous molecules to vibrate and release infrared radiation with even longer wavelengths into the troposphere. As this radiation interacts with molecules in the air, it increases their kinetic energy, helping warm the troposphere and the earth’s surface. Without this natural greenhouse effect, the earth would be too cold for life as we know it to exist and you would not be around to read this book.


4-3 ECOSYSTEM COMPONENTS


What Are Biomes and Aquatic Life Zones? Life on Land and at Sea


Life exists on land systems called biomes and in freshwater and ocean aquatic life zones.


Solar radiation Earth Absorbed by ozone Absorbed by the earth


Energy in = Energy out


Reflected by atmosphere (34%) Radiated by atmosphere as heat (66%)


Lower Stratosphere (ozone layer)


Troposphere Heat radiated by the earth Heat UV radiation Greenhouse effect Visible light


Viewed from outer space, the earth resembles an enormous jigsaw puzzle consisting of large masses of land and vast expanses of ocean.


Biologists have classified the terrestrial (land) portion of the biosphere into biomes (“BY-ohms”). They are large regions such as forests, deserts, and grasslands characterized by a distinct climate and specific species (especially vegetation) adapted to it (Figure 4-10, p. 62).


Scientists divide the watery parts of the biosphere into aquatic life zones, each containing numerous ecosystems. Examples include freshwater life zones (such as lakes and streams) and ocean or marine life zones (such as coral reefs, coastal estuaries, and the deep ocean).


What Are the Major Components of Ecosystems? Matter, Energy, Life


Ecosystems consist of nonliving (abiotic) and living (biotic) components.


Two types of components make up the biosphere and its ecosystems. One type, called abiotic, consists of nonliving components such as water, air, nutrients, and solar energy. The other type, called biotic, consists of biological components—plants, animals, and microbes.


Figures 4-11 (p. 63) and 4-12 (p. 63) are greatly simplified diagrams of some of the biotic and abiotic components in a freshwater aquatic ecosystem and a terrestrial ecosystem.


How Tolerant Are Organisms to Environmental Conditions? Tolerance Limits


Populations of different species can thrive only under certain physical and chemical conditions.


Populations of different species thrive under different physical conditions. Some need bright sunlight, and


Figure 4-9 Solar capital: flow of energy to and from the earth.
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others thrive better in shade. Some need a hot environment and others a cool or cold one. Some do best under wet conditions and others under dry conditions.


Each population in an ecosystem has a range of tolerance to variations in its physical and chemical environment (Figure 4-13, p. 64). Individuals within a population may also have slightly different tolerance ranges for temperature or other factors because of small differences in genetic makeup, health, and age.


For example, a trout population may do best within a narrow band of temperatures (optimum level or range), but a few individuals can survive above and below that band (Figure 4-13). However, if the water becomes too hot or too cold, none of the trout can survive.


These observations are summarized in the law of tolerance: The existence, abundance, and distribution of a species in an ecosystem are determined by whether the levels of one or more physical or chemical factors fall within the range tolerated by that species. A species may have a wide range of tolerance to some factors and a narrow range of tolerance to others. Most organisms are least tolerant during juvenile or reproductive stages of their life cycles. Highly tolerant species can live in a variety of habitats with widely different conditions. Figure 4-14 (p. 64) shows how environmental physical conditions can limit the distribution of a particular species.


What Factors Limit Population Growth?


There Are Always Limits in Nature


Availability of matter and energy resources can limit the number of organisms in a population.


A variety of factors can affect the number of organisms in a population. However, sometimes one factor, known as a limiting factor, is more important in regulating population growth than other factors. This ecological principle, related to the law of tolerance, is called the limiting factor principle: Too much or too little of any abiotic factor can limit or prevent growth of a population, even if all other factors are at or near the optimum range of tolerance.


On land, precipitation often is the limiting factor.


Lack of water in a desert limits plant growth. Soil nutrients also can act as a limiting factor on land. Suppose a farmer plants corn in phosphorus-poor soil.


Even if water, nitrogen, potassium, and other nutrients are at optimum levels, the corn will stop growing when it uses up the available phosphorus.


Coastal chaparral and scrub Coniferous forest Desert Coniferous forest Prairie grassland Deciduous forest Coastal mountain ranges Sierra Nevada Mountains Great American Desert Rocky Mountains Great Plains Mississippi River Valley Appalachian Mountains 15,000 ft.10,000 ft.5,000 ft.


Average annual precipitation 100–125 cm (40–50 in.)


75–100 cm (30–40 in.)


50–75 cm (20–30 in.)


25–50 cm (10–20 in.)


below 25 cm (0–10 in.)


Figure 4-10 Natural capital: major biomes found along the 39th parallel across the United States. The differences reflect changes in climate, mainly differences in average annual precipitation and temperature (not shown).
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Figure 4-11 Major components of a freshwater ecosystem.


Sun


Oxygen (O2) Precipitation
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Figure 4-12 Major components of an ecosystem in a field.
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Too much of an abiotic factor can also be limiting.


For example, too much water or too much fertilizer can kill plants, a common mistake of many beginning gardeners.


Important limiting factors for aquatic ecosystems include temperature, sunlight, nutrient availability, and dissolved oxygen (DO) content—the amount of oxygen gas dissolved in a given volume of water at a particular temperature and pressure. Another limiting factor in aquatic ecosystems is salinity—the amounts of various inorganic minerals or salts dissolved in a given volume of water.


What Are the Major Biological Components of Ecosystems? Producers and Consumers


Some organisms in ecosystems produce food and others consume food.


The earth’s organisms either produce or consume food. Producers, sometimes called autotrophs (self-feeders), make their own food from compounds obtained from their environment.


On land, most producers are green plants. In freshwater and marine ecosystems, algae and plants are the major producers near shorelines. In open water, the dominant producers are phytoplankton—mostly microscopic organisms that float or drift in the water.


Most producers capture sunlight to make carbohydrates (such as glucose, C6H12O6) by photosynthesis.


Although hundreds of chemical changes take place during photosynthesis, the overall chemical reaction can be summarized as follows:


carbon dioxide _ water _ solar energy glucose _ oxygen 6 CO2 _ 6 H2O _ solar energy C6H12O6 _ 6 O2


Upper limit of tolerance No organisms Few organisms Abundance of organisms Few organisms No organisms


Population size


Lower limit of tolerance


Temperature Low High Zone of intolerance Zone of physiological stress Zone of physiological stress Optimum range Zone of intolerance


Figure 4-13 Range of tolerance for a population of organisms, such as fish, to an abiotic environmental factor—in this case, temperature.


Sugar Maple Figure 4-14 The physical conditions of the environment can limit the distribution of a species. The green area shows the current range of sugar maple trees in eastern North America. (Data from U.S. Department of Agriculture).
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A few producers, mostly specialized bacteria, can convert simple compounds from their environment into more complex nutrient compounds without sunlight. This process is called chemosynthesis.


All other organisms in an ecosystem are consumers, or heterotrophs (“other feeders”) that get the energy and nutrients they need by feeding on other organisms or their remains.


Decomposers (mostly certain types of bacteria and fungi) are specialized consumers that recycle organic matter in ecosystems. They do this by breaking down (biodegrading) dead organic material or detritus (“di-TRI-tus”, meaning “debris”) to get nutrients.


This releases the resulting simpler inorganic compounds into the soil and water, where producers can take them up as nutrients.


Life works in circles.


Figure 4-15 shows the feeding relationships among producers, consumers feeding on live or dead organisms or their wastes, and decomposers.


Trace the flows of matter and energy in this diagram.


Some consumers, called omnivores, play dual roles by feeding on both plants and animals. Examples are pigs, rats, foxes, bears, cockroaches, and humans.


When you had lunch today were you an herbivore, a carnivore, or an omnivore?


Detritivores consist of detritus feeders and decomposers that feed on detritus. Hordes of these waste eaters and degraders can transform a fallen tree trunk into a powder and finally into simple inorganic molecules that plants can absorb as nutrients (Figure 4-16, p. 66). In natural ecosystems, there is little or no waste.


One organism’s wastes serve as resources for others, as the nutrients that make life possible are recycled again and again. In nature waste becomes food.


Producers, consumers, and decomposers use the chemical energy stored in glucose and other organic compounds to fuel their life processes. In most cells


Figure 4-15 Feeding relationships between producers, consumers, and decomposers.
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Detritus feeders Long-horned beetle holes Bark beetle engraving Carpenter ant galleries Termite and carpenter ant work Dry rot fungus Wood reduced to powder Time progression Powder broken down by decomposers into plant nutrients in soil Decomposers Mushroom


Figure 4-16 Natural capital: Some detritivores, called detritus feeders, directly consume tiny fragments of this log. Other detritivores, called decomposers (mostly fungi and bacteria), digest complex organic chemicals in fragments of the log into simpler inorganic nutrients that can be used again by producers.


this energy is released by aerobic respiration, which uses oxygen to convert organic nutrients back into carbon dioxide and water. The net effect of the hundreds of steps in this complex process is represented by the following chemical reaction:


glucose _ oxygen carbon dioxide _ water _ energy


C6H12O6 _ 6 O2 6 CO2 _ 6 H2O _ energy


Although the detailed steps differ, the net chemical change for aerobic respiration is the opposite of that for photosynthesis (p. 64).


Some decomposers get the energy they need by breaking down glucose (or other organic compounds) in the absence of oxygen. This form of cellular respiration is called anaerobic respiration, or fermentation.


Instead of carbon dioxide and water, the end products of this process are compounds such as methane gas (CH4, the main component of natural gas), ethyl alcohol (C2H6O), acetic acid (C2H4O2, the key component of vinegar), and hydrogen sulfide (H2S, when sulfur compounds are broken down). This is a plan B way to get a meal.


The survival of any individual organism depends on the flow of matter and energy through its body. However, an ecosystem as a whole survives primarily through a combination of matter recycling (rather than one-way flow) and one-way energy flow (Figure 4-17).


Figure 4-17 sums up most of what is going on in our planetary home.


Decomposers complete the cycle of matter by breaking down detritus into inorganic nutrients that can be reused by producers. These waste eaters and nutrient recyclers provide us with this crucial ecological service and never send us a bill. Without decomposers, the entire world would be knee-deep in plant litter, dead animal bodies, animal wastes, and garbage, and most life as we know it would no longer exist.


Have you thanked a decomposer today?


What Is Biodiversity? Variety Is the Spice of Life


A vital renewable resource is the biodiversity found in the earth’s variety of genes, species, ecosystems, and ecosystem processes.
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the fertility of soils, dispose of wastes, and control populations of pests that attack crops and forests.


Biodiversity is a renewable resource as long we live off the biological income it provides instead of the natural capital that supplies this income.


Some scientists say that the loss and degradation of biodiversity is the most important environmental problem we face. This is why understanding, protecting, and sustaining biodiversity is a major theme of ecology and of this book.


4-4 ENERGY FLOW IN ECOSYSTEMS


What Are Food Chains and Food Webs? Maps of Ecological Interdependence


Food chains and webs show how eaters, the eaten, and the decomposed are connected to one another in an ecosystem.


All organisms, whether dead or alive, are potential sources of food for other organisms. A caterpillar eats a leaf, a robin eats the caterpillar, and a hawk eats the robin. Decomposers consume the leaf, caterpillar, robin, and hawk after they die. As a result, there is little matter waste in natural ecosystems.


The sequence of organisms, each of which is a source of food for the next, is called a food chain. It determines how energy and nutrients move from one organism to another through an ecosystem (Figure 4-18, p. 68).


Ecologists assign each organism in an ecosystem to a feeding level, also called a trophic level, depending on whether it is a producer or a consumer and on what it eats or decomposes. Producers belong to the first trophic level, primary consumers to the second trophic level, secondary consumers to the third, and so on. Detritivores and decomposers process detritus from all trophic levels.


Real ecosystems are more complex than this. Most consumers feed on more than one type of organism, and most organisms are eaten or decomposed by more than one type of consumer. Because most species participate in several different food chains, the organisms in most ecosystems form a complex network of interconnected food chains called a food web. Trace the flows of matter and energy within the simplified food web in Figure 4-19 (p. 69). Trophic levels can be assigned in food webs just as in food chains. A food web shows how eaters, the eaten, and the decomposed are connected to one another. It is a map of life’s interdependence.


How Can We Represent the Energy Flow in an Ecosystem? Think Pyramid


There is a decrease in the amount of energy available to each succeeding organism in a food chain or web.


Biological diversity, or biodiversity, is one of the earth’s most important renewable resources. Kinds of biodiversity include the following:


Genetic diversity: the variety of genetic material within a species or a population


Species diversity: the number of species present in different habitats


Ecological diversity: the variety of terrestrial and aquatic ecosystems found in an area or on the earth


Functional diversity: the biological and chemical processes such as energy flow and matter cycling needed for the survival of species, communities, and ecosystems (Figure 4-17) Some people also include human cultural diversity as part of the earth’s biodiversity. Each human culture has developed various ways to deal with changing environmental conditions.


The earth’s biodiversity is the biological wealth or capital that helps keep us alive and supports our economies. Biologist Edward O. Wilson describes the earth’s biodiversity as a “natural or biological Internet” that all living things are part of.


The earth’s biodiversity supplies us with food, wood, fibers, energy, raw materials, industrial chemicals, and medicines—all of which pour hundreds of billions of dollars into the world economy each year. It also helps preserve the quality of the air and water, maintain


Abiotic chemicals (carbon dioxide, oxygen, nitrogen, minerals) Decomposers (bacteria, fungi) Producers (plants) Consumers (herbivores, carnivores)


Solar energy


Heat Heat Heat Heat Heat


Figure 4-17 Natural capital: the main structural components of an ecosystem (energy, chemicals, and organisms).


Matter recycling and the flow of energy from the sun, through organisms, and then into the environment as low-quality heat, link these components.


Each trophic level in a food chain or web contains a certain amount of biomass, the dry weight of all organic matter contained in its organisms. In a food chain or web, chemical energy stored in biomass is transferred from one trophic level to another.


Energy transfer through food chains and food webs is not very efficient. The reason is that with each transfer some usable energy is degraded and lost to the environment as low-quality heat, in accordance with the second law of thermodynamics. Thus only a small portion of what is eaten and digested is actually converted into an organism’s bodily material or biomass, and the amount of usable energy available to each successive trophic level declines.


The percentage of usable energy transferred as biomass from one trophic level to the next is called ecological efficiency. It ranges from 2% to 40% (that is, a loss of 60–98%) depending on the types of species and the ecosystem involved, but 10% is typical.


Assuming 10% ecological efficiency (90% loss) at each trophic transfer, if green plants in an area manage to capture 10,000 units of energy from the sun, then only about 1,000 units of energy will be available to support herbivores and only about 100 units to support carnivores.


The more trophic levels in a food chain or web, the greater the cumulative loss of usable energy as energy flows through the various trophic levels. The pyramid of energy flow in Figure 4-20 (p. 70) illustrates this energy loss for a simple food chain, assuming a 90% energy loss with each transfer. How does this diagram help explain why there are not very many tigers in the world? Figure 4-21 (p. 70) shows the pyramid of energy flow during 1 year for an aquatic ecosystem in Silver Springs, Florida.


Energy flow pyramids explain why the earth can support more people if they eat at lower trophic levels by consuming grains, vegetables, and fruits directly rather than passing such crops through another trophic level and eating grain eaters such as cattle.


The large loss in energy between successive trophic levels also explains why food chains and webs rarely have more than four or five trophic levels. In most cases, too little energy is left after four or five transfers to support organisms feeding at these high trophic levels. This explains why there are so few top carnivores such as eagles, hawks, tigers, and white sharks. It also explains why such species usually are the first to suffer when the ecosystems supporting them are disrupted, and why these species are so vulnerable to extinction. Do you think we are on this list?


68 CHAPTER 4 Ecosystems: What Are They and How Do They Work?


First Trophic Level Second Trophic Level Third Trophic Level Fourth Trophic Level


Solar energy Producers (plants) Primary consumers (herbivores) Secondary consumers (carnivores) Tertiary consumers (top carnivores) Detritivores (decomposers and detritus feeders) Heat Heat Heat Heat Heat Heat Heat Heat


Figure 4-18 Model of a food chain. The arrows show how chemical energy in food flows through various trophic levels in energy transfers; most of the energy is degraded to heat, in accordance with the second law of thermodynamics. Food chains rarely have more than four trophic levels. Can you figure out why?
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Humans Blue whale Sperm whale Crab-eater seal Killer whale Elephant seal Leopard seal Adelie penguins Petrel Emperor penguin Squid Fish Carnivorous plankton Krill Herbivorous zooplankton Phytoplankton ´


Figure 4-19 Greatly simplified food web in the Antarctic. Many more participants in the web, including an array of decomposer organisms, are not depicted here. This is part of life’s internet.
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Decomposers Heat Heat Heat Heat Heat


Tertiary consumers (human) Primary consumers (zooplankton)


Producers (phytoplankton)
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Figure 4-20 Generalized pyramid of energy flow showing the decrease in usable energy available at each succeeding trophic level in a food chain or web. In nature, ecological efficiency varies from 2% to 40%, with 10% efficiency being common. This model assumes a 10% ecological efficiency (90% loss of usable energy to the environment, in the form of low-quality heat) with each transfer from one trophic level to another.


4-5 PRIMARY PRODUCTIVITY OF ECOSYSTEMS


How Fast Can Producers Produce Biomass?


A Very Important Rate


Different ecosystems use solar energy to produce and use biomass at different rates.


The rate at which an ecosystem’s producers convert solar energy into chemical energy as biomass is the ecosystem’s gross primary productivity (GPP). Figure 4-22 shows how this productivity varies across the earth.


To stay alive, grow, and reproduce, an ecosystem’s producers must use some of the biomass they produce for their own respiration. Net primary productivity (NPP) is the rate at which producers use photosynthesis to store energy minus the rate at which they use some of this stored energy through aerobic respiration as shown in Figure 4-23. In other words, NPP _ GPP_R, where R is energy used in respiration. NPPis a measure of how fast producers can provide the food needed by consumers in an ecosystem.


Various ecosystems and life zones differ in their NPP, as graphed in Figure 4-24 (p. 72). Looking at this graph, what are the three most productive and the three least productive systems? Generally, would you expect NPP to be higher at the equator than at the earth’s poles? Why? Despite its low net primary productivity, there is so much open ocean that it produces more of the earth’s NPP per year than any of the other ecosystems and life zones shown in Figure 4-24.


In agricultural systems, the goal is to increase the NPP and biomass of selected crop plants by adding water (irrigation) and nutrients (mostly nitrates and phosphates in fertilizers). Despite such inputs, the NPP of agricultural land is not very high compared with that of other terrestrial ecosystems (Figure 4-24).


How Does the World’s Net Rate of Biomass Production Limit the Populations of Consumer Species? Nature’s Limits


The number of consumer organisms the earth can support is determined by how fast producers can supply them with energy found in biomass.


As we have seen, producers are the source of all food in an ecosystem. Only the biomass represented by NPP is available as food for consumers and they use only a portion of this. Thus the planet’s NPP ultimately limits the number of consumers (including humans) that can survive on the earth. This is an important lesson from nature.


Top carnivores Carnivores Herbivores Decomposers/detritivores 5,060 383 3,368 20,810 21 Producers


Figure 4-21 Annual energy flow (in kilocalories per square meter per year) for an aquatic ecosystem in Silver Springs, Florida. (From Cecie Starr, Biology: Concepts and Applications, 4th ed., Brooks/Cole [Wadsworth] © 2000)
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It is tempting to conclude from Figure 4-24 that a good way to feed the world’s hungry millions would be to harvest plants in highly productive estuaries, swamps, and marshes. But people cannot eat most plants in these areas. In addition, these plants provide vital food sources (and spawning areas) for fish, shrimp, and other aquatic species that provide us and other consumers with protein.


We might also conclude from Figure 4-24 that we could grow more food for human consumption by clearing highly productive tropical rain forests and planting food crops. According to most ecologists, this is also a bad idea. Here is why. In tropical rain forests most nutrients are stored in the vegetation rather than in the soil, where they need to be to grow crops. When the trees are removed, frequent rains and growing crops rapidly deplete the nutrient-poor soils. Thus crops can be grown for only a short time without massive and expensive applications of commercial fertilizers.


Are the oceans a way out? Because the earth’s vast open oceans provide the largest percentage of the earth’s net primary productivity, why not harvest its primary producers (floating and drifting phytoplankton) to help feed the rapidly growing human population?


The problem is that harvesting the widely


Figure 4-23 Distinction between gross primary productivity and net primary productivity. A plant uses some of its gross primary productivity to survive through respiration. The remaining energy is available to consumers.


Figure 4-22 Satellite data on the earth’s gross primary productivity in terms of ocean and land concentrations of chlorophyll in producer organisms during the winter of 2004. On land rain forests and other highly productive areas are dark green and the least productive (mostly deserts) are brown or white in polar areas. At sea, the concentration of chlorophyll found in phytoplankton, a primary indicator of ocean productivity, ranges from red (highest) to orange, yellow, green, light blue, and dark blue (lowest). Where are the areas of highest and lowest productivity on land and at sea? (Image data from SeaWiFs Project/NASA and by kind permission of ORBIMAGE. All rights reserved.)
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Swamps and marshes Tropical rain forest Temperate forest Northern coniferous forest (taiga) Savanna Agricultural land Woodland and shrub land Temperate grassland Tundra (arctic and alpine) Desert scrub Extreme desert


Aquatic Ecosystems


Estuaries Lakes and streams Continental shelf Open ocean


Terrestrial Ecosystems


800 1,600 2,400 3,200 4,000 4,800 5,600 6,400 7,200 8,000 8,800 9,600


Average net primary productivity (kcal/m /yr) 2


Figure 4-24 Natural capital: estimated annual average net primary productivity (NPP) per unit of area in major life zones and ecosystems, expressed as kilocalories of energy produced per square meter per year (kcal/m2/yr). (Data from Communities and Ecosystems, 2nd ed., by R. H. Whittaker, 1975. New York: Macmillan)


dispersed, tiny floating producers in the open ocean would take much more fossil fuel and other types of energy than the food energy we would get. In addition, this would disrupt the food webs of the open ocean that provide us and other consumer organisms with important sources of energy and protein from fish and shellfish.


How Much of the World’s Net Rate of Biomass Production Do We Use? Let Them Eat Crumbs


Humans are using, wasting, or destroying a significant amount of the world’s biomass faster than producers can make it.


Peter Vitousek, Stuart Roystaczer, and other ecologists estimate that humans now use, waste, or destroy about 27% of the earth’s total potential NPP and 10–55% of the NPP of the planet’s terrestrial ecosystems.


These scientists contend that this is the main reason we are crowding out or eliminating the habitats and food supplies of a growing number of other species. What might happen to us and to other consumer species if the human population doubles over the next 40–50 years and per capita consumption of resources such as food, timber, and grassland rises sharply? This is an important question!


4-6 SOILS


What Is Soil and Why Is It Important?


The Base of Life on Land


Soil is a slowly renewed resource that provides most of the nutrients needed for plant growth and also helps purify water.


Soil is a thin covering over most land that is a complex mixture of eroded rock, mineral nutrients, decaying organic matter, water, air, and billions of living organisms, most of them microscopic decomposers. Study the diagram in Figure 4-25 showing the profile of different aged soils. Soil is a renewable resource but it is renewed very slowly. Depending mostly on climate, the formation of just 1 centimeter (0.4 inch) of soil can take from 15 years to hundreds of years.


Soil is the base of life on land because it provides most of the nutrients needed for plant growth. Indeed, you are mostly soil nutrients imported into your body by the food you eat. Soil is also the earth’s primary filter that cleanses water as it passes through. It is also a
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Immature soil
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Regolith Rock fragments Moss and lichen Organic debris builds up Grasses and small shrubs Earthworm Mole Millipede Dog violet Lords and ladies Honey fungus Oak tree Fern


Mature soil


Root system Pseudo scorpion Red earth mite Springtail Bacteria


O horizon


Leaf litter Wood sorrel


A horizon
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Parent material Mite Nematode Actinomycetes Fungus


Figure 4-25 Natural capital: soil formation and generalized soil profile. Horizons, or layers, vary in number, composition, and thickness, depending on the type of soil. Soil is the base of life that provides the food you need to stay alive and healthy. (From Derek Elsom, Earth, 1992. Copyright © 1992 by Marshall Editions Developments Limited, New York: Macmillan. Used by permission.)


major component of the earth’s water recycling and water storage processes. You can thank soil every time you drink a glass of water.


What Major Layers Are Found in Mature Soils? Layers Count


Most soils developed over a long time consist of several layers containing different materials.


Mature soils, or soils that have developed over a long time, are arranged in a series of horizontal layers called soil horizons, each with a distinct texture and composition that varies with different types of soils.


A cross-sectional view of the horizons in a soil is called a soil profile. Most mature soils have at least three of the possible horizons (Figure 4-25). Think of them as floors in the building of life underneath your feet.


The top layer is the surface litter layer, or O horizon.


It consists mostly of freshly fallen un-decomposed or partially decomposed leaves, twigs, crop wastes, animal wastes, fungi, and other organic materials. Normally, it is brown or black.


The topsoil layer, or A horizon, is a porous mixture of partially decomposed organic matter, called humus, and some inorganic mineral particles. It is usually darker and looser than deeper layers. A fertile soil that produces high crop yields has a thick topsoil layer with lots of humus. This helps topsoil hold water and nutrients taken up by plant roots.


The roots of most plants and most of a soil’s organic matter are concentrated in a soil’s two upper layers. As long as vegetation anchors these layers, soil stores water and releases it in a nourishing trickle.


The two top layers of most well-developed soils teem with bacteria, fungi, earthworms, and small insects that interact in complex food webs such as the one shown in Figure 4-26 (p. 74). Bacteria and other decomposer microorganisms found by the billions in
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The spaces, or pores, between the solid organic and inorganic particles in the upper and lower soil layers contain varying amounts of air (mostly nitrogen and oxygen gas) and water. Plant roots need the oxygen for cellular respiration.


Some of the precipitation that reaches the soil percolates through the soil layers and occupies many of the soil’s open spaces or pores. This downward movement of water through soil is called infiltration.


As the water seeps down, it dissolves various minerals and organic matter in upper layers and carries them to lower layers in a process called leaching.


Most of the world’s crops are grown on soils exposed when grasslands and deciduous (leaf-shedding) forests are cleared. Worldwide there are many thousands of different soil types—at least 15,000 in the United States. Five important soil types, each with a distinct profile, are shown in Figure 4-27.


every handful of topsoil break down some of its complex organic compounds into simpler inorganic compounds soluble in water. Soil moisture carrying these dissolved nutrients is drawn up by the roots of plants and transported through stems and into leaves as part of the earth’s chemical cycling processes.


The color of its topsoil tells us a lot about how useful a soil is for growing crops. Dark-brown or black topsoil is nitrogen-rich and high in organic matter.


Gray, bright yellow, or red topsoils are low in organic matter and need nitrogen enrichment to support most crops. Pick up a handful of soil and look at its color.


What did you learn?


The B horizon (subsoil) and the C horizon (parent material) contain most of a soil’s inorganic matter, mostly broken-down rock consisting of varying mixtures of sand, silt, clay, and gravel. The C horizon lies on a base of unweathered parent rock called bedrock.


Ant Centipede Pseudo scorpion Mite beetle Adult fly Fly larvae Millipede Sow bug Beetle Mites Springtail Slug Bacteria Fungi Mite Snail Organic debris Actinomycetes Flatworms Rove beetle Roundworms Ground Earthworms Protozoa Roundworms


Figure 4-26 Natural capital: greatly simplified food web of living organisms found in soil.
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How Do Soils Differ in Texture and Porosity?


Composition and Spaces Are Important


Soils vary in the size of the particles they contain and the amount of space between these particles.


Soils vary in their content of clay (very fine particles), silt (fine particles), sand (medium-size particles), and gravel (coarse to very coarse particles). The relative amounts of the different sizes and types of these mineral particles determine soil texture.


To get an idea of a soil’s texture, take a small amount of topsoil, moisten it, and rub it between your fingers and thumb. A gritty feel means it contains a lot of sand. A sticky feel means a high clay content, and you should be able to roll it into a clump. Silt-laden soil feels smooth, like flour. A loam topsoil is best


Mosaic of closely packed pebbles, boulders Weak humus– mineral mixture reddish-brown with variable accumulations of clay, calcium carbonate, and soluble salts Desert Soil (hot, dry climate) Alkaline, dark, and rich in humus Clay, calcium compounds Grassland Soil (semiarid climate) Acidic light-colored humus Iron and aluminum compounds mixed with clay Tropical Rain Forest Soil (humid, tropical climate) Deciduous Forest Soil (humid, mild climate) Forest litter leaf mold Humus–mineral mixture Light, grayish-brown, silt loam Dark brown firm clay Acid litter and humus and acidic Humus and iron and aluminum compounds Coniferous Forest Soil (humid, cold climate) Dry, brown to Light-colored


Figure 4-27 Natural capital:


soil profiles of the principal soil types typically found in five different biomes.
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suited for plant growth. It has a texture between these extremes—a crumbly, spongy feeling—with many of its particles clumped loosely together.


Soil texture helps determine soil porosity, a measure of the volume of pores or spaces per volume of soil and of the average distances between those spaces.


Fine particles are needed for water retention and coarse ones for air spaces. A porous soil has many pores and can hold more water and air than a less porous soil. The average size of the spaces or pores in a soil determines soil permeability: the rate at which water and air move from upper to lower soil layers.


4-7 MATTER CYCLING IN ECOSYSTEMS


What Are Biogeochemical Cycles? Going in Circles


Global cycles recycle nutrients through the earth’s air, land, water, and living organisms and, in the process, connect past, present, and future forms of life.


All organisms are interconnected by vast global recycling systems made up of nutrient cycles, or biogeochemical cycles (literally, life–earth–chemical cycles).


In these cycles, nutrient atoms, ions, and molecules that organisms need to live, grow, and reproduce are continuously cycled between air, water, soil, rock, and living organisms. These cycles, driven directly or indirectly by incoming solar energy and gravity, include the carbon, oxygen, nitrogen, phosphorus, and hydrologic (water) cycles (Figure 4-8).


The earth’s chemical cycles connect past, present, and future forms of life. Some of the carbon atoms in your skin may once have been part of a leaf, a dinosaur’s skin, or a layer of limestone rock. Your grandmother, Plato, or a hunter–gatherer who lived 25,000 years ago may have inhaled some of the oxygen molecules you just inhaled.


How Is Water Cycled in the Biosphere?


The Water Cycle


A vast global cycle collects, purifies, distributes, and recycles the earth’s fixed supply of water.


The hydrologic cycle, or water cycle, recycles the earth’s fixed supply of water, as shown in Figure 4-28.


Trace the flows and paths in this diagram. Solar energy evaporates water found on the earth’s surface into the atmosphere. Some of this water returns to the earth as rain or snow, passes through living organisms, flows into bodies of water, and eventually is evaporated again to continue the cycle. The water cycle differs from most other nutrient cycles in that most of the water remains chemically unchanged and is transformed from one physical state to another.


Condensation Transpiration Evaporation Precipitation Precipitation Infiltration and Percolation


Rain clouds Evaporation from ocean Evaporation from land Transpiration from plants Precipitation to ocean Surface runoff (rapid) Surface runoff (rapid) Runoff Groundwater movement (slow) Precipitation to land Ocean storage


Figure 4-28 Natural capital: simplified model of the global hydrologic cycle that helps keep you alive.
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The main processes in this water recycling and purifying cycle are evaporation (conversion of water into water vapor), transpiration (evaporation from plant leaves after water is extracted from soil by roots and transported throughout the plant), condensation (conversion of water vapor into droplets of liquid water), precipitation (rain, sleet, hail, and snow), infiltration (movement of water into soil), percolation (downward flow of water through soil and permeable rock formations to groundwater storage areas called aquifers), and runoff (surface movement down slopes to the sea to resume the cycle).


The water cycle is powered by energy from the sun, which evaporates water into the atmosphere, and by gravity, which draws the water back to the earth’s surface as precipitation. About 84% of water vapor in the atmosphere comes from the oceans, and the rest comes from land. This should not surprise you since almost three-fourths of the earth is covered with water.


Winds and air masses transport water vapor over various parts of the earth’s surface, often over long distances. Falling temperatures cause the water vapor to condense into tiny droplets that form clouds in the sky or fog near the surface. For precipitation to occur, air must contain condensation nuclei: tiny particles on which droplets of water vapor can collect. Sources of such particles include volcanic ash, soil dust, smoke, sea salts, and particulate matter emitted by factories, coal-burning power plants, and motor vehicles.


Currently about one-tenth of the fresh water returning to the earth’s surface as precipitation becomes locked up in slowly flowing ice and snow called glaciers.


But most precipitation falling on terrestrial ecosystems becomes surface runoff. This water flows into streams and lakes, which eventually carry water back to the oceans, where it can evaporate and cycle again.


Besides replenishing streams, lakes, and wetlands, surface runoff also causes soil erosion, which moves soil and weathered rock fragments from one place to another. Water is thus the primary sculptor of the earth’s landscape. Because water dissolves many nutrient compounds, it is also a major medium for transporting nutrients within and between ecosystems and for removing and diluting wastes.


Throughout the hydrologic cycle, many natural processes purify water. Evaporation and subsequent precipitation act as a natural distillation process that removes impurities dissolved in water. Water flowing above ground through streams and lakes and below ground in aquifers is naturally filtered and purified by chemical and biological processes, mostly by the actions of decomposer bacteria. Thus the hydrologic cycle can also be viewed as a cycle of natural renewal of water quality.


How Are Human Activities Affecting the Water Cycle? Messing with Nature


We alter the water cycle by withdrawing large amounts of fresh water, clearing vegetation, eroding soils, polluting surface and underground water, and contributing to climate change.


During the past 100 years, we have been intervening in the earth’s current water cycle in four major ways.


First, we withdraw large quantities of fresh water from streams, lakes, and underground sources. In some heavily populated or heavily irrigated areas, withdrawals have led to groundwater depletion or intrusion of ocean salt water into underground water supplies.


Second, we clear vegetation from land for agriculture, mining, road and building construction, and other activities and sometimes cover the land with buildings, concrete, or asphalt. This increases runoff, reduces infiltration that recharges groundwater supplies, increases the risk of flooding, and accelerates soil erosion and landslides. We also increase flooding by destroying wetlands, which act like sponges to absorb and hold overflows of water.


Third, we modify water quality by adding nutrients (such as phosphates and nitrates found in fertilizers) and other pollutants. Fourth, according to a 2003 study by Ruth Curry and her colleagues, the earth’s water cycle is speeding up as a result of a warmer climate caused partially by human inputs of carbon dioxide and other greenhouse gases into the atmosphere.


This could change global precipitation patterns that affect the severity and frequency of droughts, floods, and storms. It can also intensify global warming by speeding up the input of water vapor—a powerful greenhouse gas—into the troposphere.


How Is Carbon Cycled in the Biosphere?


Carbon Dioxide in Action


Carbon, the basic building block of organic compounds, recycles through the earth’s air, water, soil, and living organisms.


Carbon is the basic building block of the carbohydrates, fats, proteins, DNA, and other organic compounds necessary for life. It is circulated through the biosphere by the carbon cycle, as shown in Figure 4-29 (p. 78). Trace the flows and paths in this diagram.


This cycle is based on carbon dioxide gas, which makes up about 0.038% of the volume of the troposphere and is also dissolved in water. The aerobic respiration of organisms, volcanic eruptions, the weathering of carbonate rocks, and the burning of carbon containing compounds found in wood, grasses, and fossil fuels add carbon dioxide to the troposphere.
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Diffusion between atmosphere and ocean


Carbon dioxide dissolved in ocean water Marine food webs


Producers, consumers, decomposers, detritivores


Marine sediments, including formations with fossil fuels


Combustion of fossil fuels


Figure 4-29 Natural capital: simplified model of the global carbon cycle that helps keep you alive. The left portion shows the movement of carbon through marine systems, and the right portion shows its movement through terrestrial ecosystems. Carbon reservoirs are shown as boxes; processes that change one form of carbon to another are shown in unboxed print.


(From Cecie Starr, Biology: Concepts and Applications, 4th ed., Brooks/Cole [Wadsworth] © 2000)


Aerobic respiration in the cells of oxygen-using producers, consumers, and decomposers breaks down glucose and other complex organic compounds and converts the carbon back toCO2, which is released into the troposphere and in water for reuse by producers.


Carbon dioxide is removed from the troposphere by terrestrial and aquatic producers, which use photosynthesis to convert it into complex carbohydrates such as glucose (C6H12O6).


This linkage between photosynthesis in producers and aerobic respiration in producers, consumers, and decomposers circulates carbon in the biosphere and is a major part of the global carbon cycle. Oxygen and hydrogen, the other elements in carbohydrates, cycle almost in step with carbon.


Carbon dioxide is a key component of nature’s thermostat. If the carbon cycle removes too much CO2 from the atmosphere, the atmosphere will cool; if the cycle generates too much, the atmosphere will get warmer. Thus even slight changes in the carbon cycle can affect climate and ultimately the types of life that can exist on various parts of the planet.


Some carbon atoms take a long time to recycle.


Over millions of years, buried deposits of dead plant matter and bacteria have been compressed between layers of sediment, where they form carbon-containing fossil fuels such as coal and oil (Figure 4-29). This carbon is not released to the atmosphere as CO2 for recycling until these fuels are extracted and burned, or until long-term geological processes expose these deposits to air. In only a few hundred years, we have extracted and burned huge quantities of fossil fuels that took millions of years to form. This is why fossil fuels are nonrenewable resources on a human time scale.


Oceans play important roles in the carbon cycle.


Some of the atmosphere’s carbon dioxide dissolves in ocean water, and the ocean’s photosynthesizing producers remove some. On the other hand, as ocean water warms, some of its dissolved CO2 returns to the atmosphere, just as carbon dioxide fizzes out of a carbonated beverage when it warms. The balance between these two processes plays a role in the earth’s average temperature.


Some ocean organisms build their shells and skeletons by using dissolved CO2 molecules in seawater to form carbonate compounds such as calcium carbonate (CaCO3). When these organisms die, tiny particles of their shells and bone drift slowly to the ocean depths.


There they are buried for eons (as long as 400 million years) in deep bottom sediments (Figure 4-29, left), where under immense pressure they are converted into limestone rock. Geological processes may eventu-
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ally expose the limestone to the atmosphere and acidic precipitation and make its carbon available to living organisms once again.


How Are Human Activities Affecting the Carbon Cycle? Messing with Nature’s Thermostat


Carbon dioxide produced by burning fossil fuels and clearing photosynthesizing vegetation faster than it is replaced can increase the average temperature of the troposphere.


Since 1800 and especially since 1950, we have been intervening in the earth’s carbon cycle in two ways that add carbon dioxide to the atmosphere. First, in some areas we clear trees and other plants that absorb CO2 through photosynthesis faster than they can grow back. Second, we add large amounts of CO2 by burning fossil fuels (Figure 4-30) and wood.


Computer models of the earth’s climate systems suggest that increased concentrations of atmospheric CO2 and other gases we are adding to the atmosphere could enhance the planet’s natural greenhouse effect that helps warm the lower atmosphere (troposphere) and the earth’s surface (Figure 4-9). The resulting global warming could disrupt global food production and


1 0 3 2 5 4 7 6 9 8 11 10 13 12 14 1850 1900 1950 2000 2030


Year CO2 emissions from fossil fuels (billion metric tons of caron equivalent)


High projection Low projection


Figure 4-30 Natural capital degradation: human interference in the global carbon cycle from carbon dioxide emissions when fossil fuels are burned, 1850 to 2001 and projections to 2030 (dashed lines). (Data from UN Environment Programme, British Petroleum, International Energy Agency, and U.S. Department of Energy)
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wildlife habitats, alter temperature and precipitation patterns, and raise the average sea level in various parts of the world—more about this in Chapter 21.


How Is Nitrogen Cycled in the Biosphere? Bacteria in Action


Different types of bacteria help recycle nitrogen through the earth’s air, water, soil, and living organisms.


Nitrogen is the atmosphere’s most abundant element, with chemically unreactive nitrogen gas (N2) making up about 78% of the volume of the troposphere. Nitrogen is a crucial component of proteins, many vitamins, and the nucleic acids DNA and RNA. However, N2 cannot be absorbed and used (metabolized) directly as a nutrient by multi-cellular plants or animals.


Fortunately, two natural processes convert N2 gas in the atmosphere into compounds that can enter food webs as part of the nitrogen cycle, depicted in Figure 4-31. Trace the flows and paths in this diagram.


One of these processes is atmospheric electrical discharge in the form of lightning. This causes nitrogen (N2) and oxygen (O2) in the atmosphere to react and produce nitrogen oxide (NO). Try to write and balance the chemical equation for this reaction.


The other process is carried out by certain types of bacteria in aquatic systems, in the soil, and in the roots of some plants that can convert or “fix” N2 into compounds useful as nutrients for plants and animals.


The nitrogen cycle consists of several major steps (Figure 4-31). In nitrogen fixation, specialized bacteria in the soil convert (“fix”) gaseous nitrogen (N2) to ammonia (NH3) that can be used by plants. See if you can write a balanced chemical equation for the reaction of N2 with H2 to form NH3.


Ammonia not taken up by plants may undergo nitrification. In this process, specialized aerobic bacteria convert most of the ammonia in soil to nitrite ions (NO2_), which are toxic to plants, and nitrate ions


Gaseous Nitrogen (N2) in Atmosphere Nitrogen Fixation


by industry for agriculture
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Figure 4-31 Natural capital: simplified model of the nitrogen cycle in a terrestrial ecosystem. Nitrogen reservoirs are shown as boxes; processes changing one form of nitrogen to another are shown in unboxed print.


This cycle helps keep you alive. (From Cecie Starr and Ralph Taggart, Biology: The Unity and Diversity of Life, 9th ed., Wadsworth © 2001)
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(NO3_), which are easily taken up by plants as a nutrient.


Nitrogen fixation and nitrification add inorganic ammonia, ammonium ions (NH4_), and nitrate ions to soil water. Then plant roots can absorb these dissolved substances in a step called assimilation. Plants use these ions to make nitrogen-containing organic molecules such as DNA, amino acids, and proteins. Animals in turn get their nitrogen by eating plants or plant-eating animals.


Plants and animals return nitrogen-rich organic compounds to the environment as wastes, cast-off particles, and dead bodies. In the ammonification step, vast armies of specialized decomposer bacteria convert this detritus into simpler nitrogen-containing inorganic compounds such as ammonia and water-soluble salts containing ammonium ions.


Nitrogen leaves the soil in the denitrification step in which other specialized anaerobic bacteria in waterlogged soil and in the bottom sediments of lakes, oceans, swamps, and bogs convert NH3 and NH4_back into nitrite and nitrate ions and then into nitrogen gas (N2) and nitrous oxide gas (N2O). These gases are released to the atmosphere to begin the cycle again.


How Are Human Activities Affecting the Nitrogen Cycle? Altering Nature


Excessive inputs of various nitrogen-containing compounds into the environment from human activities is becoming a major regional and global environmental problem.


In the past 100 years, human activities have had several effects on the earth’s current nitrogen cycle.


First, we add large amounts of nitric oxide (NO) to the atmosphere when we burn any fuel. In the atmosphere, this gas can be converted to nitrogen dioxide gas (NO2) and nitric acid (HNO3), which can return to the earth’s surface as damaging acid deposition, commonly called acid rain—more on this in Chapter 20.


Second, we add nitrous oxide (N2O) to the atmosphere through the action of anaerobic bacteria on livestock wastes and commercial inorganic fertilizers applied to the soil. This gas can warm the troposphere and deplete ozone in the stratosphere.


Third, we release large quantities of nitrogen stored in soils and plants as gaseous compounds into the troposphere through destruction of forests, grasslands, and wetlands. Fourth, we upset aquatic ecosystems by adding excess nitrates in agricultural runoff and discharges from municipal sewage systems— more on this in Chapter 22.


Fifth, we remove nitrogen from topsoil when we harvest nitrogen-rich crops, irrigate crops, and burn or clear grasslands and forests before planting crops.


Sixth, inputs of nitrogen into the air, soil, and water mostly from our activities is beginning to affect the biodiversity of terrestrial and aquatic systems by shifting their species composition towards species that can thrive on increased supplies of nitrogen nutrients.


Since 1950, human activities have more than doubled the annual release of nitrogen from the terrestrial portion of the earth into the rest of the environment (Figure 4-32). These excessive inputs of nitrogen into the air and water is a serious local, regional, and global environmental problem that so far has attracted fairly little attention compared to global environmental problems such as global warming and depletion of ozone in the stratosphere. Princeton University physicist Robert Socolow calls for the nations of the world to work out some type of international nitrogen management agreement to help prevent this problem from reaching crisis levels.


How Is Phosphorus Cycled in the Biosphere? Slow Cycling without Using the Atmosphere


Phosphorus cycles fairly slowly through the earth’s water, soil, and living organisms.


Phosphorus circulates through water, the earth’s crust, and living organisms in the phosphorus cycle, depicted


0 50 100 150 200 1920 1940 1960 2000 1980


Year Global nitrogen (N) fixation (trillion grams)


Nitrogen fixation by natural processes Nitrogen fixation by human processes


Figure 4-32 Natural capital degradation: human interference in the global nitrogen cycle. Human activities such as production of fertilizers now fix more nitrogen than all natural sources combined. (Data from UN Environment Programme, UN Food and Agriculture Organization, and U.S. Department of Agriculture)
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mining agriculture uptake by autotrophs death, decomposition leaching, runoff weathering, weathering settling out uplifting over geologic time death, decomposition sedimentation uptake by autotrophs excretion Guano Fertilizer Land Food Webs Dissolved in Soil Water, Lakes, Rivers Dissolved in Ocean Water Marine Food Webs Marine Sediments Rocks Figure 4-33 Natural capital: simplified model of the phosphorus cycle. Phosphorus reservoirs are shown as boxes; processes that change one form of phosphorus to another are shown in unboxed print. This cycle helps keep you alive. (From Cecie Starr and Ralph Taggart, The Unity and Diversity of Life, 9th ed., Wadsworth © 2001)


in Figure 4-33. Trace the flows and paths in this diagram.


With the exception of small particles of phosphate in dust, very little phosphorus circulates in the atmosphere because soil conditions do not allow bacteria to convert chemical forms of phosphorus to gaseous forms of phosphorus. The phosphorus cycle is slow, and on a short human time scale much phosphorus flows one way from the land to the oceans.


Phosphorus is typically found as phosphate salts containing phosphate ions (PO4 3_) in terrestrial rock formations and ocean bottom sediments. The weathering and erosion of phosphorus-containing rocks releases phosphorus into soil water, lakes, and rivers as phosphate ions, which are taken up by plant roots.


Animals get most of the phosphorus they need from the food they eat. Decomposers break down organic phosphorus compounds in dead organisms into the soil where it can be reused by plants.


Phosphate can be lost from the cycle for long periods when it washes from the land into streams and rivers and is carried to the ocean. There it can be deposited as sediment on the sea floor and remain for millions of years. Someday geological uplift processes may expose these seafloor deposits from which phosphate can be eroded to start the cyclical process again.


Because most soils contain little phosphate, it is often the limiting factor for plant growth on land unless phosphorus (as phosphate salts mined from the earth) is applied to the soil as a fertilizer. Phosphorus also limits the growth of producer populations in many freshwater streams and lakes because phosphate salts are only slightly soluble in water.


How Are Human Activities Affecting the Phosphorus Cycle? More Messing with Nature


We remove large amounts of phosphate from the earth to make fertilizer, reduce phosphorus in tropical soils by clearing forests, and add excess phosphates to aquatic systems.


We intervene in the earth’s phosphorus cycle in three ways. First, we mine large quantities of phosphate rock to make commercial inorganic fertilizers. Second, we reduce the available phosphate in tropical soils when we cut down areas of tropical forests. Third, we disrupt aquatic systems with phosphates from runoff of ani-
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mal wastes and fertilizers and discharges from sewage treatment systems—more on this in Chapter 22.


Scientists estimate that since 1900 human activities have increased the natural rate of phosphorus release into the environment about 3.7-fold.


How Is Sulfur Cycled in the Biosphere?


The Sulfur Cycle


Sulfur cycles through the earth’s air, water, soil, and living organisms.


Sulfur circulates through the biosphere in the sulfur cycle, shown in Figure 4-34. Trace the flows and paths in this diagram. Much of the earth’s sulfur is stored underground in rocks and minerals, including sulfate (SO4 2_) salts buried deep under ocean sediments.


Sulfur also enters the atmosphere from several natural sources. Hydrogen sulfide (H2S)—a colorless, highly poisonous gas with a rotten-egg smell—is released from active volcanoes and from organic matter in swamps, bogs, and tidal flats broken down by anaerobic decomposers.


Sulfur dioxide (SO2), a colorless, suffocating gas, also comes from volcanoes. Particles of sulfate (SO4 2_) salts, such as ammonium sulfate, enter the atmosphere from sea spray, dust storms, and forest fires. Plant roots absorb sulfate ions and incorporate the sulfur as an essential component of many proteins.


Certain marine algae produce large amounts of volatile dimethyl sulfide, or DMS (CH3SCH3). Tiny droplets of DMS serve as nuclei for the condensation of water into droplets found in clouds. Thus changes in DMS emissions can affect cloud cover and climate.


In the atmosphere DMS is converted to sulfur dioxide.


In the atmosphere, sulfur dioxide (SO2) from natural sources and human activities is converted to sulfur trioxide gas (SO3) and to tiny droplets of sulfuric acid (H2SO4). Sulfur dioxide also reacts with other atmospheric chemicals such as ammonia to produce tiny particles of sulfate salts. These droplets and particles fall to the earth as components of acid deposition, which along with other air pollutants can harm trees and aquatic life—more on this in Chapter 20.


In the oxygen-deficient environments of flooded soils, freshwater wetlands, and tidal flats, specialized bacteria convert sulfate ions to sulfide ions (S2_). The sulfide ions can then react with metal ions to form insoluble metallic sulfides, which are deposited as rock, and the cycle continues.


Oxygen Water Ammonia Sulfur trioxide Sulfuric acid Acidic fog and precipitation Ammonium sulfate Plants Animals Decaying matter Metallic sulfide deposits Sulfate salts Sulfur Hydrogen sulfide


Volcano Volcano Ocean Dimethyl sulfide Sulfur dioxide Hydrogen sulfide


Industries Industries


Figure 4-34 Natural capital: simplified model of the sulfur cycle.


84 CHAPTER 4 Ecosystems: What Are They and How Do They Work?


How Are Human Activities Affecting the Sulfur Cycle? Overloading Nature


We add sulfur dioxide to the atmosphere by burning coal and oil, refining oil, and producing some metals from ores.


We add sulfur dioxide to the atmosphere in three ways. First, we burn sulfur-containing coal and oil to produce electric power. Second, we refine sulfur containing petroleum to make gasoline, heating oil, and other useful products. Third, we convert sulfur containing metallic mineral ores into free metals such as copper, lead, and zinc.


4-8 HOW DO ECOLOGISTS LEARN ABOUT ECOSYSTEMS?


What Is Field Research? Muddy Boots Ecology


Ecologists go into ecosystems and hang out in treetops to learn what organisms live there and how they interact.


Field research involves going into nature and observing and measuring the structure of ecosystems and what happens in them. Most of what we know about the structure and functioning of ecosystems described in this chapter has come from such research.


Ecologists trek through forests, deserts, and grasslands and wade or boat through wetlands, lakes, and streams collecting and observing species. Sometimes they carry out controlled experiments by isolating and changing a variable in part of an area and comparing the results with nearby unchanged areas.


Tropical ecologists erect tall construction cranes into the canopies of tropical forests to identify and observe the rich diversity of species living or feeding in these treetop habitats.


Increasingly, ecologists are using new technologies to collect field data. These include remote sensing from aircraft and satellites and geographic information systems (GISs), in which information gathered from broad geographic regions is stored in spatial databases (Figure 4-35). Then computers and GIS software can analyze and manipulate the data and combine them with ground and other data. These efforts can produce computerized maps of forest cover, water resources, air pollution emissions, coastal changes, relationships between cancers and sources of pollution, and changes in global sea temperatures.


Most satellite sensors use either reflected light or reflected infrared radiation to gather data. However, some new satellites have radar sensors that measure the reflection of microwave energy from the earth.


These microwaves can “see” in the dark and penetrate smoke, clouds, haze, and water. This method is also being used to map the topography of the ocean floor and provide information about ocean currents and upward flows of nutrients from the ocean bottom (upwellings) that sustain fisheries.


How Are Ecosystems Studied in the Laboratory? Life under Glass


Ecologists use aquarium tanks, greenhouses, and controlled indoor and outdoor chambers to study ecosystems.


During the past 50 years, ecologists have increasingly supplemented field research by using laboratory research to set up, observe, and make measurements of model ecosystems and populations under laboratory conditions. Such simplified systems have been set up in containers such as culture tubes, bottles, aquarium tanks, and greenhouses and in indoor and outdoor


Critical nesting site locations USDA Forest Service Topography Habitat type Real world Private owner 2 Grassland Private owner 1 USDA Forest Service Forest Wetland Lake


Figure 4-35 Geographic information systems (GISs) provide the computer technology for organizing, storing, and analyzing complex data collected over broad geographic areas. GISs enable scientists to overlay many layers of data (such as soils, topography, distribution of endangered populations, and land protection status).
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chambers where temperature, light, CO2, humidity, and other variables can be controlled carefully.


Such systems make it easier for scientists to carry out controlled experiments. In addition, such laboratory experiments often are quicker and cheaper than similar experiments in the field.


But there is a catch. We must consider whether what scientists observe and measure in a simplified, controlled system under laboratory conditions takes place in the same way in the more complex and dynamic conditions found in nature. Thus the results of laboratory research must be coupled with and supported by field research.


What Is Systems Analysis? Simulating Ecosystems


Ecologists develop mathematical and other models to simulate the behavior of ecosystems.


Since the late 1960s, ecologists have made increasing use of systems analysis to develop mathematical and other models that simulate ecosystems. Computer simulation of such models can help us understand large and very complex systems (such as rivers, oceans, forests, grasslands, cities, and climate) that cannot be adequately studied and modeled in field and laboratory research. Figure 4-36 outlines the major stages of systems analysis.


Researchers can change values of the variables in their computer models to project possible changes in environmental conditions, help anticipate environmental surprises, and analyze the effectiveness of various alternative solutions to environmental problems.


However, simulations and projections made using ecosystem models are no better than the data and assumptions used to develop the models. Thus careful field and laboratory ecological research must be used to provide the baseline data and determine the causal relationships between key variables needed to develop and test ecosystem models.


Why Do We Need Baseline Ecological Data?


Understanding What We Have


We need baseline data on the world’s ecosystems so we can see how they are changing and develop effective strategies for preventing or slowing their degradation.


According to a 2002 ecological study published by the Heinz Foundation, scientists have less than half of the basic ecological data they need to evaluate the status of ecosystems in the United States. Even fewer data are available for most other parts of the world.


Before we can understand what is happening to an ecosystem, community, or population and how best to prevent harmful environmental changes, we need to know its current condition. In other words, we need baseline data about its components, physical and chemical conditions, and how well it is functioning.


By analogy your doctor would like to have baseline data on your blood pressure, weight, and how well your organs and other systems are functioning as revealed by blood and other basic tests. Then when something happens to your health the doctor can run new tests and compare the results with the baseline data to determine what has changed and use this to come up with a treatment.


Ecologists call for a massive program to develop baseline data for the world’s ecosystems. If we do not know how many elephants are in Africa, we cannot determine whether their populations are declining or increasing.


If we could see the bounty and beauty of nature the way it was 100 or 200 years ago, we would be outraged at what we have lost. But it is easy for us not to miss what we never saw or experienced.


Systems Measurement


Run the model on a computer, with values entered for different variables Define objectives Identify and inventory variables Obtain baseline data on variables Make statistical analysis of relationships among variables Determine significant interactions Construct mathematical model describing interactions among variables Evaluate best ways to achieve objectives


Data Analysis System Simulation System Modeling System Optimization Figure 4-36 Major stages of systems analysis. (Modified data from Charles Southwick)
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For example, people visit degraded coastal environments such as a coral reef and call it beautiful because they are unaware how it used to look. Veteran divers say, “You should have seen it in the old days.” In this chapter we have seen that almost all natural ecosystems and the biosphere itself achieve long-term sustainability in two ways. First, they use renewable solar energy as their energy source. Second, they recycle the chemical nutrients their organisms need for survival, growth, and reproduction.


These two sustainability principles arise from the structure and function of natural ecosystems (Figures 4-8 and 4-17), the law of conservation of matter (p. 47), and the two laws of thermodynamics (p. 51).


Thus the results of basic research in both the physical and biological sciences provide us with the same guidelines or lessons from nature on how we can live more sustainably on the earth, as summarized in Figure 3-19 (p. 53).


All things come from earth, and to earth they all return.


MENANDER (342–290 B.C.)


CRITICAL THINKING


1. (a) A bumper sticker asks, “Have you thanked a green plant today?” Give two reasons for appreciating a green plant. (b) Trace the sources of the materials that make up the bumper sticker, and decide whether the sticker itself is a sound application of the slogan.


2. Explain why microbes are the real rulers of the earth.


3. Explain how decomposers help keep you alive.


4. (a) How would you set up a self-sustaining aquarium for tropical fish? (b) Suppose you have a balanced aquarium sealed with a clear glass top. Can life continue in the aquarium indefinitely as long as the sun shines regularly on it? (c) A friend cleans out your aquarium and removes all the soil and plants, leaving only the fish and water.


What will happen? Explain.


5. Make a list of the food you have eaten today and trace each type of food back to a particular producer.


6. Use the second law of thermodynamics (p. 51) to explain why there is such a sharp decrease in usable energy as energy flows through a food chain or web. Does an energy loss at each step violate the first law of thermodynamics (p. 51)? Explain.


7. Use the second law of thermodynamics (p. 51) to explain why many poor people in developing countries live on a mostly vegetarian diet.


8. Why do farmers not need to apply carbon to grow their crops but often need to add fertilizer containing nitrogen and phosphorus?


9. Carbon dioxide (CO2) in the atmosphere fluctuates significantly on a daily and seasonal basis. Why are CO2 levels higher during the day than at night?


10. What would happen to an ecosystem if (a) all its decomposers and detritus feeders were eliminated or (b) all its producers were eliminated? Are we necessary for the functioning of any natural ecosystem? Explain.


PROJECTS


1. Visit several types of nearby aquatic life zones and terrestrial ecosystems. For each site, try to determine the major producers, consumers, detritivores, and decomposers.


2. Write a brief scenario describing the sequence of consequences to us and to other forms of life if each of the following nutrient cycles stopped functioning: (a) carbon, (b) nitrogen, (c) phosphorus, and (d) water.


3. Use the library or the Internet to find out bibliographic information about G. Evelyn Hutchinson and Menander, whose quotes are found at the beginning and end of this chapter.


4. Make a concept map of this chapter’s major ideas using the section heads, subheads, and key terms (in boldface).


Look on the website for this book for information about making concept maps.


LEARNING ONLINE


The website for this book contains study aids and many ideas for further reading and research. They include a chapter summary, review questions for the entire chapter, flash cards for key terms and concepts, a multiple-choice practice quiz, interesting Internet sites, references, and a guide for accessing thousands of InfoTrac® College Edition articles. Log on to


http://biology.brookscole.com/miller14


Then click on the Chapter-by-Chapter area, choose Chapter 4, and select a learning resource.





