Chapter 5: Evolution and Biodiversity


Case Study


Earth: The Just-Right, Resilient Planet


Life on the earth (Figure 5-1) as we know it needs a certain temperature range: Venus is much too hot and Mars is much too cold, but the earth is just right. Otherwise, you would not be reading these words.


Life as we know it depends on the liquid water that dominates the earth’s surface. Temperature is crucial because most life on the earth needs average temperatures between the freezing and boiling points of water.


The earth’s orbit is the right distance from the sun to provide these conditions. If the earth were much closer, it would be too hot—like Venus—for water vapor to condense to form rain. If it were much farther away, its surface would be so cold—like Mars— that its water would exist only as ice. The earth also spins; if it did not, the side facing the sun would be too hot and the other side too cold for water-based life to exist.


The earth is also the right size: it has enough gravitational mass to keep its iron and nickel core molten and to keep the light gaseous molecules in its atmosphere (such as N2, O2, CO2, and H2O) from flying off into space.


On a time scale of millions of years, the earth is enormously resilient and adaptive. During the 3.7 billion years since life arose, the average surface temperature of the earth has remained within the narrow range of 10–20°C (50–68°F), even with a 30–40% increase in the sun’s energy output. What a great temperature control system.


For several hundred million years oxygen has made up about 21% of the volume of earth’s atmosphere. This is fortunate for us and most other forms of life. If the atmosphere’s oxygen content dropped to about 15%, this would be lethal for most forms of life. If it increased to about 25%, oxygen in the atmosphere would probably ignite into a giant fireball. And thanks to the development of photosynthesizing bacteria more than 2 billion years ago, an ozone sunscreen protects us and many other forms of life from an overdose of ultraviolet radiation. In short, this remarkable planet we live on is just right for life as we know it.


We can summarize the 3.7-billion-year biological history of the earth in one sentence: Organisms convert solar energy to food, chemicals cycle, and a variety of species with different biological roles (niches) has evolved in response to changing environmental conditions. Perhaps the two most astounding features of the planet are its incredibly rich diversity of life and its inherent ability to sustain life.


Here is the essence of this chapter. Each species here today represents a long chain of evolution and plays a unique ecological role (called its niche) in the earth’s communities and ecosystems. These species, communities, and ecosystems also are essential for future evolution as populations of species continue to adapt to changes in environmental conditions.


Figure 5-1 Natural capital: the earth, a blue and white planet in the black void of space. Currently, it has the right physical and chemical conditions to allow the development of life as we know it.
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There is grandeur to this view of life . . . that, whilst this planet has gone cycling on . . . endless forms most beautiful and most wonderful have been, and are being, evolved.


CHARLES DARWIN


This chapter addresses the following questions:


How do scientists account for the emergence of life on the earth?


What is evolution, and how has it led to the current diversity of organisms on the earth?


What is an ecological niche, and how does it help a population adapt to changing environmental conditions?


How do extinction of species and formation of new species affect biodiversity?


What is the future of evolution and what should be our role in this future?


5-1 ORIGINS OF LIFE


How Did Life Emerge on the Primitive Earth?


Chemistry First, Then Biology


Evidence indicates that the earth’s life is the result of about 1 billion years of chemical evolution to form the first cells, followed by about 3.7 billion years of biological evolution to form the species we find on the earth today.


How did life on the earth evolve to its present incredible diversity of species? We do not know the full answers to these questions. But considerable evidence suggests that life on the earth developed in two phases over the past 4.6–4.7 billion years (Figure 5-2).


The first phase was chemical evolution of the organic molecules, biopolymers, and systems of chemical reactions needed to form the first cells. This took about 1 billion years.


This was followed by biological evolution from single-celled prokaryotic bacteria (Figure 4-3b, p. 58), to single-celled eukaryotic creatures (Figure 4-3a, p. 58), and then to multi-cellular organisms. This second phase has been going on for about 3.7 billion years (Figure 5-3).


How Do We Know What Organisms Lived in the Past? Scientific Detective Work


Most of our knowledge about past life comes from fossils, chemical analysis, cores drilled out of buried ice, and DNA analysis.


Most of what we know of the earth’s life history comes from fossils: mineralized or petrified replicas of skeletons, bones, teeth, shells, leaves, and seeds, or impressions of such items. Fossils give us physical evidence of organisms that lived long ago and reveal what their internal structures looked like.


Despite its importance, the fossil record is uneven and incomplete. Some forms of life left no fossils, some fossils have decomposed, and others are yet to be found. The fossils we have found so far are believed to represent only about 1% of all the species that have ever lived.


Evidence about the earth’s early history also comes from chemical analysis and measurements of the half-lives of radioactive elements in primitive rocks and fossils. Information also comes from analysis of material in cores drilled out of buried ice and from comparisons of DNA of past and current organisms.


5-2 EVOLUTION AND ADAPTATION


What Is Evolution? Changing Genes


Evolution is the change in a population’s genetic makeup over time.


According to scientific evidence, the major driving force of adaptation to changes in environmental conditions is biological evolution, or evolution. It is the change in a population’s genetic makeup through successive generations. Note that populations, not individuals, evolve by becoming genetically different.


Formation of the earth’s early crust and atmosphere Small organic molecules form in the seas Large organic molecules (biopolymers) form in the seas First proto-cells form in the seas Single-cell prokaryotes form in the seas Single-cell eukaryotes form in the seas Variety of multi-cellular organisms form, first in the seas and later on land


Chemical Evolution


(1 billion years)


Biological Evolution


(3.7 billion years)


Figure 5-2 Summary of the hypothesized chemical and biological evolution of the earth. This drawing is not to scale. Note that the time span for biological evolution is almost four times longer than that for chemical evolution.
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Modern humans (Homo sapiens) appear about 2 seconds before midnight Recorded human history begins 1/4 second before midnight Origin of life (3.6–3.8 billion years ago) 3 6 9 3 6 9 midnight 12 12 noon AM PM Age of mammals Age of reptiles Insects and amphibians invade the land First fossil record of animals Plants begin invading land Evolution and expansion of life


570 million years 530 million years 370 million years 225 million years 65 million years 780 million years 1 billion years


Figure 5-3 Natural capital: greatly simplified overview of the biological evolution of life on the earth, which was preceded by about 1 billion years of chemical evolution. Evidence indicates that microorganisms (mostly bacteria and, later, protists) that lived in water dominated the early span of biological evolution on the earth, between about 3.7 billion and 1 billion years ago. Plants and animals evolved first in the seas. Fossil and recent DNA evidence suggests that plants began moving onto land about 780 million years ago, and animals began invading the land about 370 million years ago. Humans arrived on the scene a very short time ago. We have been around for less than an eye blink of the earth’s roughly 3.7-billion-year history of biological evolution.


Although we are newcomers we have taken over much of the planet and now have the power to cause the premature extinction of many of the other species that travel with us as passengers on the earth as it hurtles through space.


According to the theory of evolution, all species descended from earlier, ancestral species. In other words, life comes from life. This widely accepted scientific theory explains how life has changed over the past 3.7 billion years and why life is so diverse today.


Religious and other groups offer other explanations, but this is the accepted scientific explanation.


Biologists use the term microevolution to describe the small genetic changes that occur in a population.


They use the term macroevolution to describe long-term, large-scale evolutionary changes through which new species form from ancestral species and other species are lost through extinction. Macroevolution also involves changes that occur at higher levels than species, such as the evolution of new genera, families, or classes of species (see Appendix 4).


How Does Microevolution Work?


Changes in the Gene Pool


A population’s gene pool changes over time when beneficial changes or mutations in its DNA molecules are passed on to offspring.


The first step in evolution is the development of genetic variability in a population. Every population of a species has a gene pool: its collection of genes or genetic resources potentially available to members’ offspring in the next generation. Microevolution is a change in a population’s gene pool over time.


Members of a population generally have the same number and kinds of genes. But a particular gene may have two or more different molecular forms, called alleles. Sexual reproduction leads to a random shuffling or recombination of alleles. As a result, each individual in a population (except identical twins) has a different combination of alleles.


Genetic variability in a population originates through mutations: random changes in the structure or number of DNA molecules in a cell that can be inherited by offspring. Mutations can occur in two ways. One is by exposure of DNA to external agents such as radioactivity, X rays, and natural and human-made chemicals (called mutagens). The other is the result of random mistakes that sometimes occur in coded genetic instructions when DNA molecules are copied each time a cell divides and whenever an organism reproduces.


Mutations can occur in any cells, but only those in reproductive cells are passed on to offspring. Some mutations are harmless but most are lethal. Every so often, a mutation is beneficial. The result is new genetic traits that give the bearer and its offspring better chances for survival and reproduction under existing environmental conditions or when conditions change.


Mutations are random and unpredictable, are the only source of totally new genetic raw material (alleles), and are rare. Life is a genetic shuffle. Once created by mutation, new alleles can be shuffled together or recombined randomly to create new combinations of genes in populations of sexually reproducing species.


In addition to mutations, another source of evolutionary change is the trading of genes between bacteria.


What Role Does Natural Selection Play in Microevolution? Backing Reproductive Winners


Some members of a population may have genetic traits that enhance their ability to survive and produce offspring with these traits.


Natural selection occurs when some individuals of a population have genetically based traits that increase their chances of survival and their ability to produce offspring with the same traits. Three conditions are necessary for evolution of a population by natural selection.


There must be genetic variability for a trait in a population.


The trait must be heritable, meaning it can be passed from one generation to another. And the trait must somehow lead to differential reproduction. This means it must enable individuals with the trait to leave more offspring than other members of the population.


An adaptation, or adaptive trait, is any heritable trait that enables organisms to better survive and reproduce under prevailing environmental conditions.


Natural selection causes any allele or set of alleles that result in an adaptive trait to become more common in succeeding generations and alleles without the trait to become less common.


When faced with a critical change in environmental conditions, a population of a species has three possibilities: adapt to the new conditions through natural selection, migrate (if possible) to an area with more favorable conditions, or become extinct.


The process of microevolution can be summarized simply: Genes mutate, individuals are selected, and populations evolve.


What Is Coevolution? An Arms Race between Interacting Species


Interacting species can engage in a back-and-forth genetic contest in which each gain a temporary genetic advantage over the other.


Some biologists have proposed that interactions between species can also result in microevolution in each of their populations. According to this hypothesis, when populations of two different species interact over a long time, changes in the gene pool of one species can lead to changes in the gene pool of the other. This process is called coevolution. In this give-and-take evolutionary game, each species is in a genetic race to produce the largest number of surviving offspring.


One example is the interactions between bats and moths. Bats like to eat moths, and they hunt at night and use echolocation to navigate and locate their prey.
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They do this by emitting extremely high-frequency and high-intensity pulses of sound. Then they analyze the returning echoes to create a sonic “image” of their prey. (We have copied this natural technology by using sonar to detect submarines, whale, and schools of fish.)


As a countermeasure, some moth species have evolved ears that are especially sensitive to the sound frequencies bats use to find them. When the moths hear the bat frequencies they try to escape by falling to the ground or flying evasively.


Some bat species then evolved ways to counter this defense by switching the frequency of their sound pulses. Some moths then evolved their own high frequency clicks to jam the bats’ echolocation system (we have also learned to jam radar). Some bat species then adapted by turning off their echolocation system and using the moth’s clicks to locate their prey. Each species continues refining its adaptations in this ongoing coevolutionary contest. Coevolution is like an arms race between interacting populations of different species. Sometimes the predators are ahead and at other times the prey gets the upper hand.


5-3 ECOLOGICAL NICHES AND ADAPTATION


What Is an Ecological Niche? How Species Coexist


Each species in an ecosystem has a specific role or way of life.


If asked what role a certain species such as an alligator plays in an ecosystem, an ecologist would describe its ecological niche, or simply niche (pronounced “nitch”). It is a species’ way of life or functional role in a community or ecosystem and involves everything that affects its survival and reproduction.


A species’ ecological niche includes the adaptations or adaptive traits its members have acquired through evolution. It also includes that species’ range of tolerance for various physical and chemical conditions, such as temperature (Figure 4-13, p. 64) and water availability. In addition, it includes the types and amounts of resources the species uses (such as food or nutrients and space), how it interacts with other living and nonliving components of the ecosystems in which it is found, and the role it plays in the energy flow and matter cycling in an ecosystem. Finding out about these things for just one species takes a lot of research.


The ecological niche of a species is different from its habitat, the physical location where it lives. Ecologists often say that a niche is like a species’ occupation, whereas habitat is like its address.


A species’ fundamental niche is the full potential range of physical, chemical, and biological conditions and resources it could theoretically use if there were no direct competition from other species. But in a particular ecosystem, different species often compete with one another for one or more of the same resources. In other words, the niches of competing species overlap.


To survive and avoid competition for the same resources, a species usually occupies only part of its fundamental niche in a particular community or ecosystem —what ecologists call its realized niche. By analogy, you maybe capable of being president of a particular company (your fundamental professional niche), but competition from others may mean you become only a vice president (your realized professional niche).


What are Generalist and Specialist Species?


Broad and Narrow Niches


Some species have broad ecological roles and others have narrower or more specialized roles.


Scientists use the niches of species to broadly classify them as generalists or specialists. Generalist species have broad niches (Figure 5-4, right curve). They can live in many different places, eat a variety of foods, and tolerate a wide range of environmental conditions.


Flies, cockroaches (Spotlight, p. 92), mice, rats, white-tailed deer, raccoons, coyotes, copperheads, channel catfish, and humans are generalist species.


Specialist species have narrow niches (Figure 5-4, left curve). They may be able to live in only one type of habitat, use only one or a few types of food, or tolerate only a narrow range of climatic and other environmental conditions. This makes them more prone to extinction when environmental conditions change.


For example, tiger salamanders are specialists because they can breed only in fishless ponds where their larvae will not be eaten. Threatened red-cockaded woodpeckers carve nest holes almost exclusively in


Number of individuals Resource use Specialist species with a narrow niche Niche separation Niche breadth Region of niche overlap Generalist species with a broad niche


Figure 5-4 Overlap of the niches of two different species: a specialist and a generalist. In the overlap area the two species compete for one or more of the same resources. As a result, each species can occupy only a part of its fundamental niche; the part it occupies is its realized niche. Generalist species have a broad niche (right), and specialist species have a narrow niche (left).
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longleaf pines that are at least 75 years old. China’s highly endangered giant pandas feed almost exclusively on various types of bamboo. Figure 5-5 shows shorebirds that feed in specialized niches on crustaceans, insects, and other organisms on sandy beaches and their adjoining coastal wetlands.


Is it better to be a generalist than a specialist? It depends. When environmental conditions are fairly constant, as in a tropical rain forest, specialists have an advantage because they have fewer competitors. But under rapidly changing environmental conditions, the generalist usually is better off than the specialist.


Natural selection can lead to an increase in specialized species when the niches of species compete intensely for scarce resources. Over time one species may evolve into a variety of species with different adaptations that reduce competition and allow them to share limited resources.


This evolutionary divergence of a single species into a variety of similar species with specialized niches can


Black skimmer seizes small fish at water surface Flamingo feeds on minute organisms in mud Scaup and other diving ducks feed on mollusks, crustaceans, and aquatic vegetation Brown pelican dives for fish, which it locates from the air Avocet sweeps bill through mud and surface water in search of small crustaceans, insects, and seeds Louisiana heron wades into water to seize small fish Oystercatcher feeds on clams, mussels, and other shellfish into which it pries its narrow beak


Figure 5-5 Specialized feeding niches of various bird species in a coastal wetland. Such resource partitioning reduces competition and allows sharing of limited resources.


Cockroaches: Nature’s Ultimate Survivors


Cockroaches, the bugs many people love to hate, have been around for about 350 million years and are one of the great success stories of evolution.


They are so successful because they are generalists.


The earth’s 4,000 cockroach species can eat almost anything including algae, dead insects, ingernail clippings, salt tennis shoes, electrical cords, glue, paper, and soap.


They can also live and breed almost anywhere except in Polar Regions.


Some cockroach species can go for months without food, survive for a month on a drop of water from a dishrag, and withstand massive doses of radiation. One species can survive being frozen for 48 hours.


sons. They also clean up after themselves by eating their dead and, if food is scarce enough, their living.


The 25 different species of cockroach that live in homes can carry viruses and bacteria that cause diseases such as hepatitis, polio, typhoid fever, plague, and salmonella.


They can also cause some people to have allergic reactions ranging from watery eyes to severe wheezing. About 60% of Americans suffering from asthma are allergic to dead or live cockroaches.


Critical Thinking


If you could, would you exterminate all cockroach species? What might be some ecological consequences of doing this?


They can usually evade their predators and a human foot in hot pursuit because most species have antennae that can detect minute movements of air, vibration sensors in their knee joints, and rapid response times (faster than you can blink). Some even have wings.


They also have high reproductive rates. In only a year, a single female Asian cockroach (especially prevalent in Florida) and its young can add about 10 million new cockroaches to the world. Their high reproductive rate also helps them quickly develop genetic resistance to almost any poison we throw at them.


Most cockroaches also sample food before it enters their mouth and learn to shun foul-tasting poi-


SPOTLIGHT
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Dowitcher probes deeply into mud in search of snails, marine worms, and small crustaceans Knot (a sandpiper) picks up worms and small crustaceans left by receding tide Herring gull is a tireless scavenger Ruddy turnstone searches under shells and pebbles for small invertebrates Piping plover feeds on insects and tiny crustaceans on sandy beaches


(Birds shown here are not drawn to scale)


Kuai Akialaoa Akiapolaau Apapane Unkown finch ancestor Crested Honeycreeper Amakihi


Fruit and seed eaters Insect and nectar eaters


Greater Koa-finch Kona Grosbeak Maui Parrotbill


Figure 5-6 Evolutionary divergence of honeycreepers into a variety of specialized ecological niches. Each of these related species has a beak specialized to take advantage of certain types of food resources.


be illustrated by various species of honeycreepers on the island of Hawaii. Starting with a single ancestor, a variety of honeycreeper species evolved with different types of beaks specialized to feed on different types of food sources such as specific insects, nectar from different types of flowers, and certain types of seeds and fruit (Figure 5-6).


What Limits Adaptation? Life Is a Genetic Dice Game


A population’s ability to adapt to new environmental conditions is limited by its gene pool and how fast it can reproduce.


Will adaptations to new environmental conditions in the not-to-distant future allow our skin to become more resistant to the harmful effects of ultraviolet radiation, our lungs to cope with air pollutants, and our liver to better detoxify pollutants?


The answer is no because of two limits to adaptations in nature. First, a change in environmental conditions can lead to adaptation only for genetic traits already present in the gene pool of a population. You must have dice to play the genetic dice game.


Second, even if a beneficial heritable trait is present in a population, the population’s ability to adapt may be limited by its reproductive capacity. Populations of genetically diverse species that reproduce quickly— such as weeds, mosquitoes, rats, bacteria, or cockroaches —often adapt to a change in environmental conditions in a short time. In contrast, species that cannot produce large numbers of offspring rapidly, such as elephants, tigers, sharks, and humans, take a long time (typically thousands or even millions of years) to adapt through natural selection. You have to be able to throw the genetic dice fast.


Here is some bad news for most members of a population.


Even when a favorable genetic trait is present in a population, most of the population would have to die or become sterile so that individuals with the trait could predominate and pass the trait on. Thus most players get kicked out of the genetic dice game before they have a chance to win. This means that most members of the human population would have to die prematurely for hundreds of thousands of generations for a new genetic trait to predominate. This is hardly a desirable solution to the environmental problems we face.


What Are Two Commonly Misunderstood Aspects of Evolution? Strong Does Not Cut It and There Is No Grand Design


Evolution is about leaving the most descendants, and there is no master plan leading to genetic perfection.


There are two common misconceptions about evolution.


One is that “survival of the fittest” means “survival of the strongest.” To biologists, fitness is a measure of reproductive success, not strength. Thus the fittest individuals are those that leave the most descendants.


The other misconception is that evolution involves some grand plan of nature in which species become more perfectly adapted. From a scientific standpoint, no plan or goal of genetic perfection has been identified in the evolutionary process.


5-4 SPECIATION, EXTINCTION, AND BIODIVERSITY


How Do New Species Evolve? Moving Out and Moving On


Anew species arises when members of a population are isolated from other members so long that changes in their genetic makeup prevent them from producing fertile offspring if they get together again.


Under certain circumstances, natural selection can lead to an entirely new species. In this process, called speciation, two species arise from one. For sexually reproducing species, a new species is formed when some members of a population can no longer breed with other members to produce fertile offspring.


The most common mechanism of speciation (especially among animals) is called allopatric speciation. It takes place in two phases: geographic isolation and reproductive isolation. Geographic isolation occurs when different groups of the same population become physically isolated from one another for long periods.


For example, part of a population may migrate in search of food and then begin living in another area with different environmental conditions (Figure 5-7).


Populations also may become separated by a physical barrier (such as a mountain range, stream, lake, or road), by a change such as a volcanic eruption or earthquake, or when a few individuals are carried to a new area by wind or water. Other causes are the advance of glaciers during ice ages, changes in sea level that can create islands, shifts in ocean currents, a warmer or cooler climate that shifts vegetation northward or southward or up or down slopes, and a drier climate that divides a large lake into several small lakes.


The second phase of allopatric speciation is reproductive isolation. It occurs when mutation and natural selection operate independently in the gene pools of two geographically isolated populations. If this divergence process continues long enough, members of isolated populations of a sexually reproducing species may become so different in genetic makeup that when they get together again, they cannot produce live, fertile offspring. Then one species has become two, and speciation has occurred through divergent evolution.


For some rapidly reproducing organisms, this type of speciation may occur within hundreds of years.


For most species it takes from tens of thousands to millions of years, which makes it difficult to observe and document the appearance of a new species.


A less common form of speciation is called sympatric speciation. It is the creation of a new species when groups in a population living close together are unable to interbreed because of a mutation or subtle behavioral changes. Some insects are candidates for this type of speciation perhaps when two populations experience different types of mutations by feeding on different types of plants.


What Is Extinction? Going, Going, Gone


A species becomes extinct when its populations cannot adapt to changing environmental conditions.


After speciation, the second process affecting the number and types of species on the earth is extinction, in which an entire species ceases to exist. Fossil records indicate that species tend to exist for 1-10 million years before becoming extinct, although catastrophic events accelerate the extinction process.


For most of the earth’s geological history, species have faced incredible challenges to their existence.


Continents have broken apart and moved over millions of years (Figure 5-8). The earth’s land area has re-
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Early fox population


Spreads northward and southward and separates


Northern population Southern population Different environmental conditions lead to different selective pressures and evolution into two different species.


Arctic Fox Gray Fox


Adapted to cold through heavier fur, short ears, short legs, short nose. White fur matches snow for camouflage.


Adapted to heat through lightweight fur and long ears, legs, and nose, which give off more heat.


Figure 5-7 How geographic isolation can lead to reproductive isolation, divergence, and speciation.
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peatedly shrunk as continents have been flooded, and expanded when the world’s oceans have shrunk. At other times much of the planet’s land has been covered with ice.


The earth’s life has also had to cope with volcanic eruptions, meteorites and asteroids crashing onto the planet, and releases of large amounts of methane trapped beneath the ocean floor. Some of these events created dust clouds that shut down or sharply reduced photosynthesis long enough to eliminate huge numbers of producers and, soon thereafter, the consumers that fed on them.


Populations of existing species in some places have been also been reduced or eliminated by newly arrived migrant species or species that are accidentally or deliberately introduced into new areas. More recently our species arrived and began taking over or degrading more and more of the earth’s resources and habitats. Today’s biodiversity represents the species that have survived and thrived despite environmental upheavals.


What Is the Difference between Background Extinction, Mass Extinction, and Mass Depletion? Wiping Out Large Groups


All species eventually become extinct, but sometimes drastic changes in environmental conditions eliminate large groups of species.


Extinction is the ultimate fate of all species, just as death is for all individual organisms. Biologists estimate that 99.9% of all the species that ever existed are now extinct.


As local environmental conditions change, a certain number of species disappear at a low rate, called background extinction. Based on the fossil record and analysis of ice cores, biologists estimate that the average annual background extinction rate is one to five species for each million species on the earth.


In contrast, mass extinction is a significant rise in extinction rates above the background level. It is a catastrophic, widespread (often global) event in which large groups of existing species (perhaps 25–70%) are wiped out.


G O N D W A N A L A N D
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225 million years ago PA N G A E A Figure 5-8 Continental drift, the extremely slow movement of continents over millions of years on several gigantic plates. This process plays a role in the extinction of species and the rise of new species. Populations are geographically and eventually reproductively isolated as land masses float apart and new coastal regions are created. Rock and fossil evidence indicates that about 200–250 million years ago all of the earth’s present-day continents were locked together in a super continent called Pangaea (top left). About 180 million years ago, Pangaea began splitting apart as the earth’s huge plates separated and eventually resulted in today’s locations of the continents (bottom right).


Speciation minus extinction equals biodiversity, the planet’s genetic raw material for future evolution in response to changing environmental conditions. Extinction is a natural process. But much evidence indicates that humans have recently become a major force in the premature extinction of species. According to biologists Stuart Primm and Edward O.


Wilson, three independent measures estimate that during the 20th century, extinction rates increased by 100–1,000 times the natural background extinction rate of about one to five species per million species per year. In other words, the annual estimated human- caused extinction rate is 100 to 1,000 species per million species.


Wilson and Primm warn that projected increases in the human population and resource consumption may cause the premature extinction of at least one-fifth of the earth’s current species by 2030 and half by the end of the century. This could constitute a new mass depletion and possibly a new mass extinction. According to Wilson, if we make an “all-out effort to save the biologically richest parts of the world, the amount of loss can be cut at least by half.” On our short time scale, such major losses cannot be recouped by formation of new species; it took millions of years after each of the earths past mass extinctions and depletions for life to recover to the previous level of biodiversity. If the recovery period lasts at least 5 million years, this would be 20 times longer than we have been around as a species.


We are also destroying or degrading ecosystems such as tropical forests, coral reefs, and wetlands that are centers for future speciation (See the Guest Essay on this topic by Norman Myers on the website for this chapter). Genetic engineering cannot stop this loss of biodiversity because genetic engineers rely on natural biodiversity for their genetic raw material.


96 CHAPTER 5 Evolution and Biodiversity


Number of families Millions of years ago Pre-Cambrian Cambrian Ordovician Silurian Devonian Carboniferous Permian Triassic Jurassic Cretaceous Tertiary Quaternary


0 400 3500 545 500 440 355 290 205 65 1.8 Terrestrial organisms Marine organisms 0 250 145 410 800 1200 1600


Figure 5-9 Natural capital: changes in the earth’s biodiversity over geological time. The biological diversity of life on land and in the oceans has increased dramatically over the last 3.5 billion years, especially during the past 250 million years. Note that during the last 1.8 million years this increase has leveled off. During the next hundred years or so, will the human species be a major factor in decreasing the earth’s biodiversity?


Scientists have also identified periods of mass depletion in which extinction rates are higher than normal but not high enough to classify as a mass extinction.


Recent fossil and geological evidence casts doubt on the hypothesis that there have been five mass extinctions over the past 500 million years as is reported in many biology and environmental science textbooks. The new evidence suggests that there have been two mass extinctions and three mass depletions during this period.


What Is Adaptive Radiation? Take Advantage of Opportunities


Extinction of large groups of species opens up opportunities for new species to evolve and fill new or vacant niches.


A mass extinction or mass depletion crisis for some species is an opportunity for other species. The existence of millions of species today means that speciation, on average, has kept ahead of extinction, especially during the last 250 million years (Figure 5-9). Study this figure carefully.


Evidence shows that the earth’s mass extinctions and depletions have been followed by periods of recovery called adaptive radiations in which numerous new species evolved to fill new or vacated ecological roles or niches in changed environments. Fossil records suggest that it takes 1–10 million years for adaptive radiations to rebuild biological diversity after a mass extinction or depletion.


How Are Human Activities Affecting the Earth’s Biodiversity? The Earth Giveth and We Taketh


The scientific consensus is that human activities are decreasing the earth’s biodiversity.
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5-5 WHAT IS THE FUTURE OF EVOLUTION?


What Is Artificial Selection? Getting the Type of Fruit or Dog You Want


Humans pick members of a population with genetic traits they like and breed them to produce offspring with such traits.


We have used artificial selection to change genetic characteristics of populations. In this process, we select one or more desirable genetic traits in the population of a plant or animal, such as a type of wheat, fruit, or dog. Then we use selective breeding to end up with populations of the species containing large numbers of individuals with the desired traits.


For example, two crop plants such as a variety of a pear and of an apple can be crossbred with the goal of producing a pear with a more reddish color (Figure 5-10). This is repeated for a number of generations until the desired trait in the pear predominates.


Artificial selection results in many domesticated breeds or hybrids of the same species, all originally developed from one wild species. For example, despite their widely different genetic traits, the hundreds of different breeds of dogs are members of the same species because they can interbreed and produce fertile offspring.


Artificial selection has yielded food crops with higher yields, cows that give more milk, trees that grow faster, and a variety of types of dogs and cats.


But traditional crossbreeding is a slow process.


And it can combine traits only from species that are close to one another genetically.


What Is Genetic Engineering? Transferring Genes between Species


Genetic engineers create genetically modified organisms by transplanting genes from one species to the DNA of another species.


Recently scientists have learned how to use genetic engineering to speed up our ability to manipulate genes.


Genetic engineering, or gene splicing, is a set of techniques for isolating, modifying, multiplying, and recombining genes from different organisms. It enables scientists to transfer genes between different species that would never interbreed in nature. For example, genes from a fish species can be put into a tomato or strawberry.


The resulting organisms are called genetically modified organisms (GMOs) or transgenic organisms.


Figure 5-11 (p. 98) outlines the steps involved in developing a genetically modified or transgenic plant.


Study this figure carefully.


Gene splicing takes about half as much time to develop a new crop or animal variety and costs less than traditional crossbreeding. While traditional crossbreeding involves mixing the genes of similar types of organisms through breeding, genetic engineering allows us to transfer traits between different types of organisms.


Scientists have used gene splicing to develop modified crop plants, genetically engineered drugs, and pest-resistant plants. They have also created genetically engineered bacteria to help clean up spills of oil and other toxic pollutants.


Genetic engineers have also learned how to produce a clone or genetically identical version of an individual in a population. Scientists have made clones of domestic animals such as sheep and cows and may


Crop Desired trait (color) Pear Apple Best result Crossbreeding Crossbreeding Offspring New offspring Desired result


Figure 5-10 Traditional crossbreeding of species that are fairly close to one another genetically.


98 CHAPTER 5 Evolution and Biodiversity


Identify and extract gene with desired trait Identify and remove portion of DNA with desired trait Remove plasmid from DNA of E. coli Insert extracted DNA (step 2) into plasmid (step 3) Insert modified plasmid into E. coli Grow in tissue culture to make copies Transfer plasmid copies to a carrier agrobacterium Agrobacterium inserts foreign DNA into plant cell to yield transgenic cell Transfer plasmid to surface microscopic metal particle Use gene gun to inject DNA into plant cell


Phase 2 Make Transgenic Cell Phase 1 Make Modified Gene


cell gene DNA plasmid E. coli DNA Genetically modified plasmid plasmid A. tumefaciens (agrobacterium) Plant cell Nucleus Host DNA Foreign DNA


Phase 3 Grow Genetically Engineered Plant


Cell division of transgenic cells Culture cells to form plantlets Transfer to soil Transgenic plants with new traits Transgenic cell from Phase 2


Figure 5-11 Genetic engineering. Steps in genetically modifying a plant.


someday be able to clone humans—a possibility that excites some people and horrifies others.


Bioengineers have developed chickens that lay low-cholesterol eggs, tomatoes with genes that can help prevent some types of cancer, and bananas and potatoes that contain oral vaccines to treat various viral diseases in developing countries where needles and refrigeration are not available.


Researchers envision using genetically engineered animals to act as bio-factories for producing drugs, vaccines, antibodies, hormones, industrial chemicals such as plastics and detergents, and human body organs.


This new field is called biopharming. For example, cows may be able to produce insulin for treating diabetes, perhaps more cheaply than making the insulin in laboratories. Have you considered this field as a career choice?


What Are Some Concerns about the Genetic Revolution? Genetic Wonderland or Genetic Wasteland?


Genetic engineering has great promise but it is an unpredictable process and raises a number of privacy, ethical, legal, and environmental issues.
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The hype about genetic engineering can lead us to believe that its results are controllable and predictable. In reality, most current forms of genetic engineering are messy and unpredictable. Genetic engineers can insert a gene into the nucleus of a cell but with current technology they do know whether the cell will incorporate the new gene into its DNA. They also do not know where the new gene will be located in the DNA molecule’s structure and what effects this will have on the organism.


Thus, genetic engineering is a trial and error process with many failures and unexpected results. Indeed, the average success rate of current genetic engineering experiments is only about 1%.


Some people have genes that make them more likely to develop certain genetic diseases or disorders.


We now have the power to detect these genetic deficiencies, even before birth. This raises some important issues. If gene therapy is developed for correcting these deficiencies, who will get it? Will it be mostly for the rich? Will this mean more abortions of genetically defective fetuses? Will health insurers refuse to insure people with certain genetic defects that could lead to health problems? Will employers refuse to hire them?


What Are Our Options? Time to Make Decisions


There are arguments over how much we should regulate genetic engineering research and development.


In the 1990s, a backlash developed against the increasing use of genetically modified food plants and animals.


Some protesters are strongly against this new technology for a variety of reasons. Others advocate slowing down and taking a closer look at the short and long-term advantages and disadvantages of this and other rapidly emerging genetic technologies.


Or at the very least, they say, we should require that all genetically modified crops and animal products and foods containing such components be clearly labeled as such. This would give consumers a more informed choice, as do the food labels that now require listing ingredients and nutritional information. Makers of genetically modified products strongly oppose such labeling (as food manufacturers opposed the other types of food labeling now in use) because they fear it would hurt sales.


Supporters of genetic engineering wonder why there is so much concern. After all, we have been genetically modifying plants and animals for centuries.


Now we have a faster, better, and perhaps cheaper way to do it, so why not use it?


But proponents of more careful control of genetic engineering point out that most new technologies have had unintended harmful consequences (Figure 3-4, p. 38). The ecological lesson is that whenever we intervene in nature we must pause and ask, “What happens next?” This is why many analysts are cautious about rushing into genetic engineering and other forms of biotechnology without more careful evaluation of possible unintended consequences.


Some people dream of a day when our genetic prowess could eliminate death and aging altogether.


As one’s cells, organs, or other parts wear out or are damaged, they would be replaced with new ones.


These replacement parts might be grown in genetic engineering laboratories or biopharms. Or people might choose to have a clone available for spare parts. Several countries have banned human cloning, but the research is taking place anyway and human clones may appear in the not too distant future.


This raises a number of questions: Is it moral to do this? Who decides? Who regulates it? Will genetically designed humans and clones have the same legal rights as other people?


What might be the environmental impacts of such genetic developments on resource use, pollution, and environmental degradation? If everyone could live with good health as long as they wanted for a price, sellers of body makeovers would encourage customers to line up. Each of these wealthy, long-lived people could have an enormous ecological footprint for perhaps centuries.


HOW WOULD YOU VOTE? Should genetic screening be required as part of an application for a job, health insurance, or life insurance? Cast your vote online at http://biology.brookscole.com/miller14.


HOW WOULD YOU VOTE? Should we legalize the production of human clones if a reasonably safe technology for doing so becomes available? Cast your vote online at http://biology.brookscole.com/miller14.


HOW WOULD YOU VOTE? Should there be stricter government control over the development and use of genetic engineering technology? Cast your vote online at http://biology .brookscole.com/miller14.


How Did We Become Such a Powerful Species So Quickly? Brain and Thumb Power


We have thrived as a species mostly because of our complex brains and strong opposable thumbs.


Like other species, we have survived and thrived so far because we have certain adaptive traits. What are they?


First, look at the traits we do not have. We lack exceptional strength, speed, and agility. We do not have weapons such as claws or fangs, and we lack a protective shell or body armor.


Our senses are unremarkable. We see only visible light—a tiny fraction of the spectrum of electromagnetic radiation that bathes the earth. We cannot see
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infrared radiation, as a rattlesnake can, or the ultraviolet light that guides some insects to their favorite flowers.


We cannot see as well or as far as an eagle or see well in the night like some owls and other nocturnal creatures. We cannot hear the high-pitched sounds that help bats maneuver in the dark. Our ears cannot pick up low-pitched sounds that are the songs of whales as they glide through the world’s oceans. We cannot smell as keenly as a dog or a wolf. By such measures, our physical and sensory powers are pitiful.


Yet we have survived and flourished within less than a twitch of the earth’s 3.7-billion year evolutionary history. Analysts attribute our success to two evolutionary adaptations: a complex brain and strong opposable thumbs that allow us to grip and use tools better than the few other animals that have thumbs. This has enabled us to develop technologies that extend our limited senses, weapons, and protective devices.


As a newly evolved infant species, we have quickly developed many powerful technologies to take over much of the earth’s life-support systems to meet our basic needs and rapidly growing wants. We named ourselves Homo sapiens—the doubly wise species. If we keep degrading the life-support system for us and other species, some say we should be called Homo ignoramus—the unwise species. During this century we will probably learn which of these names is appropriate.


The good news is that we can change our ways. We can learn more about how to work with nature by understanding and copying the ways it has sustained itself for several billion years despite major changes in environmental conditions.


In the earth’s ballet of life that has been playing on the global stage for about 3.7 billion years, life and death are interconnected. Some species appear and some disappear, but the show goes on. We only recently became members of this evolutionary ballet.


Will we temporarily interrupt the show, take out some of the dancers, and get kicked off the stage? Or will we learn the rules of the ballet and have a long run? We live in interesting and challenging times.


All we have yet discovered is but a trifle in comparison with what lies hid in the great treasury of nature.


ANTONI VAN LEEUWENHOEK


CRITICAL THINKING


1. (a) How would you respond to someone who tells you that he or she does not believe in biological evolution because it is “just a theory”? (b) How would you respond to a statement that we should not worry about air pollution because through natural selection the human species will develop lungs that can detoxify pollutants?


2. How would you respond to someone who says that because extinction is a natural process we should not worry about the loss of biodiversity?


3. Describe the major differences between the ecological niches of humans and cockroaches. Are these two species in competition? If so, how do they manage to coexist?


4. Explain why you are for or against each of the following: (a) requiring labels indicating the use of genetically engineered components in any food item, (b) using genetic engineering to develop “superior” human beings, and (c) using genetic engineering to eliminate aging and death.


5. Suppose we could spray something in the air that would permanently give every person on earth unconditional love for all other people and unconditional love for nature. Explain why you would favor or oppose doing this. What professions, businesses, and educational subjects would this eliminate? How would this affect the entertainment, sports, and advertising businesses? How would it affect politics and environmental professions?


6. Congratulations! You are in charge of the future evolution on the earth. What are the three most important things you would do?


PROJECTS


1. An important adaptation of humans is a strong opposable thumb, which allows us to grip and manipulate things with our hands. As a demonstration of the importance of this trait, fold each of your thumbs into the palm of its hand and then tape them securely in that position for an entire day. After the demonstration, make a list of the things you could not do without the use of your thumbs.


2. Use the library or the Internet to find out what controls now exist on genetically engineered organisms in the United States, or the country where you live, and how well such controls are enforced.


3. Use the library or the Internet to find out bibliographic information about Charles Darwin and Antoni van Leeuwenhoek, whose quotes appear 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 5, and select a learning resource.





