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    Preface




    The discovery of new species—figuring out what they do in nature and how they contribute to our wealth and happiness—is one of the most exciting branches of science today. The study of biological diversity, or biodiversity for short, is revealing a previously unimagined variety of life forms on Earth. This research has become a powerful generator of ideas, opening fresh horizons of scientific knowledge with many new products and industries as spin-offs. It has also given us a glimpse into the workings of those natural mechanisms called ecosystems that keep us all alive.




    As an example, how often have you heard a friend ask exasperatedly, “Why on earth do mosquitoes exist!?” as he swats the little animal with his hand. Yet we now know that adult mosquitoes are important components of the food chains that feed birds, and their larvae are a major ingredient of the diet of many fish. Most people appreciate birds and fish, one way or another, and therefore appreciate (with their heads, if not their hearts) the place of mosquitoes in nature. But there is more. Some orchids require mosquitoes for pollination; and research on one mosquito species in particular is revealing a potential breakthrough in the fight against malaria, one of the world’s most disastrous diseases. We know all this because scientists are in the process of discovering just how many species of mosquito there are, what they do, and how they may be useful to us.




    The study of biodiversity is providing answers to everyday questions about the millions of species that surround us—questions such as What do all these species do? What are they for? Do we need them all?




    This book is for anyone interested in questions such as these, anyone interested in joining in the excitement of the discovery and exploration of life forms on this planet. The science of biodiversity is in its pioneering phase; we still know shockingly little about the species with which we share our tiny rock in space. Still, what we do know promises discoveries that will benefit all humanity. In many ways, this science resembles space exploration: both are in their infancy, and both are developing complex technologies to achieve their goals. However, in the science of biodiversity, microscopes replace telescopes, and the organisms we seek are on the ground beneath our feet rather than light years away.




    The glimpses into the future offered in Wild Solutions show that our ignorance about the interactions of species in natural ecosystems demonstrates that we humans are not really in control. For example, many organisms regulate the fertility of the soil and the content of the atmosphere, but we have very little knowledge of which species are involved, how many there are, and what precisely they do. This book will also present many examples of the basic proposition that species that appear to be totally insignificant right now are likely in the future to become extremely valuable to medicine, to agriculture, and to a variety of other human needs. The species with which we share the planet are, if nothing else, a vast insurance policy against the problems we will probably face in the years to come.




    Our ignorance also fosters a false view of the world. “Get real!” is a demand we often hear from people who wish to convince us that the harsh imperatives of modern life, especially economics and politics, must dominate decision-making in environmental and other debates. They claim that economics and politics are the real world. Yet the evidence that this hypothesis is false is an inescapable part of everyday living. Eating, drinking, and using the rest room remind us all too frequently that the real world is biological. Try ignoring your feelings the next time you are hungry or thirsty; your nervous system will soon forcibly remind you that you are an organism, and that your organs require food and drink on a regular basis. Or try ignoring your next fever. A host of microbes will soon make it clear that biology is what controls your life. While money enables you to buy food, drink, and medicine, it is biodiversity that provides these essentials in the first place.




    We humans are a natural part of this biological world. Each one of us, every family and community, is a living, breathing inhabitant of an ecosystem. Every town, city, business, and industry is a wholly owned subsidiary of one or more ecosystems, each of which is shared with hundreds of thousands of other species. A tiny minority of these species are harmful, and unfortunately the media tend to focus on that handful. The vast majority of species are beneficial; if they were not out in the world, going about their daily business, life as we know it would cease.




    The ecosystems in which we live and the many species on which we depend are the products of millions of years of evolution. The genetic information they contain is an irreplaceable source of information that has already provided humanity with all of its biological resources. In Wild Solutions we will show that ecosystems can provide us with a huge variety of new resources, products, and services—if we allow them to coexist with us, and if we manage them with foresight, imagination, enthusiasm, and respect.




    We authors wish to thank our many colleagues who, over the years, have provided us with inspiration and knowledge. Their numbers are too great to be properly acknowledged here; however, we especially thank Dave Briscoe, Mark Dangerfield, Mike Gillings, Andy Holmes, and Noel Tait at Macquarie University, and Gretchen Daily, Anne Ehrlich, and the late Dick Holm at Stanford University. We are grateful to Robyn Delves, executive officer of the Commonwealth Key Centre for Biodiversity and Bioresources, who has assisted us in many ways. Also, Vivian Wheeler and Jean Thomson Black of Yale University Press have been sources of help and encouragement throughout the development and refinement of this book.




    A.B.




    P.E.




    Wild Solutions


  




  

    Wild Solutions


  




  

    
ONE Introduction[image: ]





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




    —Antonie van Leeuwenhoek, 1708




    In this book we explore what is known about the plants, animals, and microbes on Earth from the point of view of what they do for us: how they keep us alive, how they feed us, how they sustain our economy, how they are a source of immense wealth and well-being that we are still just beginning to understand. We will find that we depend on an extraordinary assortment of populations, species, and natural communities. This variety is known as biological diversity, or biodiversity for short.




    The history of civilization is a history of human beings as they become increasingly knowledgeable about biological diversity. Over many centuries, men and women throughout the world have observed the variety of organisms around them and have identified thousands of useful species. Roman mythology depicted them as flowing from the horn of plenty, a ram’s horn held by Ceres, the Mother Earth who was charged with the protection of agriculture and all it produced. Mythology the story may have been, but it was a clear recognition of the many species that made civilization possible and kept it supplied with everything people had needed for centuries.




    Today, we are still dependent on much the same variety of animals and plants, both wild and domesticated. When asked to think of useful plant species, most of us can name a whole array: rice, corn, wheat, barley, oats, apples, bananas, plums, cabbage, broccoli, lettuces, carrots, onions, dates, rubber, quinine, peppers, cinnamon, oregano, roses, daffodils, orchids, oaks, pines, redwoods, coconuts, breadfruit, potatoes, watercress, lotus, seaweeds, grapes, peas, beans, coffees, teas, olives, peanuts, cotton, sunflowers, pineapples, millet, sugar peaches, bamboo, and oranges. Most of us, with a little thought, can add more plants to this list—but how many more?




    If we look at J. C. T. Uphof’s amazing Dictionary of Economic Plants and delve into just one page at random, say page 95, we find among the entries: Calamus ovoideus, a palm from Sri Lanka whose young leaves are edible, either raw or cooked; Calamus rotang from Bengal and other parts of India, whose stems are made into rattan furniture, ropes, and baskets; Calandrinia balonensis from Australia, which has fruit eaten by both indigenous and settler Australians; and Calanthe mexicana, an orchid from Central America and the West Indies whose ground petals are effective in stopping nosebleeds! Uphofs book contains more than five hundred pages and describes another ten thousand unfamiliar plant species known to be useful to at least one human culture. The dictionary lays out a veritable treasure trove of foods, beverages, medicines, fibers, dyes, and construction materials far greater than most of us imagine.




    Animal diversity has also been a major resource for human cultures worldwide, providing cattle, sheep, pigs, horses, chickens, ducks, turkeys, llamas, alpacas, guinea pigs, guinea fowl, reindeer, geese, donkeys, goats, camels, yaks, buffalo, and a range offish from sardines to sharks. Animal diversity has also provided more modest but highly valued resources such as honey bees, scallops, oysters, lobsters, and crayfish; and we should not forget that cultures around the world rely on a huge variety of animal foods, including insects such as caterpillars, grasshoppers, ants, and beetle larvae. None of these are eaten out of desperation, but rather because they are abundant, tasty, and nutritious. Fungi have been another important source of nutrition, either through yeasts used in baking and brewing or through edible mushrooms.




    Human beings have already made use of many thousands of species. In this book we shall show that, one way or another, our dependence on biological diversity is still growing rapidly. Our exploration of the species with which we share the planet is full of surprises as we find that many species on which we depend are unexpected: new antibiotics from ants and termites; life-saving medicines from leeches and parasitic worms; construction materials from snails and spiders; robots inspired by insects and earthworms; bacteria, fungi, and mites running major industries and public services. Most people believe that our future depends on electronics, computers, and space-age transportation. In fact, that future is equally bound to a host of mostly tiny organisms that we are only beginning to understand. We will see, for example, that the creatures that live in our soils are worth far more to us than all the products of Silicon Valley.




    The species of Earth are our biological wealth and, like any capital, should not be squandered or thrown away. As this wealth is revealed in the following pages, it is prudent to assess whether or not we are taking care of it. If we imagine that the ten to twenty million species on Earth are the equivalent of that many safe deposit boxes in a vast bank called Nature, then most of them remain unopened and we are ignorant of the contents. As we open more and more of them, the contents will prove to be of immense value to society. More sobering is the thought that large numbers of these boxes are being destroyed before we know the treasures within.




    We share the world with millions of other species. Most of them are tiny and little known to us. What are their names and what do they do? A new branch of science that studies biological diversity is determining the answers to those questions. Innovative technologies have shown us the enormous and previously unsuspected variety of the biological world. Exploring the natural world is a story of the daily discovery of new species and inventive ways of making a living, and this inquiry is the focus of Chapter 2.




    In Chapters 3 through 7 we focus on the biological diversity that sustains the natural ecological systems that keep us alive. In addition, we see that in some cases we can build on this diversity to create new industries. Millions of species interact with their environments and with one another, engineering the mechanisms that regulate the air, water, and soils on which we depend. They have evolved technologies, most often at the molecular level, that break down domestic, agricultural, and industrial wastes. They provide the majority of pest control in agriculture, horticulture, and forestry. All these activities are the basis of human civilization. We do not claim for one moment that these systems have developed specifically for human use; rather, they are the natural products of the activities of vast numbers of species that have evolved over millions of years and allowed human beings to create the diversity of cultures we know today.




    The kaleidoscope of populations, species and communities that we know as biological diversity generates, among other things, our food supply and therefore is the foundation of all our food industries—farming, ranching, and fisheries, plus of course the businesses such as trucking and machinery manufacture as well as the financial institutions associated with them. Forestry is another industry based on biodiversity—not just the trees but the minute organisms that generate soil fertility and pest control. Tourism, by taking advantage of immense natural collections of species such as those found in national parks and marine reserves, is dependent on biological diversity too. In the last ten years, tourism has become the single largest global industry. All of this economic activity, involving trillions of dollars annually, starts with the biological diversity that operates the natural systems in which we build our cities and towns.




    In Chapters 8 through 12 we explore biological diversity as a source of completely new resources. The two basic requirements are human imagination and the diversity of life on Earth. We introduce a new way to explore biological diversity that takes advantage of everything we know about natural history, ecology, and evolution. Its basis is very simple. If we are looking for a solution to a human problem, we ask an elementary but powerful question: Where might that solution have evolved in the wild? This concept is introduced in Chapter 8, and the following chapters show how a wide variety of species and natural products are rapidly expanding the horizons of established industries and professions such as medicine and pharmaceuticals, pest control, farming, and construction. If the biological resources of the world are represented by a giant iceberg, we have only seen the very tip.




    The exploration of biological diversity leads to discoveries that make our way of life more sustainable; that is, they allow us to lead full and productive lives without jeopardizing the resources and the environments that our children, and our children’s children, will need. We are then better able to understand our role in the natural world and know how to avoid the big mistakes such as pollution and soil loss. Biological diversity keeps us alive and, beyond that, is the key to a dazzling variety of economic opportunities—many based on obscure, tiny, and often very strange creatures. It is vital that species not go extinct: there is no way of knowing which will turn out to be important (see Figure 1).
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      Fig. 1 The front end of an Australian bull ant, a fierce predator that often stumbles upon unwary picnickers. It is also the subject of a patent for a new antibiotic.


    




    We end this book with a chapter about the future. Most people think it wrong to squander wealth or throw it away. Biological wealth is no exception, and conservation efforts are under way in national parks, marine reserves, zoos, botanical gardens, and seed banks around the globe. Industries that are directly dependent on natural ecosystems (farming, grazing, forestry, fisheries, tourism) are searching for ways to preserve the biological wealth, the biological capital, they use. Similarly, human societies, all of which rely on natural ecosystems to dispose of their domestic, industrial, and agricultural wastes, are looking for ways to keep those services intact. To allow extinctions of populations and species is both foolish and selfish—foolish because of the lost opportunities, selfish because of the loss to the next generation, if not to ours.




    Why are we so concerned about populations? Simply because populations are where innovation within a species takes place. For example, studies show that a species of grass common in parts of Wales has local populations that are adapted to living on soils containing levels of heavy metals that are normally toxic. This innovation means that the species can occupy a wider range of habitats than most of its competitors. Genes useful for breeding new crop plants often occur in only a few populations of their wild relatives. If those populations are destroyed, the opportunity is gone. Those of us who live in cities have become aware of populations of plant species adapted to colonizing roadsides and railroad tracks, and even populations of birds of prey that have adapted to rooftop nesting and hunting rats and pigeons. All species are made up of many populations, each of which is a little different from the others. Reduction in the number of populations in a species means that it is losing its ability to innovate, to change. It is a danger signal. When it occurs, the species is called threatened or endangered. Many of our most vulnerable species have only a few populations left, and some have only one.




    In light of our dependence on biological diversity, it is worth thinking about supply. How much is available and if we mess up, where can we get more? We are often careless with things because we know that they can be replaced—or we believe that modern technology will find a source. Instead, with regard to biological diversity, we should ask: Can we make new species, and if not, is there somewhere else we can get them? In spite of the hype that surrounds biological technology, we are still a long way from being able to create life, let alone make a complex organism such as a bacterium or a moose. The scientific reality is that we will not be able to achieve this goal in the foreseeable future. So there is little chance of being able to make new species.




    What about finding them elsewhere? No life has yet been found anywhere else in the universe. And if we did find life on some distant planet, would we dare to bring it home? As far as we know, we and all the other species on Earth are alone. There is no alternative supply; the organisms with which we live and on which we depend are completely irreplaceable. We cannot create them or obtain them from another source. This stark situation means that exploring, discovering, and understanding the biological diversity of our world is just about the most important task confronting us.




    While our approach in this volume is pragmatic, we share with most people the simple feeling that the creatures of Earth are absolutely critical to the human spirit. The fact that all over the world people keep pets, cultivate gardens, maintain aquariums, go bird watching, enjoy nature videos, and take vacations in places of natural beauty, reminds us of another suite of values of biodiversity: those that give us peace and contentment.




    Antonie van Leeuwenhoek, who lived from 1632 to 1723, was one of our earliest microscopists. His were exciting times, because microscopes were revealing structures and organisms never before imagined. In 1708 van Leeuwenhoek wrote the sentence at the start of this chapter. Those words remain as true today as they were three centuries ago.


  




  

    
TWO Exploring a Little-Known Planet[image: ]





    The majority of species on Earth have yet to be discovered. This statement may come as a surprise, since nature documentaries, zoos, and museums present us with a bewildering variety of animals and plants. However, it is generally agreed that right now we know a mere 10 to 20 percent of the species that share the world with us. To achieve some perspective, imagine that all the species in the world are scattered along the 3,900 kilometers of the Mississippi River and that we have embarked on a voyage to discover them. If we start on the delta, close to the city of New Orleans, our current knowledge means that we are plodding along somewhere in Arkansas. The headwaters are still 3,000 kilometers away in northern Minnesota. In this chapter we assert that discovering Earth’s new species is the most exciting activity in biology today, and that ours is still a little-known planet.




    Every day around the world, biologists specially trained to search out and describe new species unveil organisms previously unknown to science. For example, a recent edition of the Australian Journal of Entomology contains descriptions of six new species: a scorpion fly and a mayfly from Tasmania, a bug that feeds on mistletoe, and three mite species—one of which lives only in the feathers of brush turkeys. Species are found in exotic-sounding places such as rain forests, hot springs, polar regions, and ocean depths, but they are also found in grasslands, rivers, lakes, wetlands, and even in back yards.




    One of the most sensational discoveries was made in 1994 just 150 kilometers northwest of Sydney, Australia’s largest city. The terrain in this area of the state of New South Wales is extremely rugged sandstone ridges and canyons, many of the latter being just a few meters wide but hundreds of meters deep. A team of biologists was exploring a deep canyon in Wollemi National Park when they encountered a strange-looking tree with leaves that resembled those seen only in fossils of the Jurassic age, belonging to species believed to have been extinct for at least 60 million years. In light of Steven Spielberg’s Jurassic Park movie, the scientists could be forgiven if the hair on the back of their necks stood on end. “Unbelievable” would be a word that truly made sense at this moment: here was a genuine survivor from the age of Tyrannosaurus rex, not only alive and well, but, as the scientists looked around, clearly part of a small but healthy colony.




    The tree was named Wollemia nobilis after its discoverer, David Noble, and because it was found in Wollemi, which is an aboriginal word meaning “watch out” or “look around.” Forty adult plants were found, the tallest being 35 meters with a trunk 1 meter in diameter. The tree does not lose its leaves in the usual way, but sheds its lower branches—which fall to create a distinctive litter on the ground. This unusual clutter of dead branches and leaves (it acquired the name Jurassic Bark) was one of the first signs that something unusual was happening in this canyon. The impact of the discovery dramatically reinforced scientific predictions that the world had a great many more species than was once thought. After all, if a new species such as the Wollemi pine, which is taller than any dinosaur, was found for the first time as recently as 1994, not far from a major city, how many smaller species were waiting in the wings? Here was spectacular and concrete evidence that the quest to locate all the species in the world is still in its infancy.




    The unearthing of the Wollemi pine attracted media attention around the world, and it was soon known as the dinosaur plant. Yet, it was only the latest of many recent finds of immense significance. In purely scientific terms, the discovery of a new phylum, a new life form, has even greater significance. A phylum is a major group of organisms so distinct from all others that the category is only one step below that of kingdom. Everyone knows that kingdoms (plants, animals, fungi, bacteria) are very different from one another. The phyla are right behind, so that the animal kingdom, for example, contains separate phyla for sponges, mollusks, sea urchins, earthworms, and insects because each of these groups has a basic body plan or structure that is obviously very different from the others. While a discovery of this immensity may seem unlikely, the fact is that two new phyla have been uncovered in the last two decades. The first of these, the Lori-cifera, was described in 1983. An even more recent discovery, the Cycliophora, is being proposed as a new phylum as we write this book.




    Loricifera are microscopic, found in marine sands and gravels and adapted to living in the tiny spaces between the grains. One end consists of a mouth on the end of a tube, the base of which is surrounded by spines; this merges into a pear-shaped body, armored with protective plates. When the animal is disturbed, the entire structure can be retracted inside the spines, which in turn fold like the ribs of an umbrella and disappear into the armored body cavity. While the phylum is widespread, no one knows what it eats or how many species it comprises—although the estimate is that there are more than a hundred.




    Cycliophora are also tiny and have an equally unique habitat, the mouthparts of lobsters. The anatomy is baffling, as it has features that belong to several other phyla. Less than a millimeter long, the cycliophoran is basically a barrel-shaped animal with a sticky disc at one end that attaches to the lobster. At the other end, minuscule hairs waft food into the mouth, which leads to a U-shaped gut that empties through an anus uncomfortably close to the mouth. A small lump on one side of the female barrel is the male! Very little is known about this group, but among all its strange features, one aspect was of special interest to those looking for new kinds of organisms. The lobsters on which cycliophora are found are not rare, tropical, or exotic, but a common variety that has been taken for centuries from the sea surrounding northern Europe—right in the back yard of Denmark and Sweden.




    Our knowledge of the world’s species is so rudimentary that biologists are still arguing over the number of kingdoms! Many believe there are five: the plants, the animals, the fungi, the bacteria, and a fifth—the Protoctista—that contains all the remaining organisms that do not fit into the other four. Protoctists include, for example, the four hundred to five hundred species of slime mold that inhabit rotting leaves and logs (Figure 2). Under the microscope they resemble small pools of jelly that pulsate gently as they glide in search of prey, usually bacteria. They thrive best in moist conditions, but when their environment begins to dry out, the individual blobs of slime come together and construct a small stalk that bears tough, weather-resistant spores at the top, like a bunch of balloons on a stick. While slime molds are odd, they are very common in gardens. Another type of protoctist is the slime net, which is basically a family of cells inhabiting a loose network of slimy threads. The cells move, but only within the threads, which are therefore known as slimeways. Again, these organisms are weird but common; their favorite habitat is the surface of water plants. Still other species are called Problematica, because their bodies are so strange. One, with the formal name Buddenbrockia plumatellaey lives inside the minute animals that form mosslike “animal mats” on rocks in tide pools. It is a worm about 3 millimeters long, with four groups of muscles stretching from one end to the other, but it has no digestive, excretory, or nervous system!
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      Fig. 2 Slime molds are important predators on bacteria and are seen here on a decaying twig. Individual cells have come together to form tiny communities from which spore-bearing stalks emerge.


    




    While new phyla have recently been discovered and many organisms are so bizarre that they have to be loaded into a new kingdom, microbiological methods currently under development are revealing a previously unsuspected world of bacteria and fungi. In the past, microorganisms have been studied by culturing them on plates of a nutritious jelly called agar. Most of us have seen images of the scientist at the lab bench, complete with flickering bunsen burner, examining colonies of bacteria or fungi in a small glass petri dish. The drawback is that the microbes can only grow if that jelly contains the food they like. The difficulty lies in finding the appropriate nutrition for microbes whose diet we fail to understand. In fact, the problem is so daunting that it is estimated that only 5 percent or less of microbes have been cultured or can be cultured. If this is so, the other 95 percent are out there, lurking unknown in nooks and crannies around the world.




    Fortunately, molecular methods have revolutionized the field. Now, rather than transferring a swab of bacteria to an agar plate in the hope that the microbes will grow, the scientist extracts the genetic material, the DNA, directly. Current technology makes it possible to determine very quickly whether or not the bearer is new to science. To illustrate the power of these new methods, consider soil samples that were investigated by traditional methods, the bacteria and fungi grown on agar plates. DNA extracted from the same soil samples has revealed hundreds of other microbes, none of which resemble the cultured ones. Thus, not only are the molecular methods powerful, but they are telling us about a vast, previously unimagined diversity of bacteria and fungi that science is only beginning to glimpse.




    Some microbiologists conclude from the application of new molecular methods that instead of five kingdoms, there are three super-kingdoms or domains. The first two, the Archaea and the Eubacteria, contain only bacteria that, from the microbiologist’s point of view, are as different from one another as gorillas are from daffodils. The third domain, the Eukaryota, encompasses everything else—including animals, plants, and fungi because, relatively speaking, those are all more closely related than the two bacterial domains. Whether or not this view stands the test of time, it shows how little we appreciate the true diversity of bacteria.




    We have yet to mention viruses, which cannot lead independent lives but in order to reproduce must infect other living cells. Some scientists therefore do not consider them living, but viruses are serious micropredators that attack and kill all sorts of bacteria and other kinds of cells. Since bacteria are food for viruses, they have the potential to affect entire food chains. Thus, what happens at the level of microbes may affect what happens at the level of landscapes! If we include microbial diversity in our analogy of exploring the species of the Mississippi River, we have not even left the suburbs of New Orleans!




    To cope with all this uncertainty, most biologists follow the concept of the five kingdoms, each of which contains a variety of phyla. At present the total number of phyla is ninety-six. Put another way, ninety-six very different basic life forms are currently known to inhabit Earth. The full magnitude of this diversity is illustrated by the phylum to which we belong, the Craniata (often known as vertebrates). It may come as a surprise that fish, frogs, toads, lizards, snakes, birds, and mammals all belong to this single phylum because they share the same basic body plan: a vertebral column (backbone) with a brain enclosed by a protective cranium or brain box. The covering of scales, feathers, or fur is relatively unimportant. Thus, nearly all the animals we know as pets or as farm and zoo animals, including goldfish, salmon, bullfrogs, snakes, lizards, parrots, turkeys, eagles, dogs, cows, whales, kangaroos, leopards, elephants—together with the dinosaurs—belong (or belonged) to one single phylum. There are ninety-five others.




    To avoid the impression that, other than Wollemi pine, all the newly described species are obscure little animals or bacteria, let us take a brief look at some that have been discovered and described since 1990. In the state of Queensland, Australia, there are five new species of rain-forest lizards, a large tree frog, and several fish species. The fish were discovered in what may sound like an unlikely place—the heart of the arid outback. In a few lonely spots, water seeps from the rocks beneath to form permanent shallow pools and there, quietly over a few million years, unique species of fish have evolved and thrived. A new species of whale was an astonishing recent discovery off the coast of Peru, and this followed the discovery of two new porpoise species. Two new monkey species, one from the southeast reaches of the Amazon and a marmoset from the central Amazon, have been identified in Brazil. Another mammal in the shape of a large, nocturnal rodent has been described for the first time in the Philippines. The local people know all about it, calling it the Cloud-Runner because it inhabits the trees in misty rain forests. A new species of striped rabbit was discovered in Laos when it triggered an automatic camera in the forest; once alerted to its presence, zoologists discovered skins in a local market and made the identification through DNA analysis. Among the hundreds of new species of invertebrate animals is a squid from Hawaii and a giant crayfish from New South Wales. Finally, demonstrating that even bacteria can be big, the sulfur pearl bacterium is the world’s largest. It has just been discovered in the mud off the Skeleton Coast of Namibia and is large enough to be seen without a microscope or hand lens. These are just a few of the new species that have come to our attention; the biological literature documents thousands more.




    The discovery of many species has been unexpected, not because the discoverer stumbles across them suddenly in the canopy of a rain forest or on some remote island, but because they appear in well-studied collections in the museum or laboratory. Until recently, new species have been distinguished from others only by characteristics that can be seen with the naked eye or under the microscope in preserved specimens. For example, a new plant species may differ from its relatives by the shape or hairiness of the petals; a new bee species may be distinguished from all others because its head has a particular array of bristles. If specimens looked the same, or nearly so, they were judged to belong to the same species. The problem is that the organisms themselves do not necessarily distinguish one another by the features we use, so specimens that look alike to us may turn out to belong to very different species. Thus, when specimens in museums and laboratories have been reexamined by different methods, hundreds of new species have emerged from established collections.




    The use of sound is one of these alternative methods. For example, crickets, cicadas, frogs, and bats have been recorded as they call to each other. The calls have been analyzed in the lab, and those of individuals thought to be of the same species (conspecific) were found to differ, often in subtle but distinctive ways. In some cases, playing back the recordings selectively attracted particular animals, supporting the conclusion that they were different species. Thus, sorting by sound has been critical evidence of the presence of different species very similar in appearance.




    The extraction and comparison of DNA from various organisms have played a vital role in revealing hidden or cryptic species. These powerful methods have revealed new species of mammals, birds, lizards, fish, and many unknown insects, crustaceans, mites, and worms. Frequently DNA is the only way to isolate new species of bacteria and fungi. One particularly dramatic demonstration involves the velvet worms of Australia. These animals are living fossils, halfway between worms and insects. Based on external, visible characteristics, there were thought to be nine species. However, in the last two decades over a hundred new species have been identified by means of molecular methods. Interestingly, in many cases where scientists have reexamined the specimens identified as new species, they have seen distinctive features that had previously been overlooked.




    Improved technologies have changed our perspective on the size of organisms as well. Most people regard the whale as the standard for large size. However, the nemertean or ribbon worm, Lineus longissimus, can grow to 30 meters, longer than everything but the blue whale. As for the heaviest organism, rivals include the blue whale at 180,000 kilograms and the giant sequoia, which weighs in at 2,000,000 kilograms. Now there is another nominee: a quaking aspen clone, a mass of trees all sharing the same root system, that covers 43 hectares and is estimated to weigh 6,000,000 kilograms. While these are the true heavyweights, an armillaria fungus has attracted attention, as its body of microscopic threads is estimated to have penetrated 15 hectares of soil and to have a weight calculated at roughly 10,000 kilograms—not bad for a “micro” organism.




    These continuous discoveries lead us to the surprising conclusion that the actual number of species in the world is unknown. While it is generally agreed that about one and a half million have been formally named and at least briefly described, at least another five million to ten million exist. Most of the species we know are insects, and this group undoubtedly contains several million more. Other groups may be as large, or larger: the bacteria, the fungi (perhaps a million species), the nematodes or roundworms, and last but not least those tiny eight-legged relatives of spiders, the mites, a group that may harbor another million species. The authors once had the opportunity to look at a handful of forest soil under the microscope and each of us did a classic double take as we realized that about half of the “particles” we saw were slowly moving and turned out to be soil mites. Other relatively little-known groups that may also contain a huge number of species are the single-celled plants known as algae and the single-celled animals, or protozoa. One consequence of our age of continuing discovery is that we can look at any landscape, or seascape, in a new way. We now realize that the world is dominated by small organisms, as shown in Figure 3. The number of species in a group is represented by its size so that the most diverse groups in the world are the bacteria (on the right), then the insects and their relatives. Next are the flowering plants such as trees, then (perhaps surprisingly) the crustaceans. Although they are best known as crabs and lobsters, thousands of mostly tiny crustacean species inhabit the rivers, lakes, and oceans of the world. Then come the fungi, the mollusks, single-celled animals, fish, worms, and finally, at the least diverse (left) end of the scale, all the familiar craniates such as the birds, amphibians, reptiles, and mammals.




    

      [image: ]



      Fig. 3 Which are the most diverse organisms on the planet? Here, estimated diversity is represented by size, ranging from the predominant bacteria on the right to the mammals on the left.


    




    Any part of the world is alive with many different species, although special technology may be needed to reveal them. For example, the left half of Figure 4 shows an Australian landscape with eucalyptus trees and a variety of other Aussie plants and animals. The right half illustrates how technology reveals the biodiversity of that scene. At the top is a representation of the species that can be seen by eye, things such as flowering plants, frogs, snails, and caterpillars. In a scene like this it would be possible to count perhaps a hundred species. Suppose the landscape could be examined through a powerful binocular microscope, magnifying everything fifty times. Then one or two thousand different species would be revealed, including mites, termites, insect larvae, and tiny algae and lichens. Magnify the scene five hundred times with an electron microscope, and an entirely different menagerie of microscopic species such as bacteria, fungi, slime molds, and algae appears. A conservative number would be three thousand. It becomes clear that any piece of land or sea harbors not merely the species that immediately catch the eye, but thousands more. The situation is not unlike astronomy; most of the stars in the sky cannot be seen with the naked eye, but with the help of sophisticated technology, millions of stars appear in the cosmos. In biology, it is microscopes that reveal the otherwise invisible objects. In this case they are species and the ‘cosmos’ is the Earth’s myriad environments and habitats.
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      Fig. 4 How many species live in the landscape at left? The unaided eye (right-top), viewing this Australian forest with its gum trees, tree ferns, and termite mounds, could identify approximately 100 species, including frogs, snails, caterpillars, and various plants. If the scene was magnified 50–100 times (right-middle), many smaller species would become visible, including fly larvae, mites, ant lions, and lichens—most likely 1,000–3,000 species in all. Still-higher magnification under an electron microscope (right-bottom) would reveal yet another 3,000–5,000 species, including single-celled animals and plants, fungi, and bacteria.


    




    An important reason why there are so many species is that each one is home to others. Look at an individual tree, say an oak or a gum. It will host a variety of birds, mammals, lizards, insects, worms, and fungi. Some are merely using the tree because it is handy, whereas others are fine-tuned to live on or in that species and that species alone. In other words, the organisms are adapted to that tree species. Thus, many kinds of birds may nest among its leafy branches or in holes in its trunk, but they could just as well nest in any of a dozen other tree species. By contrast, many insects have larvae adapted to eat only the leaves of that tree, or bore only into its trunk, so that if the tree species goes extinct, the insects do too. All species are home to others in this crucial way, as the bark beetle illustrates (Figure 5). This particular species is in fact a community that houses three species of mites, four species of roundworms, three species of fungi—and at least seven species of bacteria live either on or inside the animal. Most need the beetle to survive because it is their only home. Similarly, a study of just one species offish revealed that it was inhabited by five species of crustaceans and up to nine species of roundworms, tapeworms, and flukes. And a single species of palm in Thailand proved to be home to ninety-five different species of fungi.
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      Fig. 5 The average bark beetle, a mere 5 millimeters long, is home to three species of mites, four species of roundworms, seven species of bacteria, and three species of fungi.


    




    Many of the animals that live on or in others are harmful in various way. Caterpillars, for example, eat leaves and are therefore herbivores. In some cases the loss of leaves is negligible, while in other instances the animals may eat them all, leaving only bare branches; the tree then will not flower that season. Roundworms are often parasites, living in the guts of other animals such as the bark beetle, where they laze around in the stream of predigested food, absorbing what they need through their thin skins. By contrast, mutualists (see Figure 6) live on other organisms and develop a relationship that benefits both. The many different species of bacteria and single-celled animals that live in termite guts are examples. The inside of a termite is a very safe and equable place to live, so the termite provides housing for the microbes. Meanwhile, the microbes digest wood so that the termite is provided with an apparently inexhaustible supply of food. Other examples are the highly specialized fungi that penetrate the roots of trees. The fungi are housed in a well-regulated environment provided by the plant and at the same time provide special threads and enzymes that enable the roots to absorb nutrients from the soil.
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      Fig. 6 This hummingbird has a close partnership or mutualism with the scarlet gilia plant. The flowers contain nutritious nectar, and while the bird visits different flowers to feed, pollen deposited on its head feathers is transported from plant to plant. The scarlet gilia is a source of food for the bird, and the bird, as pollinator, is an irreplaceable link in the chain leading to the production of seeds.


    




    The complexity of these associations is illustrated by the prayer plant, a rain-forest species of tropical Central America. The flowers emerge from between small green leaves that secrete tiny, glistening drops of fluid. This nectar consists of sugars and other tasty treats that are avidly collected by ants. Because the ants regard the nectar as theirs, they defend their leafy territory against all comers, including insects such as beetles and moths that attempt to lay their eggs on the plant. In preventing egg laying and hence invasion by hungry larvae, the ants are de facto ant-guards and reduce the damage the plant sustains from insect herbivores. But the story does not end here. Quite often one finds a plant that has a platoon of ant-guards patrolling the flowers, occasionally slipping away to sip nectar, yet clearly is heavily damaged. In spite of the guards, something is eating the flowers. Close inspection reveals that one of the little green leaves between the flowers is not a leaf at all but a slender, flattened caterpillar quietly munching the nearest flower. Its leaf like color and shape might seem adequate to fool the ant-guards, but by appeasing the ants with its own reward, the caterpillar makes absolutely sure that it is not attacked. A nectar-producing nipple on its back end sticks out among the real leaves and the flowers. The ants, completely fooled, sip the caterpillar nectar as though it were coming from a leaf. So here in a single plant on the forest floor is a miniature, highly specialized community of ants together with the herbivores they attack and the herbivores that dupe them.




    Is the human body a community too? That depends partly on where you live, how you live, and what you do. A poor farmer in the tropics may suffer from a variety of bacterial diseases—and internal parasites such as tapeworms and flukes, as well as external parasites including ticks and lice. By contrast, a doctor working in a country with long, cold winters may well escape most of these afflictions. Even when we set aside these kinds of differences, our bodies are still crowded with other species.




    Antonie van Leeuwenhoek was the first to understand this fact: “For my part I judge from myself that all the people living in our United Netherlands are not as many as the living animals that I carry in my mouth this very day.” Indeed, our mouths, noses, throats, stomachs, intestines, and bowels are all home to a diversity of viruses, bacteria, and yeasts. Our skin is home to many bacteria and fungi and often (even in the cleanest house) to head lice and hair-follicle mites. When we asked our colleagues how many different species of bacteria and fungi consider us their home, the estimates ranged from two hundred to three hundred, including Candida, Staphylococcus, Escherichia coli (E. coli), and Salmonella. Our small intestine holds about a million microorganisms per gram, and our bowels about a billion per gram. In our bodies, therefore, the human cells are outnumbered about ten to one by the creatures that inhabit us!




    Because each species is home to others, it is hard to imagine how many different kinds of homes, or habitats, exist in the world. Various parasites find homes in the lungs of orangutans, the kidneys of squids, or the nasal passages of snakes. Others specialize on the breathing tubes of honey bees, the ears of moths, the nostrils of hummingbirds, the feather shafts of birds, the antennae of ants, the eyebrows of humans, and the digestive tracts of sea urchins. Many single-celled algae live within the tissues of corals, a habit that is extremely beneficial to the corals that are being threatened by the gradual warming of the oceans. A variety of insects and their relatives induce plants to become their homes by disrupting the physiology of a leaf or stem in such a way that a hollow gall develops, into which the insects move or lay their eggs. The inhabitants (which may be moth larvae, mites, or wasps) are then protected by the same tough or even woody tissues with which the host plant protects itself.




    When we think of wasps, thousands of species are known as parasitoids—neither predators nor parasites, but something in between. A typical parasitoid wasp (Figure 7) finds a caterpillar or some other larva and sticks an egg on the outside. When it hatches, the tiny larva bores its way into the host and sets about eating it, starting with the least important parts and finishing, when it is fully grown, with the vital organs. It then pupates inside the carcass, emerging some time later as an adult wasp. It is a dramatic scene for anyone lucky enough to witness it! For example, a large butterfly caterpillar infested with dozens of parasitoid larvae over the days gets slower and slower and thinner and thinner. Finally it dies. Within a day or two, the body wall of the cadaver erupts and the caterpillar, instead of turning into a pupa and then a butterfly, produces a small cloud of wasps. There are many thousands of these wasp species each specializing on a different host. A very large number are less than a millimeter in length and easy to miss; most people have never heard of them. However, they are a lifesaver for many farmers, for the simple reason that some crop pests are the prey of parasitoids. By carefully breeding the wasps in special factories and then releasing them in the fields, chemical-free pest control becomes a reality.
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      Fig. 7 This parasitoid wasp has a long appendage called an ovipositer that enables it to drill through plant stalks to lay an egg on its prey. In this case the wasp is lucky: its prey, a grub, is fairly near the surface and easy to reach.


    




    The space between sand grains is the habitat of several minute invertebrates, including the loriciferans we have already discussed. Recent exploration has revealed even more remarkable habitats. In Antarctica certain frozen lakes were always thought to be devoid of life. However, some of their dark-colored bottom sediments absorb enough energy from the sun to warm small pockets of ice, resulting in tiny bubbles of water—bubbles teeming with bacteria. Then there is Lake Vostok, which lies 4 kilometers beneath the ice of East Antarctica, is 14,000 square kilometers in area, and is up to 600 meters deep. It has been sealed off from the rest of the world by ice for millions of years, and scientists have just discovered it too is full of bacterial life.




    Exploring another seemingly inhospitable environment, micro-biologists have looked for bacteria at increasing depths in the Earth’s crust. Much to their amazement, they have found abundant bacteria half a kilometer down. In very hard rock the bacteria are confined to cracks and crevices, but rocks formed from sediment still contain plenty of room for microbes. In addition, mini-food chains lie hundreds of meters below the surface, where single-celled predators hunt and devour their bacterial prey.




    A further dimension of the rock bacteria is even more fascinating. In sedimentary rocks made from particles of sand or mud accumulated slowly over long periods, the bacteria may have been simply another type of particle laid down. Microbiologists speculate that some subterranean bacteria, having been trapped eons ago as the materials accumulated and the rocks formed, may represent life forms that existed many hundreds of millions of years ago—living fossils. If this is the case, then exploration of rock-inhabiting bacteria that are still alive could reveal secrets of the origin of life on Earth. Such research has only just begun.




    Of all the relatively unexplored habitats of the world, the most promising is the ocean that covers nearly three quarters of the Earth’s surface. Marine exploration is still in its early phases, but even now an astonishing variety of new organisms is being found. In the open ocean, animals known as salps drift on the ocean currents, conjuring up images of space stations as they aggregate like so many space modules, indifferent to their bulk because of the buoyancy of the water, and to their size because of the vastness of the ocean. Each animal is barrel shaped, several centimeters long, and bound to its neighbors by a tough, elastic material. The colony that develops can be several meters across and, although largely transparent, can suddenly glow with bright luminescence. Contracting muscles that embrace each animal, like hoops on a barrel, squeeze the water through its digestive system, which extracts the microscopic organisms.




    Study of marine microorganisms has turned up many species including a new group of bacteria called Prochlorococcus, discovered early in the 1990s. The organisms are minute but extremely abundant. Because they can convert the energy of the sun into basic food molecules just as plants do, their vast numbers are just as important to the life of the ocean as forests are to the land—perhaps more so.




    These bacteria are one component of plankton, which is a mixture of many kinds of small organisms such as single-celled algae and small crustaceans that are the foundation of oceanic food chains. However, the bacteria have much smaller bodies than these organisms; few analysts had suspected their presence. Thus, the mesh size of the nets used to trawl for planktonic organisms, although tiny, was simply not minute enough to capture bacteria. Smaller mesh sizes captured this ultrasmall plankton (known as picoplankton) that is now known to be very rich in species. Its presence means that even a patch of clear ocean water is, in fact, a thin soup of millions of microscopic organisms. Current methods for the exploration of ocean picoplankton involve extracting DNA directly from seawater.




    Sometimes the DNA revealed is so different from that which is known that scientists wonder if they have come across new phyla. This expectation is not surprising because the oceans already contain more animal phyla than any other environment. Twenty-eight of thirty-seven animal phyla exist in the oceans, thirteen of which are not found anywhere else on land or in freshwater. In contrast, there are eleven terrestrial phyla, only one of which is confined to the land. This diversity of basic body plans is one reason for believing that the ocean environment has many more secrets to reveal. Analyses of the seas surrounding the United States, for example, have led sober scientists to speculate that between one million and ten million more species lurk beneath the waves. Even if further research shows that the lower estimate is more accurate, our view of the total number of species is changing radically.




    Perhaps our appreciation of biological diversity in the sea has lagged because we have been looking for big creatures such as whales, giant squids, sharks, or fish large enough to eat. As the technologies have become available to filter and analyze seawater and dredge up sediment, it has become clear that most marine species are small, minute, or microscopic. We have already touched on the filtering methods that have revealed that open water is often densely inhabited by plankton and picoplankton. Let us now dive to the ocean floor, to examine the complex, thriving communities whose existence was unsuspected even a few years ago.
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