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Bill Freedman: an appreciation


  
  Bill Freedman (1950-2015) was a colleague at Dalhousie University and was also a neighbor down the street from me. I was chair of the committee that recommended him for a position in the Biology Department in 1979 and later Bill became my department chair. We shared many ecological interests and often walked together. So I knew Bill both personally and professionally.

  When Bill arrived at Dalhousie University in 1979, he threw himself into intensive field work. His graduate students became well versed in field skills and many have gone on to play key environment-related roles in Nova Scotia and elsewhere. Bill was a superb supervisor.

  Bill authored or co-authored over 100 refereed research papers. Collectively they could be described as quantitative descriptions of natural and human-stressed habitats and their associated flora and fauna. Those studies continue to provide invaluable reference or baseline data on the state of a wide range of aquatic and terrestrial sites in a world changing ever more rapidly under the influence of humans. Many of the quantitative examples Bill provides in this book are drawn from those papers.

  A lot of Bill’s earliest work focused on effects of acid rain on surface waters and forests and relationships of aquatic plants and amphibians to acidity. He ventured into assessment of carbon storage in forests well before it became an important topic, subject to international agreements related to GHGs, and he was one of the first environmentalists to highlight the potential of protected areas for carbon storage. In later years, he took an interest in urban ecology. He was especially passionate about the Canadian Arctic, Sable Island and birds.

  Bill was a collector, intellectually and physically. His intellectual collection was encyclopedic. There was very little on land and in fresh waters world-wide that Bill could not make a comment on or cite his own observations.

  Bill and George-Anne’s house, strategically located “half way between the Biology Dept. and the squash courts” as Bill would say, hosted an incredible collection of artifacts including for example, hundreds of old Nova Scotia bottles, probably a hundred or more wooden decoys, animal carvings, stuffed birds (100 years and older) and all manner of sea floats and pieces of old fishing gear; their walls were covered with large bird prints, and bookshelves were replete with old volumes on natural history. Nothing was new; most of the items came from a local flea market which Bill visited regularly.

  Bill walked the talk as an environmentalist. He was a vegetarian for his last 30 years or so because of concerns about impacts of livestock on environment. He filled the small spaces around his house with native plants. He had a small Canadian built car. He volunteered for 25 years on the board of the Nature Conservancy of Canada, several as chair and conducted related field work as a volunteer. I frequently think about the story I was told by one NCC board member about the time they all wore horn rimmed glasses with Einstein-like moustaches to one of their meetings, an expression of their strong affection for Bill, who bore more than a little facial resemblance to Einstein.

  Bill never took any kind of conventional holiday. His rest and recovery days were spent birdwatching locally or in the jungles of Peru or New Guinea, or as a guide on Adventure-Canada tours including their first NW passage tour, or weeding his native plant garden. He was an inveterate reader and he loved The Blues.

  Bill surprised the Biology Dept in 2000 when he volunteered to be chair at a time when no one really wanted to volunteer because we were all ‘busy’ with our own teaching and research. He served as chair until 2007 with aplomb, while barely detracting from his research and teaching activities. I never saw Bill get visibly angry; outraged about some injustice perhaps, but not angry.

  As Bill was approaching the retirement days that he looked forward to as more time to pursue his passions, he got the news of a possibly terminal cancer. He treated it as a learning experience to be shared, which he did on Facebook, always with a kind of self-deprecating humour full of “Bill Puns”. He would die within a year.

  Bill spent a good three months or more of that last year updating his textbook, also editing a book on Sable Island, both labours of love because he knew there was slim chance he would be around much longer.

  Bill believed strongly that people are capable of rational action in relation to environmental issues if given “the facts” and given some options. He was also Canadian to the core. That’s what drove him to write Environmental Sciences, A Canadian Perspective. It was the first Canadian text on Environmental Science, and he updated it 5 times. The 6th edition was headed for publication by a prominent academic press, but delays and miscommunications following his passing led Bill’s spouse, George-Anne, to withdraw it and seek to have it published as a free online text available from Dalhousie. I strongly encouraged that initiative in part because I think no one would be happier about it than Bill.

  It is a wonderful gift: 1097 highly readable, referenced, well-illustrated pages organized under five sections and twenty-two chapters. The literature cited goes up to mid-2015. With the information and references given, it would require little effort to assemble the more recent research on any particular topic, e.g., using Google Scholar. I think the book will be widely and well used by Canadians from coast to coast to coast, and thank George-Anne, Dalhousie University and of course my friend and much missed colleague Bill for it being so-available.

  David Graham Patriquin
 Professor of Biology (retired)
 Dalhousie University

  




  
  






2
Preface



  
  Environmental Literacy

  Environmental literacy can be defined as: “the degree to which people have an objective and well-informed understanding of environmental issues.” Today, it is extremely important to have a understanding of environmental issues. This is because the human economy is engaged in a wide range of activities that are causing enormous damage to the ecosystems that sustain both our species and Earth’s legacy of biodiversity. All around us, this is witnessed by pollution, climate warming, collapsing fisheries, deforestation, the degradation of agricultural soil, extinctions and endangerment of species, and other damages.

  Nevertheless, we need not be overly pessimistic. If our society takes constructive actions now, or at least soon, it will not be too late to prevent or repair many of these important environmental problems, which threaten the welfare of people and most other species. Within limits, humans are prescient creatures, and our society is capable of implementing a sustainable economy that can support our livelihoods as well as healthy ecosystems.

  It is clear, however, that any sustainable economy will involve ways of doing business that are different from those that have recently been dominant. It will also require fundamental changes in the lifestyles of many people, especially those living in wealthy countries such as Canada. Ultimately, such socio-economic transformations must involve much less use of energy, materials, and other resources, in comparison with what many of us take for granted today. A more respectful attitude toward the natural world is also badly needed.

  Achieving such a transformation will depend on citizens having a sound understanding of environmental issues. Any imposition of restrictions on access to resources will initially be uncomfortable for many people. Nevertheless, I believe that people will be more willing to soften their lifestyle if they understand the reasons for those changes in the context of the livelihoods of future generations and ecological sustainability more generally. With such an understanding, most people will support economic and social changes that conserve the quality of their own and future environments.

  A broad-based environmental literacy will be a key requirement if a country such as Canada is to achieve the difficult transition into an ecologically sustainable economy. Within that context, this book was developed to help Canadian students in universities and colleges to have an objective and well-informed understanding of important environmental issues.

  A Canadian Textbook

  This textbook is intended to provide the core elements of a curriculum for teaching environmental science at the introductory level in Canadian colleges and universities. This book is suitable for students beginning a program in environmental science, environmental studies, or sustainability. It is also appropriate for arts students who require a science elective, and for science students who require a non-major elective. Not many introductory textbooks in environmental science are written in a way that provides a deep examination of issues that are particularly important in Canada, and the ways they are being dealt with by governments and society-at-large. Canada has unique national and regional perspectives that should be understood by Canadian students, and it is regrettable that many of them are studying from textbooks whose focus is not their own country.

  This book, however, was written from the ground-up to provide Canadian information and examples. This national context is integrated throughout the text, along with North American and global data that provide a broader perspective. Special Canadian Focus boxes illustrate important examples of environmental issues in our national context. At the same time, Global Focus boxes enhance the international context for learning about issues, while In Detail boxes examine particular topics in greater depth.

  Approach and Organization of the Book

  Environmental science draws on knowledge and methods from many fields of the sciences and social sciences, including biology, chemistry, economics, ethics, geography, geology, medicine, physics, political science, sociology, and statistics. Many environmental specialists adopt an interdisciplinary approach to integrate these different ways of knowing in order to help understand and prevent environmental damage. This book also adopts an interdisciplinary approach by drawing on a variety of disciplines. At the same time, however, the choice of topics and the interpretations offered reflect my own experience and world view as an ecologist – one who has had a rather specialized career examining the ecological dimensions of environmental problems.

  The book is organized into twenty-eight chapters that are grouped into six parts:

  Part I

  “Ecosystems and Humans” serves as an introduction to the broad field of environmental science. It defines environmental science, explains the principles of the ecosystem approach, gives an overview of environmental stressors caused by human activities, and describes various world views.

  Part II

  “The Biosphere: Characteristics and Dynamics” consists of eight chapters that provide a scientific foundation for much of what follows:

  
    	Chapter 2 explains the scientific approach to identifying and understanding environmental problems

    	Chapter 3 examines the geological, hydrological, and atmospheric characteristics of planet Earth

    	Chapter 4 provides a basic understanding of the kinds and transformations energy, along with practical implications

    	Chapter 5 explains the flows and cycles of nutrients

    	Chapter 6 examines the overarching implications of evolution for biological and ecological change

    	Chapter 7 is an overview of the various levels at which biodiversity can be examined, while also explaining why it is important for intrinsic reasons as well as the welfare of humans

    	Chapter 8 described the major biomes of Earth, from both a global perspective, as well as a Canadian one

    	Chapter 9 provides an explanation of the realm of ecology, while also explaining the underlying context of that subject area to many environmental problems

  

  Part III

  “The Human Population” deals with the growth and implications of the human population. It consists of two chapters:

  
    	Chapter 10 examines global population growth and its causes

    	Chapter 11 focuses on Canadian population issues, at both national and provincial/territorial levels

  

  Part IV

  “Natural Resources” deals with the resources that humans and all other species need to sustain their livelihoods. It consists of three chapters:

  
    	Chapter 12 examines the relationship between resources and sustainable development, within the context of the fields of economics and the more recently emerged perspectives of ecological economics

    	Chapter 13 looks at the limited supplies of non-renewable resources, and their place in a sustainable human economy

    	Chapter 14 examines renewable resources, and explains why they are the basic underpinning of any economy that is sustainable over the longer term

  

  Part V

  “Environmental Damages” consists of thirteen chapters that deal with important damages that are being caused by human activities.

  
    	Chapter 15 explains the broader topics of environmental stressors, as well as the various kinds of pollution and disturbance

    	Chapter 16 examines gaseous air pollution and the kinds of damage that are caused

    	Chapter 17 looks at climate change and how its recent dynamics appear to be forced by anthropogenic increases in greenhouse gases

    	Chapter 18 focuses on metals and other toxic elements and some of their environmental effects

    	Chapter 19 explains the causes of acidification, with particular attention to surface waters that have been affected by “acid rain”, or the deposition of acidifying gases and precipitation

    	Chapter 20 examines problems of surface waters that are not covered in other chapters, such as eutrophication and hydroelectric development

    	Chapter 21 looks at oil spills and the damage caused to marine and terrestrial environments

    	Chapter 22 explains the various kinds of pesticides and their used, and described case studies of environmental damages that are associated with their use

    	Chapter 23 looks at forestry operations and their environmental effects, with particular attention to ecological damages

    	Chapter 24 examines the environmental effects of agricultural activities

    	Chapter 25 explains urban ecology and the benefits that could be achieves by taking a more ecological approach to planning and the management of green spaces

    	Chapter 26 looks at the causes and consequences of warfare, including those that are socioeconomic and others that represent environmental damages

    	Chapter 27 examines the biodiversity crisis, including extinctions and endangerment of species and even entire kinds of ecological communities, as well as mitigations that can be applied, such as the designation of protected areas and the use of softer management practices on working landscapes.

  

  Part VI

  “Ecologically Sustainable Development” consists of one chapter that provides a synthesis and conclusion for the book.

  
    	Chapter 28 discusses the process of assessing environmental impacts, provides a synthetic overview of ecologically sustainable development, and it considers the prospects for Canada and for spaceship Earth

  

  New to This Edition

  One completely new chapter has been added to this sixth edition – chapter 26 examines the causes and consequences of warfare. This is a topic that is not often included in environmental textbooks, despite the fact that warfare has devastating impacts on people, their economy, and the natural world. This chapter has a global focus, but particular attention is paid to conflicts in which Canada played a significant role.

  Of course, a lot of effort has gone into updating the information in this data-rich textbook. This has been done wherever new data were available, and as a result the information content is fresh and current. Lastly, all of the boxes have been reviewed and updated, and new ones have been added that highlight emerging issues that are relevant to Canada, within an international context.

  In addition, the book has been thoroughly edited to improve the clarity and accessibility of its language and format, with an eye to making the content more appealing to undergraduate students.

  Features

  A special effort has been made to incorporate features that will facilitate learning and enhance an understanding of environmental science:

  
    	Chapter Objectives are presented at the beginning of each chapter that summarize the anticipated learning outcomes

    	Key terms are boldfaced where defined in the text, and are listed in a comprehensive glossary

    	Canadian Focus boxes illustrate the application of important concepts to Canadian case studies

    	Global Focus boxes enhance the international context for learning about environmental issues

    	In Detail and Environmental Issues boxes provide additional technical information on selected topics

    	Images, Figures, and Tables are abundant throughout, many of them being original analyses of publically available data, and all with an explanatory caption that is further developed within the text

    	Questions for Review are presented at the end of each chapter that provide opportunities to test students’ factual and conceptual understanding of the material presented in the chapter (sample answers are provided in the Instructor’s Manual; see below)

    	Questions for Discussion are also presented at the end of each chapter to provide thought-provoking queries that help to stimulate careful reflection and class discussion

    	Exploring Issues questions at the end of each chapter provide activities and exercises that help students to delve deeper into environmental issues

    	References are listed, by chapter, at the end of the book to help guide users to further reading

    	A comprehensive Index makes looking up topics easy

    	An Instructor’s Manual is available that includes suggested answers to all the questions for review and discussion at the end of each chapter

    	Lecture Templates in a PowerPoint format are available for all chapters, consisting of bulleted lecture notes and full-colour versions of images, figures, and tables

  

  Acknowledgements

  I am grateful for the help that many busy colleagues and other professionals have provided over the years and editions during which this book has been developed. These helpful persons offered an extremely valuable service by informally reviewing draft material and by making important ideas and information available to me. Inevitably, I was not able to incorporate all of the criticisms and suggestions, sometimes because they did not correspond with my own interpretation of the subject matter. However, the overwhelming majority of suggestions and criticisms offered by these people resulted in beneficial changes, and they improved the quality of the material.

  These helpful colleagues are: Gordon Beanlands, Christine Beauchamp, Stephen Beauchamp, Karen Beazley, Marian Binkley, Chris Corkett, Ray Cote, Roger Cox, Les Cwynar, Roger Doyle, Peter Duinker, William Ernst, Peter Feige, Tracy Fleming, George Francis, David Gauthier, Chuck Geale, William Gizyn, Patricia Harding, Chris Harvey-Clarke, Owen Hertzman, Jeff Hutchings, Adrian Johnston, Joseph Kerekes, Allan Kuja, Roshani Lacoul, Patriia Lane, Brian Le, Judy Loo, Annette Luttermann, Paul Mandell, Moira McConnell, Ian McLaren, Chris Miller, Pierre Mineau, Gunther Muecke, Neil Munro, Ram Myers, David Nettleship, David Patriquin, Allan Pinder, Stephen Price, Nigel Roulet, Robert Scheibling, Tara Steeves, Donald Stewart, Kate Turner, Tony Turner, Torgney Viegerstad, Richard Wassersug, Peter Wells, Mary-Anne White, Hal Whitehead, Sheilagh Whitley, Martin Willison, Stephen Woodley, and Vince Zelazney.

  In addition, the publisher asked instructors at universities and colleges in Canada to provide formal reviews of parts of the book, in each of its editions. I am grateful to the following instructors for providing that invaluable help and constructive criticisms. They are: Susan Bare, Linda Campbell, Daniel Catt, Danielle Fortin, Scott Gilbert, Jon Hornung Richard A. Jarrell, Trudy Kavanagh, Patrick Lane, Cindy Mehlenbacher, Stephen Murphy, Michael Pidwirny, Roberto Quinlan, Lawton Shaw, Sue Vajoczki, Frank Williams, and Carl Wolfe.

  Several personal acknowledgements are also in order. I thank my spouse, George-Anne Merrill, for her patient and uncomplaining tolerance of my work habits and lifestyle, and for being my best friend in spite of everything I do and don’t do. Also, my grown children, Jonathan and Rachael, for mysterious motivations that succeeding generations engender in their parents.

  Bill Freedman
 Department of Biology
 Dalhousie University
 Halifax, Nova Scotia
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  Share

  If you adopt this book, as a core or supplemental resource, please report your adoption in order for us to celebrate your support of students’ savings. Report your commitment at www.openlibrary.ecampusontario.ca.

  We invite you to adapt this book further to meet your and your students’ needs. Please let us know if you do! If you would like to use Pressbooks, the platform used to make this book, contact eCampusOntario for an account using open@ecampusontario.ca.

  If this text does not meet your needs, please check out our full library at www.openlibrary.ecampusontario.ca. If you still cannot find what you are looking for, connect with colleagues and eCampusOntario to explore creating your own open education resource (OER).

  About eCampusOntario

  eCampusOntario is a not-for-profit corporation funded by the Government of Ontario. It serves as a centre of excellence in online and technology-enabled learning for all publicly funded colleges and universities in Ontario and has embarked on a bold mission to widen access to post-secondary education and training in Ontario. This textbook is part of eCampusOntario’s open textbook library, which provides free learning resources in a wide range of subject areas. These open textbooks can be assigned by instructors for their classes and can be downloaded by learners to electronic devices or printed for a low cost by our printing partner, The University of Waterloo. These free and open educational resources are customizable to meet a wide range of learning needs, and we invite instructors to review and adopt the resources for use in their courses.

  




  
  







Part I: Ecosystems and Humans






Chapter 1 ~ Ecosystems and Humans



  
  Key Concepts

  After completing this chapter, you will be able to:

  
    	Define environmental science and distinguish it from related fields such as environmental studies, ecology, and geography.

    	Explain the complexity of the universe through a hierarchical framework that includes consideration of Earth, life, and ecosystems at various scales.

    	Identify key principles of the ecosystem approach to conserving natural resources.

    	Describe how environmental stressors and disturbances can affect species and ecosystems.

    	Explain the history of human cultural evolution in terms of an increasing ability to cope with environmental constraints on the availability of natural resources and other aspects of economic development.

    	List at least three ways in which humans directly influence environmental conditions.

    	Identify four broad classes of environmental values.

    	Describe five important world views.

    	Understand the diverse issues of the environmental crisis by classifying them into three categories, and give several examples within each of them.

    	Discuss the environmental effects of humans as a function of two major influences: increases of population and intensification of lifestyle (per-capita effects).

    	explain the differences between economic growth and ecologically sustainable development.

  

  Environmental Science and Its Context

  Every one of us is sustained by various kinds of natural resources – such as food, materials, and energy that are harvested or otherwise extracted from the environment. Our need for those resources is absolute – we cannot survive without them. Moreover, the same is true of all other species – every organism is a component of an ecosystem that provides the means of subsistence.

  Collectively, the needs and activities of people comprise a human economy. That economy operates at various scales, ranging from an individual person, to a family, to communities such as towns and cities, nation-states (such as Canada), and ultimately the global human enterprise. While an enormous (and rapidly growing) number of people are supported by the global economy, a lot of environmental damage is also being caused. The most important of the damages are the depletion of vital natural resources, various kinds of pollution (including climate change), and widespread destruction of natural habitats to the extent that the survival of many of the natural ecosystems and species of Earth are at grave risk.

  These issues are of vital importance to all people, and to all life on the planet. Their subject matter provides the context for a wide-ranging field of knowledge called environmental studies, an extremely broad field of knowledge that examines the scientific, social, and cultural aspects of environmental issues. As such, the subject matter of environmental studies engages all forms of understanding that are relevant to identifying, understanding, and resolving environmental problems. Within that context, environmental science examines the science-related implications of environmental issues (this is explained in more detail in the following section). The subject matter of environmental science is the focus of this book.

  Issues related to environmental problems are extremely diverse and they interact in myriad ways. Despite this complexity, environmental issues can be studied by aggregating them into three broad categories:

  
    	the causes and consequences of the rapidly increasing human population

    	the use and depletion of natural resources

    	damage caused by pollution and disturbances, including the endangerment of biodiversity

  

  These are extremely big issues – their sustainable resolution poses great challenges to people and their economy at all scales. Nevertheless, it is important to understand that the study of environmental issues should not be regarded as being a gloomy task of understanding awful problems – rather, the major goal is to identify problems and find practical ways to repair them and prevent others from occurring. These are worthwhile and necessary actions that represent real progress towards an ecologically sustainable economy. As such, people who understand and work towards the resolution of environmental problems can achieve high levels of satisfaction with their contribution, which is something that helps to make life worth living.

  Typical questions that might be examined in environmental science include the following:

  
    	How large is the human population likely to be in Canada, or on Earth, in 50 or 200 years?

    	How can the use of fossil fuels be integrated into a sustainable economy, in view of the fact that they are non-renewable resources that do not regenerate?

    	How can we harvest renewable resources (which do have the potential to regenerate) in ways that do not degrade their stocks, such as cod in Atlantic Canada, wild salmon in British Columbia, wheat and other grains in the Prairie provinces, and forest resources across much of the country?

    	What ecological damages are caused by various kinds of pollution, such as acid rain, ozone, pesticides, and sulphur dioxide, and how can these effects be prevented or repaired?

    	Are human influences affecting global climate, and if so, what are the causes and consequences of this effect?

    	Where and how quickly are species and natural habitats becoming endangered or extinct, and how can these calamities be prevented?

  

  
    Image 1.1. Planet Earth. Earth is the third closest planet to the Sun, and it is the only place in the universe that is definitely known to sustain life and ecosystems. Other than sunlight, the natural resources needed to sustain the human economy are restricted to the limited amounts that can be extracted on Earth. This image of the Western Hemisphere was taken from a distance of 35-thousand km from the surface of Earth. Source: R. Stöckli, N. El Saleous, and M. Jentoft-Nilsen, NASA GSFC;
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Chapter 2 ~ Science as a Way of Understanding the Natural World



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Describe the nature of science and its usefulness in explaining the natural world.

    	Distinguish among facts, hypotheses, and theories.

    	Outline the methodology of science, including the importance of tests designed to disprove hypotheses.

    	Discuss the importance of uncertainty in many scientific predictions, and the relevance of this to environmental controversies.

  

  The Nature of Science

  Science can be defined as the systematic examination of the structure and functioning of the natural world, including both its physical and biological attributes. Science is also a rapidly expanding body of knowledge, whose ultimate goal is to discover the simplest general principles that can explain the enormous complexity of nature. These principles can be used to gain insights about the of the natural world and to make predictions about future change.

  Science is a relatively recent way of learning about natural phenomena, having largely replaced the influences of less objective methods and world views. The major alternatives to science are belief systems that are influential in all cultures, including those based on religion, morality, and aesthetics. These belief systems are primarily directed toward different ends than science, such as finding meaning that transcends mere existence, learning how people ought to behave, and understanding the value of artistic expression.

  Modern science evolved from a way of learning called natural philosophy, which was developed by classical Greeks and was concerned with the rational investigation of existence, knowledge, and phenomena. Compared with modern science, however, studies in natural philosophy used unsophisticated technologies and methods and were not particularly quantitative, sometimes involving only the application of logic.

  Modern science began with the systematic investigations of famous 16th- and 17th-century scientists, such as:

  
    	Nicolaus Copernicus (1473-1543), a Polish astronomer who conceived the modern theory of the solar system

    	William Gilbert (1544-1603), an Englishman who worked on magnetism

    	Galileo Galilei (1564-1642), an Italian who conducted research on the physics of objects in motion, as well as astronomy

    	William Harvey (1578-1657): an Englishman who described the circulation of the blood

    	Isaac Newton (1642-1727): an Englishman who made important contributions to understanding gravity and the nature of light, formulated laws of motion, and developed the mathematics of calculus

  

  Inductive and Deductive Logic

  The English philosopher Francis Bacon (1561-1626) was also highly influential in the development of modern science. Bacon was not an actual practitioner of science but was a strong proponent of its emerging methodologies. He promoted the application of inductive logic, in which conclusions are developed from the accumulating evidence of experience and the results of experiments. Inductive logic can lead to unifying explanations based on large bodies of data and observations of phenomena. Consider the following illustration of inductive logic, applied to an environmental topic:

  
    	Observation 1: Marine mammals off the Atlantic coast of Canada have large residues of DDT and other chlorinated hydrocarbons in their fat and other body tissues.

    	Observation 2: So do marine mammals off British Columbia.

    	Observation 3: As do those in the Arctic Ocean, although in lower concentrations.

  

  Inductive conclusion:
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Chapter 3 ~ The Physical World



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Explain the geological structure and dynamics of planet Earth.

    	Describe the importance of glaciation and other geological forces in modifying the landscapes of Canada.

    	Outline the four major elements of Earth’s water cycle.

    	Describe the atmosphere and its circulation.

    	Explain the elements of climate and weather.

  

  Introduction

  In this chapter we examine various aspects of the physical world, including the origin of planet Earth and the nature and dynamics of its physical attributes. Understanding these subjects is important in environmental science because they provide a context for interpreting many of the changes that are being caused by human activities.

  Planet Earth

  The universe is thought to have originated as many as 12-15 billion years ago during a ginormous cataclysm known as the “big bang.” Initially, virtually all of the mass of the nascent universe consisted of the two lightest elements, hydrogen and helium, which existed as an extremely diffuse gaseous mass. Eventually, under the pervasive influence of gravity, the hydrogen and helium were aggregated into immense masses that became increasingly compressed under enormously high pressure and temperature. When the pressure and temperature were sufficiently intense, nuclear fusion reactions began to occur within the masses, at which point they had become young stars. In addition to releasing immense quantities of energy, the fusion reactions caused the formation of heavier elements. Because of these processes, there are now 88 naturally occurring elements. Hydrogen and helium are still, however, the most abundant elements, comprising more than 99.9% of the mass of the universe.

  The Sun is an ordinary star, one of billions of billions that exist in the universe. The Sun, its eight orbiting planets, plus miscellaneous comets, meteors, asteroids, and other materials (such as space dust) are collectively known as the solar system. This particular region of the universe is organized and held together by a balance of the attractive force of gravitation and counteracting influences associated with rotation and orbiting (these same forces, along with continuing expansion from the initial big bang, also organize the universe). The age of the solar system (and of Earth) is at least 4.6 billion years.

  Earth is the third-closest planet to the Sun. Earth is a dense planet, as are other so-called terrestrial planets located relatively close to the Sun: Mercury, Venus, and Mars. The mass of these planets consists almost entirely of heavier elements such as iron, nickel, magnesium, aluminum, and silicon. These inner planets were formed by a selective condensing of heavier elements out of the primordial planetary nebula (the disk of gases and other matter that slowly rotated around the Sun during the early stages of formation of its solar system). This happened because the inner planets were subjected to relatively intense heating by solar radiation, which caused lighter gases such as hydrogen and helium to disperse further away, to the extent that they ended up mostly in the outer, cooler planets. Meanwhile the terrestrial planets retained heavier elements. Consequently, the more distant planets in the solar system, such as Jupiter and Saturn, are relatively large, gaseous, and diffuse in character. Most of their volume is composed of an extensive atmosphere of hydrogen and helium, although these planets may contain heavier elements in their core.

  Earth is the only place in the universe that is definitely known to sustain life. It is quite possible, however, that other planets in the cosmos also sustain life. Although there is no direct evidence of this, many scientists consider it likely that life has evolved elsewhere. One estimate suggests that the universe contains 1022
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Chapter 4 ~ Energy and Ecosystems



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Describe the nature of energy, its various forms, and the laws that govern its transformations.

    	Explain how Earth is a flow-through system for solar energy.

    	Identify the three major components of Earth’s energy budget.

    	Describe energy relationships within ecosystems, including the fixation of solar energy by primary producers and the passage of that fixed energy through other components of the ecosystem.

    	Explain why the trophic structure of ecological productivity is pyramid-shaped and why ecosystems cannot support many top predators.

    	Compare the feeding strategies of humans living a hunting and gathering lifestyle with those of modern urban people.

  

  Introduction

  None of planet Earth, its biosphere, or ecosystems at any scale are self-sustaining with respect to energy. In fact, without continuous access to an external source of energy, all of these entities would quickly deplete their quantities of stored energy and would rapidly cool, and in the case of the biosphere and ecosystems, would cease to function in ways that support life. The external source of energy to those systems is solar energy, which is stored mainly as heat and biomass. In effect, solar energy is absorbed by green plants and algae and is utilized to fix carbon dioxide and water into simple sugars through a process known as photosynthesis. This biological fixation of solar energy provides the energetic basis for almost all organisms and ecosystems (the few exceptions are described later). Energy is critical to the functioning of physical processes throughout the universe, and of ecological processes in the biosphere of Earth. In this chapter we will examine the physical nature of energy, the laws that govern its behaviour and transformations, and its role in ecosystems.

  The Nature of Energy

  Energy is a fundamental physical entity and is simply defined as the capacity of a body or system to accomplish work. In physics, work is defined as the result of a force being applied over a distance. In all of the following examples of work, energy is transformed and some measurable outcome is achieved:

  
    	A hockey stick strikes a puck, causing it to speed toward a target

    	A book is picked up from the floor, lifted, and then laid on a table

    	A vehicle is driven along a road

    	Heat from a stove is absorbed by water in a kettle, causing it to become hotter and eventually to boil

    	The photosynthetic pigment chlorophyll absorbs sunlight, converting the electromagnetic energy into a form that plants and algae can utilize to synthesize sugars

  

  Energy can exist in various states, each of which is fundamentally different from the others. However, under suitable conditions energy in any state can be converted into another one through physical or chemical transformations. The states of energy can be grouped into three categories: electromagnetic, kinetic, and potential.

  Electromagnetic Energy

  Electromagnetic energy (or electromagnetic radiation) is associated with photons. These have properties of both particles and waves and travel through space at a constant speed of 3 × 108
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Chapter 5 ~ Flows and Cycles of Nutrients



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Explain what nutrients are and give examples.

    	Discuss the concept of nutrient cycling and describe important compartments and fluxes.

    	Describe factors that affect the development of major soil types.

    	Describe the cycles of carbon, nitrogen, phosphorus, and sulphur.

  

  Nutrients

  Nutrients are any chemicals that are needed for the proper functioning of organisms. We can distinguish two basic types of nutrients: (1) inorganic chemicals that autotrophic organisms require for photosynthesis and metabolism, and (2) organic compounds ingested as food by heterotrophic organisms. This chapter deals with the inorganic nutrients.

  Plants absorb a wide range of inorganic nutrients from their environment, typically as simple compounds. For example, most plants obtain their carbon as gaseous carbon dioxide (CO2) from the atmosphere, their nitrogen as the ions (charged molecules) nitrate (NO3–) or ammonium (NH4+), their phosphorus as phosphate (PO43–), and their calcium and magnesium as simple ions (Ca2+
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Chapter 6 ~ Evolution



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Explain differences in environmental conditions before and after the natural genesis of life.

    	Discuss the differences between creationism and evolution as explanations of the origin of life and species.

    	Describe the theory of evolution by natural selection.

    	Explain the role of genetics in understanding evolution and biodiversity.

  

  In the Beginning …

  Based on geological and astronomical data, the Earth is believed to have originated by the condensation of interstellar dust about 4.5 billion years ago. The pre-life environments of the planet were vastly different from what exists today. The initial atmosphere likely resulted from volcanic out-gassing and its chemistry was dominated by hydrogen sulphide (H2S), methane (CH4), ammonia (NH3), carbon dioxide (CO2), and other gases that today exist only in trace concentrations. In contrast, the modern atmosphere has large concentrations of oxygen (O2) and nitrogen (N2).

  One reason for a profound change in atmospheric chemistry was the evolution of photosynthetic organisms, which release O2
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Chapter 7 ~ Biodiversity



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Outline the concept of biodiversity and explain its constituent elements.

    	Explain the reasons why biodiversity is important and should be preserved.

    	Define the classification of life in terms of species, genus, family, order, class, phylum, and kingdom.

    	Describe the five kingdoms of life.

  

  Biodiversity

  Biodiversity is the richness of biological variation. It is often considered to have three levels of organization:

  
    	genetic variation within populations and species

    	numbers of species (also known as species richness)

    	and the variety and dynamics of ecological communities on larger scales, such as landscapes and seascapes

  

  Genetic Variation

  In almost all species, individuals differ genetically – that is, in terms of information encoded in their DNA. This variation constitutes genetic biodiversity at the level of populations, and ultimately of the species.

  However, there are exceptions to this generalization. Some plants, for example, have little or no genetic variability, usually because the species relies on asexual (vegetative) means of propagation. In such species, genetically uniform clones can develop, which consist of plants that, although discrete, nevertheless constitute the same genetic “individual.” For example, clones of trembling aspen (Populus tremuloides) can develop through vegetative propagation, in some cases covering more than 40 ha and consisting of thousands of trees. Such aspen clones may be the world’s largest “individual” organisms (in terms of total biomass). Similarly, the tiny plant known as duckweed (Lemna minor), which grows on the surface of fertile waterbodies, propagates by developing small vegetative buds on the edge of its single leaf. These break off to produce “new” plants, resulting in a genetically uniform population. These interesting cases are exceptions, however, and most populations and species contain a great deal of genetic variation.

  
    Image 7.1. Species are a familiar element of biodiversity. The jaguar (Panthera onca) is a widespread large predator in South and Central America. This one was photographed in Tambopata National Park, Peru. Source: B. Freedman.

    
      [image: ]
    

  

  A high level of genetic diversity in a population is generally considered a desirable attribute. With greater genetic diversity, populations are more likely to have resistance to new diseases and to be more adaptable to changes in environmental conditions. In general, small populations with little genetic diversity are thought to be at risk because of inbreeding and low adaptability. Examples of such populations-at-risk include the several hundred beluga whales (Delphinapterus leucas) living in the estuary of the St. Lawrence River and the population of only about 150 panthers (Felis concolor coryi) in Florida.

  Richness of Species

  Species richness is the number of species in a particular ecological community or in another specified area, such as a park, province, country, or, ultimately, the biosphere. Species richness is the aspect of biodiversity that people can most easily relate to and understand.

  It is well known that many tropical countries support a greater species richness than do temperate countries (such as Canada). In fact, tropical rainforest supports more species than any other kind of ecosystem. Unfortunately, species-rich rainforest in tropical countries is being rapidly destroyed, mostly by conversion into agricultural land-uses and other disturbances. These changes are causing the endangerment or extinction of many species and are the overwhelming cause of the modern-day biodiversity crisis (see Chapter 26). The magnitude of this crisis is much smaller in Canada. Nevertheless, many of our native species have become extinct or otherwise at risk because of over-harvesting or habitat loss (Chapter 26).

  A total of about 1.9 million species have been identified and given a scientific name. About 35% of these “known” species live in the tropics, 59% in the temperate zones, and 6% in boreal or polar latitudes. However, it is important to recognize that the identification of species is very incomplete. This is especially true of tropical ecosystems, which have not yet been thoroughly explored and characterized. According to some estimates, the global richness of species could range as high as 30–50 million, with 90% of them living in the tropics, particularly in rainforests.

  Most of the species that biologists have named are invertebrates, with insects making up the bulk of that total, and beetles (order Coleoptera) comprising most of the insects (Table 7.1). The scientist J.B.S. Haldane (1892–1964) was once asked by a theologian to succinctly tell, based on his deep knowledge of biology, what he could discern of God’s purpose. Haldane reputedly said that God has “an inordinate fondness of beetles.” This reflects the fact that, in any random sampling of all the known species on Earth, there is a strong likelihood that a beetle would be the chosen specimen.

  
    Table 7.1. Numbers of Species in Various Groups of Organisms. The numbers of identified species are based on recent tallies, while the estimated numbers are based on the opinions of biologists about how many species will eventually be discovered in the major groups of organisms.

    
      [image: ]
    

  

  
    *This is a conservative number. Some estimates suggest more than 30 million species of insects living in tropical forests alone (see text). Sources: Modified from Groombridge (1992), Heywood (1995), Environment Canada, (1997), Chapman (2009), and United Nations Environment Program (2001), and Bernhardt (n.d.).

  

  Furthermore, it is believed that many tropical insects have not yet been described by biologists – perhaps more than another 30 million species, with many of them being small beetles. This remarkable conclusion initially emerged from research by T.L. Erwin, an entomologist who was studying tropical rainforest in South America. Erwin treated small areas of forest canopy with a fog of insecticide, which resulted in a “rain” of dead arthropods that was collected in sampling trays laid on the ground. In the trays were large numbers of unknown species of insects, most of which had a highly localized distribution, being limited to only a single type of forest or even to a particular species of tree.

  Clearly, biologists know remarkably little about the huge numbers of relatively small, unobtrusive species that occur in poorly explored habitats in the tropics and elsewhere, such as the deep ocean. However, even in a relatively well-prospected country like Canada, many species of invertebrates, lichens, microbes, and other small organisms have not yet been discovered. Of course, larger plants and animals are relatively well known, partly because, for most people (including scientists), these have greater “charisma” than small beetles, microbes, and the like. Still, even in Canada and other relatively well-studies countries, new species of vascular plants and vertebrate animals are being discovered.

  Compared with invertebrates and microbes, the species richness of other groups of tropical-forest organisms is better known. For example, a survey of rainforest in Sumatra, Indonesia, found 80 species of tree-sized plants (with a diameter greater than 20 cm) in an area of only 0.5 hectare. A study in Sarawak, Malaysia, found 742 woody species in a 3-ha plot of rainforest, with half of the species being represented by only a single individual. A similar study in Amazonian Peru found 283 tree species in a 1 ha plot, with 63% represented by only one individual and 15% by only two. In marked contrast, temperate forest in North America typically has fewer than 9-12 tree species in plots of this size. The richest temperate forest in the world, in the Great Smokies of the eastern United States, contains 30–35 tree species, far fewer than occur in tropical forest. More northern boreal forest, which covers much of Canada, has only 1-4 species of trees present.

  A few studies have been made of the richness of bird species in tropical rainforest. A study of Amazonian forest in Peru found 245 resident bird species, plus another 74 migrants, in a 97-ha plot. Another study found 239 species of birds in a rainforest in French Guiana. In contrast, temperate forest in North America typically supports 30-40 species of birds. Not many comprehensive studies have been made of other kinds of biota in tropical ecosystems. In one study, a 108 km2
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Chapter 8 ~ Biomes and Ecozones



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Identify the major biomes and outline their characteristics.

    	Identify Canada’s ecozones.

    	Describe the differences between natural and anthropogenic ecosystems.

  

  Biomes: Global Ecosystems

  A biome is a geographically extensive type of ecosystem. A particular biome occurs wherever environmental conditions are suitable for its development, anywhere in the world. Biomes are characterized by the life forms of their dominant organisms, but not necessarily by their particular species. On land, biomes are generally identified by their mature or older-growth vegetation. In contrast, aquatic biomes are usually distinguished by their dominant animals. Biomes are classified using a system that is used at an international level—that is, by ecologists working in many countries.

  Figure 8.1 shows a map of the distribution of the most extensive terrestrial biomes. The distribution of biomes is determined by environmental conditions, which must be appropriate to support the dominant species. Moisture and temperature are usually the most important environmental influences on the distribution of terrestrial biomes (Figure 8.2). The distribution of various types of wetlands within terrestrial biomes is mostly influenced by the amount and permanence of surface water and the availability of nutrients. Marine biomes are most strongly influenced by water depth and upwellings, which affect the amounts of light and nutrients that are available to support primary productivity.

  
    Figure 8.1. Distribution of the Major Terrestrial Biomes. Note that the spatial complexity is greatest in regions with mountainous terrain, such as the western Americas and southern Asia. Source: Modified from Odum (1993).[image: ]

  

  
    Figure 8.2. Environmental Influences on the Distribution of Terrestrial Biomes. This diagram suggests the reasons why temperature and moisture are believed to be the most important environmental factors affecting the distributions of terrestrial biomes. Source: Modified from Odum (1993).[image: ]

  

  As long as environmental conditions are suitable for its development, a particular biomes may occur in widely divergent regions, even on different continents. Although widely separate regions of a biome may be dominated by different species, their life forms are typically convergent. In other words, the different species are comparable in their form and function, because the regimes of natural selection occurring in similar environments result in parallel (or convergent) evolutionary responses. Therefore, biomes are defined primarily by the structure and function of their ecosystem, but not necessarily their species composition.

  This context is illustrated by the boreal forest, an extensive biome that occurs in northern regions of Canada, Alaska, and Eurasia. The boreal forest occurs in regions with a cold and long winter, short but warm summer, and generally moist soil. This biome is situated between the more northern tundra, and temperate forest or prairie to the south. The dominant vegetation of boreal forest is typically coniferous trees, especially species of fir, larch, pine, or spruce. However, the particular species vary from region to region, and angiosperm (hardwood) trees may also be present.

  Over much of northern Canada the boreal coniferous forest is dominated by stands of black spruce (Picea mariana). However, in some regions, stands of white spruce (Picea glauca), jack pine (Pinus banksiana), balsam fir (Abies balsamea), or tamarack (Larix laricina) are dominant. In the boreal forest of northern Europe, Siberia, and northern parts of Japan, Korea, and China, there are other species of coniferous trees. In some cases, there may be stands dominated by hardwood trees, such as trembling aspen (Populus tremuloides) in parts of northern Canada. However, all of these different forest types occurring on several continents are structurally and functionally convergent ecosystems within the same biome—the coniferous forest.

  We should also note that any particular biome is described on the basis of its dominant, most extensive kind of ecological communities. For the boreal forest, this is usually stands of coniferous trees. However, biomes are not homogeneous, and they contain other kinds of less-widespread communities. For instance, parts of the boreal forest are dominated by persistent areas of shrubs such as species of alder, dwarf birch, and willow, and there may also be wetlands such as bogs and fens as well as distinctive communities associated with streams and rivers.

  In addition, local areas may be subjected to occasional catastrophic disturbances, which may result in a landscape being composed of a mosaic of stands of various stages (and ages) of ecological recovery, called succession. In the case of boreal forest, disturbances are typically caused by wildfire or by epidemics of insects that kill trees (see Chapter 22).

  The Major Biomes

  Natural biomes are characterized by their dominant ecological communities, which are composed of particular assemblages of plants, animals, and microorganisms. There are also anthropogenic ecosystems that are strongly influenced by humans and their activities, such as cities and agricultural land. In fact, all of the modern biomes have been influenced by people to some degree—at the very least, all organisms in even the most remote places now contain trace contaminations of organochlorine chemicals (such as DDT and PCBs) that humans have manufactured and dispersed into the environment (see Chapter 22).

  Ecologists have used a number of systems to divide the biosphere into major biomes, one of which is illustrated in Figure 8.1. The classification of global biomes described here is modified from a system proposed by the ecologist E.P. Odum. In the following sections, the world’s biomes are examined within global and ecoregional contexts. This is appropriate because biomes are widespread ecological units whose boundaries and species do not respect political boundaries.

  Terrestrial Biomes

  Tundra is a treeless biome that occurs in environments with a long, cold winter and a short, cool growing season. There are two types of tundra: alpine and arctic. Alpine tundra occurs at higher elevations in mountainous regions, even in tropical countries. Arctic tundra occurs at high latitudes—that is, in northern regions of the Northern Hemisphere and southern parts of the Southern Hemisphere. Most tundras are a meteorological desert because they receive sparse precipitation. Nevertheless, the soil may be moist or wet because the cold environment restricts the amount of evaporation that occurs, and frozen soil may prevent deep drainage of water. The coldest, most northerly, high-Arctic tundra is extremely unproductive and dominated by short, long-lived plants, generally growing less than 5-10 cm above the surface. In the less-cold environments of the lower Arctic, well-drained tundra may be dominated by shrubs growing as tall as 1-2 m, while wetter habitats support productive meadows of sedge, cottongrass, and grass.

  
    Image 8.1. Tundra is a biome of short vegetation growing in climatically stressed environments of the Arctic and Antarctic and on mountaintops. This is a view of arctic tundra on northeastern Somerset Island. The rock was marked by James Ross, who from 1848 to 1849 commanded the first search for John Franklin’s expedition, and overwintered at the site. The initials E. I. refer to his ships, the Enterprise and Investigator. Source: B. Freedman.
[image: ]

  

  Boreal coniferous forest, or taiga, is an extensive biome of environments with a cold winter, short but warm growing season, and moist soil. It is most extensive in the Northern Hemisphere. The boreal forest is dominated by coniferous trees, especially species of fir, larch, pine, and spruce. Some angiosperm trees may also be prominent, particularly aspen, birch, and poplar. Stands of boreal forest are poor in tree species, and may be dominated by only one or a few kinds. Most regions of boreal forest are subject to periodic disturbances, usually by wildfire, but sometimes by windstorms or insect epidemics.

  
    Image 8.2. The boreal coniferous forest (taiga) is extensive in northern regions of Canada, Alaska, and Eurasia. This photo shows a stand of black spruce with a carpet of feather mosses, in central Labrador. Source: B. Freedman.

    
      [image: ]
    

  

  Montane forest occurs at sub-alpine altitudes on mountains in temperate latitudes. It is similar in structure to high-latitude boreal forest and is also dominated by conifers.

  Temperate deciduous forest occurs in relatively moist, temperate climates with a short, moderately cold winter and warm summer. This biome is dominated by a mixture of hardwood tree species. Most of the trees have seasonally deciduous foliage, meaning their leaves are shed each autumn and then regrown in the springtime. This is an adaptation to surviving the drought and other stresses of winter. Common trees of temperate deciduous forest in North America are species of ash, basswood, birch, cherry, chestnut, dogwood, elm, hickory, magnolia, maple, oak, sassafras, tulip-tree, and walnut. These trees occur in distinctive communities based on their preferences for particular qualities of soil moisture and fertility, soil and air temperature, and other environmental factors.

  
    Image 8.3. The temperate deciduous forest contains species of angiosperm trees, which drop their leaves in the autumn, plus some coniferous trees. This biome is widespread south of the boreal forest. This stand in Nova Scotia is dominated by birches, maples, and white spruce. Source: B. Freedman. [image: ]

  

  Temperate rainforest develops in a climate in which the winter is mild and precipitation abundant year-round. Because this climate is too moist to allow frequent wildfires, old-growth forest often develops. The old-growth forest is dominated by coniferous trees of mixed age and species composition, but some individual trees are extremely large and can be centuries old, sometimes even exceeding a thousand years. Prominent tree species in temperate rainforest of the humid west coast of North America are Douglas-fir, hemlock, red cedar, redwood, Sitka spruce, and yellow cypress.

  Temperate grassland occurs in temperate regions where the annual precipitation is 25-60 cm/y. Under these conditions, soil moisture is adequate to prevent desert from developing, but insufficient to support forest. Temperate grassland is called prairie in North America and steppe in Eurasia, and this biome occupies vast regions in the interiors of both continents. Prairie is commonly divided into three types according to the height of the dominant vegetation: tall-grass, mixed-grass, and short-grass. Tall-grass prairie is dominated by various grasses and herbaceous angiosperm plants, such as blazing stars and sunflowers, some as tall as 2-3 m. Fire is an important factor that prevents tall-grass prairie from developing into an open forest. Tall-grass prairie is a critically endangered ecosystem because almost all of it has been converted into agricultural land. Mixed-grass prairie occurs where there is less rainfall and the habitat is characterized by shorter species of grasses and herbaceous angiosperms. Short-grass prairie develops where precipitation is even less, and it can be subject to unpredictable, severe drought.

  
    Image 8.4. Temperate grassland is widespread in the dry interior of North America and other continents, and is dominated by species of grasses and other herbaceous plants. This view is of shortgrass prairie in Grasslands National Park in southern Saskatchewan. Source: B. Freedman. [image: ]

  

  Chaparral develops in south-temperate environments with a so-called Mediterranean climate, with winter rains and summer drought. Typical chaparral is characterized by dwarfed trees and shrubs with interspersed herbaceous vegetation. Periodic fires are characteristic. In North America, chaparral is best developed in coastal southern California.

  Desert can be temperate or tropical, and it most commonly occurs in continental interiors or in the rain shadow of mountains. The distribution of desert is determined by the amount of soil moisture, which in the temperate zones is generally associated with an annual precipitation of less than about 25 cm. The driest desert supports almost no plant productivity, but less-dry conditions may support communities of herbaceous and succulent plants, both annual and perennial. Occasional moist places with springs of groundwater develop a relatively lush vegetation of shrubs or trees and are known as oases.

  
    Image 8.5. Desert is a sparsely vegetated biome of extremely dry environments. This view is of arid habitat in Peru, in a region where there is no detectable precipitation in some years. Source: B. Freedman.

    
      [image: ]
    

  

  Tropical grassland and savannah occur in regions with as much as 120 cm of annual rainfall, but a pronounced dry season. Savannah is dominated by grasses and herbaceous angiosperms, with scattered shrubs and tree-sized plants that provide an open canopy. Some tropical grasslands and savannahs support large populations of big animals, including migratory ones. This is particularly true of Africa, where this biome supports a diverse community of large mammals, such as elephant, gazelle and other antelopes, hippopotamus, rhinoceros, water buffalo, and predators of these herbivores, such as cheetah, hyena, leopard, lion, and wild dog.

  Semi-evergreen tropical forest develops in a warm climate with pronounced wet and dry seasons. Most trees and shrubs are seasonally deciduous, shedding their foliage in anticipation of the dry season. This biome supports a great richness of biodiversity, though less than tropical rainforest.

  Evergreen tropical rainforest occurs in tropical climates with copious precipitation throughout the year. Tropical rainforest often develops into an old-growth condition because wildfire and other catastrophes are uncommon. Old-growth tropical rainforest supports a tremendous richness of tree species of many sizes and ages, most of which retain their foliage throughout the year. This forest also sustains an extraordinary diversity of other plants, animals, and microorganisms. Tropical rainforest represents the peak of development of terrestrial ecosystems because the biome supports huge biomass, high productivity, and rich biodiversity under relatively benign climatic conditions.

  
    Image 8.6. Evergreen tropical forest occurs in warm regions where rainfall is abundant throughout the year. Tropical rainforest, such as this one in Peru, sustains more species than any other ecosystem. Source: B. Freedman.
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  Freshwater Biomes

  Lentic ecosystems contain standing or very slowly flowing water, as occurs in lakes and ponds. The ecological character of lentic systems is most strongly influenced by water chemistry, particularly its transparency and nutrient concentration. Waters that are well supplied with nutrients are highly productive (eutrophic), while infertile waters are unproductive (oligotrophic). In general, shallow waterbodies are much more productive than deeper ones of a comparable surface area. However, waterbodies with poor transparency are much less productive than might be predicted on the basis of their nutrient supply. Waters that are brown-coloured because of dissolved organic matter have poor transparency, as do turbid waters with fine suspended particulates. Lentic ecosystems are characterized by zonation in two dimensions. Horizontal zonation is due to changes in water depth and is usually related to the slope and length of the shore. Vertical zonation occurs in deeper water and is related to the amount of light, water temperature, and nutrient and oxygen concentrations. Lentic ecosystems often develop distinct communities along their shore (known as the littoral zone), in their deeper open water (the pelagic zone), and on their sediment (the benthic zone).

  Lotic ecosystems are characterized by flowing water and include rivers and streams. The quantity, velocity, and seasonal variation of water flow are important environmental factors. Within streams or rivers, silt-sized particles are deposited in places with relatively calm water, leaving a fine-grained or muddy substrate. In contrast, the substrate of places with vigorous water flow is rocky because fine particles have been eroded away. For similar reasons, the turbidity is greatest during times of high water flow. Turbidity is an important factor because it interferes with light penetration and thereby restricts primary productivity. Lotic ecosystems sustain some productivity of algae and aquatic plants, but usually their primary production is not large. Most of the productivity of aquatic invertebrates and fish in lotic ecosystems is sustained by inputs of organic matter from upstream lakes and from the terrestrial watershed in the form of plant debris.

  Wetlands occur in shallow, flooded places on land. There are four major types: marsh, swamp, bog, and fen. Marshes are the most productive; they are dominated by plants that are rooted in sediment but grow as tall as several metres above the water surface, such as reed, cattail, and bulrush. Open-water areas of marshes have floating-leaved plants, such as water lily and lotus. Swamps are forested wetlands that may be flooded seasonally or permanently. Swamps are often dominated by such trees as silver maple (Acer saccharinum), white elm (Ulmus americana), or bald cypress (Taxodium distichum). Bogs are acidic, relatively unproductive wetlands that develop in a cool, wet climate. Their supply of nutrients is sparse because bogs are fertilized only by atmospheric inputs of dust and chemicals dissolved in precipitation. Bogs are typically dominated by species of Sphagnum moss (also known as peat moss). Fens also develop in a cool and wet climate, but since they have a better nutrient supply than bogs, they are less acidic and more productive.

  
    Image 8.7. A marsh is a fertile wetland dominated by taller herbaceous plants, such as bulrush and cattail. This images shows a lakeside marsh dominated by cattail (Typha latifolia) in Point Pelee National Park in southern Ontario. Source: B. Freedman.

    
      [image: ]
    

    Image 8.8. A swamp is a forested wetland. This example is dominated by silver maple (Acer saccharinum) in Point Pelee National Park. Source: B. Freedman. [image: ]

  

  Marine Biomes

  The open ocean consists of pelagic and benthic ecosystems. The pelagic (open-water) ecosystem is strongly influenced by physical and chemical factors, particularly waves, tides, currents, salinity, temperature, light intensity, and nutrient concentration. The rate of productivity is small, and comparable to that of terrestrial desert. The primary production is associated with phytoplankton, which range in size from extremely small photosynthetic bacteria to larger (but still microscopic) unicellular and colonial algae. The phytoplankton are grazed by tiny animals known as zooplankton (most of which are crustaceans), which are eaten in turn by larger zooplankton and small fish. Large predators such as bluefin tuna, sharks, squid, and whales are at the top of the pelagic food web. The benthic ecosystem of the open ocean biome is supported by a sparse rain of dead biomass from the surface. The benthic ecosystem of the deep oceans is not yet well described, but it appears to be somewhat rich in species, low in productivity, and extremely stable over time. Some large regions of the open ocean have an enormous rotating surface current known as a gyre, which is caused by the Coriolis effect associated with the rotation of Earth. Gyres in the Northern Hemisphere rotate in a clockwise direction, while those in the Southern Hemisphere are counter-clockwise. Gyres collect floating material, such as floating seaweeds like Sargassum, as well as garbage from coastal dumping and debris from fishing fleets. One example is the North Pacific gyre, which covers most of that oceanic basin, and another is the North Atlantic gyre, also known as the Sargasso Sea.

  Continental shelf waters occur near the shores of continents and are relatively shallow because they overlie an underwater projection of the landmass (a continental shelf). Compared with the open ocean, these nearshore waters are relatively warm and well supplied with nutrients. The nutrients come from inputs of rivers and from deeper, relatively fertile oceanic water that is occasionally stirred from the bottom by currents or turbulence caused by windstorms. Because the nutrient supply of coastal waters is relatively high, phytoplankton are productive and support a higher biomass of animals than occurs in the open ocean. Some of the world’s most important fisheries are supported by the continental shelf biome – for example, those on the Grand Banks and other shallow waters of northeastern North America, in the nearshore waters of western North and South America, and in the Gulf of Mexico.

  
    Image 8.9. The Pacific continental shelf waters are rich in marine life. Pictured here is a “forest” of large seaweeds known as kelps (Nereocystis spp.), which provide critical habitat for many animals, such as black rockfish (Sebastes melanops). Source: C. Harvey-Clark. [image: ]

  

  Regions with persistent upwelling occur where local oceanographic conditions favour the upwelling of relatively deep, nutrient-rich water to the surface. The increased nutrient supply allows these areas to sustain high rates of primary productivity. This ecological foundation supports large populations of animals, including big fish, sharks, marine mammals, and seabirds. Some of the most productive fisheries occur in upwelling areas, such as those off the west coast of South America and extensive regions of the Antarctic Ocean.

  Estuaries are a complex group of coastal ecosystems that are open to the sea but are semi-enclosed in an embayment. Estuaries are transitional between marine and freshwater biomes, typically having large fluctuations of salinity associated with inflows of fresh water from the nearby land, twice-daily tidal cycles, and marine storm surges. Estuaries typically occur as coastal bays, river mouths, salt marsh, and tropical mangrove forest. They are highly productive ecosystems, largely because their semi-enclosed circulation tends to retain much of the water-borne input of terrestrial nutrients. Estuaries provide critical habitat for juvenile stages of commercially important fishes, shellfish, and crustaceans.

  Seashores are an interface of terrestrial and oceanic biomes and they support a complex of coastal ecosystems. The seashore biome is locally influenced by physical environmental factors, especially bottom type, the intensity of wave action, and the frequency of major disturbances such as storms. Hard-rock and cobblestone bottoms in temperate regions usually develop communities dominated by large species of seaweeds or kelp. These are productive ecosystems and can maintain large amounts of algal biomass. Areas with softer bottoms of sand or mud develop communities supported by the productivity of benthic algae and inputs of organic detritus from elsewhere. These soft-bottom ecosystems are usually dominated by invertebrates, especially molluscs, echinoderms, crustaceans, and marine worms.

  Coral reefs are a tropical marine biome that develops in shallow, relatively infertile places close to land. The physical structure of coral reefs is composed of the calcium carbonate shells of dead corals and molluscs. Coral reefs support a highly biodiverse veneer of crustose algae, living corals, other invertebrates, and fish. The biome is dominated by corals, which are colonial animals that live in a mutualism with unicellular algae. Because this symbiosis is efficient in acquiring nutrients from water, corals can sustain a high rate of productivity even though they occur in infertile water.

  
    Global Focus 8.1. Transnational Species and Ecosystems
 Because biomes are defined as “geographically extensive ecosystems, occurring throughout the world wherever environmental conditions are suitable,” they have a global context. Temperate forest, for instance, occurs in all countries in which environmental conditions are favourable for its development. In comparison, ecozones are more specifically defined on the basis of their landforms, climate, species, and ecological communities. Because ecozones are identified on the basis of their natural biophysical features, which are not related to the political boundaries of countries, the southerly ecozones of Canada extend into the neighbouring United States.

    Species may also have a transnational context. For example, the western red cedar (Thuja plicata) occurs in humid coastal forest throughout western North America, as does white pine (Pinus strobus) in the east. The grizzly (or brown) bear (Ursus arctos) is even more widespread—its original range encompassed much of Eurasia and North America, in the latter extending from Arctic regions of northwestern Canada, through much of the western United States, to northern Mexico.

    Many animals are migratory, undertaking long-distance movements between their summer and winter ranges. Because great distances may be involved, many migratory animals use habitats in various countries at different times of the year. This pattern is well known for the millions of migratory birds that venture to Canada to breed in the summer, but spend the winter in warmer climes, and it is also true of some other kinds of animals.

    For instance, the monarch butterfly (Danaus plexippus) is one of the most wide-ranging insects in the world, being native to North and South America, the Caribbean, Australia, New Zealand, and other Pacific islands, and also being introduced to Western Europe. The monarch is highly migratory in its North American range. At the end of the growing season, during September and October, adult monarchs undertake along migration to the south, where they spend the winter in one of two small areas. Most venture to central Mexico, where they winter in dense, multi-million populations at only about 12 mountain roosts in the states of Michoacán and Mexico. A much smaller population of western monarchs undertakes a migration to roosts in coastal southern California. The longest migrations are made by monarchs that were born in eastern Canada—these intrepid butterflies travel thousands of kilometres to reach their wintering roosts in Mexico.

    When spring comes, the overwintering monarchs begin a northward migration. When they find a sufficient abundance of milkweed plants (Asclepias spp.), the only food eaten by the larvae, the females lay about 400 eggs and die soon afterward. The larvae hatch, feed voraciously, metamorphose into adults after 20-45 days, and then continue the northward migration. After a breeding relay of three to five generations, adult monarchs reach the northernmost parts of their range in Canada, where they breed wherever milkweed is abundant. The last generation of the year, which transforms into adults in September, is the one that undertakes the astonishing southward migration to the wintering roosts in Mexico or California.

    The conservation of the monarch butterfly is greatly complicated by its migratory habit, the use of various kinds of ecosystems at different times of the year, and the fact that all of its habitats must be conserved if the species is to survive. However, the greatest conservation risk is the survival of its only 12 winter roosts in Mexico. These critical habitats are in natural forest of oyamel fir (Abies religiosa) that is threatened by deforestation, illegal logging, and tourism development. Although the monarch is an abundant and familiar species, it could quickly become lost from most of its North American range if its winter roosts are not conserved. In addition, the species requires an abundance of milkweeds in its breeding range, and these native plants are being widely depleted by the extensive use of herbicide in agricultural management. As is the case for all transnational species and ecosystems, conservation of the monarch butterfly requires the co-operation of various countries, levels of government, and economic interests.
 Image 8.10. Monarch butterflies wintering in Michoacán, Mexico. Source: B. Freedman.
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  Human-Dominated Ecosystems

  Immense areas that were once occupied by natural habitats have been converted into land-uses that serve the human economy in various ways. These human-dominated ecosystems are anthropogenic in the sense that their characteristics are a consequence of environmental conditions associated with the activities of people. The character of these ecosystems may be an intended result of management practices, as is the case of agroecosystems in which crops are grown, or horticultural ecosystems where the intent is more aesthetic. Less-deliberate anthropogenic influences, such as pollution and disturbance, also affect the character of human-dominated ecosystems, often by causing ecological damage.

  Of course, human-dominated ecosystems are prevalent wherever people are living in dense populations, such as in cities and towns. But they are also widely prevalent in the countryside where resource-extraction industries such as forestry and mining are important, and in transportation corridors associated with highways and electricity-transmission lines. Because anthropogenic ecosystems are becoming so widespread, and they support relatively few native species, they are the leading cause of the biodiversity crisis, which is characterized by the extinction and endangerment of native species and even of kinds of natural ecosystems (see Chapter 26). There is a great diversity of human-dominated ecosystems, but they can be aggregated into three major categories: urban-industrial techno-ecosystems, rural techno-ecosystems, and agroecosystems.

  Urban-industrial techno-ecosystems are typical of urbanized areas and are dominated by the dwellings, businesses, factories, and other infrastructure of society (see Chapter 25). This anthropogenic biome supports many species in addition to humans, but they are mostly alien plants and animals that have been introduced from other regions. Typically, the non-native species cannot live locally outside this biome (other than the foreign biome to which they are indigenous).

  Rural techno-ecosystems occur outside of urbanized areas and consist of the extensive technological infrastructure of civilization. These ecosystems include rural transportation corridors (highways, railways, and electricity-transmission corridors) as well as small towns supporting industries involved in the extraction and processing of natural resources. Rural techno-ecosystems support a blend of introduced species, plus those native species that are tolerant of stresses associated with human activities.

  Agroecosystems are a complex of habitats that are managed to grow crops for use by humans. The most intensively managed kinds involve monocultures (single-species crops) of plants or animals that are cultivated in agriculture, aquaculture, or forestry. These valuable and necessary crops are grown under conditions that enhance their productivity, although intensive management systems may cause many ecological problems (see Chapter 24). Less-intensively managed agroecosystems may involve the cultivation of mixtures of species (polycultures), and they may provide habitat for some native species. Semi-natural habitats used for the grazing of livestock also support some indigenous biodiversity. When a agroecosystem is abandoned, it slowly reverts to a more natural condition, although it can take many decades before there are ecological communities that are similar to what was originally present, especially in forested regions.

  
    Image 8.11. Urban-industrial techno-ecosystems are dominated by the dwellings, businesses, factories, and other infrastructure of human society. These areas support the economic activities of large numbers of people, and are sustained by enormous flows of resources from the surrounding landscape, and even from other countries. This aerial view of Halifax shows an area used entirely for roads, hospitals, homes, and schools. Source: Nova Scotia Department of Natural Resources. [image: ]

  

  Ecoregions and Ecozones

  As we have learned, biomes are geographically extensive ecosystems that occur anywhere in the world where environmental conditions are suitable for their development, and they are characterized by the life forms of their dominant organisms rather than by their particular species. Learning about biomes is important because it provides insight into the character and environmental influences on major kinds of ecosystems.

  Nevertheless, in the practical context of identifying and conserving the species and natural ecosystems of the world, there are limitations to the concept of biomes, mostly because of the non-specificity of their biotic assemblages. If the biodiversity of the world is to be conserved, we need to understand how species are naturally aggregated into communities and larger ecosystems, and how these biotic assemblages are distributed over space and time—there must be enough biogeographic resolution (identification of distinct communities) to conserve the intricate fabric of life on Earth, and biomes do not provide this kind of information.

  This problem is dealt with by identifying and mapping extensive units known as ecozones (or as ecoregions). These units are large landscapes or seascapes (ecoscapes) that contain distinct groupings of naturally assembled species and their communities. Like biomes, their spatial boundaries reflect conditions that existed prior to major changes in land-use caused by anthropogenic influences. The distribution of terrestrial ecoregions of the world has been mapped by Olson et al. (2001) and is presented in Figure 8.3. Note that the identity and distribution of the freshwater and marine ecoregions of the world must also be known for the purposes of conservation, but this work has not yet been done.

  
    Figure 8.3. Terrestrial Ecoregions of the World. This map recognizes 867 terrestrial ecoregions, with the greatest amount of diversity occurring in humid tropical realms. Note that this map only covers terrestrial environments—comparable results for freshwater and marine ecoregions are also needed for effective conservation planning, but are not yet available. Source: Modified from Olson et al. (2001).
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  Terrestrial Ecozones of Canada

  The ecosystems found in Canada have been described in various ways, including a hierarchical classification of distinctive types. The largest ecological zones in the national classification are referred to as ecozones. There are 15 terrestrial and 5 marine ecozones in Canada (Figure 8.4). Each of these natural ecozones is characterized by key aspects of the physical environment, such as the climate and dominant landforms, as well as by their natural ecosystems and prominent species. Because so much of the Canadian landscape has been intensively modified through human activities, three anthropogenic ecosystems also occur: urban, agricultural, and industrial.

  
    Figure 8.4. Ecozones of Canada. Canada’s ecozones are described by the nature of their dominant biota and aspects of the physical environment, particularly climate, soil, geology, and other landscape-scale geographic features for terrestrial ecozones, and climate and ice cover for marine ecozones. Source: Modified from Ecological Stratification Working Group (1995).
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  Each of the Canadian ecozones represents a hierarchical agglomeration of distinct ecosystems of more local character. Ecoregions are sub-ecozone units, and are characterized by regional factors related to climate and landform and, to some degree, by soil, vegetation, fauna, and land-use. There are 194 terrestrial ecoregions in Canada. Canada’s marine ecozones have not yet been divided into ecoregions.

  Of course, the boundaries of biomes and ecozones rarely align with political borders. Consequently, all of the southern ecozones of Canada also extend into the United States. Figure 8.5 shows the results of a collaborative ecosystem-mapping study that involved scientists from Canada, Mexico, and the United States (CEC, 1997). This map shows the distribution of the 15 Level-1 ecological regions of North America (these are equivalent in scale and qualities to biomes). In addition, there are 52 Level-2 ecological regions (equivalent to Canadian ecozones). Because countries share ecozones, they also have a mutual responsibility to steward their ecological values. Sometimes, this can lead to conflict if one country believes the other is damaging shared resources or natural ecosystems. For example, Canada and the United States (or particular provinces or states) have ongoing arguments related to such binational issues as the following:

  
    	The effects of raw sewage discharged by the city of Victoria, BC, may be damaging water quality in nearby U.S. waters in Juan de Fuca Strait.

    	During seasonal times of high water levels, some of the volume of Devil’s Lake, North Dakota, is released into the Sheyenne River, a tributary of the Red River that runs north into Manitoba. This is done to reduce the risks of flooding on shoreline properties on Devil’s Lake. However, the Government of Manitoba is concerned about down-river flooding as well as the release of alien invasive species into the ecosystem of the Red River.

    	There are many environmental issues associated with the jointly managed ecosystems of the Great Lakes, including those related to the diversion of water out of the system to serve U.S. purposes to the south, the release of alien invasive species, and pollution by sewage, agricultural fertilizer and pesticides, and industrial chemicals.

  

  Binational considerations are also relevant to the many species that migrate between their breeding and wintering grounds, which may involve the use of different ecoregions in separate countries. For example, many of the songbirds that breed in Canada spend much of the year in habitats in the United States or in Central or South America. Migratory species of economic value are also an issue, such as species of Pacific salmon that may breed in particular rivers in Canada or the United States, but could be fished in waters of either country, or even in international waters of the high seas. Global Focus 8.1. examines one such example concerning the monarch butterfly, some of which may breed in southern Canada, and then migrate through the United States to reach their hibernating sites in central Mexico.

  
    Figure 8.5. Distribution of the 15 Terrestrial Ecological Regions (Level-1) for North America. These regions are roughly comparable to global biomes. Source: Commission for Environmental Cooperation (1997).
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  It is beyond the scope of this book to describe the ecozones of Canada in detail. Detailed information is available in Ecological Stratification Working Group (1995) and on the website of the Canadian Council on Ecological Areas (https://web.archive.org/web/20090224235638/http://www.ccea.org/ecozones/index.html). For more details on the Level-1 and -2 ecoregions of North America, see CEC (1997).

  
    Canadian Focus 8.1. Alexandra Fiord: A High-Arctic Oasis
 An important field of research in ecology involves undertaking integrated studies of particular ecosystems. Such work is carried out by teams of ecologists, geologists, meteorologists, and other environmental scientists. This sort of work allows scientists to understand the physical, chemical, and biological factors that govern the structure and function of ecosystems and sustain their species.

    One such project began in 1980, when a team of Canadian scientists working in the tundra biome began to study a place with a relatively moderate climate, known as a high-Arctic oasis. This one in particular is located on a lowland adjacent to the coast of Alexandra Fiord on eastern Ellesmere Island. Their objectives were to describe the plant and animal communities of the oasis and to determine the environmental factors that influence its biodiversity and productivity. Specific research topics included work on the local and regional climate, geology, soils, distribution and species composition of plant communities, ecological productivity, the life histories of prominent plant species, responses of vegetation to experimental manipulations of environmental conditions, and animal populations and their habitat relationships.

    This was a multidisciplinary research program, but because all the component studies were carried out in the same place, their results could be integrated to develop a larger picture of the structure and function of the oasis. This kind of understanding is of scientific importance because ecosystems in the Arctic biome have not yet been well studied. The research also contributes to the knowledge required to assess the many kinds of ecological damage that are potentially associated with increasing resource exploitation, ecotourism, and climate change in the Arctic.

    The team at Alexandra Fiord found that the climate of the lowland is indeed more moderate than that of the larger landscape. In general, the air and surface temperatures are warmer, soil moisture is greater, and there is less wind. It appears that dark-coloured cliffs on nearby uplands absorb solar radiation and then re-radiate infrared energy that helps to warm the oasis, in a similar manner to how an oven is heated by its hot, enclosing walls. The lowland is also relatively sheltered, so heat-dispersing winds are less vigorous. In addition, snow meltwater from surrounding uplands helps to keep local soils moist, so wet meadows and other communities that depend on abundant moisture can develop.

    The moderate environmental conditions allow the lowland to support abundant vegetation, including lush wet meadows dominated by sedge and cottongrass. The communities in drier places are dominated by dwarf shrubs and cushion plants, which are long-lived woody plants that grow no taller than 5 cm above the soil surface. These include avens, bilberry, white heather, arctic willow, and purple saxifrage. Disturbed habitats beside rivers and streams or near human habitations (the lowland contains an abandoned post of the Royal Canadian Mounted Police) support profuse flowerings of herbaceous plants, such as arctic poppy and willow-herb. These plant communities are much more productive than those on the prevailing polar desert that surrounds the lowland, and consequently the oasis supports relatively large populations of animals. The abundant birds include snow bunting, Baird’s sandpiper, hoary redpoll, arctic tern, oldsquaw duck, greater snow goose, rock ptarmigan, parasitic jaeger, and another 19 species. Studies of the Arctic skipper butterfly discovered that its slow-growing larvae take 14 years to accumulate enough energy to undergo metamorphosis to the adult stage, resulting in a remarkably long life cycle.

    Because of its relatively small area (only 8 km2), this lowland oasis is not able to support a population of muskox, the most important large herbivore in the larger ecozone. However, small numbers of this impressive animal occasionally feed in the oasis while passing through on their way to larger oases nearby.

	Chapter 9 ~ Ecology: From Individuals to the Biosphere -- Environmental Science
	
	

		





Chapter 9 ~ Ecology: From Individuals to the Biosphere



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Describe how species are adapted to different levels of stress and disturbance in their habitat.

    	Explain how population growth occurs, as well as constraints on population size.

    	List major environmental factors that influence ecological communities.

    	Describe what is meant by a landscape (and seascape) and how environmental influences affect their spatial and temporal dynamics.

    	Outline the Gaia hypothesis and discuss its applicability to the functioning of the biosphere.

  

  Introduction

  Ecology is the study of the relationships between organisms and their environment. In the sense meant here, “environment” includes both (a) non-living factors, such as temperature, moisture, nutrients, and physical disturbances, as well as (b) living organisms, which exert influences through competition, herbivory, predation, and disease, and by providing elements of habitat (as when trees provide habitat for species living in a forest). Because all organisms and ecosystems are subjected to a multiplicity of influences, it can be difficult to predict the ecological effects of changes in environmental conditions.

  Some environmental influences are resources that organisms can exploit as opportunities, which allows them to gain the necessities of life and livelihood. Other environmental influences are stressors, or constraints on productivity and reproductive success. Many stressors operate in a continuous (chronic) fashion, as is often the case for climatic factors, soil and water pollution, and many biological interactions. Other stressors affect organisms and ecosystems as events of disturbance, which cause severe damage in a short period of time. A disturbance is followed by an extended period of ecological recovery called succession. Disturbance may be caused by natural forces such as a wildfire or windstorm, or by anthropogenic influences such as the clear-cutting of a forest or ploughing of a field.

  
    Image 9.1. An individual organism is genetically unique and is different from other individuals of its species. This green heron (Butorides virescens) was photographed in southern Florida, but it also occurs in southern Canada. Source: B. Freedman. [image: ]

    Image 9.2. This population of northern gannets (Morus bassanus) breeds at Cape St. Mary’s in Newfoundland. Source: B. Freedman. [image: ]

  

  Ecology considers the structure and function of the web of life at a hierarchy of levels:

  
    	An
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Chapter 10 ~ Global Populations



  
  Key Concepts

  After completing this chapter, you will be able to

  
    	Outline the process of cultural evolution and explain how it has increased the carrying capacity for the human population.

    	Describe the growth of the human population during the past 10,000 years.

    	Explain why population growth has been especially rapid during the past several centuries.

    	Discuss why there are large differences in population growth rates between developed and less-developed countries.

    	Explain the demographic transition and how it affects age-class structure and population growth.

    	List the major methods of birth control, and discuss why they are controversial.

    	Explain what a population policy is, and how it can affect future human population.

    	Outline possible causes of a population crash.

  

  Introduction

  About ten-thousand years ago, only a few million humans were alive. Since then our population has grown enormously – in 2015, there were more than 7.3 billion, and the number is climbing steadily (by about 86.6 million, or 1.2% per year). In terms of consequences for the biosphere, the enormous growth of the human population is the most important event to have occurred since the end of the most recent continental-scale glaciation, which ended about 12,000 years ago.

  Although the global population of humans has been increasing for millennia, the growth rate been particularly rapid during the past few centuries. Moreover, there is every indication that the present, extremely large population will continue to increase for at least another 50-100 years. Several possible scenarios of future population growth will be examined later in this chapter.

  The environmental consequences of any human population are a function of a number of interacting factors, but two are especially important: the number of people and their per-capita environmental impact. The per-capita impact is related to both the lifestyles of individual people and the level of technological development of their society. These both affect the use of natural resources, the production of wastes, and the degradation of ecosystems (see also Chapter 1).

  The growth of the human population during the past several millennia is a remarkable phenomenon, and its scale may be unprecedented during the history of life on Earth. This inference is based on the following observations:

  
    	the population growth has been sustained over a long period of time

    	an extraordinarily large abundance has already been achieved

    	there has been a similarly impressive population growth of species that live in a close, mutualist relationship with humans, such as cows, pigs, chickens, and agricultural plants, which have their own cumulative environmental impacts

    	a remarkable variety of species and ecosystems is being exploited as natural resources to support the human enterprise

  

  
    Image 10.1. The human population is growing rapidly and now numbers more than 7 billion. This scene shows an urban market in Hong Kong. Source: B. Freedman. [image: ]

  

  In large part, these phenomenal achievements of Homo sapiens have been realized through the profound benefits of cultural evolution (or socio-cultural evolution). This term refers to the progression, throughout human history, of a series of adaptive discoveries of increasingly sophisticated tools and social systems. The capacity of people to learn from the experience of others, including the transmission of knowledge from one generation to the next, has allowed cultural evolution to proceed. In turn, this adaptive process has allowed people to become increasingly more efficient in the capture of natural resources by exploiting other species, ecosystems, and non-renewable materials (Chapter 12). Cultural evolution has allowed humans to achieve an unparalleled success in their domestication of planet Earth.

  Unfortunately, the remarkable growth of the human economy (which represents increases in both population and per-capita environmental impact) has also caused terrible damage to the biosphere. Much of this damage has resulted in a large reduction in the carrying capacity for people and their enterprise. Moreover, natural ecosystems have been severely reduced in area, a change that is causing a massive loss of innumerable other species (see Chapter 26). In its totality, this damage already represents a global environmental crisis, and it is still worsening. Regrettably, the impressive growth of the human enterprise through cultural evolution has largely been achieved by reducing the ability of the biosphere to support most other species and natural ecosystems.

  It is important to understand that the increasing size of the human population is not, on its own, the root cause of the environmental crisis. The rapid escalation of per-capita resource use and waste production is at least as important. Nevertheless, However, a sustainable resolution of the environmental crisis cannot be achieved if the explosive growth of the human population is not dealt with.

  In this chapter we examine the remarkable changes that have occurred in the abundance of people during the past 10,000 or so years, and how cultural evolution has further increased the intensity of resource use. We also look at predictions of population change into the near future. Global patterns of change are emphasized in this chapter; we will examine the population of Canada in Chapter 11.

  Cultural Evolution and Carrying Capacity

  The biological history of hominids, including Australopithecus africanus, extends to perhaps 4 million years. The genus Homo goes back about 2 million years; Homo sapiens, the only surviving species, is about 200,000 years old.

  For almost all of the evolutionary history of our species, relatively small numbers of people were engaged in subsistence lifestyles – they foraged over large areas while hunting wild animals and gathering edible plants. These people roamed the landscape in small family groups, searching for food and other necessities and using simple weapons and tools made of bone, stone, wood, and other natural materials. The hunter–gatherer lifestyle characterized the first 95% or so of human history, and during that lengthy time the population of our species was probably fewer than 1 million individuals.

  By some 12-15-thousand years ago, people had discovered all of the major habitable landmasses, including the Americas. The latter were colonized relatively late, when small groups roved eastward across a broad (up to 1000 km wide) but temporary land bridge that connected Siberia and Alaska, through a region that is now the Aleutian Islands. That bridge was still present as recently as 11,000 years ago, and it existed because so much of global water was tied up in glaciers on land that sea level was about 110 m lower than it is now. (Note, however, that some archaeologists believe there may have been an earlier colonization of the Americas, occurring up to 60,000 years ago.) The wandering Siberians discovered a landscape with bountiful resources that had never before been exploited by people. Descendants of those first colonists of the Americas spread quickly, in the manner of an expanding wave, to occupy and exploit all habitable regions of North, Central, and South America. Occurring at the same time as the colonizing surge of people was a mass extinction of many species of large mammals and birds. It is likely that these unfortunate animals were naive to the lethal prowess of the novel two-legged predators that hunted in well-coordinated packs, and they were unable to adapt to the onslaught (Chapters 12 and 26).

  Cultural evolution has been a pervasive characteristic of our species, and there were many adaptive innovations of society and technology during the long-lasting prehistoric phase of foraging societies. These were cumulative advancements, meaning that each innovation built upon earlier ones and so the tools, practices, and social organizations got better and better. The innovations allowed natural resources to be exploited more efficiently, and economies of increasing size and complexity to be supported. The key advances of these prehistoric times, which because of their immense influence are sometimes referred to as “revolutions” (or great forward steps) of cultural evolution, include the following:

  
    	the invention and improvement of tools and weapons

    	discoveries of edible and medicinal species

    	the elaboration of language and other means of communication

    	the development of improved social organizations

    	the mastery of fire

    	the domestication of the dog, which allowed hunting to be more efficient, provided a pack animal, and helped keep encampments clean

  

  Each of these breakthroughs enhanced the ability of people to exploit natural resources. This increased the effective carrying capacity of the ecosystems they were utilizing and allowed the population to increase and the overall economy to grow. By the end of this period (9-10-thousand years ago), when most people still engaged in foraging lifestyles, the global population was likely 1 to 5 million individuals.

  At about that time, the first significant developments of primitive agriculture began, marking the beginning of a period known as the neolithic revolution (or the new stone age; see Figure 10.1). The first agricultural innovations included the beginning stages of domestication of a few edible plants and animals, such as barley and sheep, and the discovery of simple ways to cultivate them to achieve greater yields. Because crops must be tended and protected, the adoption of agricultural practices meant that lifestyles had to be much more sedentary. The eventual achievement of predictable food surpluses allowed some people to be supported as non-agricultural workers living in villages. This social and economic change eventually fostered the development of city-states and then nation-states, along with their relatively sophisticated cultures and technologies.

  
    Figure 10.1. History of Population Growth.
 For most of the history of Homo sapiens, the global population was several millions or less. However, adaptive and cumulative innovations through cultural evolution allowed increasingly more efficient exploitation of natural resources to occur, so the effective carrying capacity for humans was increased. This process intensified greatly during the past several millennia, and especially in the past two centuries. The human population is now showing extremely rapid growth, of a magnitude that is probably unprecedented for any large animal in the history of the biosphere. The future levelling off of the population is conjecture. Source: Modified from Freedman (2010) and Population Reference Bureau (2015).
[image: ]

  

  The development of agriculture and its associated socio-cultural systems was one of the great forward leaps of human cultural evolution. The neolithic revolution provided an enormous increase in the carrying capacity of the environment for people and their domesticated species. Steady population growth was a result of this change, because even the primitive agricultural systems of those early times could support many more people than could subsistence lifestyles based on foraging for wild plants and animals.

  The initial development of agriculture was followed by further innovations that increased the yield of crops. These improvements included the domestication of additional species of useful plants and animals, their genetic improvement through selective breeding (or artificial selection), and the discovery of better ways of managing the environment to increase crop productivity. There were also many non-agricultural enhancements of the carrying capacity, including the discoveries of the useful properties of metals and their alloys, which allowed the manufacturing of tools and weapons that were far superior to those made of bone, stone, or wood. In addition, the domestication of beasts of burden and the invention of boats and wheeled vehicles made it easier to transport large quantities of valuable commodities, which greatly stimulated trade.

  This brief outline suggests that the cultural evolution of human socio-technological systems has involved a long and cumulative series of adaptive discoveries and innovations. Each of them increased the ability of people to exploit the resources of their environment, which increased the effective carrying capacity and thereby fostered growth of the populations of people and their mutualist species, and of the overall human economy.

  As a result of this adaptive progression, there were about 1-5 million people alive at the dawn of agriculture about 10-thousand years ago, 200–300 million at the beginning of the Common Era 2000 years ago (0 CE), and 500 million in 1650.

  The rate of population growth then began to increase markedly, a trend that has been maintained to present times. These recent, extremely rapid increases in the human population have occurred for several reasons. Of primary importance have been the discoveries of increasingly effective processes and tools in sanitation and medicine, which resulted in great decreases in death rates. Ways of preventing lethal communicable diseases have been especially important in this respect.

  In addition, recently discovered technologies have allowed for an increasingly effective harvesting of natural resources, the manufacturing of improved products, and greatly improved methods and infrastructure for transportation and communications. These have been achieved as a result of the industrial revolution, which began in the mid-eighteenth century. Agricultural systems have also been greatly improved through the development of improved crop varieties and better methods of cultivation, which have resulted in substantial increases of yield. Again, all of these progressions of cultural evolution have further increased the carrying capacity of the environment for people.

  Between 8000 BCE and 1650 CE, the human population increased from about 5 million to 500 million, with an average doubling time of 1500 years and a growth rate of 0.01% per year (Figure 10.2). Since then the population has increased greatly and the doubling times have become less. The global population reached 1 billion in 1850, 2 billion in 1930, 4 billion in 1975, and 7.3 billion in 2015.

  
    Figure 10.2. Growth and Doubling Times of the Human Population. Sources: Data from Ehrlich et al. (1977) and Population Reference Bureau (2015). [image: ][image: ]

  

  The population growth rate was at a historical maximum of about 2.1% per year during the late 1960s. At this rate of increase, the population is capable of doubling in only 33 years. Since then, the growth rates have slowed somewhat, to about 1.2% in 2015. If maintained, however, even that rate of increase would double the population in only 58 years. In fact, there is now an annual net addition of about 79 million people to the global population. For context, this annual increase is equivalent to about 2.3 times the population of Canada.

  The cultural evolution of social, technological, and economic systems has allowed many people to enjoy great improvements of lifestyle. The main advancements have been in food and health security, which are a result of better access to sanitation, health care, food, shelter, and other elements of subsistence. (In the sense meant here, “security” is related to having access to the necessities and amenities of life, which enhances the likelihood of living to old age and raising healthy children.) The quality of life has also been improved through improved access to aesthetic resources and amenities, such as culture and recreation. Of course, these betterments of lifestyle are not shared equally among all people – they are largely unavailable to enormous numbers of poor people.

  This is not to say that hunter-gatherers did not enjoy aspects of their lifestyle. These people undoubtedly had a rich cultural life, and many were able to satisfy their subsistence needs by “working” only a few hours each day, leaving much time for relaxing and socializing. In fact, the transitions to agricultural and then industrial societies have involved considerably greater workloads for average people and less time for relaxation. The additional work has, however, reaped benefits of the sort noted above, and for much larger numbers of people.

  It is important to understand that the many improvements in human security and lifestyle have involved a great intensification of the per-capita environmental impact. We can easily understand this important change by examining patterns of energy usage, which is a simple indicator of per-capita impact (Figure 10.3; see also Chapter 1). Compared with hunter-gatherers, people living in an advanced technological society use at least 50 times more energy, and their environmental impact is greater by a similar degree.

  
    Figure 10.3. Cultural Evolution and Energy Use. These data are estimates of the per-capita use of energy by people engaged in various kinds of lifestyles. Energy use is presented here as a simple indicator of environmental impact. Source: Modified from Goldemberg (1992). [image: ]

  

  The intensification of the per-capita use of energy has been especially great during the past century of accelerating technological development. In fact, during the past century, the global per-capita economic output and energy use have both increased at similar or greater rates as the human population (Figure 10.4). These per-capita increases have, of course, been especially rapid in developed countries such as Canada, and much less so in poorer countries (see Chapters 13 and 14). For instance, the per capita consumption of energy in developed countries averages about 194 gigajoules/year (GJ/y), compared with 38 GJ/y in less-developed ones (WRI, 2008). Although developed countries account for about 20% of the human population, they are responsible for 59% of the global consumption of energy.

  
    Figure 10.4. A Century of Change in Global Population and Per-capita Environmental Effect. Global-scale economic activity and energy use are being used here as simple indicators of the environmental impact of a human population. Economic activity is given in constant US$ (year 1990), so inflation does not account for the increase over time. Sources of data: DeLong (1998), Population Reference Bureau (2015), and BP (2014). [image: ]

  

  It is important to remember that the rapid increases of population and per-capita environmental influence multiply together to determine their total effect. For example, population is multiplied by the per-capita economic activity to calculate the gross world product (GWP), or the sum of the economic activities of all people in the world. Using this calculation, the data in Figure 10.4 suggest that the GWP in 2013 was about 42 times larger than in 1900 ($41.7 × 1012
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            Key Concepts
 After completing this chapter, you will be able to:
 	Outline changes in the Canadian population over time.
	Describe the recent populations and demography of the provinces and territories of Canada.
	Describe the urbanization of Canada.
	Discuss the desirability of a population policy for Canada.

 Introduction
 In Chapter 10 we examined the dynamics of human populations in different countries as well as on a global scale. This information provides an international context for the examination of population issues in Canada. Canada ranks among the top 20% of nations in terms of its human population (about 36 million in 2015). Canada also ranks among the wealthiest of nations in terms of per-capita indicators of economic development, use of natural resources, and impacts on environmental quality (see Chapter 1). Because Canadians have an environmentally intensive lifestyle, our country has a much greater impact on Earth and its resources than would be predicted on the basis of its population alone.
 Image 11.1. Although population densities are high in Canadian cities (illustrated by this crowd listening to musical buskers in Halifax), they are relatively low in the country as a whole. Most of Canada is not suitable for supporting a large population, mainly because of a difficult climate. Source: B. Freedman.[image: ]

 Because Canada has achieved a relatively high level of economic and social development, it has an opportunity to manage its environmental quality in a sustainable manner. Canada also has a responsibility to control its population growth within sustainable limits. Moreover, because of our privileged and wealthy status, Canada has an obligation to demonstrate a vision of sustainability to other nations, including less-developed countries that are hoping to emulate our achievements. A central element of sustainable development is the implementation of a sensible population policy.
 It is important that Canadians become knowledgeable about national and global population issues. If Canadians understand these subjects, they will be sympathetic to population policies that are appropriate within Canada, as well as abroad.
 Aboriginal Populations
 Around 1000 CE, the Norse explorer Leif Ericsson made several landfalls along the northeast coast of North America. The Norse attempted a colonization, including a settlement at l’Anse aux Meadows in Newfoundland, but that quickly failed. About 500 years later, other European explorers encountered vast regions in the Americas that had previously been unknown to them. They did not, however, find unpopulated lands. In fact, all of the Americas were fully occupied by various indigenous or Aboriginal cultures (consisting of First Nations or Amerindians, plus the northern Inuit). At the end of the fifteenth century, at the time of the voyages of Christopher Columbus and John Cabot, the indigenous peoples of the Americas had an estimated population of about 35 million people. About 30 million of these people lived in South and Central America, and 5 million in North America.
 Some of the First Nations had developed advanced cultures and economies, particularly the Aztecs and Maya of Central America and the Inca of South America. These people built elaborate cities that contained great pyramids and other impressive buildings. Their nations were supported by complex physical and social infrastructures. Like cities everywhere, those of the more advanced Amerindian societies relied on the surrounding agricultural landscape to supply food, water, and other resources. Furthermore, taxes were collected from people living in the producing regions to support the rulers, administrators, soldiers, and artisans who were living in the urbanized centers.
 The First Nations cultures in what is now Canada were diverse, comprising 12 language groups, some of which had many dialects. Some of the cultures, such as the Huron and Iroquois of the eastern temperate woodlands, were essentially agrarian societies. These people supplemented their agricultural livelihood by foraging for useful wild plants and by hunting deer, birds, fish, and other animals. They lived in grand longhouses in stockaded villages, surrounded by well-tended fields in which they cultivated maize, beans, pumpkin, squash, sunflower, and other crops.
 Other First Nations subsisted largely through hunting and foraging lifestyles. The Bella Coola, Haida, Nootka, Tlingit, and related nations of the humid Pacific coast exploited a relatively abundant and predictable resource base, and consequently, they lived in permanent settlements. These people were mostly fishers of salmon, molluscs, and additional coastal resources, supplemented by wild plants, deer, and other terrestrial resources.
 Most of the First Nations of the western prairies, such as the Assiniboine, Blackfoot, and Piegan, were semi-nomadic hunters of the enormous herds of bison and other prairie animals that existed at the time. The more northern Athapaskans, Chipewyan, Cree, Dene, and Innu of the sweeping boreal forest hunted caribou, moose, beaver, and waterfowl, and fished for grayling, trout, whitefish, and pike. The Beothuk, Mi’kmaq, and Maliseet of the Atlantic region also hunted moose, deer, and caribou, fished in freshwaters, and gathered shellfish in shallow coastal waters. All of these peoples also gathered wild plant foods when they were abundant. The northernmost Inuit were the most recent Aboriginal migrants to Canada. They subsisted on marine mammals, such as ringed seal, walrus, beluga, narwhal, and even great bowhead whales. They also hunted caribou when those migratory animals were nearby.
 Not much is known about the population sizes of these Aboriginal nations of what is now Canada. Estimates are based on assumptions about their lifestyle and the presumed carrying capacity of their habitats. At about the time when the first Europeans came to Canada, the total Aboriginal population may have been about 300,000.
 European Contact
 The European colonization of the Americas began in the early sixteenth century, following the “discovery” of these lands in 1492 by Christopher Columbus, who was a Genoan sailing on behalf of the Spanish Crown. Columbus was seeking an oceanic passage to the rich spices and silks of China, India, Japan, and Southeast Asia, but he blundered on the Americas, with his first landfalls occurring in what are now the Bahamas, Cuba, and Hispaniola. In 1497, John Cabot, also a Genoan but employed by the King of England, sighted Newfoundland and possibly Cape Breton.
 Soon after the arrival of the Europeans, the numbers of Aboriginal people began to precipitously decline. By the end of the nineteenth century, the Amerindian population of North America was only about 20% of their initial 5 million. The most important causes of this calamitous mortality were infectious diseases, particularly measles, smallpox, tuberculosis, and influenzas. Europeans were relatively tolerant of these diseases that they brought to the Americas, but the indigenous peoples were extremely vulnerable. Epidemiologists refer to populations that are hypersensitive to infectious diseases as “virgin fields”. Such populations can suffer intense mortality from introduced diseases (known as virgin-field epidemics).
 In addition, huge numbers of Aboriginal peoples died as a direct and indirect result of conflicts associated with the European conquest. Others died during inter-tribal wars, some of which were precipitated when competing European nations upset previous balances of power among indigenous groups, in part by providing their Aboriginal allies with advanced weaponry. In addition, many people starved when they were dispossessed of their resources and livelihoods by European colonists and governments. For example, the rapacious 19th-century slaughter of the great bison herds was partly a stratagem to deprive the Plains First Nations of their crucial resource base.
 In 1500, there were about 300,000 indigenous people in Canada, a population that subsequently collapsed to perhaps 60,000. The Aboriginal nations of Canada now number about 1.4 million people whose self-identified ancestry is First Nation (or Indian; 852-thousand), Métis (452-thousand), or Inuit (60-thousand) (2011 data; Statistics Canada, 2012).
 Early European Immigration
 The initial wave of Europeans coming to Canada were mostly French and British adventurers seeking furs, fish, timber, agricultural land, trade, and colonial lands. Compared with their European homelands, which even then were relatively densely populated, Canada represented a great frontier to these colonists, replete with boundless opportunities to develop livelihoods and make money. The fact that these lands were already occupied by Aboriginal cultures did not matter much to the European colonists because the dominant world views of the time were aggressive and imperialist. These beliefs served to legitimize the displacement of indigenous peoples by the technologically empowered Europeans.
 Slowly over the first century or so, and then as a great flood of immigration, colonists came to Canada from France and Britain, and later from many other countries. Today, the population is an amalgam derived from a rich diversity of immigrants from virtually all parts of the world, plus descendants of the original Aboriginal cultures.
 Between 1500 and 1700, the population of the North American continent increased to about 6 million people. This included about 1 million black slaves, who had been brought unwillingly from Africa to the southeastern colonies to work on plantations. Under laws of the time, slaves were the human property of their “owners,” having no personal freedom and few rights. Although people in the northern colonies had few slaves, they did employ large numbers of indentured servants, mostly of European origin, who were bound to their employers by contracts and debts that in many cases were impossible to pay off. Those difficult obligations were not much removed from slavery.
 Following this initial phase of colonization, the pace of immigration markedly quickened. Data are not available for the entire period, but between 1820 and 1930 at least 50 million persons of European birth migrated to colonies and former colonies around the world, but particularly to the Americas. This immense human dispersal involved about one-fifth of the population of Europe during the period. The mass migration was stimulated by a combination of factors: rapid population growth in Europe, a shortage of arable land there, famine in Ireland and other countries, and rivalries among the imperial powers to develop empires and dominate world trade. In addition, some religious and ethnic minorities were heavily persecuted in European countries, and this persuaded many of those oppressed peoples to emigrate to North America or elsewhere.
 As was noted in Chapter 10, this great 19th and 20th-century dispersal was a critical factor in allowing European countries to have a relatively easy passage through their demographic transitions.
 Canadian Focus 11.1. The Legacy of Daniel LeBlanc and Françoise Gaudet
 In 1650, Daniel LeBlanc emigrated from France to Acadia. He married Françoise Gaudet, also an immigrant, and settled into subsistence farming near what is now Annapolis Royal in Nova Scotia. Many families during that time were large, which was considered a good thing because children helped with the onerous labour of clearing the forest, tending crops and livestock, and taking care of the home and extended family. In fact, fecundity remained high among French Canadians for more than three centuries until the 1950s and 1960s, when birth rates began to plummet.
Daniel and Françoise had seven children – six sons and a daughter. Five of their sons married, presenting Daniel and Françoise with 35 grandchildren. Today, the LeBlanc family has an enormous legacy of descendants, estimated to number more than 300,000 in Canada and the United States (many have the anglicized surname White). The LeBlanc clan is the largest of the Acadian lineages. This extraordinary case demonstrates the awesome power of human population growth.
Canadian Focus 11.2. A Remarkable Legacy of New France
 The best early demographic data for any area of Canada are for New France. This region encompassed the valley of the St. Lawrence River in southern Quebec, and the Acadian regions of what are now Nova Scotia, New Brunswick, and Prince Edward Island.
The French effort of colonization began in 1604, when Samuel de Champlain led an expedition that settled near Annapolis Royal in the lower Bay of Fundy, followed by another mission that founded Quebec City in 1608. In the early 1600s, there were about 500 French colonists in the region known as New France. In 1663, after a half-century of tentative colonization, a census reported 3,215 people of French origin in Quebec, while another in 1671 found about 400 in Acadia. Most were single men who had journeyed to the Canadian frontier as soldiers, as priests hoping to convert indigenous people to Roman Catholicism, as government administrators, or as adventurers seeking their fortune through the fur trade.
In the following decade, the pace of colonization quickened markedly because of renewed sponsorship by the French government. Many families of settlers arrived from France, intent on developing agriculture in the fertile lowlands of Acadia and along the St. Lawrence River. The immigration of single women was also encouraged to offset a substantial deficit of females in New France. Many of these young women were recruited from Parisian orphanages and were known as les filles du roi. In 1673, there were about 6700 Francophones in New France.
Immigration then greatly slowed because royal sponsorship of emigrants ended and there were also dwindling prospects for finding work in the colonies. French immigration to Acadia ceased when that area was ceded to Britain in 1713, and it terminated to Isle Royale (Cape Breton Island) after the fortress of Louisbourg was lost to a British siege in 1758. Immigration to Quebec then also ended after the British victory at the Plains of Abraham in 1759, which effectively ended the colonization of eastern Canada by France. Population growth after this period was almost entirely due to natural increases, owing to the excess of births over deaths.
Birth rates were high in New France (and elsewhere) during the 18th century, typically about 50-60 per 1000 people in the population. Anecdotal evidence suggests there was great fecundity in early colonial times – one soldier serving under the Marquis de Montcalm is said to have had 250 descendants when he died. Families of 15-20 children were not uncommon. Even though infant mortality was high, particularly from communicable diseases, the population grew quickly.
By 1770, the francophone population of Quebec had increased to 86,000. After 1759, all the growth of the French-Canadian population was due to the natural excess of births over mortality, while much of the growth of the non-francophone population was due to immigration. By 1815, the francophone population of Quebec was 269,000 (there were also about 60,000 British colonists), and in 1885, it was 1.18 million (plus 250,000 non-Francophones). During the nineteenth century, the average number of births in Catholic families in Quebec was about seven (this refers to all Catholics, but the great majority of them were French). This high fecundity is typical of populations at the beginning of their demographic transition. It should be pointed out, however, that high fecundity was not unique to Quebec – it was also typical of areas elsewhere in Canada, including Ontario.
In 1926, there were about 3 million Francophones in Quebec, elsewhere in Canada, and in the United States. Almost all of these people were descendants of the original few hundred emigrants from France. At the present time, there are about 6.8 million French Canadians. This includes about 5.9 million Francophones living in Quebec, 300-thousand Acadians, and smaller numbers in other provinces. There are also hundreds of thousands of Americans of French descent, many of whom live in Louisiana and New England.

 Population Growth
 Reliable information is available describing early population growth in some regions of what is now Canada, notably in the eastern tracts known as New France (see Canadian Focus 11.1 and 11.2). The first credible estimate of the population of all of Canada is for 1851, when there were about 2.4 million people (Figure 11.1). By 1867, the year of Confederation, the population was 3.3 million, and by the turn of the twentieth century it had increased to 5.4 million. Much of the population growth resulted from a natural rate of increase of 1.3-2.0% per year, with birth rates of 36-45 per 1000 people and death rates of 18-21 per 1000. In fact, because of a relatively depressed economy during the first several decades after Confederation, immigrants to Canada were fewer than emigrants.
 Figure 11.1. The Population of Canada. In 1851, the Canadian population was about 2.4 million. This graph shows the steady growth of the population up to 2015, when it was 35 million. Data from Statistics Canada (1992, 2014a) and World Resources Institute (2008).
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 During the 20th century, birth and death rates both declined steadily, although the natural rate of population increase remained greater than 1% per year until the mid-1970s. This natural growth, coupled with vigorous immigration, led to continued rapid increases in the population of Canada. Population growth rates were as high as 3% per year and averaged about 1.6% per year overall. By 1950 there were about 14 million Canadians, and in 2015 more than 35 million.
 The natural rate of growth of the Canadian population (birth rate minus death rate) has slowed markedly during the past century (Figures 11.2 and 11.3). This has happened mainly because of rapid decreases in the birth rates, which now almost counterbalance the death rates (which had declined earlier).
 Figure 11.2. Components of Natural Growth of the Canadian Population. The data are standardized per 1000 people in the population and are annual rates. Note that an annual growth rate of 10/1000 is equivalent to 1% per year. Data from Kalbach (1988), Dumas and Belanger (1998), and Statistics Canada (2014a). [image: ]

 An exception to the general decline in birth rates is a demographic anomaly known as the baby boom, which occurred between the mid-1940s and late-1950s. This period of relatively high fecundity was due to social optimism following the end of the Second World War. In addition, during that War many couples delayed marriage and childbearing because so many young men went overseas to fight, while many women were employed in factories and other wartime occupations. After the war ended, people again turned their attention to having families. During the baby boom, the birth rate averaged about 27 per 1000, and the natural growth rate of the population was 1.9% per year.
 An important reason for the end of the baby boom was the growing affluence and urbanization of many Canadians, which led to a general preference to have smaller families. Also important was the increasingly easy access to and social acceptance of methods of birth control. By the year 2014 the birth rate in Canada was 11 per 1000, and the natural rate of increase of the population was 0.36% per year.
 Immigration has always been an important factor in the population growth of Canada, as can be appreciated by examining Figure 11.3. During most of Canada’s history, considerably more migrants have moved to this country than away from it. The major exception was during the latter decades of the 19th century, when many people emigrated from Canada to the United States and there were brief episodes of negative migration. During the 20th century, however, Canada had consistently high rates of net migration.
 Figure 11.3. Population Growth Rates in Canada. Natural growth rates are calculated as births minus deaths, while the actual growth rate also accounts for net migration (immigrants minus emigrants). The data are standardized to the size of the population and are average annual rates. Data from Kalbach (1988) and Statistics Canada (2007a, 2014a).
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 Immigration has been vigorous since the 1960s, when the Government of Canada loosened many restrictions associated with national and ethnic origins of immigrants. These were replaced with criteria based on education, occupational skills, and wealth. Since the early 1970s there has been a substantial increase in the numbers of immigrants. Between 1972 and 1991, an annual average of 144,000 people immigrated to Canada. This was followed by an increase to 243,000 per year during 1996–2001 and 250,000 during 2002-2014.
 Since the mid-1980s, net immigration has contributed about half of Canada’s population growth rate (the rest is due to natural growth; Figure 11.3). If sustained, the 0.98% per year rate of increase of 2010–2014 would result in the population doubling in only 72 years. This rate of population growth is similar to that of the United States and Australia, which are also relatively wealthy countries with small natural rates of population growth but substantial rates of immigration. These three countries are exceptional: most other developed nations, particularly those of Europe, have much smaller rates of population increase, in part because they do not permit much immigration (see Chapter 10). This can be attributed mainly to higher population densities of European countries in comparison with Canada, the United States, and Australia.
 Future Growth
 Results of four models of future Canadian populations are summarized in Figure 11.4. Actual population growth is shown from 1972 to 2013, and then four scenarios are presented to 2063. The low-, medium-, and high-growth models are from Statistics Canada (2014), and the fourth is a simple projected based on growth at 1% per year (which has been the rate over about the past decade). All of the scenarios are realistic to some degree because they involve plausible outcomes of either recent trends or reasonably anticipated changes in government policy regarding immigration and demographic issues, as well as reproductive choices made by families. Overall, the models predict that the population of Canada will grow substantially from its 2015 value of about 36 million. The slow-growth model project a population of about 40 million in 2062, compared with 51 million in the medium-growth, 64 million in the high-growth, and 58 million in the 1% per-year model. Clearly, the population of Canada is likely to experience a large amount of growth over the next half-century or so.
 Figure 11.4. Recent and Projected Canadian Populations. The low-growth model is based on lower rates of fertility and immigration than occur at present. The high-growth model is based on higher rates of fertility and immigration, while the medium-growth model is between those two. The 1% per year model is based on a compounded calculation based on the typical rate of population increase that has occurred over the past decade. Data for the low-, medium, and high-growth models are from Statistics Canada (2014b). [image: ]

 Population Structure
 The age structure of the Canadian population is illustrated in Figure 11.5. In general, the pattern is typical of a population that has progressed most of the way through its demographic transition. Note, however, the anomalous bulge of numbers that corresponds to the baby boomers. Fecundity dropped in Canada after the baby boom, and once this bulge has worked its way through the population structure, the age distribution will assume a more uniformly vertical shape. As the baby boomers age and retire from work, they are expected to exert significant strain on Canada’s capacity for providing social and medical care for its elderly citizens.
 Although Canada has a population structure characteristic of a country that has almost completed its demographic transition, the growth rate remains relatively high, at about 1% per year. Much of the population growth is due to immigration. Although this factor is not related to age-class structure, it is notable that relatively young people of childbearing age are prominent among immigrants to Canada. This adds further momentum to population growth.
 Figure 11.5. Age Structure of the Canadian Population in 2014. This diagram shows the relative numbers of people by age. The demographic “bump” of people peaking at about 55 years old corresponds to a period of high birth rates that occurred in the post-war 1940s to early 1960s, known as the baby boom. Source: Data from Statistics Canada (2014c).[image: ]

 Regional Differences
 All regions of Canada have experienced substantial population growth during the past century (Table 11.1). During the past several decades, however, the increases have been most rapid in Alberta, British Columbia, Ontario, and Saskatchewan. In 1867, the Atlantic Provinces accounted for 21% of the Canadian population, while Quebec was 32%, Ontario 44%, and the rest of the country 3%. At that time the western regions were largely unsettled, but tremendous population growth has since occurred there. The Atlantic Provinces now account for 7% of the Canadian population, Quebec 23%, Ontario 39%, the Prairie Provinces 18%; British Columbia 13%, and the three territories 0.3% (Table 11.2).
 Table 11.1. Regional Distribution of the Canadian Population. These data show the growth of the population of Canada and its regions since Confederation in 1867. Note that data for the Prairie Provinces prior to 1901 include only Manitoba. Data for Alberta, Saskatchewan, and Yukon were combined with the Northwest Territories until 1901, when they became separate political units. In 1949, Newfoundland joined Canada. Data are in thousands of people. Data from Statistics Canada (1992, 2014d) [image: ]
Table 11.2. Population by Province and Territory in 2014. Data are in thousands of people. Data from Statistics Canada (1992, 2014d).[image: ]

 The highest rates of natural population increase (births minus deaths) occur in Nunavut (1.9%/year), the Northwest Territories (1.4%/y) (Table 11.3). In those territories, the populations are dominated by persons of First Nations and Inuit communities, which tend to have relatively large families and a higher rate of population growth. Those territories also have the lowest mortality rates, largely because of their comparatively young populations. People younger than 15 years comprised 30% of the population of NU and 21% of NWT in 2014, compared with a national average of 16% (Statistics Canada, 2014g). Overall, the age structure and growth rates of these territories is comparable to regions that are only beginning to pass through their demographic transition, and in that sense, they are anomalous with the rest of Canada.
 Table 11.3. Demographic Parameters by Province and Territory. Data are per 1,000 people in the population and are annual rates (for 2014; note that a value of 10 per thousand per year is the same as 1% per year). Data for total increase include net migration. Fertility rate is the average number of births per woman aged 15-49 (in 2011). Data from Statistics Canada (2014e,f).
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 Alberta, Manitoba, and Saskatchewan have the fastest population growth rates among the provinces, averaging 1.6% per year (2014), which is equivalent to a doubling time of only 45 years. This rapid rate of population increase occurs in spite of a relatively small natural rate of population increase. Obviously, the populations of these provinces are growing because of high rates of immigration from other countries and from other regions of Canada.
 The population of Canada is much denser in southern parts of the country, and especially in urbanized areas (Figure 11.6). This pronounced spatial pattern reflects the distribution of economic opportunities in Canada, most of which are related to urbanization, climate, and suitability of the land for agriculture.
 Figure 11.6. Population density in Canada. The areas marked in red account for 75% of the population, while those in light-orange account for almost 25%. The area in white, which accounts for about 99% of the area of our country, holds less than 1% of the population. Map modified from Natural Resources Canada (2012). [image: ]

 Rural and Urban Populations
 Until the latter half of the twentieth century, most Canadians lived in rural environments where they worked in agriculture and other country livelihoods. The proportion of Canadians living in the countryside has steadily decreased, from 87% in 1851 to 19% in 2011 (Figure 11.6).
 Figure 11.7. Rural and Urban Populations in Canada. The total population (millions of people) and the percentage distribution of urban and rural Canadians are presented. The definitions of “rural” and “urban” have varies over time, but recently rural has meant people living outside populations centres smaller than 1,000 and outside areas with more than 400 persons/km2. Data from Statistics Canada (2014h).
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 In large part, this mass migration of people to urban areas has been caused by the mechanization of much of the routine labour in agriculture, fishing, forestry, mining, and other rural industries. In earlier times, most of this work was performed by humans or draft animals, but their muscle power has largely been replaced by various kinds of machinery. As a result, many fewer Canadians are employed in the rural economy, even though the financial value of the outputs from these sectors has increased greatly over time. The displaced rural people have moved to the towns and cities of Canada, where they earn their livelihoods in manufacturing, financial and service industries, commerce, government, and education.
 As time passes, urban Canadians are living in increasingly larger centres of population. In 1871, only 2.9% of Canadians lived in centres with a population greater than 100-thousand people. In 2011, 63% of Canadians lived in the 20 largest cities in the country (Table 11.4), even though these metropolitan areas account for only 0.6% of the country’s landmass. In fact, 35% of Canadians live in the three largest cities.
 Table 11.4. Cities of Canada. The populations of the 20 largest metropolitan areas of Canada, in decreasing order of population (in 2011). Percent increase refers to growth over the period 1971 to 2011. Data from Statistics Canada (1997, 2014i).
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 Population Policy
 Most government planners, politicians, and leaders in business do not consider Canada to be overpopulated. In fact, they more typically believe that Canada is underpopulated and capable of comfortably absorbing considerable growth of its population. This view is debatable in view of the relatively intensive lifestyles of Canadians (which is typical of people living in developed countries) and the correspondingly large per-capita environmental impact. Nevertheless, continuing the population-growth paradigm is the predominant way of thinking among decision makers in Canadian governments and businesses. Consequently, Canada and its regions do not have well-developed population policies, other than those that establish targets and guidelines for the numbers and types of immigrants that will be allowed into the country.
 In addition, Canadian governments have not encouraged other countries to develop their own population policies, especially those that are less-developed and have rapidly growing populations. Canadian governments also do not provide significant aid to those poorer countries to help them increase the availability of birth control. By not becoming involved in the population problems of less-developed countries, our governments avoid potentially high-profile controversy. However, this attitude contributes little to dealing with the global increase of the human population.
 Governments within Canada also lack policies to encourage their citizens to have smaller families as a means of slowing the growth of national or regional populations. In fact, Canadian governments more typically pursue policies that are pro-natalist. This has been true of the government of Quebec, which in recent times has provided cash payments to women based on the number of children they have, and had provided daycare at greatly subsidized costs to parents. In addition, all provinces and the federal government provide substantial income-tax breaks to parents based on the number of children they are supporting. These tax benefits are intended to help lower-income families with the costs of child-rearing, but they can be interpreted as a pro-natalist aspect of the income-tax system.
 Image 11.2. People living in wealthy countries, such as Canada, use resources intensively and therefore have a high per capita environmental impact. This is a view of the Eaton Centre in Toronto. Source: B. Freedman.
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 However, governments in Canada do permit their citizens to choose freely among a wide range of safe and effective birth control options. But this is not to say that all birth control methods are freely available across the country. For example, the governments of Prince Edward Island and New Brunswick restrict access to abortion by not funding services provided by private clinics, and in Nunavut there are no hospitals or clinics providing abortion. Consequently, many women must travel to another province, or even to the U.S., to have access to this medical service. Similarly, reproductive and family-planning education in schools varies considerably across Canada, and is often lacking in the comprehensiveness of its curriculum.
 As was discussed in Chapter 10, abortion is an extremely contentious issue in Canada and elsewhere. The controversy has resulted in many public demonstrations and confrontations between pro-life (anti-abortion) and pro-choice (pro-abortion) groups. In a few instances, the patrons and personnel of abortion clinics have been illegally harassed or assaulted, and clinics have even been firebombed. In the 1990s, there were three cases of doctors who had provided abortion services being shot (in Ancaster, Vancouver, and Winnipeg), and in 2000 another was stabbed at his clinic (Vancouver).
 Nevertheless, although abortion and other means of birth control remain controversial issues, Canadians who desire to control the number and spacing of their children do have relatively easy and inexpensive access to safe and effective means of birth control. While most Canadians take responsible advantage of this opportunity, it is not comparably available to most people in the world. Consequently, the natural rate of population increase in Canada is relatively small, while it is high in almost all poorer countries.
 Moreover, immigration is a key contributor to population growth in Canada. It is well known that, other than descendants of its original Aboriginal peoples, Canada is almost entirely populated by immigrants and their offspring (accounting for about 97% of the total population). Canada has always had a relatively open immigration policy, and this continues today. In 2013, Canada admitted 259-thousand immigrants (permanent residents) from more than 200 countries, including 24-thousand refugees, equivalent to about 0.8% of the national population (Citizenship and Immigration Canada, 2014). The top source countries of immigrants were the Philippines (14%), China (12%), and India (10%). The overall population growth of Canada is about 1% per year, and net immigration accounts for about 60% of that growth. If not for its rather vigorous immigration rate, Canada would be close to a ZPG (zero population growth) condition.
 There has always been some controversy over the immigration and refugee policies of Canada, as is true of all countries. Newcomers have contributed enormously to the economic development and cultural diversity of Canada – they have helped to make the country an interesting and prosperous place to live. These benefits must, however, be balanced against some of the downsides of continuing to have relatively open immigration policies, because of their contribution to rapid population growth. It is obvious that any population policy to reduce the rate of population growth in Canada must deal with the numbers of immigrants that the country accepts.
 Canadian Focus 11.3. Birth Control and the Issue of Abortion.
 The key reason for the growth of the human population has been a precipitous reduction of mortality rates, due to great improvements in sanitation and medical science. The most desirable way to slow population growth is to reduce the birth rate – it would never be acceptable to increase the death rate! Various family-planning options are available (see Chapter 10), including abstinence, the use of ways to prevent conception (birth-control pills, condoms, diaphragms, intrauterine devices), sterilization (vasectomy of the male or tubal ligation of the female), and termination of a pregnancy by abortion. All of these methods can result in safe and effective birth control, allowing parents to plan the size of their family and the spacing of births. Such choices generally result in smaller family sizes, and so contribute to decreased population growth.
However, all of these methods of birth control are controversial to varying degrees. As a result, powerful interest groups, including major religions, have steadfastly opposed the use of some of the most effective methods of birth control. This dispute is a critical impediment to family planning, and to the implementation of effective population policies.
Abortion is, by far, the most contentious method of birth control. Many people view abortion as the taking of a human life, while others regard this medical procedure as a safe means by which a woman can choose to terminate an unwanted pregnancy. The situation is sometimes described as pitting the right to life of the fetus against the right of the mother to control her body and make decisions about her own life and lifestyle. Although both positions may share concerns about preventing unwanted pregnancies, the highly polarized views on abortion are essentially irreconcilable and so there is intense controversy. In Canada, the medical procedure of abortion is no longer a crime, but anti-abortion groups have continued to picket in public places, including hospitals and clinics where the service is provided. Most of the protest actions have been peaceful, but a few have not. There have been cases of violence in Canada and the United States, including arson and bombing of clinics, and physical attacks on doctors and other personnel involved with providing abortion as a medical service.
Henry Morgentaler is the most famous crusader for access to abortion services in Canada. He has been prosecuted several times under provisions of the Criminal Code that had effectively banned abortion services outside of a framework for access decisions in public hospitals. (The consent of a committee of doctors was required before an abortion could be provided, but some hospitals did not have such a committee, and some provinces did not allow them to be formed.) However, Morgentaler was never convicted by a jury of any of the charges laid against him (in four trials). Eventually, in 1988, ruling on an appeal by the Crown of a Morgentaler acquittal, the Supreme Court of Canada struck down the criminal code provisions as contravening the Charter of Rights and Freedoms, based on the lack of access for many women to abortion services in hospitals. That decision effectively legalized the availability of the medical procedure in Canada. In 2011, about 92.5-thousand abortions were reported in Canada (60% in private clinics; CIHI, 2014).
Although Henry Morgentaler has been a highly polarizing force within Canadian society, in July 2008 he was awarded the Order of Canada. This highest available and prestigious civilian honour was given in recognition of his notable contribution to Canadian society. Not surprisingly, the award was controversial.
An important context of the abortion debate is whether women, particularly those living in isolated regions and in poorer countries, should have reasonable access to alternative means of family planning (including birth-control drugs, condoms, and intrauterine devices). Many people believe that a successful population policy requires the education of women about health and reproductive issues, while ensuring that they have access to safe and effective means of birth control. The education of men to take responsibility for pregnancy is also crucial. However, in most cultures and circumstances, women have traditionally had the primary responsibility for pregnancy and childcare.
In addition to family planning, birth control, and abortion, some new issues related to human reproduction are also creating controversy. These include advances in reproductive technology leading to artificial insemination, test-tube babies, and cloning. Social changes, such as the acceptability of same-sex couples, are also altering the traditional allocation of childcare responsibilities.
Population issues are controversial, and they are uncomfortable for many people to examine and discuss in an objective manner. Yet they are too important to ignore, because sustainable economies will never be developed unless the population of humans is controlled.
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  Key Concepts

  After completing this chapter, you will be able to

  
    	Explain the differences between renewable and non-renewable natural resources.

    	Outline the ways that appropriate management practices can increase the harvest of biological resources.

    	Describe at least two case studies of the degradation of potentially renewable resources and explain why those damages occurred.

    	Distinguish between economic growth and economic development and outline the nature of a sustainable economy.

  

  Introduction

  For about five decades now, we have been able to examine photographs of Earth as viewed from space. Images from that perspective show that Earth is a spherical mass, with a blue oceanic surface, brownish-green landmasses, and a clear atmosphere except where visibility is obscured by whitish clouds. Such images also reveal that beyond Earth and its atmosphere is the immense, black void of space – an extremely dilute, universal matrix. If we divert our attention from this compelling image of spaceship Earth and focus instead on the unimaginably larger abyss of space, we cannot fail to be stirred by the utter isolation of our lonely planet, the only place in the cosmos that is known to sustain life and ecosystems.

  With such a lucid image of Earth in mind, it is not difficult to understand that the resources necessary to sustain life are limited to those already contained on the planet. That is, with one critical exception – the electromagnetic radiation that is continuously emitted by the Sun. A tiny fraction of that solar energy irradiates Earth, warms the planet, and drives photosynthesis. With the exception of sunlight, however, Earth’s resources are entirely self-contained and finite.

  It is an undeniable reality that all organisms must have continuous access to resources obtained from their environment. Plants and algae, for example, require sunlight and inorganic nutrients, while animals and heterotrophic microbes must feed on the living or dead biomass of other organisms. Because their organisms must be nourished by environmental capital, the concept can also be extended to ecosystems in their totality. The necessary resources must be available in at least the minimal amounts needed to sustain life, and in larger quantities in ecosystems that are increasing in biomass and complexity, as occurs during succession.

  The same reality holds for individual humans, our societies, and our economic systems. All people and their enterprises are subsidized by the harvesting of resources from the environment (including those taken from ecosystems). These necessities must be available in the minimal amounts needed to sustain human life, and in much larger quantities in economic systems that are growing over time. An obvious conclusion is that economic and ecological systems are inextricably linked. Indeed, this is an undeniable fact.

  The main connections between economic systems and the natural world involve flows of resources from the environment (including ecosystems) into the human economy, and offsetting flows of disused materials, by-products, and heat (these are sometimes referred to as wastes) from the economy back to the environment. Associated with these interchanges of materials and energy are many kinds of damage caused to natural and managed ecosystems. The damages may be caused by disturbances associated with harvesting natural resources, by emissions of pollutants, and by other stressors related to anthropogenic activities, especially those occurring in heavily industrialized economies.

  An ultimate goal of environmental studies to understand how the use of natural resources and changes in environmental conditions are related to a sustainable economic system and to the quality of human life. Ultimately, a sustainable economy is one that runs forever, and that operates without a net consumption of natural capital – the rates of resource use are equal to or smaller than the rates at which the resources are regenerated or recycled. This definition focuses on the resource-related aspects of sustainability. Also important, however, are environmental damages that may be caused by the extraction and management of natural resources. The social context must also be considered, particularly the ways that wealth is shared among the people who are participating in an economy.

  In this chapter, we examine the broader issues related to the use of natural resources in economic systems. Initially, we examine the characteristics of non-renewable and renewable resources. Non-renewable resources are finite, do not regenerate, and therefore are diminished by use. In contrast, renewable resources can regenerate and may be managed to maintain or increase their productivity, and we describe practices that foster those goals. This is followed by an investigation of the reasons for a catastrophic but remarkably common phenomenon – the depletion of potentially renewable resources through excessive use. Finally, we consider the notion of sustainability, a topic that is critically important to the long-term health of both economic and ecological systems. This chapter deals with natural resources in a conceptual manner; Chapters 13 and 14 investigate the actual use of resources in the international and Canadian economies.

  Natural Resources

  All natural resources (also known as natural capital) can be divided into two categories: non-renewable and renewable.

  Non-Renewables

  Non-renewable resources are present in a finite quantity and do not regenerate after they are harvested and used. Consequently, as non-renewable resources are used, their remaining stocks in the environment are depleted. This means that non-renewable resources can never be used in a sustainable fashion – they can only be “mined.” Examples of non-renewable resources include metal ores, petroleum, coal, and natural gas.

  Although continuing exploration may discover additional stocks of non-renewable resources that can be exploited, this does not change the fact that there is a finite quantity of these resources present on Earth. For example, the discovery of a large amount of metal ore in a remote place may substantially increase the known, exploitable reserves of those non-renewable materials. That discovery does not, however, affect the amounts of the metal present on Earth.

  Metals are often used to manufacture parts of buildings and machinery. To some degree, the metals can be recovered after these uses and recycled back into the economy, effectively extending the lifespan of their reserves. However, due to the growth and increasing industrialization of the economy, the demand for metals is accelerating. Because recycling cannot keep up with the increasing demands for metals, large additional quantities must be mined from their known reserves in the environment. For valuable me