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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.
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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
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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.
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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:

Parc [

“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.

Parc 11

“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
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Parc I11

“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

Parc 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

Parct 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 21looks 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
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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.

Parc 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)
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* 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
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Chapter 1 ~ Ecosystems and Humans

Key Concepts

After completing this chapter, you will be able to:

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

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

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

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

o

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.

© ®» N2

Understand the diverse issues of the environmental crisis by classifying them into three categories, and give

several examples within each of them.

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

11. 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
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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:

1. the causes and consequences of the rapidly increasing human population
2. the use and depletion of natural resources
3. 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?

2. 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?

3. 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?

4. 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?

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

6. 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.
Stockli, N. El Saleous, and M. Jentoft-Nilsen, NASA GSFC; http: //earthobservatory.nasa.gov/IOTD/
view.php?id=885
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Specialists examining these and other questions related to environmental issues may come from many specific areas of
study, each of which is referred to as a discipline. However, the various ways of understanding each issue may be
integrated into comprehensive studies of the subject matter - this is why environmental studies is referred to as
interdisciplinary field. For environmental science, the most relevant of the disciplinary subjects are atmospheric
science, biology, chemistry, computer science, ecology, geography, geology, mathematics, medical science,
oceanography, physics, and statistics. This is illustrated in Figure 1.1, which suggests that all fields of scientific
knowledge are relevant to understanding the causes, consequences, and resolution of environmental problems.

Figure 1.1. Environmental science has an interdisciplinary character. All scientific disciplines are relevant to the
identification and resolution of environmental issues. However, the work requires an interdisciplinary approach
that engages many disciplines in a coordinated manner. This integration is suggested by the overlaps among
the disciplinary fields.

This book deals with the key subject areas of environmental science. To some degree, however, certain non-science
topics are also examined because they are vital to understanding and resolving environmental issues. These non-
science fields include ethics, philosophy, and economics.

Of all of the academic disciplines, ecology is the most relevant to environmental science, and in fact the terms are
often confused. Ecology may be defined simply as the study of the relationships of organisms with their environment.
Ecology is itself a highly interdisciplinary field of study - it mostly involves biology, but knowledge of chemistry,
computer science, mathematics, physics, geology, and other fields is also important. Geography is another
interdisciplinary field that is central to environmental science. Geography can be simply defined as the study of natural
features of Earth’s surface, including climate, soil, topography, and vegetation, as well as intersections with the human
economy. Obviously, ecology and geography are closely related fields.

Increasing numbers of scientists are studying human (or anthropogenic) influences on ecosystems, occurring as a
result of pollution, disturbances, and other stressors. Examples of the major subject areas are:

1. The extraction, processing, and use of non-renewable resources, such as fossil fuels and metals, in ways that do
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not cause unacceptable environmental damage, while also moderating their depletion to some possible degree (for
example, by re-cycling certain materials)

2. The harvesting and management of biological resources, such as those in agriculture, fisheries, and forestry, in
ways that allow them to fully regenerate so their stocks can be sustained into the future

3. The growth of renewable sources of energy, such as the various forms of solar energy (including biomass fuels,
hydroelectricity, photovoltaics, and wind), as a way of replacing non-renewable fossil fuels and thereby making the
energy economy more sustainable

4. The prevention and repair of ecological damages, such as those related to endangered biodiversity, degraded land
or water, and the management of greenhouse gases

An environmental scientist is a generalist who uses science-related knowledge relevant to environmental quality, such
as air or water chemistry, climate modelling, or the ecological effects of pollution. Several well-known environmental
scientists who have worked in Canada are: William Rees of the University of British Columbia, who studies ecological
economics and footprints, David Schindler of the University of Alberta, who studies the effects of pollution and climate
change on lakes, Bridget Stutchbury of York University, who examines factors affecting bird conservation, and Andrew
Weaver of the University of Victoria, who studies the causes and consequences of climate change.

Another group of people, known as environmentalists, is also involved with these sorts of issues, especially in the sense
of advocacy. This involves taking a strong public stance on a particular environmental issue, in terms of the need to
address the problem. David Suzuki is perhaps the most famous environmentalist in Canada, because he has so
effectively influenced the attitudes of people through books, television, and other media. Elizabeth May is another
well-known Canadian environmentalist, who has worked to deal with many issues as the director of the Sierra Club of
Canada, and more recently as the head of the Green Party of Canada and a Member of Parliament. A final example is
Paul Watson, a direct-action environmentalist who has worked through the Sea Shepherd Society. He has been
involved in non-governmental “policing” actions, such as the sabotage of vessels engaged in illegal whaling and fishing.

However, any person can be called an environmentalist if they care about the quality of the environment and work
towards changes that would help to resolve the issue. Environmentalists may work as individuals, and they often
pursue their advocacy through non-governmental organizations (NGOs; see Chapter 27 for an explanation of the role
of NGOs in Canada and internationally).

Canadian Focus 1.1. David Suzuki - A Canadian Environmentalist

David Suzuki was born in Vancouver in 1936. In 1964, he became a biology professor at the University of British
Columbia, where he studied the genetics of fruit flies. Beginning in the mid-1970s, Suzuki became engaged in
media ventures designed to popularize knowledge about scientific issues important to society, most notably
through the Quirks and Quarks (radio) and Nature of Things (television) series of the Canadian Broadcasting
Corporation.

Through these media efforts, as well as his many books, magazine and newspaper articles, and public lectures,
Suzuki has been instrumental in informing a broad public in Canada and other countries about the gravity of
environmental problems, including their scientific and socio-economic dimensions. This is not to say that
everyone agrees with his interpretation of environmental issues. Such issues are always controversial, and
there are people who believe that some environmental problems - even climate change and the effects of
pesticides - are not important. But despite this disagreement, David Suzuki is a highly respected spokesperson
on a wide range of environmental topics. His work is now being advanced through the activities of the David
Suzuki Foundation, an advocacy and research organization founded in 1990 with the aim of enhancing progress
toward an ecologically sustainable human economy (see http: //www.davidsuzuki.org/). Suzuki has built a
worldwide following of a broad constituency of people concerned about environmental damage and social
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equity. By doing this, he has contributed greatly to the identification and resolution of environmental problems
in Canada and the world.

Earth, Life, and Ecosystems

The universe consists of billions of billions of stars and probably an even larger number of associated planets. Our
Earth is one particular planet, located within a seemingly ordinary solar system, which consists of the Sun, eight
planets, three “dwarf” planets, and additional orbiting bodies, such as asteroids and comets.

Earth is the third closest planet to the sun, orbiting that medium-sized star every 365 days at an average distance of
149 million kilometres, and revolving on its own axis every 24 hours. Earth is a spherical body with a diameter of 12,700
kilometres. About 70% of its surface is covered with liquid water, and the remaining terrestrial area of exposed land
and rock is covered mostly with vegetation. With so much of its surface covered with water, one might wonder why
our planet was not named “Water” instead of “Earth.”

The most singularly exceptional characteristic of Earth is the fact that certain qualities of its environment have led to
the genesis and subsequent evolution of organisms and ecosystems. These favourable environmental factors include
aspects of Earth’s chemistry, surface temperature, and strength of gravity.

The beginning of life occurred about 3.5 billion years ago, only 1 billion years following the origin of Earth during the
formation of the solar system. It is not exactly known how life first evolved from inanimate matter, although it is
believed to have been a spontaneous event. On other words, the genesis of life happened naturally, as a direct result of
appropriate physical and chemical conditions.

Aside from the musings of science fiction, Earth is celebrated as the only place in the universe that is known to sustain
life and its associated ecological processes. Of course, this observation simply reflects our present state of knowledge.
We do not actually know that organisms do not exist elsewhere - only that life or its signals have not yet been
discovered anywhere else in the universe. In fact, many scientists believe that because of the extraordinary diversity of
environments that must exist among the innumerable planets of the multitudinous solar systems of the universe, it is
likely that life forms have developed elsewhere. Nevertheless, the fact remains that Earth is the only planet definitely
known to support organisms and ecosystems. This makes Earth an extraordinarily special place. We can consider the
universe at various hierarchical levels (Figure 1.2). The scale ranges from the extremely small, such as subatomic
particles and photons, to the fantastically large, such as galaxies and, ultimately, the universe.

Figure 1.2. Hierarchical Organization of the Universe.
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Life on Earth occupies intermediate levels of this hierarchy. The realm of ecology encompasses the following levels:

individual organisms, which are living entities that are genetically and physically discrete
populations, or individuals of the same species that occur together in time and space
communities, or populations of various species, also co-occurring at the same time and place

W N =

landscapes and seascapes (collectively, these are ecoscapes), which are spatial integrations of various communities
over large areas
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5. and the biosphere in its entirety, which is composed of all life and ecosystems on Earth

Species and Ecosystems

A species is defined as individuals and populations that can potentially interbreed and produce fertile offspring (see
Chapter 7). The word ecosystem is a generic term that is used to describe one or more communities of organisms that
are interacting with their environment as a defined unit. As such, ecosystems can be organized in a hierarchy - they
may range from small units occurring in discrete microhabitats (such as an aquatic ecosystem contained within a
pitcher plant or in a garden surrounded by pavement) to much larger scales (such as a landscape or seascape). Even the
biosphere can be viewed as being a single ecosystem.

Ecological interpretations of the natural world consider the web-like connections among the many components of
ecosystems in a holistic manner. This ecosystem approach does not view the system as a random grouping of
individuals, populations, species, communities, and environments. Rather, it confirms all of these as being intrinsically
connected and mutually dependent, although in varying degrees, and also as having emergent properties (In Detail 1.1).

An important ecological principle is that all species are sustained by environmental resources: the “goods and services”
that are provided by their ecosystem. All organisms require specific necessities of life, such as inorganic nutrients,
food, and habitat with particular biological and physical qualities. Green plants, for example, need access to an
adequate supply of moisture, inorganic nutrients (such as nitrate and phosphate), sunlight, and space. Animals require
suitable foods of plant or animal biomass (organic matter), along with habitat requirements that differ for each species.

It is important to understand that humans are no different in this respect from other species. Although this
dependence may not always seem to be immediately apparent as we live our daily lives, we nevertheless depend on
environmental resources such as food, energy, shelter, and water to sustain ourselves and our larger economies.

It follows that the development and growth of individual people, their populations, and their societies and cultures are
limited to some degree by environmental factors. Examples of such constraints include excessively cold or dry climatic
conditions, mountainous or otherwise inhospitable terrain, and other factors that influence food production by
agriculture or hunting.

However, humans are often able to favourably manipulate their environmental circumstances. For example, crop
productivity may be increased by irrigating agricultural land, by applying fertilizer, or by managing pests. In fact,
humans are enormously more capable of overcoming their environmental constraints than any other species. This
ability is a distinguishing characteristic of our species.

The human species is labelled by the scientific term Homo sapiens, a two-word name (or binomial) that is Latin for
“wise man.” Indeed, humans are the most intelligent of all the species, with an enormous cognitive ability (that is, an
aptitude for solving problems). When humans and their societies perceive an environmental constraint, such as a
scarcity of resources, they often have been able to understand the limiting factors and to then use insight and tools to
manipulate the environment accordingly. The clever solutions have generally involved management of the environment
or other species to the benefit of humans, or the development of social systems and technologies that allow a more
efficient exploitation of natural resources.

Humans are not the only species that can cope with ecological constraints in clever ways. A few other species have
learned to use rudimentary tools to exploit the resources of their environment more efficiently. For example, the
woodpecker finch of the Galapagos Islands uses cactus spines to pry its food of insects out of fissures in bark and
rotting wood. Chimpanzees modify twigs and use them to extract termites, a favourite food, from termite mounds.
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Egyptian vultures pick up stones in their beak and drop them on ostrich eggs, breaking them and allowing access to
the rich food inside.

A few such innovations or “discoveries” by other species have even been observed. About 60 years ago in England, milk
was hand-delivered to homes in glass bottles that had a bulbous compartment at the top to collect the cream as it
separated. A few great tits (chickadee-like birds) discovered that they could feed on the cream by tearing a hole in the
cardboard cap of the bottle. Other great tits observed this behavioural novelty and adopted it. The feeding tactic
became widespread and was even adopted by several other species, such as the blue tit. Cream-eating was a clever
innovation, allowing access to a new and valuable food resource.

Although other species have developed behavioural changes that allow more efficient exploitation of their
environment, none have approached the number and variety of innovations developed by humans. Moreover, no other
species has developed a cumulative expertise for exploiting such a broad range of resources. And no other species has
managed to spread these adaptive capabilities as extensively as humans have, in an increasingly global culture.
Unfortunately, humans also have developed an unparalleled ability to degrade resources and ecosystems and to cause
the extinction of other species. The intense damage caused by humans and our economy is, of course, a major element
of the subject matter of environmental science.

In Detail 1.1. Systems and Complexity

The concept of systems is important in the hierarchical organization of environmental science. For this
purpose, a system may be defined as a group or combination of regularly interacting and interdependent
elements that form a collective entity, but one that is more than the mere sum of its constituents. A system can
be isolated for purposes of study. Systems occur in various spheres of life, including the following: * biosystems,
which are represented by any of the levels of organization of life, ranging from biochemistry to the biosphere *
ecosystems, which are biosystems that consist of ecological communities that interact with their environment
as a defined unit * economic systems, or integrated activities that produce goods and services in an economy ®
socio-cultural systems, which consist of ways that specialized people, information, and technologies are
organized to achieve some goal * and numerous others, including musical symphonies, physical art such as
paintings, and for that matter, the words and data in this book

Note, however, that these various systems are not mutually exclusive. For example, an agroecosystem includes
elements of biosystems, ecosystems, and socio-cultural systems.

Systems have collective properties, which are based on the summation of their parts. One such property might
be the total number of organisms present in a defined area, which might be measured as the sum of all of the
individual plants, animals, and microorganisms that are estimated to be present.

Systems also have emergent properties, which are revealed only when their components interact to develop
functional attributes that do not exist at simpler, lower levels. For example, harmonies and melodies are
emergent properties of music, as occurs when vocalists, a drummer, a bass and lead guitarist, and a keyboard
player of a rock band all integrate their activities to perform a song. Emergent properties are complex and may
be difficult to predict or manage.

Biological systems provide numerous examples of emergent properties (see Chapter 9). For example, certain
kinds of fungi and algae join together as a life form known as a lichen, which is an intimate, mutually beneficial
relationship (a mutualism). The biological properties of a lichen are different from those of the partner species
(which cannot live apart in nature), and they are impossible to predict based only on knowledge of the alga and
the fungus.

Similarly, assemblages of various species occurring in the same place and time (an ecological community)
develop emergent properties based on such interactions as competition, disease, herbivory, and predation. This
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complexity makes it difficult to predict changes caused by the introduction of a new disease or predator to a
community (including the harvesting of certain species by humans). Assemblages of communities over large
areas, known as ecoscapes, also have emergent properties, as does the biosphere as a whole.

Emergent properties are extremely difficult to predict and often emerge as “surprises,” for example, occurring
when ecosystems are stressed by some human influence. The interconnections within systems are particularly
important: any effects on particular components will inevitably affect all of the others. This extreme complexity
is one of the defining attributes of life and ecosystems, in contrast with physical (or non-biological) systems,
which are less complex.

Systems analysis is the study of the characteristics of systems, including their components, the relationships
among those elements, and their collective and emergent properties. Systems analysis is used to study
commercial, industrial, and scientific operations, usually with the goal of improving their efficiency. It can also
be applied to improve the management of ecosystems being exploited to provide goods and services for use by
the human economy. Ecologists also use systems analysis to better understand the organization and working of
natural ecosystems, regardless of any direct relationship to the harvesting of natural resources. A key result of
many such analyses is that the complexity of the system often precludes accurate predictions.

To see a remarkable example of a musical system with emergent properties, have a look at the video,
Stringfever Bolero at http: //www.youtube.com/watch?v=H5SMLNMgpywk

Stressors and Responses

The development and productivity of organisms, populations, communities, and ecosystems are naturally constrained
by environmental factors. These constraints can be viewed as being environmental stressors (or stressors). For
example, an individual plant may be stressed by inadequate nutrition, perhaps because of infertile soil or competition
with nearby plants for scarce resources. Less-than-optimal access to nutrients, water, or sunlight results in
physiological stress, which causes the plant to be less productive than it is genetically capable of being. One result of
this stress-response relationship is that the plant may develop relatively few seeds during its lifetime. Because
reproductive (and evolutionary) success is related to the number of progeny an organism produces to carry on its
genetic lineage, the realized success of this individual plant is less than its potential.

Similarly, the development and productivity of an animal (including any human) are constrained by the environmental
conditions under which it lives. For instance, an individual may have to deal with stresses caused by food shortage or
by difficult interactions with other animals through predation, parasitism, or competition for scarce resources.

The most benign (or least stressful) natural environments are characterized by conditions in which factors such as
moisture, nutrients, and temperature are not unduly constraining, while disturbances associated with disease, wildfire,
windstorm, or other cataclysms are rare. These kinds of relatively benevolent conditions allow the most complex and
biodiverse ecosystems to develop, namely old-growth rainforest and coral reefs. Other environments, however, are
characterized by conditions that are more stressful, which therefore limits their development to less complex
ecosystems, such as prairie, tundra, or desert.

All ecosystems are dynamic, in the sense that they change profoundly, and quite naturally, over time. Many ecosystems
are especially dynamic, in that they regularly experience large changes in their species, amounts of biomass, and rates
of productivity and nutrient cycling. For example, ecosystems that occur in seasonal climates usually have a discrete
growing season, which is followed by a dormant period when little or no growth occurs. To varying degrees, all of the
natural ecosystems of Canada are seasonally dynamic: a warm growing season is followed by a cold dormant period
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when no plant productivity or growth occurs. Animals may survive the hard times of winter by migrating, hibernating,
or feeding on plant biomass remaining from the previous growing season.

Ecosystems that have recently been affected by a disturbance (an episode of destruction) are particularly dynamic
because they are undergoing a process of ecological recovery known as succession. Succession occurs in response to
changes associated with natural disturbances such as a wildfire, windstorm, or insect or disease epidemic. These
cataclysmic stressors kill many of the dominant organisms in an ecosystem, creating opportunities for relatively short-
lived species, which may dominate the earlier years of the post-disturbance recovery. Succession also occurs after
anthropogenic disturbances, such as a deliberately lit wildfire or a clear-cut of mature timber.

The dynamics of natural disturbances can be far-reaching, in some cases affecting extensive landscapes. For example,
in most years, millions of hectares of the boreal forest of northern Canada are disturbed by wildfires. Similarly, great
areas may be affected by sudden increases of spruce budworm, a moth that can kill most mature trees in fir-spruce
forest, or by the mountain pine beetle, which kills pine trees. An even more extensive cataclysm ended about 12,000
years ago, when glaciation covered virtually all of Canada with enormous ice sheets up to several kilometres thick.
However, disturbances can also be local in scale. For example, the death of a large tree within an otherwise intact
forest creates a local zone of damage, referred to as a microdisturbance. This small-scale disturbance induces a local
succession of vigorously growing plants that attempt to achieve individual success by occupying the newly available
gap in the forest canopy.

Even highly stable ecosystems such as tropical rainforest and communities of deep regions of the oceans change
inexorably over time. Although catastrophic disturbances may affect those stable ecosystems, they are rare under
natural conditions. Nevertheless, as with all ecosystems, these stable types are influenced by pervasive changes in
climate and by other long-term dynamics, such as evolution.

In fact, natural environmental and ecological changes have caused the extinction of almost all of the species that have
ever lived on Earth since life began about 3.5 billion years ago. Many of the extinctions occurred because particular
species could not cope with the stresses of changes in climate or in biological interactions such as competition,
disease, or predation. However, many of the extinctions appear to have occurred synchronously (at about the same
time) and were presumably caused by an unpredictable catastrophe, such as a meteorite colliding with the Earth. (See
Chapters 7 and 26 for descriptions of natural extinctions and those caused by human influences.)

Environmental stressors and disturbances have always been an important, natural context for life on Earth. So, too,
have been the resulting ecological responses, including changes in species and the dynamics of their communities and
ecosystems.

Image 1.2. Modern consumerism results in huge demands for material and energy resources to build and run
homes and to manufacture and operate machines and other goods. In an environmental context, this is
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sometimes referred to as “affluenza”. Source: B. Freedman

Human Activities are Environmental Stressors

These days, of course, ecosystems are influenced not just by “natural” environmental stressors. In many situations,
anthropogenic influences have become the most important constraining influence on the productivity of species and
on ecosystems more generally. These direct and indirect influences have intensified enormously in modern times.

Humans affect ecosystems and species in three direct ways: (a) by harvesting valuable biomass, such as trees and
hunted animals; (b) by causing damage through pollution; and (c) by converting natural ecosystems to into land-uses
for the purposes of agriculture, industry, or urbanization.

These actions also engender many indirect effects. For example, the harvesting of trees alters the habitat conditions
for the diversity of plants, animals, and microorganisms that require forested habitat, thereby affecting their
populations. At the same time, timber harvesting indirectly changes functional properties of the landscape, such as
erosion, productivity, and the quantity of water flowing in streams. Both the direct and indirect effects of humans on
ecosystems are important.

Humans have always left “footprints” in nature - to some degree, they have always influenced the ecosystems of which
they were a component. During most of the more than 100,000 years of evolution of modern Homo sapiens, that
ecological footprint was relatively shallow. This was because the capability of humans for exploiting their environment
was not much different from that of other similarly abundant, large animals. However, during the cultural evolution of
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humans, the ecological changes associated with our activities progressively intensified. This process of cultural
evolution has been characterized by the discovery and use of increasingly more sophisticated methods, tools, and
social organizations to secure resources by exploiting the environment and other species.

Certain innovations occurring during the cultural evolution of humans represented particularly large increases in
capability. Because of their great influence on human success, these advances are referred to as “revolutions.” The
following are examples of early technological revolutions:

* the discovery of ways of making improved weapons for hunting animals

* domestication of the dog, which also greatly facilitated hunting

* domestication of fire, which provided warmth and allowed for cooked, more digestible foods

» ways of cultivating and domesticating plants and livestock, which resulted in huge increases in food availability

* techniques for working raw metals into tools, which were much better than those made of wood, stone, or bone
The rate of new discoveries has increased enormously over time. More recent technological revolutions include
the following:

* methods of using machines and energy to perform work previously done by humans or draught animals

» further advances in the domestication and cultivation of plants and animals

» discoveries in medicine and sanitation

» extraordinary strides in communications and information-processing technologies

These and other revolutionary innovations all led to substantial increases in the ability of humans to exploit the
resources of their environment and to achieve population growth (Chapter 10). Unfortunately, enhanced exploitation
has rarely been accompanied by the development of a compensating ethic that encourages conservation of the
resources needed for survival. Even early hunting societies of more than about 10,000 years ago appear to have caused
the extinction of species that were hunted too effectively (Chapter 26).

The diverse effects of human activities on environmental quality are vital issues, and they will be examined in detail in
later chapters. For now, we emphasize the message that intense environmental stress associated with diverse human
activities has become the major factor causing ecological changes on Earth. Many of the changes are degrading the
ability of the environment and ecosystems to sustain humans and their economies. Anthropogenic activities are also
causing enormous damage to natural ecosystems, including to habitats needed to support most other species.

In fact, the environmental and ecological damage caused by humans has become so severe that an appropriate
metaphor for the human enterprise may be that of a malignancy, or cancer. This is a sobering image. It is useful to
dwell on it so that its meaning does not escape our understanding. Humans and their activities are endangering
species and natural ecosystems on such a tremendous scale and rate that the integrity of Earth’s life-support systems
is at risk.

From an ecological perspective, the pace and intensity of these changes is staggering. Moreover, the damage will
become substantially worse before corrective actions are (hopefully) undertaken to reverse the damage and allow an
ecologically sustainable human enterprise to become possible. From a pessimistic standpoint, however, it may prove to
be beyond the capability of human societies to act effectively to fix the damage and to design and implement solutions
for sustainability.

These are, of course, only opinions, albeit the informed views of many environmental specialists. Anticipating the
future is always uncertain, and things may turn out to be less grim than is now commonly predicted. For example, we
might be wrong about the availability of key resources needed to sustain future generations of humans. Still, the clear
indications from recent patterns of change are that the environmental crisis is severe and that it will worsen in the
foreseeable future.
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But not all this damage is inevitable. There is sincere hope and expectation that human societies will yet make
appropriate adjustments and will choose to pursue options that are more sustainable than many of those now being
followed. In fact, no other outcome could be considered acceptable.

Ethics and World Views

The choice that people make can influence environmental quality in many ways - by affecting the availability of
resources, causing pollution, and causing species and natural ecosystems to become endangered. Decisions
influencing environmental quality are influenced by two types of considerations: knowledge and ethics.

In the present context book, knowledge refers to information and understanding about the natural world, and ethics
refers to the perception of right and wrong and the appropriate behaviour of people toward each other, other species,
and nature. Of course, people may choose to interact with the environment and ecosystems in various ways. On the
one hand, knowledge provides guidance about the consequences of alternative choices, including damage that might
be caused and actions that could be taken to avoid that effect. On the other hand, ethics provides guidance about
which alternative actions should be favoured or even allowed to occur.

Because modern humans have enormous power to utilize and damage the environment, the influence of knowledge
and ethics on choices is a vital consideration. And we can choose among various alternatives. For example, individual
people can decide whether to have children, purchase an automobile, or eat meat, while society can choose whether to
allow the hunting of whales, clear-cutting of forests, or construction of nuclear-power plants. All of these options have
implications for environmental quality.

Perceptions of value (of merit or importance) also profoundly influence how the consequences of human actions are
interpreted. Environmental values can be divided into two broad classes: utilitarian and intrinsic.

1. Utilitarian value (also known as instrumental value) is based on the known importance of something to the welfare
of people (see also the discussion of the anthropocentric world view, below). Accordingly, components of the
environment and ecosystems are considered important only if they are resources necessary to sustain
humans—that is, if they bestow economic benefits, provide livelihoods, and contribute to the life-support system.
In effect, people harvest materials from nature because they have utilitarian value. These necessities include water,
timber, fish and animals hunted in wild places, and agricultural crops grown in managed ecosystems.

Ecological values are somewhat broader utilitarian values—they are based on the needs of humans, but also on
those of other species and natural ecosystems. Ecological values often take a longer-term view. Aesthetic values
are also utilitarian but are based on an appreciation of beauty, but they are subjective and influenced by cultural
perspectives. For instance, environmental aesthetics might value natural wilderness over human-dominated
ecosystems, free-living whales over whale meat, and large standing trees over toilet paper. On the other hand,
aesthetics that are heavily influenced by more anthropogenic considerations might result in the opposite
preferences. Maintaining aesthetic values can provide substantial cultural, social, psychological, and economic
benefits.

2. Intrinsic value is based on the belief that components of the natural environment (such as species and natural
ecosystems) have inherent value and a right to exist, regardless of any positive, negative, or neutral relationships
with humans. Under this system, it would be wrong for people to treat other creatures cruelly, to take actions that
cause natural entities to become endangered or extinct, or to fail to prevent such occurrences.

As was noted previously, ethics concerns the perception of right and wrong and the values and rules that should
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govern human conduct. Clearly, ethics of all kinds depend upon the values that people believe are important.
Environmental ethics deal with the responsibilities of present humans to both future generations and other species to
ensure that the world will continue to function in an ecologically healthy way, and to provide adequate resources and
livelihoods (this is also a key aspect of sustainable development; see the last section of this chapter). The environmental
values described above underlie this system of ethics. Applying environmental ethics often means analyzing and
balancing standards that may conflict, because aesthetic, ecological, intrinsic, and utilitarian values rarely all coincide
(see In Detail 1.2).

There is also tension between ethical considerations that are individualistic and those that are holistic. For example,
animal-rights activists are highly concerned with issues involving the treatment of individual organisms. Ecologists,
however, are typically more concerned with holistic values, such as a population, species, or ecosystem. As such, an
ecologist might advocate a cull of overabundant deer in a park in order to favour the survival of populations of
endangered plants, whereas that action might be resisted by an animal-rights activist.

Values and ethics, in turn, support larger systems known as world views. A world view is a comprehensive philosophy
of human life and the universe, and of the relationship between people and the natural world. World views include
traditional religions, philosophies, and science, as well as other belief systems. In an environmental context, generally
important world views are known as anthropocentric, biocentric, and ecocentric, while the frontier and sustainability
world views are more related to the use of resources. The anthropocentric world view considers humans as being at
the centre of moral consideration. People are viewed as being more worthy than any other species and as uniquely
disconnected from the rest of nature. Therefore, the anthropocentric world view judges the importance and
worthiness of everything, including other species and ecosystems, in terms of the implications for human welfare.

Image 1.3. According to the biocentric and ecocentric world views, all species have intrinsic value. This does
not, however, mean that one species cannot exploit another. This image of a girl and her puppy was taken in
Kimmirut, southern Baffin Island. Source: B. Freedman.

The biocentric world view focuses on living entities and considers all species (and individuals) as having intrinsic value.
Humans are considered a unique and special species, but not as being more worthy than other species. As such, the
biocentric world view rejects discrimination against other species, or speciesism (a term similar to racism or sexism).

The ecocentric world view considers the direct and indirect connections among species within ecosystems to be
invaluable. It also includes consideration for non-living entities, such as rocks, soil, and water. It incorporates the
biocentric world view but goes well beyond it by stressing the importance of interdependent ecological functions, such
as productivity and nutrient cycling.
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The frontier world view asserts that humans have a right to exploit nature by consuming natural resources in
boundless quantities. This world view claims that people are superior and have a right to exploit nature. Moreover, the
supply of resources to sustain humans is considered to be limitless, because new stocks can always be found, or
substitutes discovered. The consumption of resources is considered to be good because it enables economies to grow.
Nations and individuals should be allowed to consume resources aggressively, as long as no people are hurt in the
process.

The sustainability world view acknowledges that humans must have access to vital resources, but the exploitation of
those necessities should be governed by appropriate ecological, intrinsic, and aesthetic values. The sustainability world
view can assume various forms. The spaceship world view is quite anthropocentric. It focuses only on sustaining
resources needed by people, and it assumes that humans can exert a great degree of control over natural processes
and can safely pilot “spaceship Earth”” In contrast, ecological sustainability is more ecocentric. It considers people
within an ecological context and focuses on sustaining all components of Earth’s life-support system by preventing
human actions that would degrade them. In an ecologically sustainable economy, natural goods and services should be
utilized only in ways that do not compromise their future availability and do not endanger the survival of species or
natural ecosystems.

The attitudes of people and their societies toward other species, natural ecosystems, and resources have enormous
implications for environmental quality. Extraordinary damages have been legitimized by attitudes based on a belief in
the inalienable right of humans to harvest whatever they desire from nature, without consideration of pollution,
threats to species, or the availability of resources for future generations. Clearly, one of the keys to resolving the
environmental crisis is to achieve a widespread adoption of ecocentric and ecological sustainability world views.

Environmental Issues 1.1. Old-Growth Forest: Values in Competition Ethics and values are greatly influenced by
cultural attitudes. Because the attitudes of people vary considerably, proposals to exploit natural resources as
economic commodities often give rise to intense controversy. This can be illustrated by the case of old-growth
rainforest on Vancouver Island.

Old-growth forest in the coastal zone of British Columbia contains many ancient trees, some of which are
hundreds of years old and of gigantic height and girth (see Chapter 23). The cathedral-like aesthetics of old-
growth forest are inspiring to many people, providing a deeply natural, even spiritual experience. Elements of
the culture of the First Nations of coastal British Columbia are based on values associated with old-growth
forest. Whatever their culture, however, few people fail to be inspired by a walk through a tract of old-growth
forest on Vancouver Island. Old-growth forest is also a special kind of natural ecosystem, different from other
forests, and supporting species that cannot survive elsewhere. These ecological qualities give coastal old-
growth forest an intrinsic value that is not replicated elsewhere in Canada. This ecosystem represents a distinct
element of our natural heritage.

Old-growth forest is also an extremely valuable resource because it contains large trees that can be harvested
and manufactured into lumber or paper. If utilized in this manner, old-growth forest can provide livelihoods for
people and revenues for local, provincial, and national economies. Old-growth forest also supports other
economic values, including deer that can be harvested by hunters, and salmon by fishers, as well as birds and
wildflowers that entice ecotourists to visit these special habitats. Intact old-growth forest also provides other
valuable services, such as flows of clean streamwater and assistance in the regulation of atmospheric
concentrations of vital gases such as carbon dioxide and oxygen. At one time, old-growth forest was
widespread on Vancouver Island, but it is now endangered both there and almost everywhere else in Canada.
This has happened largely because old-growth forest has been extensively harvested and replaced by younger,
second-growth stands. The secondary forest is harvested as soon as it becomes economically mature, which
happens long before it can develop into an old-growth condition. The net result is a rapidly diminishing area of
old-growth forest and endangerment of both the ecosystem and some of its dependent species.
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Obviously, the different values concerning old-growth forest on Vancouver Island are in severe conflict.
Industrial schemes to harvest old-growth trees for manufacturing into lumber or paper are incompatible with
other proposals to protect this special ecosystem in parks and wilderness areas. The conflicting perceptions of
values have resulted in emotional confrontations between loggers and preservationists, in some cases resulting
in civil disobedience, arrests, and jail terms. Ultimately, these sorts of controversies can only be resolved by
finding a balance among the utilitarian, ecological, aesthetic, and intrinsic values of old-growth forest, and by
ensuring that all of these values are sustained.

The Environmental Crisis

The modern environmental crisis encompasses many issues. In large part, however, we can classify the issues into
three categories: population, resources, and environmental quality. In essence, these topics are what this book is
about. However, the core of their subject areas is the following:

* Population

In 2015, the human population numbered more than 7.3 billion, including about 34 million in Canada . At the global
level, the human population has been increasing because of the excess of birth rates over death rates. The recent
explosive population growth, and the poverty of so many people, is a root cause of much of the environmental
crisis. Directly or indirectly, large population increases result in extensive deforestation, expanding deserts, land
degradation by erosion, shortages of water, change in regional and global climate, endangerment and extinction
of species, and other great environmental problems. Considered together, these damages represent changes in the
character of the biosphere that are as cataclysmic as major geological events, such as glaciation. We will discuss the
human population in more detail in Chapters 10 and 11.

Resources

Two kinds of natural resources can be distinguished. A non-renewable resource is present in a finite quantity. As
these resources are extracted from the environment, in a process referred to as mining, their stocks are inexorably
diminished and so are available in increasingly smaller quantities for future generations. Non-renewable resources
include metals and fossil fuels such as petroleum and coal. In contrast, a renewable resource can regenerate after
harvesting, and if managed suitably, can provide a supply that is sustainable forever. However, to be renewable, the
ability of the resource to regenerate cannot be compromised by excessive harvesting or inappropriate management
practices. Examples of renewable resources include fresh water, the biomass of trees and agricultural plants and
livestock, and hunted animals such as fish and deer. Ultimately, a sustainable economy must be supported by
renewable resources. Too often, however, potentially renewable resources are not used responsibly, which impairs
their renewal and represents a type of mining. The subject area of natural resources is examined in detail in
Chapters 12, 13, and 14.

Environmental Quality

This subject area deals with anthropogenic pollution and disturbances and their effects on people, their economies,
other species, and natural ecosystems. Pollution may be caused by gases emitted by power plants and vehicles,
pesticides, or heated water discharged into lakes. Examples of disturbance include clear-cutting, fishing, and forest
fires. The consequences of pollution and disturbance for biodiversity, climate change, resource availability, risks to
human health, and other aspects of environmental quality are examined in Chapters 15 to 26.
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Environmental Impacts of Humans

In a general sense, the cumulative impact of humans on the biosphere is a function of two major factors: (1) the size of
the population and (2) the per-capita (per-person) environmental impact. The human population varies greatly among
and within countries, as does the per-capita impact, which depends on the kind and degree of economic development
that has occurred.

Paul Ehrlich, an American ecologist, has expressed this simple relationship using an “impact formula,” as follows: I = P x
A x T, where

» Tis the total environmental impact of a human population

* Pis the population size

* Ais an estimate of the per-capita affluence in terms of resource use

* Tis the degree of technological development of the economy, on a per-capita basis

Calculations based on this simple PAT formula show that affluent, technological societies have a much larger per-
capita environmental impact than do poorer ones.

How does Canada’s impact on the environment compare with that of more populous countries, such as China and
India? We can examine this question by looking at two simple indicators of the environmental impact of both individual
people and national economies: (a) the size of the human population, (b) the use of energy and (c) gross domestic
product (GDP, or the annual value of all goods and services produced by a country). The use of energy is a helpful
environmental indicator because power is needed to carry out virtually all activities in a modern society, including
driving vehicles, heating or cooling buildings, manufacturing industrial products, and running computers. GDP
represents all of the economic activities in a country, each of which results in some degree of environmental impact.

One of the major influences on the environmental impact of any human population is the number of people (the
population size). In this respect, Canada has a much smaller population (35.1 million in 2015) compared to China (1.3
billion), India (1.1 billion), or the United States (321 million) (Figure 1.3a).

However, on a per-person basis, people living in Canada or the U.S. have much larger environmental impacts than do
those living in China or India, as indicated by both per-capita energy use (Figure 1.3c) and per-capita GDP (Figure 1.3e).
This difference is an inevitable consequence of the prosperous nature of the lifestyle of North Americans and other
wealthier people, which on a per-capita basis is achieved by consuming relatively large amounts of natural resources
and energy, while generating a great deal of waste materials. Sometimes this environmental effect of a wealthier
population is referred to as “affluenza”

However, the per-capita environmental impact is only part of the environmental influence of a country, or of any
human population. To determine the national effect, the per-capita value must be multiplied by the size of the
population. When this is done for energy, China and the U.S. have by far the largest values, while Canada and India are
much less (Figure 1.3b). Still, it is remarkable that the national energy use of Canada, with its relatively small population,
is close to that of India and within an order of magnitude of China, which have enormously larger populations. The
same pattern is true of national the GDPs of those countries.

These observations drive home the fact that the environmental impact of any human population is a function of both
(@) the number of people and (b) the per-person environmental impact. Because of this context, relatively wealthy
countries like Canada have much larger environmental impacts than might be predicted based only on the size of their
population. On the other hand, the environmental impacts of poorer countries are smaller than might be predicted
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based on their population. We can conclude that the environmental crisis is due to both overpopulation and excessive
resource consumption.

Figure 1.3. The relative environmental impacts of China, India, Canada, and the United States. The

environmental impacts of countries, and of their individual citizens, can be compared using simple indicators,
such as the use of energy and the gross domestic product. Canada’s relatively small population, compared with
China and India, is somewhat offset by its higher per-capita GDP and use of energy. However, because the per-

capita data for the U.S. and Canada are similar, relative population sizes are the key influence on the

environmental impacts of these two countries. Sources of data: population data are for 2015 (U.S. Census
Bureau, 2015); energy use (all commercial fuels) for 2013 (BP, 2013); GDP for 2013 (CIA, 2014).
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Image 1.4. Places where people live, work, grow food, and harvest natural resources are affected by many kinds of
anthropogenic stressors. These result in ecosystems that are not very natural in character, such as the pavement
and grassy edges of this major highway in Toronto. Source: B. Freedman.

Ecologically Sustainable Development

Sustainable development refers to development of an economic system that uses natural resources in ways that do not
deplete them or otherwise compromise their availability to future generations. In this sense, the present human
economy is clearly non-sustainable. The reason for this bold assertion is that the present economy achieves rapid
economic growth through vigorous depletion of both non-renewable and renewable resources (see Chapters 12-14).
Economic growth and development are different phenomena. Economic growth refers to increases in the size of an
economy because of expansions of both population and per-capita resource use. This growth is typically achieved by
increasing the consumption of natural resources, particularly non-renewable ones such as fossil fuels and metals. The
rapid use results in an aggressive depletion of vital non-renewable resources, and even renewable ones. In Canada, for
example, considerable economic growth is being achieved by the huge investments of capital needed to mine and
process the great oil-sand resources of northern Alberta (see Canadian Focus 13.1). In contrast, a comparable scale of
investment in renewable energy initiatives, such as wind or solar power, or in energy conservation, would have
contributed more so to sustainable development.

Almost all national economies have been growing rapidly in recent times. Moreover, most politicians, economic
planners, and business people hope for additional growth of economic activity, in order to generate more wealth and to
provide a better life for citizens. At the same time, however, most leaders of society have publicly affirmed their
support of sustainable development. However, they are confusing sustainable development with “sustainable economic
growth” Unfortunately, continuous economic growth is not sustainable because there are well-known limits due to
finite stocks of natural resources, as well as a limited ability of the biosphere to absorb wastes and ecological damage
without suffering irreversible degradation. This limit is a fundamental principle of ecological economics (see Chapter
12).

Economic development is quite different from economic growth. Development implies a progressively improving
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efficiency in the use of materials and energy, a process that reflects socio-economic evolution toward a more
sustainable economy. Within that context, so-called developed countries have a relatively well-organized economic
infrastructure and a high average per-capita income (because of their latter characteristic, they may also be referred to
as high-income countries). Examples include Canada, the United States, Japan, countries of western Europe, and
Australia. In contrast, less-developed or low-income countries have much less economic infrastructure and low per-
capita earnings. Examples include Afghanistan, Bolivia, Myanmar, and Zimbabwe. A third group is comprised of rapidly
developing or middle-income countries, such as Brazil, Chile, China, India, Malaysia, Russia, and Thailand.

A sustainable economy must be fundamentally supported by the wise use of renewable resources, meaning they are
not used more quickly than their rate of regeneration. For these reasons, the term sustainable development should
refer only to progress being made toward a sustainable economic system. Progress in sustainable development
involves the following sorts of desirable changes:

* increasing efficiency of use of non-renewable resources, for example, by careful recycling of metals and by
optimizing the use of energy

* increasing use of renewable sources of energy and materials in the economy (to replace non-renewable sources)

* improving social equity, with the ultimate goal of helping all people (and not just a privileged minority) to have
reasonable access to the basic necessities and amenities of life

Despite abundant public rhetoric, our society has not yet made much progress toward true sustainability. This has
happened because most actions undertaken by governments and businesses have supported economic growth, rather
than sustainable development. We will further examine these issues in Chapter 12 and other parts of this book.

Sustainable development is a lofty and necessary goal for society to pursue. But if a sustainable human economy is not
attained, then the non-sustainable one will run short of resources and could collapse. This would cause terrible misery
for huge numbers of people and colossal damage to the biosphere.

The notion of sustainability can be further extended to that of ecologically sustainable development. This idea includes
the usual aspect of sustainable development in which countries develop without depleting their essential base of
natural resources, essentially by basing their economy on the wise use of renewable sources of energy and materials.
Beyond that, however, an ecologically sustainable economy runs without causing an irretrievable loss of natural
ecosystems or extinctions of species, while also maintaining important environmental services, such as the provision of
clean air and water. Ecological sustainability is a reasonable extension of sustainability, which only focuses on the
human economy. By expanding to embrace the interests of other species and natural ecosystems, ecological
sustainability provides an inclusive vision for a truly harmonious enterprise of humans on planet Earth. Identifying and
resolving the barriers to ecological sustainability are the fundamental objectives and subject matter of environmental
studies. It provides a framework for all that we do.

Conclusions

Environmental science is a highly interdisciplinary field that is concerned with issues associated with the rapidly
increasing human population, the use and diminishing stocks of natural resources, damage caused by pollution and
disturbance, and effects on biodiversity and the biosphere. These are extremely important issues, but they involve
complex and poorly understood systems. They also engage conflicts between direct human interests and those of
other species and the natural world.

Ultimately, the design and implementation of an ecologically sustainable human economy will require a widespread
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adoption of new world views and cultural attitudes that are based on environmental and ecological ethics, which
include consideration for the needs of future generations of people as well as other species and natural ecosystems.
This will be the best way of dealing with the so-called “environmental crisis,” a modern phenomenon that is associated
with rapid population growth, resource depletion, and environmental damage. This crisis is caused by the combined
effects of population increase and an intensification of per-capita environmental damage.

Finally, it must be understood that that the study of environmental issues is not just about the dismal task of
understanding awful problems. Rather, a major part of the subject is to find ways to repair many of the damages that
have been caused, and to prevent others that might yet occur. These are helpful and hopeful actions, and they
represent necessary progress toward an ecologically sustainable economy.

Questions for Review

1. Define environmental science, environmental studies, and ecology. List the key disciplinary fields of knowledge
that each includes.

2. Describe the hierarchical structure of the universe and list the elements that encompass the realms of biology and
ecology.

3. Identify the key environmental stressors that may be affecting an ecosystem in your area (e.g., a local park). Make
sure that you consider both natural and anthropogenic stressors.

4. What is the difference between morals and knowledge, and how are these conditioned by personal and societal
values?

5. Explain how cultural attributes and expressions can affect the ways that people view the natural world and
interact with environmental issues.

Questions for Discussion

1. Describe how you are connected with ecosystems, both through the resources that you consume (food, energy,
and materials) and through your recreational activities. Which of these connections could you do without?

2. How are your personal ethical standards related to utilitarian, ecological, aesthetic, and intrinsic values? Think
about your world view and discuss how it relates to the anthropocentric, biocentric, and ecocentric world views.

3. According to information presented in this chapter, Canada might be regarded as being as overpopulated as India
and China. Do you believe this is a reasonable conclusion? Justify your answer.

4. Make a list of the most important cultural influences that have affected your own attitudes about the natural world
and environmental issues.

Exploring Issues

1. You have been asked by the United Nations to devise an index of national and per-capita environmental impacts
that will be used to compare various developed and less-developed countries. Until now, the United Nations has
used extremely simple indicators, such as energy use and gross domestic product, but they now want to use more
realistic data. How would you design better indicators? What do you think would be the most important
components of the indicators, and why?
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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

W N =

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
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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: There is a widespread contamination of marine mammals with chlorinated hydrocarbons.
Further research may demonstrate that the contamination is a global phenomenon. This suggests a potentially
important environmental problem.

In contrast, deductive logic involves making one or more initial assumptions and then drawing logical conclusions from
those premises. Consequently, the truth of a deductive conclusion depends on the veracity of the original assumptions.
If those suppositions are based on false information or on incorrect supernatural belief, then any deduced conclusions
are likely to be wrong. Consider the following illustration of deductive logic:

* Assumption 1: TCDD, an extremely toxic chemical in the dioxin family, is poisonous when present in even the
smallest concentrations in food and water—even a single molecule can cause toxicity.

» Assumption 2: Exposure to anything that is poisonous in even the smallest concentrations is unsafe.

* Assumption 3: No exposure that is unsafe should be allowed.

Deductive conclusion 1: No exposure to TCDD is safe.
Deductive conclusion 2: No emissions of TCDD should be allowed.

The two conclusions are consistent with the original assumptions. However, there is disagreement among highly
qualified scientists about those assumptions. Many toxicologists believe that exposures to TCDD (and any other
potentially toxic chemicals) must exceed a threshold of biological tolerance before poisoning will result (see Chapter
15). In contrast, other scientists believe that even the smallest exposure to TCDD carries some degree of toxic risk.
Thus, the strength of deductive logic depends on the acceptance and truth of the original assumptions from which its
conclusions flow.

In general, inductive logic plays a much stronger role in modern science than does deductive logic. In both cases,
however, the usefulness of any conclusions depends greatly on the accuracy of any observations and other data on
which they were based. Poor data may lead to an inaccurate conclusion through the application of inductive logic, as
will inappropriate assumptions in deductive logic.

Goals of Science

The broad goals of science are to understand natural phenomena and to explain how they may be changing over time.
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To achieve those goals, scientists undertake investigations that are based on information, inferences, and conclusions
developed through a systematic application of logic, usually of the inductive sort. As such, scientists carefully observe
natural phenomena and conduct experiments.

A higher goal of scientific research is to formulate laws that describe the workings of the universe in general terms.
(For example, see Chapter 4 for a description of the laws of thermodynamics, which deal with the transformations of
energy among its various states.) Universal laws, along with theories and hypotheses (see below), are used to
understand and explain natural phenomena. However, many natural phenomena are extremely complex and may never
be fully understood in terms of physical laws. This is particularly true of the ways that organisms and ecosystems are
organized and function.

Scientific investigations may be pure or applied. Pure science is driven by intellectual curiosity - it is the unfettered
search for knowledge and understanding, without regard for its usefulness in human welfare. Applied science is more
goal-oriented and deals with practical difficulties and problems of one sort or another. Applied science might examine
how to improve technology, or to advance the management of natural resources, or to reduce pollution or other
environmental damages associated with human activities.

Facts, Hypotheses, and Experiments

Afact is an event or thing that is definitely known to have happened, to exist, and to be true. Facts are based on
experience and scientific evidence. In contrast, a hypothesis is a proposed explanation for the occurrence of a
phenomenon. Scientists formulate hypotheses as statements and then test them through experiments and other forms
of research. Hypotheses are developed using logic, inference, and mathematical arguments in order to explain
observed phenomena. However, it must always be possible to refute a scientific hypothesis. Thus, the hypothesis that
“cats are so intelligent that they prevent humans from discovering it” cannot be logically refuted, and so it is not a
scientific hypothesis.

A theory is a broader conception that refers to a set of explanations, rules, and laws. These are supported by a large
body of observational and experimental evidence, all leading to robust conclusions. The following are some of the most
famous theories in science:

* the theory of gravitation, first proposed by Isaac Newton (1642-1727)

 the theory of evolution by natural selection, published simultaneously in 1858 by two English naturalists, Charles
Darwin (1809-1882) and Alfred Russel Wallace (1823-1913)

* the theory of relativity, identified by the German-Swiss physicist, Albert Einstein (1879-1955)

Celebrated theories like these are strongly supported by large bodies of evidence, and they will likely persist for a long
time. However, we cannot say that these (or any other) theories are known with certainty to be true -some future
experiments may yet falsify even these famous theories.

The scientific method begins with the identification of a question involving the structure or function of the natural
world, which is usually developed using inductive logic (Figure 2.1). The question is interpreted in terms of existing
theory, and specific hypotheses are formulated to explain the character and causes of the natural phenomenon. The
research might involve observations made in nature, or carefully controlled experiments, and the results usually give
scientists reasons to reject hypotheses rather than to accept them. Most hypotheses are rejected because their
predictions are not borne out during the course of research. Any viable hypotheses are further examined through
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additional research, again largely involving experiments designed to disprove their predictions. Once a large body of
evidence accumulates in support of a hypothesis, it can be used to corroborate the original theory.

Figure 2.1. Diagrammatic Representation of the Scientific Method. The scientific method starts with a question,
relates that question to a theory, formulates a hypothesis, and then rigorously tests that hypothesis. Source:
Modified from Raven and Johnson (1992).

A question about the
structure or function of the
natural world

Interpretation in terms of a
relevant, general theory

Formulate some

potential hypotheses:
a) alternative |
b) alternative 2
¢) alternative 3
d) alternative 4

Formulate null hypotheses 1 Reject hypotheses that
and conduct experiments are proven incorrect

Non-rejected hypothesis

Formulate additional null
hypotheses in attempts to
disprove the hypothesis,
and conduct additional
experiments

The scientific method is only to investigate questions that can be critically examined through observation and
experiment. Consequently, science cannot resolve value-laden questions, such as the meaning of life, good versus evil,
or the existence and qualities of God or any other supernatural being or force.

An experiment is a test or investigation that is designed to provide evidence in support of, or preferably against, a
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hypothesis. A natural experiment is conducted by observing actual variations of phenomena in nature, and then
developing explanations by analysis of possible causal mechanisms. A manipulative experiment involves the deliberate
alteration of factors that are hypothesized to influence phenomena. The manipulations are carefully planned and
controlled in order to determine whether predicted responses will occur, thereby uncovering causal relationships.

By far the most useful working hypotheses in scientific research are designed to disprove rather than support. A null
hypothesis is a specific testable investigation that denies something implied by the main hypothesis being studied.
Unless null hypotheses are eliminated on the basis of contrary evidence, we cannot be confident of the main
hypothesis.

This is an important aspect of scientific investigation. For instance, a particular hypothesis might be supported by
many confirming experiments or observations. This does not, however, serve to “prove” the hypothesis - rather, it only
supports its conditional acceptance. As soon as a clearly defined hypothesis is falsified by an appropriately designed
and well-conducted experiment, it is disproved for all time. This is why experiments designed to disprove hypotheses
are a key aspect of the scientific method.

Revolutionary advances in understanding may occur when an important hypothesis or theory are rejected through
discoveries of science. For instance, once it was discovered that the Earth is not flat, it became possible to confidently
sail beyond the visible horizon without fear of falling off the edge of the world. Another example involved the discovery
by Copernicus that the planets of our solar system revolve around the Sun, and the related concept that the Sun is an
ordinary star among many - these revolutionary ideas replaced the previously dominant one that the planets, Sun, and
stars all revolved around the Earth.

Thomas Kuhn (1922-1995) was a philosopher of science who emphasized the important role of “scientific revolutions” in
achieving great advances in our understanding of the natural world. In essence, Kuhn (1996) said that a scientific
revolution occurs when a well-established theory is rigorously tested and then collapses under the accumulating
weight of new facts and observations that cannot be explained. This renders the original theory obsolete, to be
replaced by a new, more informed paradigm (i.e., a set of assumptions, concepts, practices, and values that constitutes
a way of viewing reality and is shared by an intellectual community).

A variable is a factor that is believed to influence a natural phenomenon. For example, a scientist might hypothesize
that the productivity of a wheat crop is potentially limited by such variables as the availability of water, or of nutrients
such as nitrogen and phosphorus. Some of the most powerful scientific experiments involve the manipulation of key
(or controlling) variables and the comparison of results of those treatments with a control that was not manipulated. In
the example just described, the specific variable that controls wheat productivity could be identified by conducting an
experiment in which test populations are provided with varying amounts of water, nitrogen, and phosphorus, alone
and in combination, and then comparing the results with a non-manipulated control.

In some respects, however, the explanation of the scientific method offered above is a bit uncritical. It perhaps
suggests a too-orderly progression in terms of logical, objective experimentation and comparison of alternative
hypotheses. These are, in fact, important components of the scientific method. Nevertheless, it is important to
understand that the insights and personal biases of scientists are also significant in the conduct and progress of
science. In most cases, scientists design research that they think will “work” to yield useful results and contribute to
the orderly advancement of knowledge in their field. Karl Popper (1902-1994), a European philosopher, noted that
scientists tend to use their “imaginative preconception” of the workings of the natural world to design experiments
based on their informed insights. This means that effective scientists must be more than knowledgeable and
technically skilled - they should also be capable of a degree of insightful creativity when forming their ideas,
hypotheses, and research.

Image 2.1. An experiment is a controlled investigation designed to provide evidence for, or preferably against, a
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hypothesis about the working of the natural world. This laboratory experiment exposed test populations of a
grass to different concentrations of a toxic chemical.
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Uncertainty

Much scientific investigation involves the collection of observations by measuring phenomena in the natural world.
Another important aspect of science involves making predictions about the future values of variables. Such projections
require a degree of understanding of the relationships among variables and their influencing factors, and of recent
patterns of change. However, many kinds of scientific information and predictions are subject to inaccuracy. This
occurs because measured data are often approximations of the true values of phenomena, and predictions are rarely
fulfilled exactly. The accuracy of observations and predictions is influenced by various factors, especially those
described in the following sections.

Predictability

A few phenomena are considered to have a universal character and are consistent wherever and whenever they are
accurately measured. One of the best examples of such a universal constant is the speed of light, which always has a
value of 2.998 x 10® meters per second, regardless of where it is measured or of the speed of the body from which the
light is emitted. Similarly, certain relationships describing transformations of energy and matter, known as the laws of
thermodynamics (Chapter 4), always give reliable predictions.

However, most natural phenomena are not so consistent—depending on circumstances, there are exceptions to
general predictions about them. This circumstance is particularly true of biology and ecology, related fields of science
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in which almost all general predictions have exceptions. In fact, laws or unifying principles of biology or ecology have
not yet been discovered, in contrast to the several esteemed laws and 11 universal constants of physics. For this reason,
biologists and ecologists have great difficulties making accurate predictions about the responses of organisms and
ecosystems to environmental change. This is why biologists and ecologists are sometimes said to have “physics envy”

In large part, the inaccuracies of biology and ecology occur because key functions are controlled by complexes of
poorly understood, and sometimes unidentified, environmental influences. Consequently, predictions about future
values of biological and ecological variables or the causes of changes are seldom accurate. For example, even though
ecologists in eastern Canada have been monitoring the population size of spruce budworm (an important pest of
conifer forests) for some years, they cannot accurately predict its future abundance in particular stands of forest or in
larger regions. This is because the abundance of this moth is influenced by a complex of environmental factors,
including tree-species composition, age of the forest, abundance of its predators and parasites, quantities of its
preferred foods, weather at critical times of year, and insecticide use to reduce its populations (see Chapter 21).
Biologists and ecologists do not fully understand this complexity, and perhaps they never will.

Variability

Many natural phenomena are highly variable in space and time. This is true of physical and chemical variables as well
as of biological and ecological ones. Within a forest, for example, the amount of sunlight reaching the ground varies
greatly with time, depending on the hour of the day and the season of the year. It also varies spatially, depending on the
density of foliage over any place where sunlight is being measured. Similarly, the density of a particular species of fish
within a river typically varies in response to changes in habitat conditions and other influences. Most fish populations
also vary over time, especially migratory species such as salmon. In environmental science, replicated (or
independently repeated) measurements and statistical analyses are used to measure and account for these kinds of
temporal and spatial variations.

Accuracy and Precision

Accuracy refers to the degree to which a measurement or observation reflects the actual, or true, value of the subject.
For example, the insecticide DDT and the metal mercury are potentially toxic chemicals that occur in trace
concentrations in all organisms, but their small residues are difficult to analyze chemically. Some of the analytical
methods used to determine the concentrations of DDT and mercury are more accurate than others and therefore
provide relatively useful and reliable data compared with less accurate methods. In fact, analytical data are usually
approximations of the real values - rigorous accuracy is rarely attainable.

Precision is related to the degree of repeatability of a measurement or observation. For example, suppose that the
actual number of caribou in a migrating herd is 10,246 animals. A wildlife ecologist might estimate that there were
about 10,000 animals in that herd, which for practical purposes is a reasonably accurate reckoning of the actual
number of caribou. If other ecologists also independently estimate the size of the herd at about 10,000 caribou, there is
a good degree of precision among the values. If, however, some systematic bias existed in the methodology used to
count the herd, giving consistent estimates of 15,000 animals (remember, the actual population is 10 246 caribou), these
estimates would be considered precise, but not particularly accurate.

Precision is also related to the number of digits with which data are reported. If you were using a flexible tape to
measure the lengths of 10 large, wriggly snakes, you would probably measure the reptiles only to the nearest
centimetre. The strength and squirminess of the animals make more precise measurements impossible. The reported
average length of the 10 snakes should reflect the original measurements and might be given as 204 cm and not a value
such as 203.8759 cm. The latter number might be displayed as a digital average by a calculator or computer, but it is
unrealistically precise.
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Significant figures are related to accuracy and precision and can be defined as the number of digits used to report data
from analyses or calculations (see also Appendix A). Significant figures are most easily understood by examples. The
number 179 has three significant figures, as does the number 0.0849 and also 0.000794 (the zeros preceding the
significant integers do not count). However, the number 195,000,000 has nine significant figures (the zeros following
are meaningful), although the number 195 x 10° has only three significant figures.

It is rarely useful to report environmental or ecological data to more than 2-4 significant figures. This is because any
more would generally exceed the accuracy and precision of the methodology used in the estimation and would
therefore be unrealistic. For example, the approximate population of Canada in 2015 was 35.1 million people (or 35.1 x
108; both of these notations have three significant figures). However, the population should not be reported as
33,100,000, which implies an unrealistic accuracy and precision of eight significant figures.

A Need for Scepticism

Environmental science is filled with many examples of uncertainty—in present values and future changes of
environmental variables, as well as in predictions of biological and ecological responses to those changes. To some
degree the difficulties associated with scientific uncertainty can be mitigated by developing improved methods and
technologies for analysis and by modelling and examining changes occurring in different parts of the world. The latter
approach enhances our understanding by providing convergent evidence about the occurrence and causes of natural
phenomena.

However, scientific information and understanding will always be subject to some degree of uncertainty. Therefore,
predictions will always be inaccurate to some extent, and this uncertainty must be considered when trying to
understand and deal with the causes and consequences of environmental changes. As such, all information and
predictions in environmental science must be critically interpreted with uncertainty in mind (In Detail 2.1). This should
be done whenever one is learning about an environmental issue, whether it involves listening to a speaker in a
classroom, at a conference, or on video, or when reading an article in a newspaper, textbook, website, or scientific
journal. Because of the uncertainty of many predictions in science, and particularly in the environmental realm, a
certain amount of scepticism and critical analysis is always useful.

Environmental issues are acutely important to the welfare of people and other species. Science and its methods allow
for a critical and objective identification of key issues, the investigation of their causes, and a degree of understanding
of the consequences of environmental change. Scientific information influences decision making about environmental
issues, including whether to pursue expensive strategies to avoid further, but often uncertain, damage.

Scientific information is, however, only one consideration for decision makers, who are also concerned with the
economic, cultural, and political contexts of environmental problems (see Environmental Issues 1.1 and Chapter 27). In
fact, when deciding how to deal with the causes and consequences of environmental changes, decision makers may
give greater weight to non-scientific (social and economic) considerations than to scientific ones, especially when
there is uncertainty about the latter. The most important decisions about environmental issues are made by politicians
and senior bureaucrats in government, or by private managers, rather than by environmental scientists. Decision
makers typically worry about the short-term implications of their decisions on their chances for re-election or
continued employment, and on the economic activity of a company or society at large, as much as they do about the
consequences of environmental damage (see also Chapter 27).

In Detail 2.1. Critical Evaluation of an Overload of Information

More so than any previous society, we live today in a world of easy and abundant information. It has become
remarkably easy for people to communicate with others over vast distances, turning the world into a “global
village” (a phrase coined by Marshall McLuhan (1911-1980), a Canadian philosopher, to describe the phenomenon
of universal networking). This global connectedness has been facilitated by technologies for transferring ideas
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and knowledge—particularly electronic communication devices, such as radio, television, computers, and their
networks. Today, these technologies compress space and time to achieve a virtually instantaneous
communication. In fact, so much information is now available that the situation is often referred to as an
“information overload” that must be analyzed critically. Critical analysis is the process of sorting information
and making scientific enquiries about data. Involved in all aspects of the scientific process, critical analysis
scrutinizes information and research by posing sensible questions such as the following:

* Is the information derived from a scientific framework consisting of a hypothesis that has been developed
and tested, within the context of an existing body of knowledge and theory in the field?

* Were the methodologies used likely to provide data that are objective, accurate, and precise? Were the data
analyzed by statistical methods that are appropriate to the data structure and to the questions being asked?

* Were the results of the research compared with other pertinent work that has been previously published?
Were key similarities and differences discussed and a conclusion deduced about what the new work reveals
about the issue being investigated?

e Is the information based on research published in a refereed journal-one that requires highly qualified
reviewers in the subject area to scrutinize the work, followed by an editorial decision about whether it
warrants publication?

 If the analysis of an issue was based on incomplete or possibly inaccurate information, was a precautionary
approach used in order to accommodate the uncertainty inherent in the recommendations? All users of
published research have an obligation to critically evaluate what they are reading in these ways in order
to decide whether the theory is appropriate, the methodologies reliable, and the conclusions sufficiently
robust. Because so many environmental issues are controversial, with data and information presented
on both sides of the debate, people need to be able to formulate objectively critical judgments. For this
reason, people need a high degree of environmental literacy—an informed understanding of the causes
and consequences of environmental damages. Being able to critically analyze information is a key personal
benefit of studying environmental science.

Conclusions

The procedures and methods of science are important in the identifying, understanding, and resolving environmental
problems. At the same time, however, social and economic issues are also vital considerations. Although science has
made tremendous progress in helping us to understand the natural world, the extreme complexity of biology and
ecosystems makes it difficult for environmental scientists to make reliable predictions about the consequences of
many human economic activities and other influences. This context underscores the need for continued study of the
scientific and socio-economic dimensions of environmental problems, even while practical decisions must be made to
deal with obvious issues as they arise.

Questions for Review

Outline the reasons why science is a rational way of understanding the natural world.

2. What are the differences between inductive and deductive logic? Why is inductive logic more often used by
scientists when formulating hypotheses and generalizations about the natural world?

3. Why are null hypotheses an efficient way to conduct scientific research? Identify a hypothesis that is suitable for
examining a specific problem in environmental science and suggest a corresponding null hypothesis that could be
examined through research.

4. What are the causes of variation in natural phenomena? Choose an example, such as differences in the body
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weights of a defined group of people, and suggest reasons for the variation.

Questions for Discussion

What are the key differences between science and a less objective belief system, such as religion?

What factors result in scientific controversies about environmental issues? Contrast these with environmental
controversies that exist because of differing values and world views.

Explain why there are no scientific “laws” to explain the structure and function of ecosystems.

Many natural phenomena are highly variable, particularly ones that are biological or ecological. What are the
implications of this variability for understanding and predicting the causes and consequences of environmental
changes? How do environmental scientists cope with this challenge of a variable natural world?

Exploring Issues

1.

Devise an environmental question of interest to yourself. Suggest useful hypotheses to investigate, identify the null
hypotheses, and outline experiments that you might conduct to provide answers to this question.

During a research project investigating mercury, an environmental scientist performed a series of chemical
analyses of fish caught in Lake Canuck. The sampling program involved seven species of fish obtained from various
habitats within the lake. A total of 360 fish of various sizes and sexes were analyzed. It was discovered that 30% of
the fish had residue levels greater than 0.5 ppm of mercury, the upper level of contamination recommended by
Health Canada for fish eaten by humans. The scientist reported these results to a governmental regulator, who was
alarmed by the high mercury residues because of Lake Canuck’s popularity as a place where people fish for food.
The regulator asked the scientist to recommend whether it was safe to eat any fish from the lake or whether to
avoid only certain sizes, sexes, species, or habitats. What sorts of data analyses should the scientist perform to
develop useful recommendations? What other scientific and non-scientific aspects should be considered?
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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.

Ul ok W N =

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 Earch

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
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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 102 (10,000 billion billion) stars, with
perhaps 10% of them having planetary systems (lOleystems). With such incredibly large numbers, it is highly probable
that at least some of the billions of billions of other planetary systems support suitable conditions for a genesis of life,
in addition to what occurred on Earth.

Earth is a spherical body with a diameter of about 12,740 km. It revolves around the Sun in an elliptical orbit, at an
average distance of about 149 million km, completing an orbit in 365.26 days, or one year. Earth also rotates on its axis
every 24 hours, or one day. Its single moon has a diameter of about 3,474 km and a mass about 2% that of Earth. The
Moon revolves around Earth in an elliptical orbit at an average distance of about 385,000 km, completed every 27.3
days (the lunar month).

The sphere of Earth is composed of four layers—the core, mantle, lithosphere, and crust—arranged in concentric layers
like an onion. The massive core has a diameter of about 3,500 km and is composed of hot, molten metals, particularly
iron and nickel. The internal heat of Earth is thought to be generated by the slow, radioactive decay of unstable
isotopes of certain elements, such as uranium.

The mantle is a less dense region that encloses the core. It is about 2,800 km thick and composed of minerals in a
plastic, semi-liquid state known as magma. The mantle contains relatively light elements, notably silicon, oxygen, and
magnesium, occurring as various mineral compounds. Magma from the upper mantle sometimes erupts to the surface
at mountainous vents known as volcanoes and is usually spewed to the surface as lava, which cools to form basaltic
rock.

The next layer, the lithosphere, is only about 80 km thick and is made of rigid, relatively light rocks, especially basaltic,
granitic, and sedimentary ones. These rocks contain elements found in the mantle as well as enriched quantities of
aluminum, carbon, calcium, potassium, sodium, sulphur, and other lighter elements.

The outermost layer is known as the crust. Oceanic crust is relatively thin, averaging 10-15 km, while continental crust
is 20-60 km thick. Earth’s crust has an extremely complex mineralogical composition, in contrast to the mantle and
especially the core, which are thought to be relatively uniform in structure and constitution. The most abundant
elements in the crust are oxygen (45%), silicon (27%), aluminum (8.0%), iron (5.8%), calcium (5.1%), magnesium (2.8%),
sodium (2.3%), potassium (1.7%), titanium (0.86%), vanadium (0.17%), hydrogen (0.14%), phosphorus (0.10%), and carbon
(0.032%).

The rocks forming the crust can be grouped into three basic types: igneous, sedimentary, and metamorphic. Igneous
rocks include basalt and granite, which are formed by the cooling of molten magma. The mineral forms depend on the
rate of cooling plus other factors. Basalt is a heavy, dark, extremely fine-grained rock that sometimes forms vertical,
columnar structures. Basaltic rocks are the major constituent of oceanic crust, originating in submarine places where
magmic lava erupts to the sea-floor surface, such as deep-ocean spreading zones and abyssal volcanoes. Basalt can
also be formed at terrestrial volcanoes - for instance, it is the basement rock of the Hawaiian archipelago and other
volcanic islands. Granitic rocks dominate the continental crust, are typically relatively light in colour and density, and
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are coarser-grained, with readily distinguishable crystals. The complex crystalline structure includes the minerals
quartz and feldspar, and mica and hornblende are often present.

Sedimentary rocks include limestone, dolomite, shale, sandstone, and conglomerates. These form from particles
eroded from other rocks or from precipitated minerals such as calcite (CaCOg) that become lithified (turned into stone)
under great pressure in deep oceanic deposits. Sedimentary rocks typically overlie basaltic or granitic rocks.

Metamorphic rocks are formed from igneous or sedimentary ones that were changed under the combined influences
of massive geological heat and pressure. These conditions were encountered when the primary rocks were carried
deep into the lithosphere by crustal movements, such as those associated with mountain building (described below).
Gneiss, for example, is a metamorphic rock derived from granite, while marble is derived from limestone, and slate
from shale. About 30% of Earth’s surface is covered by the solid substrates of continents and islands. The other 70% of
Earth’s surface is liquid water, almost all of which is oceanic. In addition, Earth’s dense sphere is immersed in a gaseous
envelope known as the atmosphere, which extends to a distance of about 1,000 km. However, about 99% of the mass of
the atmosphere occurs within 30 km of the planet’s surface.

Geological Dynamics

Throughout its history, Earth has been subject to enormous geological forces that have greatly affected its
mineralogical composition and surface features. The predominant influences are tectonic forces, which are associated
with crustal movements and other processes that cause structural deformation of rocks and minerals. Geological
forces also cause the continents and their underlying plates to slowly move about Earth’s surface, much like rafts of
solid rock riding upon a sea of plastic magma. Mountain ranges are built where crustal plates collide and push up
surface rocks.

Earthquakes and volcanoes are also tectonic phenomena, which influence Earth’s crust and surface with extremely
powerful, sometimes disastrous events. Other massive geological forces include rare, cataclysmic strikes into our
planet by meteorites and extensive glaciation associated with cooling of the climate. Slower but still pervasive
geological forces are erosion (caused by water, wind, and gravity) and weathering (the fracturing of rocks and
dissolution of minerals).

Over geological time, these various physical processes have profoundly influenced the character of Earth. Geological
forces continue to have enormous influences on Earth and its ecosystems, over both short- and long-term time scales.
Environmental changes associated with these geological dynamics provide a natural context for the substantial
changes that humans are now causing through their economic activities.

Meteorites

Earth is frequently struck by fast-moving rocky or metallic objects from space known as meteorites. Although
meteorites are relatively small objects (by planetary standards), they have immense momentum because of their speed,
which typically ranges from 10-100 km/s. The smallest, most numerous meteorites reaching Earth typically burn up or
explode in the atmosphere because of heat generated by friction, but larger ones may survive to impact the surface. It
has been estimated that each day a meteorite weighing at least 100 g strikes the surface somewhere in Canada.

Very large meteorites are extremely rare, but if the impact the surface enormous damage is caused. The impact site is
typically obliterated and a large crater is formed because vast amounts of crustal materials are ejected into the
atmosphere. Immense sea waves can also be caused by a meteorite impact. Several dozen large meteorite craters are
known in Canada. The largest is an ovoid depression with a diameter of 140 km near Sudbury, Ontario, caused by a
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meteorite strike occurring about 1,850 million years ago (Mya), and a doughnut-shaped lake with a diameter of 70 km
at Manicouagan, Quebec, from an impact about 215 Mya ago. These extraordinary events must have caused
tremendous damage to the species and ecosystems of the time.

Image 3.1. View of Lake Manicouagan, Quebec. This doughnut-shaped lake is an impact crater from a meteorite
impact that occurred about 215 million years ago. This image was taken from the space shuttle Endeavour on
May 25, 2011. Source: NASA photo 714196. http: //www.dvidshub.net/image /714196 /earth-observations-lake-

manicouagan-quebec-taken-during-sts-99#.VBCO4VIg99A
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Earth’s evolutionary history has been punctuated by a number of catastrophic events of mass extinction, during which
most of the existing biota disappeared in a short period of time, to be later replaced by new species (see Chapter 6).
Paleontologists recognize these cataclysms by the occurrence of rapid changes in the fossil record, which point to a
transition between stages in the geological time scale (Table 3.1). According to surviving evidence, the most intense
mass extinction event occurred 245 million years ago at the end of the Permian period, when an astonishing 96% of
species may have become extinct. Another mass extinction occurred 65 million years ago at the end of the Cretaceous
period, when perhaps 76% of species became extinct, including the last of the dinosaurs. According to one theory, the
end-of-Cretaceous extinctions were caused when a 10-15 km wide meteorite impacted the Earth. This resulted in that
huge amounts of fine dust being spewed into the upper atmosphere, which caused a severe cooling of the climate that
large animals and many ecosystems could not tolerate. Some geologists believe that the impact site was near the
Yucatan coast of Mexico, where a buried, 170-km-wide ring structure exists, dated to about 65 million years old.
Although controversial, the theory of rare, meteorite-caused catastrophes has also been used to explain other mass
extinctions in the geological record.

Table 3.1. The Geological Time Scale. The divisions between geological time stages are assigned on the basis of
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rapid changes in mineralogy and in species composition of the fossil record. These are related to events of mass

extinction, which were followed by the evolutionary radiation of new species and families. The record is most

detailed for relatively recent times, because the fossil remains are more complete. Time is given in Mya

(millions of years ago) and indicates the beginning of each time stage. For example, the Holocene epoch ranges

from 0.01 Mya (10,000 years ago) to the present; the Pleistocene ranges from 1.6 million years ago to 0.01 Mya.

Era

Cenozoic

Mesozoic

Paleozoic

Precam brian

Plate Tectonics

Period Epoch

Quaternary Holocene

Pleistocene

Tertiary Pliocene
Miocene
Oligocene
Eocene
Paleocene

Cretaceous

Jurassic

Triassic

Permian

Carboniferous

Devonian

Silurian

Ordovician

Cambrian

Proterozoic

Archaean

Time (Mya)
0.01

1.6
5
26
38
54
B5
140
210
245
290
365
413
441
504
570

2,400
=4,500

The theory of plate tectonics concerns the dynamics of surface crustal materials. In simple terms, this theory suggests
that the crust and mantle behave as an enormous convecting system that, at the surface, is characterized by extremely
slow movements of huge plates of rigid crustal material. The plates move from zones where they are created by an
upwelling of magma from the upper mantle, toward other zones where they are destroyed by downward movement
into the upper the mantle. In the creation zones, the plastic magma rises to the surface, solidifies, and then extends
laterally in a process known as sea-floor spreading. In the down-welling zones, there is a subduction of sea-floor crust
back down into the mantle, where it is re-melted and convected laterally. The magma may eventually reach another
upwelling region and again be carried to the crust. The slowly moving, rigid plates of surface crust have a basement of
basaltic rock, with lighter, granitic-based continents rafting on the surface of some of the oceanic plates (Figure 3.1).

Figure 3.1. Tectonic Forces. (a) The continents are viewed as granitic islands that are rafting upon underlying

plates of basaltic oceanic crust. (b) Heat and density gradients in the mantle cause a slow, convective circulation

to develop in the molten magma. This circulation forms new basaltic crust at zones of magmic upwelling known

as mid-oceanic ridges, followed by lateral sea-floor spreading and eventual subduction back to the mantle at
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the boundary with another crustal plate.

(2)

Granitic continental crust

Basaltic oceanic

+ _ Rigid crust
Mid-oceanic

5preadi“!. ridge Subduction zone

(b)

Sea-floor

For example, in the Atlantic Ocean, about halfway between the Americas and Europe and Africa, a deep-sea geological
structure called the Mid-Atlantic Ridge runs in a roughly north to south direction. This abyssal ridge is a zone of sea-
floor spreading, from which the two continental regions are diverging at a slow but steady rate of 2-4 cm/year. In
essence, the Atlantic ocean is widening at this rate, which is equivalent to 2-4 meters per century.

In contrast, parts of the continental landmass in the western Americas are riding on regions of plates that are
subducting beneath the oceanic Pacific Plate. However, along most of southwestern North America, the Pacific and
North American Plates are moving in opposite but parallel directions. This is causing southern California and the Baja
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Peninsula to slowly move northward relative to the rest of the continent. This process is occurring along an extended
but narrow zone of contact between the plates (a fault) known as the San Andreas Fault.

These tectonic forces result in frequent earthquakes and volcanic eruptions along the Pacific coasts of North and
South America, the Aleutians, and eastern Asia. This geologically active region around the Pacific Ocean is referred to
as the “ring of fire” because of its many volcanoes. In addition to these discrete but intense geological events, there is
active building of the relatively young mountains in this region. The mountain building is caused by crustal materials
being pushed upward in regions where continents and oceanic plates are colliding with each other. In a similar
manner, the lofty Himalayas of southwestern Asia were and still are being created by immense uplifting forces that are
generated as the northward-drifting Indian subcontinent pushes into the larger Asian landmass.

It is thought that the continents were a single contiguous mass during the Permian period, about 290 million years ago.
This primeval super-continent, referred to as Pangaea, was surrounded by a single, global ocean. However, divergent
forces of crustal plates moving in different directions then pulled Pangaea apart, initially into two masses known as
Laurasia and Gondwanaland, and then into the existing continents of North and South America, Africa, Eurasia,
Australia, and Antarctica.

An earthquake is a trembling or movement of the Earth caused by a sudden release of geological stresses at some point
within the crust or upper mantle. Earthquakes are most often caused when crustal plates slip across or beneath each
other at their faults, but they can also be caused by a volcanic explosion. Although their seismic energy can affect a
large area, earthquakes have a spatial focus, known as the epicentre and defined as the surface position lying above the
deep point of energy release. An intense earthquake can cause great damage to buildings, and the collapsing
structures, fires, and other destruction can take a great toll on people. In 1556 an earthquake struck Shanxi Province in
China and caused about 830,000 deaths, making it the most deadly earthquake in recorded history. The most famous
catastrophic earthquake in North America was the San Francisco event in 1906, caused by slippage along the San
Andreas Fault, which killed 503 people and resulted in tremendous physical damage. However, other earthquakes
during the twentieth century resulted in much greater losses of human lives, including one in 1976 that killed 242,000
people in Tangshan, China; another in 1927 that killed 200,000 in Nan-Shan, China; and one in Tokyo-Yokohama, Japan,
that killed 200,000 in 1926. Notable recent earthquakes include one in Kobe, Japan (1995) that killed 5,500 people,
another in Kashmir (2005) that killed 79,000 people, one in Sichuan, China (2008) that killed 70,000 people, and one in
the Tohuku region of Japan (2011) that generated a tsunami (seismic sea wave) that killed 16,000 people.

The events in San Francisco (1906) and Tokyo (1926) affected large cities. The powerful tremors caused great damage,
partly because of weak architectural designs that were unable to withstand the strong forces. In both cases, however,
about 90% of the actual destruction resulted from fires. Earthquakes can also cause soil to lose some of its mechanical
stability, resulting in destructive landslides and subsidence (sinking) of land and buildings.

Undersea earthquakes can trigger a fast-moving, sea-surface phenomenon known as a tsunami or seismic sea wave. A
tsunami is barely noticeable at sea, but it can become gigantic when the wave reaches shallow water and piles up to
heights that can swamp coastal villages and towns. In 1929, an earthquake off eastern Canada generated a seismic sea
wave that killed 29 people in Newfoundland and Cape Breton. In 1946, a large earthquake centred on Umiak Island in
the Aleutian Islands caused a tsunami to strike Hawaii, 4,500 km away, with an 18 m crest. In 2004, a tsunami in the
Indian Ocean killed more than 225,000 people (see Global Focus 3.1).

Global Focus 3.1. A Killer Tsunami

A tsunami, or seismic sea wave, is a great surge of the ocean’s surface caused by an underwater earthquake. A
tsunami may be almost indiscernible in deep water of the open ocean, but it can become enormous when it
reaches shallow coastal water and builds to a height capable of causing massive destruction. The greatest
tsunami of recent times was triggered by an undersea, so-called “megathrust” earthquake on December 26,
2004. Its epicentre was located about 40 km off the coast of Aceh in northern Sumatra, an Indonesian island,
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and it registered a massive 9.2 on the Richter scale (making it the largest earthquake in 40 years). The tremor
generated an immense tsunami (actually, a close series of individual waves) that gathered to a height up to 30 m
when it impacted shallow-sloping coasts of countries fringing the Indian Ocean. Unfortunately, none of the
countries that bore the brunt of the devastation were forewarned of the impending catastrophe, so no action
was taken to move people from low-lying coastal areas to higher ground. This happened mostly because there
was no tsunami-detection system in the Indian Ocean, although negligence was also involved because the
extremely large earthquake should have alerted civil authorities to a potential catastrophe.

The colossal tsunami waves were moving at speeds of about 60 km/hr when they impacted the shore. They
caused widespread devastation and more than 225,000 deaths by drowning and injuries caused by floating
debris and collapsing buildings. The hardest-hit places were Sumatra (which suffered at least 168,000 dead and
missing), Sri Lanka (35,000), the eastern coast and islands of India (18,000), and Thailand (8,000). At least 7,000
of the deaths were tourists from developed countries who were visiting coastal resorts during their holiday
break. In addition to the mortality, tens of millions of people were displaced from their homes and livelihoods
by the flooding. In many of the worst-hit places, the damage was made much more severe because of increased
coastal vulnerability caused by the removal of previously abundant mangrove forest, mostly to develop tourist
resorts and brackish ponds for shrimp aquaculture. Where mangroves remained intact, the coastal forest
provided a sea-wall that helped to absorb much of the force of the tsunami, providing a measure of protection
to areas further inland.

Responding to the overwhelming toll of death and destruction, citizens and governments of many non-affected
countries delivered large donations of aid for rescue and subsequent recovery, including money (pledges
totalled about USS$5.4 billion), specialized rescue personnel, food and water, and materials for reconstruction.
From the environmental perspective, important lessons to be learned from this devastating tsunami include the
facts that natural disasters are unpredictable and inevitable, and that the ensuing destruction can be made
much worse by inappropriate land-use practices and a lack of emergency planning and response capability.

Image 3.2. A devastated village on the coast of Aceh, Sumatra, after the killer tsunami of December 26, 2004.
Source: image by P.A. McDaniel, United States Navy, ID

050102-N-9593M-040; https: //commons.wikimedia.org /wiki/
File%3AUS_Navy_050102-N-9593M-040_A_village_near_the_coast_of_Sumatra_lays_in_ruin_after_the_
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Avolcano is a vent in the surface from which molten lava flows onto the ground and liquid, solid, and gaseous materials
are ejected into the atmosphere. The largest eruptions can literally explode a volcanic mountain, ejecting immense
quantities of material into the environment and causing enormous damage and loss of life. For example, an eruption of
Mount Vesuvius in the year 79 CE (Common Era) buried the Roman city of Pompeii, killing almost all of its inhabitants. A
1902 explosion of Mont Pelée on the Caribbean island of Martinique killed 30,000 people.

The greatest eruption of modern times was that of Tambora, a volcano in Indonesia that exploded in 1815 and blew
more than 300 km?® of material into the atmosphere (including the top 1,300 m of the mountain). Some of the finer
particulates of this massive eruption were blown into the upper atmosphere (the stratosphere), causing an increase in
Earth’s reflectivity that resulted in global cooling. The year 1816 became known as the “year without a summer” in
Europe and North America because of its unusually cool and wet weather, including frost and snowfall during the
summer months.

Another famous Indonesian eruption was that of Krakatau in the Sunda Strait in 1883, which ejected 18-21 km?3 of
material as high as 50-80 km into the atmosphere. The 30-m tsunami associated with this eruption killed about 36,000
people in coastal villages.

Large volcanic eruptions can also disturb great expanses of forest and other ecosystems. For instance, the 1980
explosion of Mount St. Helen’s in the state of Washington blew down about 21,000 hectares of coniferous forest and
otherwise damaged another 40,000 ha. Mudslides also devastated large areas, and a vast region was covered by
particulate debris (known as tephra) that settled from the atmosphere.

Some volcanoes produce chronic lava flows and venting of gases. These volcanoes tend to form distinctive, cone-
shaped mountains from their accumulated lava, which solidifies into finely crystalline, glassy rocks. An active example
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of this spectacular process is Mount Kilauea in Hawaii, which sometimes erupts continuously for years. The slowly
flowing lava from these volcanoes can destroy buildings and vegetation but is not otherwise dangerous because people
and animals can avoid the molten streams.

Glaciation

Glaciers, or persistent sheets of ice, are common features in high-latitude environments of the Arctic and Antarctic.
They also occur at high altitude on mountains, even in tropical countries such as New Guinea and Peru. Glaciers are
formed from a deep, persistent snowpack, which becomes compressed into ice as its weight accumulates. Most
glaciers occur on land, but some also extend onto the ocean. At the present time, about 10% of the land surface of
Earth is covered with glaciers, the largest of which are the continental ice sheets of Antarctica. The largest glaciers in
the Northern Hemisphere are in Greenland, but parts of Baffin and Ellesmere Islands in the Canadian Arctic are also
covered with glacial ice, as are some mountainous areas in western Canada.

Glaciation refers to an extensive advance of ice sheets, caused by a period of extended global cooling sometimes
referred to as an ice age. There have been a number of glacial periods during geological history, although details are
known only about the most recent glaciation because it obliterated most traces of earlier events. The most recent
glacial period, known as the Wisconsin, began about 85,000 years ago and ended about 11,000 years ago.

At the height of the Wisconsin glaciation, ice covered about 30% of Earth’s land surface, including almost all of what is
now Canada, as well as extensive areas of the continental shelf that are now beneath the ocean. The latter occurred
because sea level was about 120 m lower during that glaciation as a result of so much water being tied up in ice on land.
The greatest ice mass in Canada was the Laurentide Ice Sheet, which reached a thickness of about 4 km. The
Cordilleran Ice Sheet of the western mountains contained ice up to 2 km thick.

The present Holocene (recent; Table 3.1) epoch is relatively warm and ice-free and is referred to as an interglacial
stage. Climate has not, however, been uniformly warm during the present interglacial. For example, the period of about
1450 to 1850 is known as the Little Ice Age because of its relatively cool climate. During that period there was a
moderate expansion of glaciers and snowfields in many parts of the world, including the Arctic regions and western
mountains of Canada.

Glaciers are extremely erosive forces that crush, scour, and excavate the underlying terrain with their massive weight
and ponderous movements. Glaciers also transport huge quantities of excavated debris around the landscape. These
solid materials are eventually deposited when the glaciers melt, tumbling from the ablating (melting) ice mass or being
carried away by meltwater running in streams and rivers. Extensive deposits of glacial debris are common over almost
all of Canada, often occurring as distinctive landforms, such as the following:

* moraines, which are a series of long, mounded hills, usually lying perpendicular to the flow of the regional glacier,
and containing mixed rocky debris known as till

 drumlins, or teardrop-shaped hills that are elongated in the direction of movement of the glacier and are
composed of a mixture of rocky materials

 eskers, which are long, serpentine mounds of crudely sorted debris that was deposited by a river flowing beneath
a glacier

* erratics, or rounded boulders of various sizes that are incongruously scattered over the landscape

* long U-shaped valleys in mountainous terrain, which were carved from pre-existing river valleys by the erosive
forces of a glacier

 fiords, which are long, narrow, steep-sided inlets of the ocean that were carved by outlet glaciers descending from
a much larger ice sheet at higher altitude

* outwash plains, which contain a mixture of materials, ranging in size from rocks to sand or clay, that were
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deposited over a relatively wide area by streams and rivers fed by glacial meltwaters

 the former basins of large lakes of glacial meltwater, which today are characterized by flat, fine-grained, often
fertile plains (Southern Manitoba has extensive former lakebeds of postglacial Lake Agassiz, while flat areas in
southern Ontario and Quebec were once part of the postglacial basins of what are now the Great Lakes and St.
Lawrence River.)

The tremendous ice sheets that once obliterated almost all of Canada were largely gone by 8,000 to 10,000 years ago,
although glacial remnants still occur on islands in the Arctic and on mountains of western Canada. The Canadian
landscape has been profoundly shaped by the impressive geological signatures of the advance and retreat of the
immense continental glaciers of times past. Since then, the terrain and landforms have been greatly modified by other
geological forces, such as erosion and weathering, and by the redevelopment of ecosystems after the retreat of the
immense ice sheets. However, compared with the effects of the Wisconsin and previous glaciers, those forces have had
a relatively small influence on the enduring character of the landscapes and coastal seascapes of Canada.

Image 3.3. During the most recent, Wisconsin glaciation, almost all of Canada was covered by glaciers. Remnant

glaciers still occur, such as this ice cap on Ellesmere Island. Source: B. Freedman.

Weathering and Erosion

Meteorite impacts, earthquakes, volcanic explosions, and glaciation are all tremendous geological forces - they are
capable of obliterating both natural and anthropogenic ecosystems. However, less forceful geological dynamics are also
important, although they exert their influences more pervasively, by operating relatively slowly over longer time scales
rather than as extremely destructive events.

Weathering refers to physical and chemical processes by which rocks and minerals are broken down by environmental
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agents. Non-biological (abiotic) forces of weathering include rain, wind, and temperature changes (especially freeze-
thaw cycles). Biological forces include the rock-cracking powers that are exerted by plant roots. Weathering proceeds
by the fracturing of rocks and by the solubilization (chemical decomposition) of minerals by acidic rainwater and by
corrosive excretions of plant roots and microorganisms.

Erosion refers to the removal of rocks and soil through the actions of gravity, flowing water, ice, and wind. Erosion is a
pervasive geological process, occurring at various rates in all environments. Usually it is gradual, occurring as particles
are slowly removed by flowing water or blowing wind, or when dissolved minerals are carried away by underground
flows of water. However, erosion also occurs as mass events, such as a landslide in steep terrain. Over extremely long
periods of time, weathering and erosion tend to influence the landscape towards a relatively flat and homogeneous
condition known as a peneplain.

Even geological features as immense as mountains are slowly eroded away, with their enormous mass gradually
descending to be deposited in lower regions. For instance, the Precambrian Shield that is so extensive in regions of
Canada is composed of the granitic basement rocks of ancient mountains that were slowly eroded away by the actions
of water, wind, and glaciers. The somewhat less ancient hills of the Appalachians of eastern North America, which
extend into New Brunswick, Nova Scotia, and Newfoundland, are also the eroded relics of a once-great mountain
range. The youngest mountain range in North America, the Rocky Mountains, extends from the western United States
north into Alberta, British Columbia, the Yukon, and the western Northwest Territories. The Rockies still have many
towering, sharp peaks because they have not yet been much reduced by the inexorable, mass-wasting forces of
erosion.

The rates of natural weathering and erosion is influenced by many factors, including the hardness of rocks, degree of
consolidation of soil and sediment, amount of vegetation cover, rate of water flow, slope of the land, speed and
direction of winds, and frequency of storm events and other disturbances. Some of these factors can be greatly
influenced by human actions. For example, when the local vegetation is disturbed, its moderating influence on erosion
is reduced or eliminated. In fact, human activities associated with agriculture, forestry, and road-building have greatly
increased the rates of erosion in almost all regions of the world. In many cases, the increased losses of soil have had
serious consequences for the productivity of agricultural land and for natural biodiversity (see Chapters 14, 20, 23, and
24).

Rocks, sand, clays, and other debris eroded from mountains and other uplands must, of course, go somewhere. These
materials are carried to lower altitude, and eventually much of the mass is deposited in the oceans, where they settle
to the bottom in a process known as sedimentation. Over extremely long periods of time (tens or more millions of
years), the mass of sedimented material builds up to the extent that intense pressure is exerted on lower levels of the
sediment, which causes it to become more densely packed and fuse into sedimentary rock in a process called
lithification. Examples of sedimentary rocks are mudstone, sandstone, shale, limestone, and mixtures of these known
as conglomerates (the latter may also contain eroded non-sedimentary rocks, such as granite and basalt).

Eventually, under the influence of tectonic forces, enormously slow and powerful collisions of crustal plates can cause
areas of deep-oceanic sedimentary rocks to uplift, sometimes raising them to great altitude and contributing to the
formation of new mountain ranges underwater or on the continents. As such, geological uplift is the means by which
marine rocks and fossils find their way to the tops of the highest mountains. Uplift and mountain building are
important stages in the geological recycling of some of the continental mass that was wasted downslope during
millions of years of erosion.
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The Hydrosphere

The hydrosphere is the portion of Earth that contains water (H20), including in the oceans, atmosphere, land surface,
and underground. The hydrologic cycle (or water cycle) refers to the rates of movement (fluxes) of water among these
various reservoirs (compartments). The hydrologic cycle functions at all scales, ranging from local to global. The major
elements of the global hydrologic cycle are illustrated in Figure 3.2.

Figure 3.2. Major Elements of the Hydrologic Cycle. The hydrologic cycle includes the influences of oceans and
other kinds of surface water (such as lakes and rivers), as well as groundwater and atmospheric moisture
(occurring as clouds and humidity). Water evaporates, precipitates as rain and snow, and flows in various kinds
of channels, both along the surface as well as underground.
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Each compartment of the hydrologic cycle has both input and output fluxes, and the sum of all of these elements
comprises the cycle. If the rate of input to a compartment equals the rate of output, then there is a flow-through
equilibrium and the amount of water present does not change. Of course, if input exceeds output, the compartment
increases in size over time, and it decreases if input is less than output.

On the global scale, the major compartments of the hydrologic cycle are in a long-term equilibrium condition.
However, this is not generally true on a local scale, especially over shorter intervals of time. For example, a particular
area may temporarily flood or dry out. In addition, local hydrological conditions can change over the long term.
Glaciation, for example, stores immense quantities of solid water on land, and excessive use of groundwater can

deplete an artesian reservoir (aquifer).

Image 3.4. The global hydrologic cycle involves water movement through the atmosphere, on the surface, and
underground, as well as storage in oceans, lakes, glaciers, and groundwater. Ultimately, rivers like the Niagara
River, which flows north from Lake Erie to Lake Ontario, represent a flow to the ocean of water that had been
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deposited to the landscape as rain or snow. Niagara Falls is located on the Niagara River. Source: B. Freedman

Although the hydrologic cycle is an exceedingly complex phenomenon, it can be examined in the context of four major
compartments (Table 3.2):

1. The oceans are the largest hydrological compartment, accounting for about 97.4% of all water on the planet.

2. Surface waters occur on the landmasses and account for 2.3% of global water. Almost all that amount is tied up in
glaciers, mostly in Antarctica and Greenland, with lakes, ponds, rivers, streams, and other surface bodies of liquid
water amounting to only 0.002%.

3. Groundwater accounts for 0.32% of global water. Groundwater can occur in relatively shallow soil horizons, where
it is accessible for uptake by plants, or it can drain laterally into surface waters such as lakes and streams. Deeper
groundwater is inaccessible for these purposes and it forms artesian reservoirs in spaces within porous or
fractured bedrock. Such aquifers receive water infiltrating by deep drainage from above or by long-distance
underground transport from nearby upland areas.

4. Atmospheric water accounts for only about 0.001% of the global total. It can occur as a gas, vapour (tiny,
suspended droplets), or solid (ice crystals), all of which are highly variable over space and time. A cloud is a dense
aggregation of liquid or solid water in the atmosphere, while gaseous water is invisible. Note that the maximum
amount of water a volume of atmosphere can hold is highly dependent on temperature, with warmer air having a
much greater water-storage capacity than cold air. The term humidity refers to the actual concentration of water
in the atmosphere (measured in g/m3), while relative humidity expresses actual humidity as a percentage of the
saturation value for a particular temperature.

Table 3.2. The Hydrologic Cycle. This table shows the quantity of water involved in various global
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compartments and fluxes. Source of data: Botkin and Keller (2014).

Compartments Quantity (10'*1) Percent of Total
oceans 12300 97.4
glaciers 286 2.3
groundwater (to 0.8 km) 40 0.32
inland waters 0.25 0.002
atmosphere 0.13 0.001

Fluxes Quantity (10 t/y)

evaporation: 4.4
from oceans 3.8
from land surfaces 0.6

total precipitation: 4.4
to oceans 1
to land surfaces 4.4

atm ospheric transfer oceans to v

land '

surface runofffrom land 0.2

Evaporation is a change of state of water from a liquid to a gas, or from a solid directly to a gas (evaporation directly
from ice or snow is more properly referred to as sublimation). Globally, about 86% of evaporation is from the oceans,
and the rest is from terrestrial surfaces. On terrestrial landscapes, water can evaporate from bodies of surface water,
from moist soil and rocks, and from vegetation. Transpiration refers specifically to the evaporation of water from
plants, while evapotranspiration refers to all sources of evaporation from a landscape.

Precipitation is the deposition of water from the atmosphere, occurring as liquid rain or as solid snow or hail. In
addition, vapour-phase atmospheric water can condense or freeze onto surfaces as dew or frost, respectively. As
previously noted, most global evaporation is from the oceans, much of which precipitates back to them. However,
some is transported by moving air masses over the continents, resulting in a net import of evaporated water from the
oceans to the land surfaces. Precipitation volumes can be especially large in mountainous areas facing an ocean, a
phenomenon known as orographic precipitation (In Detail 3.1).

Surface flows involve water that is transported in streams and rivers. In contrast, lakes and ponds are relatively static
storage reservoirs. Surface flows move in response to gravitational descents associated with altitude - in other words,
water flows downhill. Ultimately, most surface flows carry water to the oceans, thereby helping to balance the net
import of moisture evaporated from the oceans.

In Detail 3.1. Orographic Precipitation along a Transect through Coastal British Columbia

The spatial pattern of precipitation in coastal British Columbia illustrates the phenomenon of orographic
precipitation. It occurs as moisture-laden air masses, blown by the prevailing westerly winds from the Pacific
Ocean, encounter the mountains of the Coast Range. As the air masses rise, they cool (by 0.5 to 0.8°C for every
100 m increase in elevation), which greatly reduces their ability to hold water. This causes much of the moisture
to condense into clouds and to then precipitate from the atmosphere as snow and rain.

As the air mass passes to the other side of the mountains and starts to descend, it warms again, which
increases its moisture-holding capacity. Therefore, precipitation is much sparser on the rain-shadow side of
the mountains.
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Consequently, coastal Vancouver has much more rainfall (about 110 cm/y) than Penticton in the inland
Okanagan Valley (28 cm/y). However, local orographgic effects are also considerable in the Greater Vancouver
area, where rainfall is only about 50 cm/y in the southern suburbs of Delta, but as much as 250 cm/y in places
nearer the mountains, such as North Vancouver.

Figure 3.3. A diagrammatic model of orographic precipitation.
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Groundwater drainage involves the infiltration of water into the ground. Shallow groundwater can move laterally,
eventually draining into surface waters. It can also be taken up by plant roots to later be transpired into the
atmosphere through foliage. However, deeper groundwater is not available for plant uptake or to recharge surface
waters. It accumulates in underground artesian reservoirs, which can be very large. The biggest such aquifer in North
America is the Ogallala, which underlies about 450,000 km? of the western U.S.

The hydrologic cycle is extremely important. Water is needed by natural ecosystems for the metabolic needs of
organisms, for cooling, and as a ubiquitous solvent that allows water-soluble nutrients to be absorbed by organisms.
Water is also required by people for use in agriculture, industry, and recreation. Unfortunately, in many regions water
and its biological resources (such as fish) have been used excessively, and water quality has been degraded through
pollution. Damages caused to water and its resources, and ways of mitigating those effects, are common themes in
many chapters in this book.

The Atmosphere

The atmosphere is an envelope of gases that surrounds the Earth and is held in place by the attractive forces of gravity.
The density of the atmospheric mass is much greater close to the surface and decreases rapidly with increasing
altitude. The atmosphere consists of four layers, the boundaries of which are inexact because they may vary over time
and space:

1. The troposphere (or lower atmosphere) contains 85-90% of the atmospheric mass and extends from the surface to
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an altitude of 8-20 km. It is thinner at high latitudes, and thicker at equatorial latitudes, but also varies seasonally,
at any place being thicker during the summer than in the winter. It is typical for air temperature to decrease with
increasing altitude within the troposphere, and convective air currents (winds) are common. Consequently, the
troposphere is sometimes referred to as the “weather layer”

2. The stratosphere extends from the troposphere to as high as about 50 km, depending on the season and latitude.
Air temperature varies little with altitude within the stratosphere, and there are few convective air currents.

3. The mesosphere extends beyond the stratosphere to about 75 km.

4. The thermosphere extends to 450 km or more.

Image 3.5. The atmosphere is composed of a mixture of gases, fine particulates, and water vapour occurring as

clouds. This view of a foggy tropical forest was taken in the highlands of Peru. Source: B. Freedman

Beyond the atmosphere is outer space, an immeasurably vast region where the Earth exerts no detectable chemical or
thermal influences.

About 78% of the mass of the atmosphere is composed of nitrogen gas (N2), while 21% is oxygen (O2), 0.9% argon (Ar),
and 0.04% carbon dioxide (COz2). The rest is various trace gases, including potentially toxic ones such as ozone (O3) and
sulphur dioxide (SO2) (see Chapter 16). The atmosphere also contains highly variable concentrations of water vapour,
which can range from only 0.01% in frigid winter air in the Arctic to 5% in warm, humid, tropical air. On average, the
total weight of the atmospheric mass exerts a pressure at sea level of around 1.0 x 10° pascals (Pa; or one atmosphere),

which is equivalent to 1.0 kg per em?,
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The atmosphere is a highly dynamic medium, being variable over space and time. This is particularly true of the
troposphere, within which gradients of temperature and energy are most pronounced. To even out the energy
gradients, there is a streaming of atmospheric mass from regions of relatively high pressure to those with lower
pressure. These more-or-less lateral atmospheric movements are known as wind. The vigour and speed of winds can
range from barely perceptible to several hundred kilometres per hour in extremely turbulent, rotating air masses such
as a tornado or hurricane. In general, winds are caused when air heated by the sun becomes less dense and rises in
altitude, to be replaced at the surface by an inflow of cooler, denser air from elsewhere. Simply interpreted, this
movement of atmospheric mass represents an enormous gaseous convective cell. These atmospheric movements
occur on both local and global scales and are extremely variable over space and time. At the global level, however, a
broad general pattern of circulation is discernible.

As was noted above, wind directions are influenced by the relative locations of high and low atmospheric pressures.
Wind directions are also influenced by the Coriolis effect, which is caused by the west-to-east rotation of Earth. For
example, in the mid-latitudes of the Northern Hemisphere, the distribution of pressure in the lower atmosphere
provides a northward force on wind direction. The Coriolis force, which deflects motions to the right in that
hemisphere, balances the pressure-gradient force so that the winds tend to blow from west to east. In comparison, in
the mid-latitudes of the Southern Hemisphere, the pressure gradient force is directed toward the south, while the
Coriolis force deflects motions to the left. On balance, this again results in winds tending to blow from west to east.
Local patterns of wind flow are also influenced by surface topography—mountains are barriers that deflect winds
upward or around, while valleys can channel wind flows.

Prevailing winds blow relatively continuously in a dominant direction. There are three major classes of prevailing
winds:

1. trade winds are tropical airflows that blow from the northeast (to the southwest) in the Northern Hemisphere, and
from the southeast in the Southern Hemisphere

2. westerlies are mid-latitude winds that blow from the southwest in the Northern Hemisphere, and from the
northwest in the Southern Hemisphere

3. polar easterlies blow from the northeast at high northern latitudes, and from the southeast near Antarctica.

Climate and Weather

Climate refers to the prevailing atmospheric conditions of temperature, precipitation, humidity, wind speed and
direction (together, these are wind velocity), insolation (incoming solar radiation), visibility, fog, and cloud cover in a
place or region. Climatic data are usually calculated as statistics (such as averages or ranges of values), using data
obtained from at least several decades of monitoring (the preferred period for the calculation of “normal” climatic
parameters is at least 30 years).

In contrast, weather refers to day-to-day or instantaneous meteorological conditions (the latter is referred to as “real-
time” weather). Because weather is related to short-term conditions, it is much more variable over time and space than
climate. Most aspects of climate are functions of solar insolation and of how this incoming energy is absorbed,
reflected, and re-radiated by the atmosphere, oceans, and terrestrial surfaces. The complex subject of physical energy
budgets is described in Chapter 4. For the present purpose, it is worthwhile to examine several ecologically important
aspects:

* Give Thanks to the Sun. If it were not for the warming influence of solar radiation, the temperature of the surface
and atmosphere would approach the coldest that is physically possible - this is absolute zero, or -273°C (or 0o on

54 | Chapter 3 ~ The Physical World



the Kelvin scale). Although Earth has a limited ability to generate its own heat by the decay of radioactive elements
in its core, this is insufficient to provide much warming at the surface. Therefore, solar energy is critical to
maintaining the surface temperature within a range that organisms can tolerate.

Atmospheric Reflection and Absorption. Conditions in the atmosphere have a great influence on climatic factors.
For instance, cloud cover and tiny particulates are highly reflective of many visible wavelengths of solar radiation
and so have a marked cooling effect on the lower atmosphere and the surface. In addition, the atmosphere
contains trace concentrations of certain gases that absorb some of the infrared radiation that the planet emits to
cool itself of the heat obtained by absorbing solar radiation. The most important of these so-called “greenhouse
gases” are water vapour, carbon dioxide, and methane. This influence is called the greenhouse effect, and it
maintains the surface temperature of Earth at an average of about 15°C, or 33°C warmer than the -18°C it would be
without this moderating effect (see Chapters 4 and 17).

Night and Day. At any place on the surface, the input of solar radiation is high during the day and low at night. (At
night, the only radiation inputs are from distant stars and from solar radiation reflected by atmospheric
particulates and the moon—these sparse inputs are known as “skylight””) The daily, 24-hour (diurnal) variations in
energy input result in large changes in weather. However, this effect varies greatly between tropical and polar
latitudes. Tropical regions have approximately equal day and night lengths of about 12 hours each, which do not
vary much during the year. In contrast, polar latitudes are much more seasonal, with almost continuous light
during much of the summer, and constant night during part of the winter. Temperate latitudes are intermediate,
with longer day lengths during the summer and shorter ones during winter.

Effects of Latitude. Places at tropical latitudes tend to face incoming solar radiation on a relatively perpendicular
angle (closer to 90° at noon). Polar latitudes have a more oblique angle of solar incidence, and temperate latitudes
are intermediate in this regard. The more perpendicular the angle of incidence of solar radiation is, the smaller the
surface area over which the incoming energy is distributed and the more intense the resulting heating. The angle
of solar incidence has a strong influence on the amounts of unit-area solar radiation that are received at various
latitudes, and is a major reason (along with seasonality) why the tropics are warmer than polar regions.

Seasons. Earth’s axis tilts at a 23.5° angle relative to the incidence of solar radiation. Consequently, during the
planet’s annual revolution around the Sun, there are seasonal differences in energy received between the Northern
and Southern Hemispheres. In the Northern Hemisphere, the angle of incidence is closer to perpendicular from
March 21 to September 22, giving relatively warmer conditions, while the angle is more oblique from September 22
to March 21, resulting in cooler conditions. These seasons are reversed in the Southern Hemisphere. Because
Earth’s orbit is elliptical, climatic seasons are also influenced by the varying distance from the Sun. However, this
effect is relatively small compared with that of the inclination of the axis.

Aspect. On a local scale, the direction that a slope faces (known as its aspect) has a substantial influence on the
amount of solar radiation received. In the Northern Hemisphere, south-facing, and to a lesser degree west-facing
slopes are relatively warm, while north- and east-facing slopes are cooler. In the Southern Hemisphere, north-
facing slopes are warmer.

Slope. The degree of slope, or the angle of inclination of the land, also affects the amount of energy received. The
closer the slope approximates a perpendicular angle to incoming solar radiation, the greater is the energy input
per unit of surface area. In the Northern Hemisphere, this effect is greatest on south-facing slopes.

Soil and Vegetation Cover. Darker surfaces absorb much more solar radiation than do lighter surfaces. This is the
reason why a black asphalt surface gets much hotter during the day than one made of light-coloured cement. Plant
canopies also vary in their absorption and reflection characteristics, depending on the colour of the foliage and
the angle at which it is oriented to incoming solar radiation. Major changes in the character of vegetation, as occur
when forest is converted into agricultural or urban land-use, can affect local, and sometimes regional, weather and
climate.

Snow and Ice Cover. Because snow and ice are highly reflective of solar radiation, surfaces covered by those
materials absorb relatively little insolation. The melting of snow cover in the springtime exposes a much more
absorptive ground surface, and warming then accelerates.
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» Evaporation of Water. Moist surfaces are cooled by the evaporation of water, a process that absorbs thermal
energy. Therefore, the transpiration of water from plant foliage has a cooling effect, similar to the evaporation of
sweat from the body surface of a human.

The above factors influence the input, reflection, absorption, and dissipation of solar radiation, resulting in large
variations of air, water, and surface temperatures over the surface of Earth. The energy gradients that develop result in
global processes that attempt to distribute the energy more evenly, by movements of air masses in the atmosphere
(winds) and currents of water in the oceans. In addition, prevailing wind directions can interact with oceanic currents
to generate circular water flows known as gyres. Subtropical gyres rotate clockwise in the Northern Hemisphere and
counter-clockwise in the Southern Hemisphere, while subpolar gyres rotate in the opposite directions.

Climate has an important influence on the character of ecological development in any region or place. Climatic
conditions can vary on a large scale, called macroclimate, which affects the nature of ecosystems over a large area.
Climatic conditions can also vary on much smaller scales, called microclimate, which may be affected by local
topography, proximity to the ocean or a large lake, or understorey conditions beneath a dense canopy of tree foliage.
Four climatic factors particularly affect the development of ecosystems (see Chapter 8). Of these, variations of
precipitation and temperature generally have the greatest influence. The amounts of precipitation are greatly affected
by the flow of prevailing winds, the humidity of air masses, and the influence of topography (see In Detail 3.1). A dry
climate may only support desert vegetation, whereas wetter conditions may allow old-growth forest and wetlands to
develop.

Temperature is relatively warm in tropical latitudes and at lower altitude in mountainous terrain, while it is cooler at
high latitude and high altitude. In general, places with cold temperatures develop tundra vegetation, whereas warmer
temperatures may support forest. Temperate and polar latitudes have large seasonal fluctuations in temperature.
Tropical forest develops in moist regions where temperature remains uniformly warm, while temperate and boreal
forests are dominated by tree species that can tolerate cold temperatures during the winter. Wind can also have a
substantial ecological influence, although this is typically less important than that of precipitation and temperature.
Very windy locations may not be able to support forest, even though precipitation and temperature are otherwise
favourable. This occurs in many coastal habitats in Canada, where windy conditions result in shrub-dominated
ecosystems rather than the forest that occurs farther inland.

Extreme events of weather, such as drought, flooding, a hurricane, or a tornado, can also be important. Severe
disturbances have a large influence on ecological development, especially where they occur frequently. For example,
frequent drought or severe windstorms may restrict the development of forest in some regions, even though the
average climatic conditions may be favourable.

Major elements of the climates of Canada are described in Canadian Focus 3.1. Their relationship with ecological
development is examined in Chapter 8.

Canadian Focus 3.1. Climates of Canada

Canada is a huge country, the second largest in the world after Russia. The wide range of latitude means that
local and regional climates vary from cold polar in the High Arctic to warm temperate in southern Ontario and
southern British Columbia. Canada also has extremely varied topography, with extensive low regions and many
areas at high elevation, particularly in the mountains of Labrador, the eastern Arctic Islands, and the Rocky
Mountains. Therefore, the regions of Canada are characterized by huge differences in climate.

The figure shows seasonal patterns of change, using temperature as an indicator. Note that the high-Arctic
station at Alert (82° N) on far-northern Ellesmere Island is much colder and has a brief growing season
compared with the southerly stations. Thompson (55° N) is in the boreal zone of northern Manitoba and it also
has a relatively cold climate with a short growing season. Lethbridge, in the prairie region of southern Alberta,
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has a temperate prairie climate with a relatively warm and extended growing season. Windsor (42° N) is the

most southern location shown, and it has the warmest climate and longest growing season.

Table 3.3 Normal climate values (longer-term averages) calculated for the period 1981 to 2010 (Environment

Canada, 2015).

St. John's, Halifax, Montreal Toronto, Winnipeg, Regina, Edmonton, Penticton, Vancouver, Igaluit,

NL N5 L aC ON MB SK AB BC BC
Temperature [°C)
Annual
average 5 6.6 6.8 8.2 3 3.1 2.6 8.5
Days =20°C 53 89 117 122 110 108 87 129
Days «10°C 35 45 63 39 102 102 95 11
Days frost-
free 139 163 165 168 121 115 110 155
Growing Degree-Days
days > 10°c 559 522 1260 1325 1018 913 611 1234
Precipitation [cm/y)
Annual total 154 141 100 79 52 39 45 29
Asrain 121 119 79 68 42 31 34 22
Assnow 33 22 21 11 10 8 9 7
Days rainy 163 128 119 113 78 72 Iz 99
Days snowy 79 58 a9 45 24 a2b 23 20
Wind (kph)
Average wind 21.9 16.5 14.4 15 17.1 15.4 12.2 10.9
Days wind »63 16 3 <1 6 1 3 0 <1
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Figure 3.4. Average daily temperature for a range of places in Canada. Source: Data from Environment Canada

(2015).
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Conclusions

Knowledge of the physical world is a central aspect of environmental science - it provides essential context for
understanding the causes and consequences of almost all changes that are caused by human activities. The physical
and structural attributes of Earth influence the geological and geographical forces affecting its surface (both water and
land) and atmosphere. In addition, the amount and spectral quality of incoming sunlight have a profound influence on
the energy budget and climates of the planet. Increasingly, anthropogenic influences are having a large, cumulative
effect on these natural effects and are transforming the surface attributes of Earth by affecting erosion, surface cover,
environmental chemistry, and even global climate.

Questions for Review

1. What are the various layers of Earth’s solid sphere and atmosphere? Briefly describe the characteristics of these
layers.

2. What causes tectonic forces, and what are their consequences on crustal dynamics?

3. What is glaciation? Describe the major surface features that it leaves behind.

4. What are key factors affecting regional climate and microclimate?

Questions for Discussion

Explain how geological forces have influenced landscape features in the region where you live.

2. Where does your drinking water come from? Trace its origins and disposal in terms of the hydrologic cycle.

3. Explain the differences between climate and weather. Discuss the influences of climate and weather on your daily
and annual life.

4. Natural disasters, such as extreme weather caused by a windstorm or massive rain event, are rare but inevitable
occurrences. What is the recent history of natural disasters in the place where you live? Do you think that land-
use and other human influences may have increased the possibility of worse damage being caused by these
unpredictable events?

Exploring Issues

1. You are part of a research team that is investigating the potential environmental effects of climate change in a
region of hilly topography. Your responsibility is to characterize the climatic conditions in the study area, giving
sufficient detail so the team can understand the overall conditions as well as the local ones, such as in valleys, on
slopes, and on hilltops. What kinds of factors would you have to consider when designing the climate-monitoring
program? Consider the following aspects: (a) the number of monitoring sites, (b) where monitoring sites should be
located, (c) what variables to measure (such as wind, temperature, precipitation, sunlight), and (d) how long you
must monitor conditions before determining the normal climate (as opposed to the weather).
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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.

5. Explain why the trophic structure of ecological productivity is pyramid-shaped and why ecosystems cannot

W N =

support many top predators.
6. 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:

* Ahockey stick strikes a puck, causing it to speed toward a target

* Abook is picked up from the floor, lifted, and then laid on a table

* Avehicle 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
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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 x 108 m/s (the speed of light). Electromagnetic
energy exists as a continuous spectrum of wavelengths, which (ordered from the shortest to longest wavelengths) are
known as gamma, X-ray, ultraviolet, visible light, infrared, microwave, and radio (Figure 4.1). The human eye can
perceive electromagnetic energy over a range of wavelengths of about 0.4 to 0.7 pm, a part of the spectrum that is
referred to as visible radiation or light (1 pm, or 1 micrometre, is 107% m; see Appendix A).

Figure 4.1. The Electromagnetic Spectrum. The spectrum is divided into major regions on the basis of
wavelength and is presented on a logarithmic scale (logio) in units of micrometres (1 pm = 1073 mm =106 m).
Note the expansion of the visible component and the wavelength ranges for red, orange, yellow, green, blue,

and violet colours.
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Electromagnetic energy is given off (or radiated) by all objects that have a surface temperature greater than absolute
zero (greater than -273°C or 0°K). The surface temperature of a body determines the rate and spectral quality of the
radiation it emits. Compared with a cooler body, a hotter one has a much larger rate of emission, and the radiation is
dominated by shorter, higher-energy wavelengths. For example, the Sun has an extremely hot surface temperature of
about 6000°C, and as a direct consequence most of the radiation it emits is ultraviolet (0.2 to 0.4 pm), visible (0.4 to 0.7
pm), and near infrared (0.7 to 2 um). (Note that the interior of the Sun is much hotter than 6000°C, but it is the surface
temperature that directly influences the emitted radiation.) Because the surface temperature of Earth averages much
cooler at about 15°C, it radiates much smaller amounts of energy at longer wavelengths (peaking at a wavelength of
about 10 pm).

Image 4.1. The energy of the Sun is derived from nuclear fusion reactions involving hydrogen nuclei. These
reactions generate enormous quantities of thermal and electromagnetic energy. Solar electromagnetic
radiation is the most crucial source of energy that sustains ecological and biological processes. Source: NASA
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Kinetic Energy
Kinetic energy is associated with bodies that are in motion. Two classes of kinetic energy can be distinguished.

Mechanical kinetic energy is associated with any object that is in motion, meaning it is travelling from one place to
another. For example, a hockey puck flying through the air, a trail-bike being ridden along a path, a deer running
through a forest, water flowing in a stream, or a planet moving through space are all expressions of this kind of kinetic
energy. The amount of mechanical kinetic energy is determined by the mass of an object and its speed.

Thermal kinetic energy is associated with the rate that atoms or molecules are vibrating. Such vibrations are frozen at
-273°C (absolute zero), but are progressively more vigorous at higher temperatures, corresponding to a larger content
of thermal kinetic energy, which is also referred to as heat.

Potential Energy

Potential energy is the stored ability to perform work. To actually perform work, potential energy must be transformed
into electromagnetic or kinetic energy. There are a number of kinds of potential energy:

Gravitational potential energy results from gravity, or the attractive forces that exist among all objects. For example,
water stored at any height above sea level contains gravitational potential energy. This can be converted into kinetic
energy if there is a pathway that allows the water to flow downhill. Gravitational potential energy can be converted
into electrical energy through the technology of hydroelectric power plants.

Chemical potential energy is stored in the bonds between atoms within molecules. Chemical potential energy can be
liberated by exothermic reactions (those which lead to a net release of thermal energy), as in the following examples:

* Chemical potential energy is stored in the molecular bonds of sulphide minerals, such as iron sulphide (FeSz), and
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some of this energy is released when the sulphides are oxidized. Specialized bacteria can metabolically tap the
potential energy of sulphides to support their own productivity, through a process known as chemosynthesis (this
is further examined later in this chapter).

* The ionic bonds of salts also store chemical potential energy. For example, when sodium chloride (table salt, NaCl)
is dissolved in water, ionic potential energy is released as heat, which slightly increases the water temperature.

* Hydrocarbons store energy in the bonds between their hydrogen and carbon atoms (hydrocarbons contain only
these atoms). The chemical potential energy of gasoline, a mixture of liquid hydrocarbons, is liberated in an
internal combustion engine and becomes mechanically transformed to achieve the kinetic energy of vehicular
motion.

* Organic compounds (biochemicals) produced metabolically by organisms also store large quantities of potential
energy in their inter-atomic bonds. The typical energy density of carbohydrates is about 16.8 kJ /g, while that of
proteins is 21.0 kJ /g, and lipids (or fats) 38.5 kJ/g. Many organisms store their energy reserves as fat because these
biochemicals have such a high energy density.

Electrical potential energy results from differences in the quantity of electrons, which are subatomic, negatively
charged particles that flow from areas of high density to areas where it is lower. When an electrical switch is used to
complete a circuit connecting two areas with different electrical potentials, electrons flow along the electron gradient.
The electric energy may then be transformed into uses as light, heat, or work performed by a machine. A difference in
electrical potential is known as voltage, and the current of electrons must flow through a conducting material, such as

a metal.

Elasticity is a kind of potential energy that is inherent in the physical qualities of certain flexible materials and that can
perform work when released, as occurs when a drawn bow is used to shoot an arrow.

Compressed gases also store potential energy, which can do work if expansion is allowed to occur. This type of potential
energy is present in a cylinder containing compressed or liquefied gas.

Nuclear potential energy results from the extremely strong binding forces that exist within atoms. This is by far the
densest form of energy. Huge quantities of electromagnetic and kinetic energy are liberated when nuclear reactions
convert matter into energy. A fission reaction involved the splitting of isotopes of certain heavy atoms, such as
uranium-235 and plutonium-239 (U235 and 23913), to generate smaller atoms plus enormous amounts of energy. Fission
reactions occur in nuclear explosions and, under controlled conditions, in nuclear reactors used to generate
electricity. A fusion reaction involves the combining of certain light elements, such as hydrogen, to form heavier atoms
under conditions of extremely high temperature and pressure, while liberating huge quantities of energy. Fusion
reactions involving hydrogen occur in stars and are responsible for the unimaginably large amounts of energy that
these celestial bodies generate and radiate into space. It is thought that all heavy atoms in the universe were produced
by fusion reactions occurring in stars (see Chapter 3). Fusion reactions also occur in a type of nuclear explosive device
known as a hydrogen bomb. A technology has not yet been developed to exploit controlled fusion reactions to generate
electricity; if and when available, controlled fusion could be used to generate virtually unlimited amounts of
commercial energy (see Chapter 13).

Image 4.2. Organic matter and fossil fuels contain potential chemical energy, which is released during
combustion to generate heat and electromagnetic radiation. This forest fire was ignited by lightning and
burned the organic matter of a pine forest. Source: NASA image: Kari Greer, http: //www.nasa.gov/images/
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Units of Energy

Although energy can exist in various forms, all of them can be measured in the same or equivalent units. The
internationally accepted system for scientific units is the SI system (Systeéme International d’'Unités), and its
recommended unit for energy is the joule (J). One joule is defined as the energy required to accelerate 1kg of mass at 1
m/ s? (1 metre per second per second) over a distance of 1 m.

A calorie (or gram-calorie, abbreviation cal) is another unit of energy. One calorie is equivalent to 4.184 J, and it is
defined as the amount of energy required to raise the temperature of 1 g of pure water by 1°C (specifically, from 15°C to
16°C). Note, however, that the dietician’s “Calorie” is equivalent to 1000 calories (1 Calorie = 1 kcal). However, the energy
content of many food products is now listed in kJ in countries using the SI system of units, such as Canada.

Energy Transformations

As was previously noted, energy can be transformed among its various states. For example, when solar electromagnetic
radiation is absorbed by a dark object, it is transformed into thermal energy and the absorbing body increases in
temperature. The gravitational potential energy of water stored at a height is converted into the kinetic energy of
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flowing water at a waterfall, which may be harnessed using hydroelectric technology to spin a turbine and generate
electrical energy. As well, visible wavelengths of solar radiation are absorbed by chlorophyll, a green pigment in plant
foliage, and some of the captured energy is converted into chemical potential energy of sugars via the biochemistry of
photosynthesis.

All transformations of energy must behave according to certain physical principles, which are known as the laws of
thermodynamics. These are universal principles, meaning they are always true, regardless of the circumstances.

The First Law of Thermodynamics

The first law of thermodynamics, also known as the law of conservation of energy, can be stated as follows: Energy can
undergo transformations among its various states but it is never created or destroyed; therefore, the energy content of
the universe remains constant. A consequence of this law is that there is always a zero balance among the energy
inputs to a system, any net storage within it, and the energy output from the system.

Consider the case of an automobile driving along a highway. The vehicle consumes gasoline, an energy input that can
be measured. The potential energy of the fuel is converted into various other kinds of energy, including kinetic energy
embodied in forward motion of the vehicle, electrical energy powering the lights and windshield wipers, heat from
friction between the vehicle and the atmosphere and road surface, and hot exhaust gases (thermal energy) and
unburned fuel (chemical potential energy) that are vented through the tailpipe. Overall, in accordance with the first law
of thermodynamics, an accurate measuring of all of these transformations would find that, while the energy of the
gasoline was converted into various other forms, the total amount of energy was conserved (it remained constant).

The Second Law of Thermodynamics

The second law of thermodynamics can be expressed as follows: Transformations of energy can occur spontaneously
only under conditions in which there is an increase in the entropy of the universe. Entropy is a physical attribute
related to disorder, and is associated with the degree of randomness in the distributions of matter and energy. As the
randomness (disorder) increases, so does entropy. A decrease in disorder is referred to as negative entropy. Consider,
for example, an inflated balloon. Because of the potential energy of its compressed gases, that balloon may slowly leak
its contents to the surrounding atmosphere, and it may even burst. Either of these outcomes can occur in a
spontaneously fashion, because both processes would represent an increase in the entropy of the universe. This is
because compressed gases are more highly ordered than those widely dispersed in the atmosphere. In contrast,
dispersed gases in the atmosphere would never spontaneously relocate to inflate a balloon. A balloon will only inflate
only if energy is expended through a local application of work, such as by a person blowing into the balloon. In other
words, energy must be expended to cause a local decrease of entropy in a system. However, note that this energy cost
itself gives rise to an increase in the entropy of the universe. For instance, the effort of a person inflating a balloon
involves additional respiration, which uses biochemical energy and results in heat being released into the environment.

Another example concerns planet Earth. The planet continuously receives solar radiation, almost all of which is visible
and near-infrared wavelengths in the range of about 0.4 to 2.0 pm. Some of this electromagnetic energy is absorbed
and converted to thermal energy, which heats the atmosphere and surface. The planet cools itself of the absorbed solar
radiation in various ways, but ultimately that energy is dissipated by an emission of electromagnetic energy to outer
space as longer-wave infrared radiation (of a spectral quality that peaks at a wavelength of 10 pm). In this case,
relatively short-wavelength solar radiation is ultimately transformed into the longer-wavelength radiation emitted by
Earth, a process that represents a degradation in quality of the energy and an increase in the entropy of the universe.

An important corollary (or secondary proposition) of the second law of thermodynamics is that energy transformations
can never be completely efficient—some of the initial content of energy must always be converted to heat so that
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entropy increases. This helps to explain why, even when using the best available technology, only about 30% of the
potential energy of gasoline can be converted into the kinetic energy of a moving automobile, and no more than about
40% of the energy of coal or natural gas can be transformed into electricity in a generating station. There are also
thermodynamic limits to the efficiency of photosynthesis, the process by which plants convert visible radiation into
biochemical, even when it is occurring under ideal conditions with optimal supplies of nutrients, water, and light.

A superficial assessment might suggest that life in general appears to contradict the second law of thermodynamics.
Plants, for example, absorb visible wavelengths of electromagnetic radiation and use this highly dispersed form of
energy to fix simple inorganic molecules (carbon dioxide and water) into extremely complex and energy-dense
biochemicals. The plant biomass may then be consumed by animals and microbes, which synthesize their own complex
biochemicals. These various bio-syntheses represent energy transformations that greatly decrease local entropy
because relatively dispersed electromagnetic energy and simple inorganic compounds are being converted into the
complex, highly ordered biochemicals of organisms. Do these biological transformations contravene the second law of
thermodynamics?

This seeming paradox of life can be resolved using the following logic: the localized bio-concentration of negative
entropy can only occur because the system (ultimately referring to the biosphere, or all life on Earth) receives a
constant input of energy in the form of solar radiation. If this external source of energy were somehow terminated, all
of the organisms and organic materials would spontaneously degrade, releasing simple inorganic molecules and heat
and thereby increasing the entropy of the universe. Therefore, life and ecosystems cannot survive without continual
inputs of solar energy, which are required to organize and maintain their negative entropy. In this sense, the biosphere
can be viewed as representing an “island” of negative entropy, highly localized in space and time, and continuously
fuelled by the Sun as an external source of energy.

Earth: An Energy Flow-Through System

Electromagnetic radiation emitted by the Sun is by far the major input of energy that drives ecosystems. Solar energy
heats the planet, circulates its atmosphere and oceans, evaporates its water, and sustains almost all its ecological
productivity. Eventually, all of the solar energy absorbed by Earth is re-radiated back to space in the form of
electromagnetic radiation of a longer wavelength than what was originally captured. In other words, Earth is a flow-
through system, with a perfect balance between the input of solar energy and output of re-radiated energy, and no net
storage over the longer term.

In addition, almost all ecosystems absolutely depend on solar radiation as the source of energy that photosynthetic
organisms (such as plants and algae) utilize to synthesize simple organic compounds (such as sugars) from inorganic
molecules (carbon dioxide and water). Plants and algae then use the chemical potential energy in these sugars, plus
inorganic nutrients (such as nitrate and phosphate), to synthesize a huge diversity of biochemicals through various
metabolic reactions. Plants grow and reproduce by using these biochemicals and their potential energy. Moreover,
plant biomass is used as food by the enormous numbers of organisms that are incapable of photosynthesis. These
organisms include herbivores that eat plants directly, carnivores that eat other animals, and detritivores that feed on
dead biomass. (The energy relationships within ecosystems are described later.)

Less than 0.02% of the solar energy received at Earth’s surface is absorbed and fixed by photosynthetic plants and
algae. Although this represents a quantitatively trivial component of the planet’s energy budget, it is extremely
important qualitatively because this biologically absorbed and fixed energy is the foundation of ecological productivity.
Ultimately and eventually, however, the solar energy fixed by plants and algae is released to the environment again as
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heat and is eventually radiated back to outer space. This reinforces the idea of Earth being a flow-through system for
energy, with a perfect baance between the input and output.

Earth’s Energy Budget

An energy budget of a system describes the rates of energy input and output as well as any internal transformations
among its various states, including changes in stored quantities. Figure 4.2 illustrates key aspects of the physical
energy budget of Earth.

The rate of input of solar radiation to Earth averages about 8.36 J /cmz—minute (2.00 cal/ cmz-min), measured at the
outer limit of the atmosphere. About half of this energy input is visible radiation and half is near infrared. The output of
energy from Earth is also about 8.36 J /cmz—min, occurring as longer-wave infrared. Because the rates of energy input
and output are equal, there is no net storage of energy, and the average surface temperature of the planet remains
stable. Therefore, as was previously noted, the energy budget of Earth can be characterized as a zero-sum, flow-
through system.

However, the above is not exactly true. Over extremely long scales of geological time, a small amount of storage of
solar energy has occurred through an accumulation of undecomposed biomass that eventually transformed into fossil
fuels. In addition, relatively minor long-term fluctuations in Earth’s surface temperature occur, representing an
important element of climate change. Nevertheless, these are quantitatively trivial exceptions to the statement that
Earth is a zero-sum, flow-through system for solar energy.

Figure 4.2. Important Components of Earth’s Physical Energy Budget. About 30% of the incoming solar
radiation is reflected by atmospheric clouds and particulates and by the surface of the planet. The remaining
70% is absorbed and then dissipated in various ways. Much of the absorbed energy heats the atmosphere and
terrestrial surfaces, and most is then re-radiated as long-wave infrared radiation. Atmospheric moisture and
greenhouse gases interfere with this process of re-radiation, keeping the surface considerably warmer than it
would otherwise be (see also Chapter 17). The numbers refer to the percentage of incoming solar radiation. See
the text for a more detailed description of important factors in this energy budget. Source: Modified from
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Schneider (1989).
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Even though the amount of energy emitted by Earth eventually equals the quantity of solar radiation that is absorbed,
many ecologically important transformations occur between the initial absorption and eventual re-radiation. These are
the internal elements of the physical energy budget of the planet (see Figure 4.2). The most important components are
described below:

Reflection - On average, Earth’s atmosphere and surface reflect about 30% of incoming solar energy back to outer
space. Earth’s reflectivity (albedo) is influenced by such factors as the angle of the incoming solar radiation (which
varies during the day and over the year), the amounts of reflective cloud cover and atmospheric particulates (also
highly variable), and the character of the surface, especially the types and amounts of water (including snow and ice)
and darker vegetation.

Absorption by the Atmosphere - About 25% of incident solar radiation is absorbed by gases, vapours, and particulates
in the atmosphere, including clouds. The rate of absorption is wavelength-specific, with portions of the infrared range
being intensively absorbed by the so-called “greenhouse” gases (especially water vapour and carbon dioxide; see
Chapter 17). The absorbed energy is converted to heat and re-radiated as infrared radiation of a longer wavelength
than what has been initialy absorbed.

Absorption by the Surface - On average, about 45% of incoming solar radiation passes through the atmosphere and is
absorbed at Earth’s by living and non-living materials at the surface, a trabsformation that increases their temperature.
However, this figure of 45% is highly variable, depending partly on atmospheric conditions, especially cloud cover, and
also on whether the incident light has passed through a plant canopy. Although over the longer term (years) and even
the medium term (days) the global net storage of heat is essentially zero, in some places there may be substantial
changes in the net storage of thermal energy within the year. This occurs everywhere in Canada because of the
seasonality of its climate, in that environments are much warmer during the summer than in the winter. Nevertheless,
almost all of the absorbed energy is eventually dissipated by re-radiation from the surface as long-wave infrared.

Evaporation of Water - Some of the thermal energy of living and non-living surfaces causes water to evaporate in a
process known as evapotranspiration. This process has two components: the evaporation of water from lakes, rivers,
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streams, moist rocks, soil, and other non-living substrates, and transpiration of water from any living surface,
particularly from plant foliage, but also from moist body surfaces and lungs of animals.

Melting of Snow and Ice - Absorbed thermal energy can also cause ice and snow to melt, representing an energy
transformation associated with a change of state of water from a solid to a liquid form.

Wind and Water Currents - There is a highly uneven distribution of the content of thermal energy at and near the
surface of Earth, with some regions being quite cold (such as the Arctic) and others much warmer warm (the tropics).
Because of this irregular allocation of heat, the surface develops processes to diminish the energy gradients by
transporting mass around the globe, such as by winds and oceanic currents (see also Chapter 3).

Biological Fixation - A very small but ecologically critical portion of incoming solar radiation (globally averaging less
than 0.02%) is absorbed by chlorophyll in plants and algae and used to drive photosynthesis. This biological fixation
allows some of the solar energy to be temporarily stored as potential energy in biochemicals, thereby serving as the
energetic basis for ecological productivity and life on Earth.

Energy in Ecosystems

An ecological energy budget focuses on the absorption of energy by photosynthetic organisms and the transfer of that
fixed energy through the trophic levels of ecosystems (“trophic” refers to the means of organic nutrition). Ecologists
classify organisms in terms of the sources of energy they utilize.

Autotrophs are capable of synthesizing their complex biochemicals using simple inorganic compounds and an external
source of energy to drive the process. The great majority are photoautotrophs, which use sunlight as their external
source of energy. Photoautotrophs capture solar radiation using photosynthetic pigments, the most important of
which is chlorophyll. Green plants are the most abundant examples of photoautotrophs, but algae and some bacteria
are also photoautotrophic.

A much smaller number of autotrophs are chemoautotrophs, which harness some of the energy content of certain
inorganic chemicals to drive a process called chemosynthesis. The bacterium Thiobacillus thiooxidans, for example,
oxidizes sulphide minerals to sulphate and uses some of the energy liberated during this reaction to chemosynthesize
organic molecules.

Because autotrophs are the biological foundation of ecological productivity, ecologists refer to them as primary
producers. The total fixation of solar energy by all of the primary producers within an ecosystem is known as gross
primary production (GPP). Primary producers use some of this production for their own respiration (R) - that is, for the
physiological functions needed to maintain their health and to grow. Respiration is the metabolic oxidation of
biochemicals, and it requires a supply of oxygen and releases carbon dioxide and water as waste products. Net primary
production (NPP) refers to the fraction of GPP that remains after primary producers have used some for their own
respiration. In other words: NPP = GPP - R.

The energy fixed by primary producers is the basis for the productivity of all other organisms, known as heterotrophs,
which heterotrophs rely on other organisms, living or dead, to supply the energy they need. Animal heterotrophs that
feed on plants are known as herbivores (or primary consumers); three familiar examples are deer, geese, and
grasshoppers. Heterotrophs that consume other animals are known as carnivores (or secondary consumers), such as
timber wolf, peregrine falcon, sharks, and spiders. Some species feed on both plant and animal biomass and are known
as omnivores —the grizzly bear is a good example, as is our own species. Many other heterotrophs feed primarily on

Chapter 4 ~ Energy and Ecosystems | 69



dead organic matter and are called decomposers or detritivores, such as vultures, earthworms, and most fungi and
bacteria.

Image 4.3. Plant productivity is sustained by solar energy, which is fixed by chlorophyll in the plant and used to
combine carbon dioxide, water, and other simple inorganic compounds into the complex molecular structures
of organic matter. These ecologists are studying the productivity of a plant community on Sable Island, Nova

Scotia. Source: B. Freedman.

Productivity is production expressed as a rate function, that is, per unit of time and area. Productivity in terrestrial
ecosystems is often expressed in units such as kilograms of dry biomass (or its energy equivalent) per hectare per year
(kg /ha-y or kI /ha-y), while aquatic productivity is often given as grams per cubic metre per year (g/m3—y).

Many studies have been made of the productivity of the various trophic levels in ecosystems. For example, studies of a
natural oak-pine forest found that the total fixation of solar energy by the vegetation (the annual gross primary
production) was equivalent to 4.81 x 104 kJ]/m2-y (48 100 kJ/mz—y) (Odum, 1993). This fixation rate was equivalent to
less than 0.1% of the annual input of solar radiation. Because the plants used 2.72 x 104 kJ/m?-y during their
respiration, the net primary productivity was 2.09 x 104 kJ/ mz—y, represented mainly by the growing biomass of the
trees. The various heterotrophic organisms in the forest used 1.26 x 104 kI /m?-y to support their respiration.
Ultimately, the net accumulation of biomass by all organisms in the ecosystem (referred to as the net ecosystem
productivity) was equivalent to 0.83 x 104 kJ/mz—y, or 8.3 x103 kJ/mZ—y.

The primary productivities of the world’s major classes of ecosystems are summarized in Table 4.1. Note that the rate of
production is greatest in tropical forests, wetlands, coral reefs, and estuaries. The production for each ecosystem type
is calculated as its productivity multiplied by its area. However, the largest amounts of production occur in tropical
forests and the open ocean. Note that the open ocean has a relatively small productivity, but its global production is
large because of its enormous area.

Table 4.1. Primary Production of Earth’s Major Ecosystems. The ecosystems are listed in order of net primary
productivity. Productivity is the rate of production, standardized to area and time, while production is the total
amount of biomass (in dry tonnes) produced by the global area of an ecosystem. See Chapter 8 for descriptions
of these biomes (major kinds of ecosystems). Source: modified from Whittaker and Likens (1975).
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Biome (ecosystem) Area (x 10° km’) Net Primary Productivity Global Net Production (x10° t/y)

Wetlands 2 30 6
Tropical rain forest 17 22 37.4
Tropical seasonal forest 7.5 16 12
Tem perate evergreen fore: 5 13 6.5
Tem perate deciduous fore 7 12 8.4
Savannah 15 9 135
Boreal forest 12 8 9.6
Open woodland 8.5 7 6
Cultivated land 14 6.5 9.1
Tem perate grassland 9 6 5.4
Lake & stream 2 4 0.8
Tundra, arctic and alpine 2 4 0.8
Desert & semi-desert scrul 18 0.9 1.6
Extrem e desert 24 <0.1 0.1
Total Continental 145 7.8 117.5
Reefs & estuaries 2 18 37
Shelf & upwelling 27 36 9.8
Open ocean 332 1.3 A41.5
Total Marine 361 15 55
World Total 510 3.4 172.5

An ecological food chain is a linear model of feeding relationships among species. An example of a simple food chain in
northern Canada is lichens and sedges, which are eaten by caribou, which are eaten by wolves. A food web is a more
complex model of feeding relationships, because it describes the connections among all food chains within an
ecosystem. Wolves, for instance, are opportunistic predators that may feed on snowshoe hare, voles, lemming, beaver,
birds, and other prey in addition to their usual prey of deer, moose, and caribou. Therefore, wolves participate in
various food chains within their ecosystem. However, no natural predators feed on wolves, which are therefore
referred to as top carnivores or top predators.

Figure 4.3 illustrates important elements of the food web of Lake Erie, one of the Great Lakes. In this large lake,
shallow-water environments support aquatic plants, while phytoplankton occur throughout the upper water column.
The shallow-water plants are consumed by ducks, muskrat, and other herbivores, while phytoplankton are consumed
by tiny crustaceans (zooplankton) and bottom-living filter-feeders such as clams. Zooplankton are eaten by small fish
such as smelt, which are eaten by larger fish, which may eventually be eaten by cormorants, bald eagles, or humans.
Dead biomass from any level of the food web may settle to the bottom, where it enters a detrital food web and is eaten
by small animals and ultimately decomposed by bacteria and fungi.

Figure 4.3. Major Elements of the Food Web in Lake Erie. Food webs are complex systems, involving many
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species and various food chains.

% Tooplankton and Fish, invertebrates
s tedor and their larvae

DETRITUS FEEDERS AND 1\.
DECOMPOSER COMMUNITY

In accordance with the second law of thermodynamics, the transfer of energy in food webs is always inefficient
because some of the fixed energy must be converted into heat. For example, when a herbivore consumes plant
biomass, only some of the energy content can be assimilated and transformed into its biomass. The rest is excreted in
feces or utilized in respiration (Figure 4.4). Consequently, in all ecosystems the amount of productivity by autotrophs is
always much greater than that of herbivores, which in turn is always much greater than that of their predators. As a
broad generalization, there is about a 90% loss of energy at each transfer stage. In other words, the productivity of
herbivores is only about 10% of that of their plant food, and the productivity of the first carnivore level is only 10% of
that of the herbivores they feed upon.

Figure 4.4. Model of Energy Transfer in an Ecosystem. Lower levels of a food web always have a greater
production than higher levels. For this reason, the trophic structure is roughly pyramidal. According to the
second law of thermodynamics, some of the energy content in food webs is converted into heat or respiration
(R). There is about a 90% loss of energy at each transfer stage.
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These productivity relationships can be displayed graphically using a so-called ecological pyramid to represent the
trophic structure of an ecosystem. Ecological pyramids are organized with plant productivity on the bottom, that of
herbivores above the plants, and carnivores above the herbivores. If the ecosystem sustains top carnivores, they are
represented at the apex of the pyramid. The sizes of the trophic boxes in Figure 4.4 suggest the pyramid-shaped
structure of ecosystem productivity.

The second law of thermodynamics applies to ecological productivity, a function that is directly related to energy flow.
The second law does not, however, directly explain the accumulated biomass of an ecosystem. Consequently, it is only

Chapter 4 ~ Energy and Ecosystems | 73



the trophic structure of productivity that is always pyramid-shaped. In some ecosystems, other variables may have a
pyramid-shaped trophic structure, such as the amounts of biomass (standing crop) present at specific times, or the
sizes or densities of populations. However, these particular variables are not pyramid-shaped in all ecosystems.

For example, in the open ocean, phytoplankton are the primary producers, but they often maintain a biomass similar to
that of the small zooplankton that feed upon them. The phytoplankton cells are relatively short-lived, and their
biomass turns over quickly because of their high rates of productivity and mortality. In contrast, the individual
zooplankton animals are longer-lived and much less productive than the phytoplankton. Consequently, the
productivity of the phytoplankton is much larger than that of the zooplankton, even though at any particular time
these trophic levels may have a similar biomass.

Some ecosystems may even have an inverted pyramid of biomass, characterized by a smaller biomass of plants than of
herbivores. This sometimes occurs in grasslands, in which the dominant plants are relatively small herbaceous species
that can be quite productive but do not maintain a large biomass. In comparison, some of the herbivores that feed on
the plants are large, long-lived animals, which may maintain a greater total biomass than the vegetation. Some
temperate and tropical grasslands have an inverted biomass pyramid, especially during the dry season when there may
be large populations (and biomass) of long-lived herbivores such as antelope, bison, deer, elephant, gazelle,
hippopotamus, or rhino. However, in accordance with the second law of thermodynamics, the annual (or long-term)
productivity of the plants in these grasslands is always much larger than that of the herbivores.

In addition, the population densities of animals are not necessarily smaller than those of the plants that they eat. For
instance, insects are the most important herbivores in many forests and they commonly maintain large populations. In
contrast, the numbers of trees are much smaller, because each individual plant is large and occupies a great deal of
space. Forests typically maintain many more herbivores than trees and other plants, so the pyramid of numbers is
inverted in shape. As in all ecosystems, however, the pyramid of forest productivity is much wider at the bottom than
at the top.

Because of the inefficiency of the energy transfer between trophic levels, there are energetic limits to the numbers of
top carnivores (such as eagles, killer whales, sharks, and wolves) that can be sustained by an ecosystem. To sustain a
viable population of top predators, there must be a suitably large production of prey that these animals can exploit.
This prey must in turn be sustained by an appropriately high plant productivity. Because of these ecological
constraints, only extremely productive or very extensive ecosystems can support top predators. Of all Earth’s
terrestrial ecosystems, none supports more species of higher-order carnivores than the savannahs and grasslands of
Africa. The most prominent of these top predators are the cheetah, hyena, leopard, lion, and wild dog. This unusually
high richness of top predators can be sustained because these African ecosystems are immense and quite productive
of vegetation, except during years of drought. In contrast, the tundra of northern Canada can support only one natural
species of top predator, the wolf. Although the tundra is an extensive biome, it is a relatively unproductive ecosystem.

Some pre-industrial human populations functioned as top predators. This included certain Aboriginal peoples of
Canada, such as the Inuit of the Arctic and many First Nations cultures of the boreal forest. As an ecological
consequence of their higher-order feeding strategy within their food web, these cultures were not able to maintain
large populations. In most modern economies, however, humans interact with ecosystems in an omnivorous
manner—we harvest an extremely wide range of foods and other biomass products of microbes, fungi, algae, plants,
and invertebrate and vertebrate animals. One of the consequences of this kind of feeding is that a large human
population can be sustained.

Enviromental Issues 4.1. Vegetarianism and Energy Efficiency

Most people have an omnivorous diet, meaning they eat a wide variety of foods of both plant and animal origin.
Vegetarians, however, do not eat meat or other foods produced by killing birds, fish, mammals, or other
animals. Some vegetarians, known as vegans, do not eat any foods of animal origin, including cheese, eggs,
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honey, or milk. People may choose to adopt a vegetarian lifestyle for various reasons, including those that focus
on the ethics of the rearing and slaughter of animals and the health benefits of a balanced diet that does not
include animal products. In addition, there are large environmental benefits of vegetarianism. They are dues to
avoiding certain air, water, and soil pollutants, and reducing the conversion of natural habitat into
agroecosystems used for livestock rearing. In addition, it takes much less energy to feed a population of
vegetarian humans than omnivorous ones.

Cultivated animals eat a great deal of food. In the industrial agriculture practised in developed countries,
including Canada, livestock are raised mostly on a diet of plant products, including cultivated grain. Some
vegetarians argue that if that grain were fed directly to people, the total amounts of cereals and agricultural
land needed to support the human population would be much less. This argument is based on the inefficiency
of energy transfer between trophic levels, which we examined in this chapter in a more ecological context. This
energy-efficiency argument is most compelling for animals that are fed on grain and other concentrated foods.
It is less relevant to livestock that spend all or part of their life grazing on wild rangeland - in that ecological
context, ruminant animals such as cows and sheep are eating plant biomass that humans could not directly
consume and so they are producing food that would not otherwise be available.

Similarly, many chickens, pigs, and other livestock are fed food wastes (for example, from restaurants) and
processing by-products (such as vegetable and fruit culls and peelings, and grain mash from breweries) that are
not suitable for human consumption. It has been estimated that about 25% of global cropland is being used to
grow grain and other foods for livestock, and that 37% of the world’s cereal production is fed to agricultural
animals. In North America, however, about 70% of the grain production is fed to livestock. And there are
immense numbers of agricultural animals: globally, there are more than 3 billion cows, goats, and sheep, and at
least 20 billion chickens. The cows alone eat the equivalent of the caloric needs of 8-9 billion people.

Assimilation efficiency is a measure of the percentage of the energy content of an ingested food that is
absorbed by the gut and therefore available to support the metabolic needs of an animal. This efficiency varies
among groups of animals and also depends on the type of food being eaten. Herbivorous animals typically have
an assimilation efficiency of 20-50%, with the smaller rate being for tough, fibrous, poor-quality foods such as
grass and straw, and the larger one for higher-quality foods such as grain. Carnivores have a higher assimilation
efficiency, around 80%, because their food is so dense in protein and fat. Overall, it takes about 16 kg of feed to
produce 1kg of beef in a feedlot. The ratios for other livestock are 6:1 for pork, 3:1 for chicken, and 2:1 to 3:1 for
farmed fish. These assimilation inefficiencies would be avoided if people directly ate the grain consumed by
livestock.

Ecological energetics is not the only consideration in the energy efficiency of vegetarianism. Huge amounts of
energy are also used to convert natural ecosystems into farmland, to cultivate and manage the agroecosystems,
to transport commodities, to process and package foods, and to transport, treat, or dispose of waste materials.
These energy expenditures would also be substantially reduced if more people had a vegetarian diet and
lifestyle. Clearly, vegetarians have a smaller “ecological footprint” associated with their feeding habits (see Table
25.1in Chapter 25).

Conclusions

Energy can exist in various states, but transformations from one to another must obey the laws of thermodynamics.
Organisms and ecosystems would spontaneously degrade if they did not have continuous access to external sources of
energy. Ultimately, sunlight is the key source of energy that supports almost all life and ecosystems. Sunlight is used by
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photoautotrophs to combine carbon dioxide and water into simple organic molecules through the metabolic process of
photosynthesis. The fixed energy of plant biomass supports ecological food webs. Plants may be eaten by herbivores
and the energy obtained is used to support their own growth. Herbivores may then be eaten by carnivores. Dead
biomass supports a decomposer food web. Sunlight also drives important planetary functions, such as the hydrologic
and climatic systems. Human activities can have a large and degrading influence on food webs, and even on Earth’s
climatic system by influencing the intensity of the planet’s greenhouse effect.

Questions for Review

What forms of energy are described in this chapter? How can each be changed into other forms?
What are the first and second laws of thermodynamics? How do they govern transformations of energy?
What are the major elements of Earth’s physical energy budget?

W N =

Why is the trophic structure of ecological productivity pyramid-shaped?

Questions for Discussion

1. According to the second law of thermodynamics, systems always spontaneously move toward a condition of
greater entropy. Yet life and ecosystems on Earth represent local systems where negative entropy is continuously
being generated. What conditions allow this apparent paradox to exist?

2. Why are there no natural higher-order predators that kill and eat lions, wolves, and sharks?

3. Why would it be more efficient for people to be vegetarian? Discuss your answer in view of the pyramid-shaped
structure of ecological productivity.

4. Make a list of the key sources and transformations of energy that support you and your activities on a typical day.
What is the ultimate source of each of the energy resources you use (such as sunlight and fossil fuels)?

Exploring Issues

1. As part of a study of the cycling of pollutants, you have been asked to describe the food web of two local
ecosystems. One of the ecosystems is a natural forest (or prairie) and the other is an area used to grow wheat (or
another crop). How would you determine the major components of the food webs of these ecosystems, the species
occurring in their trophic levels, and the interactions among the various species that are present?
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Chapter 5 ~ Flows and Cycles of Nutrients

Key Concepts

After completing this chapter, you will be able to

1. Explain what nutrients are and give examples.
2. Discuss the concept of nutrient cycling and describe important compartments and fluxes.
3. Describe factors that affect the development of major soil types.
4. 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 (NHg4+), their phosphorus as phosphate (PO43'), and their calcium
and magnesium as simple ions (Ca2+ and Mg2+). The ions are obtained in dissolved form in soil water absorbed by plant
roots. Plants utilize these various nutrients in photosynthesis and other metabolic processes to manufacture all of the
biochemicals they need for growth and reproduction.

Some inorganic nutrients, referred to as macronutrients, are needed by plants in relatively large quantities. These are
carbon, oxygen, hydrogen, nitrogen, phosphorus, potassium, calcium, magnesium, and sulphur. Carbon and oxygen are
required in the largest amounts because carbon typically comprises about 50% of the dry weight of plant biomass and
oxygen somewhat less. Hydrogen accounts for about 6% of dry plant biomass, while nitrogen and potassium occur in
concentrations of 1-2% and those of calcium, phosphorus, magnesium, and sulphur are 0.1-0.5%. Micronutrients are
needed in much smaller amounts, and they include boron, chlorine, copper, iron, manganese, molybdenum, and zinc.
Each of these accounts for less than 0.01% of plant biomass and as little as a few parts per million (ppm, or 10-6; 1 ppm
is equivalent to 0.0001%; see Appendix A).

Image 5.1. The productivity of a natural ecosystem is often limited by the supply of nutrients. This can be
investigated by experimentally adding fertilizer to the system. In this case, nitrogen fertilizer was added to a
meadow in Arctic tundra on Ellesmere Island, resulting in increased productivity. The experimental plot is a
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slightly darker colour. Source: B. Freedman.
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Heterotrophs obtain the nutrients they require from the food they eat, which may be plant biomass (in the case of a
herbivore), other heterotrophs (carnivore), or both (omnivore). The ingested biomass contains nutrients in various
organically bound forms. Animals digest the organic forms of nutrients in their gut and assimilate them as simple
organic or inorganic compounds, which they use to synthesize their own necessary biochemicals through various
metabolic processes.

Nutrient Flows and Cycles

Although Earth gains small amounts of material through meteorite impacts, these extraterrestrial inputs are
insignificant in comparison with the mass of the planet. Essentially, at the global level, Earth is an isolated system in
terms of matter. As a consequence of this fact, nutrients and other materials “cycle” within and between ecosystems. In
contrast, energy always “flows through” ecosystems and the biosphere (Chapter 4). Nutrient cycling refers to the
transfers, chemical transformations, and recycling of nutrients in ecosystems. A nutrient budget is a quantitative
(numerical) estimate of the rates of nutrient input and output to and from an ecosystem, as well as the amounts
present and transferred within the system.

The major elements of a nutrient cycle are shown in Figure 5.1. The outer boundary of the diagram defines the limits of
an ecosystem. (It could even represent the entire biosphere, in which case there would be no inputs to or outputs from
the system.) In ecological studies, the system is often defined as a particular landscape, lake, or watershed (a terrestrial
basin from which water drains into a stream or lake). Each of these systems has inputs and outputs of nutrients, the
rates of which can be measured.

Chapter 5 ~ Flows and Cycles of Nutrients | 79



The boxes within the boundary represent compartments, each of which stores a quantity of material. Compartment

sizes are typically expressed in units of mass per unit of surface area. Examples of such units are kilograms per hectare

(kg/ha) or tonnes per hectare (t/ha). In aquatic studies, compartment sizes may be expressed per unit of water volume

(suchas g/ m?’). The arrows in the diagram represent fluxes, or transfers of material between compartments. Fluxes are

rate functions, and are measured in terms of mass per area per time (e.g., kg/ha-yr).

The system can be divided into four major compartments:

The atmosphere consists of gases and small concentrations of suspended particulates and water vapour.

Rocks and soil consist of insoluble minerals that are not directly available for uptake by organisms.

Available nutrients are present in chemical forms that are water soluble to some degree, so they can be absorbed
by organisms from their environment and contribute to their mineral nutrition.

The organic compartment consists of nutrients present within living and dead organic matter. This compartment
can be divided into three functional groups: (a) living biomass of autotrophs such as plants, algae, and autotrophic
bacteria, (b) living heterotrophs including herbivores, carnivores, omnivores, and detritivores, and (c) and all forms

of dead organic matter.

The major transfers of material between compartments, or fluxes, are also shown in Figure 5.1. These are important
transfer pathways within nutrient cycles. For instance, insoluble forms of nutrients in rocks and soil become available
for uptake by organisms through various chemical transformations, such as weathering, that render the nutrients
soluble in water. This is reversed by reactions that produce insoluble compounds from soluble ones. These latter
reactions form secondary minerals such as carbonates (e.g. limestone, CaCO3, and dolomite, MgCO3), oxides of iron
and aluminum (Fe2O3 and Al(OH)3), sulphides (e.g., iron sulphide, FeSy), and other compounds that are not directly
available for biological uptake.

Figure 5.1. Conceptual Diagram of a Nutrient Cycle. This diagram shows the major elements of a nutrient cycle
for a particular ecosystem, such as a watershed. Each box represents a compartment (atmosphere, soil and
rocks, organic material, and available nutrients) that contains a quantity of material. The arrows represent

fluxes, or transfers of material between compartments. Source: Modified from Likens et al. (1977).
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Other fluxes in nutrient cycles include the biological uptake of nutrients from the atmosphere or from the available
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pool in soil. For example, plant foliage assimilates carbon dioxide (COz2) from air, and roots absorb nitrate (NO3-) and
ammonium (NHg4+) ions dissolved in soil water. Plants then metabolically fix these nutrients into their growing biomass.
The organic nutrients may then enter the food web and are eventually deposited as dead biomass. Organic nutrients in
dead biomass are recycled through decay and mineralization, which regenerate the supply of available nutrients.

These concepts are examined in more detail in the following sections. Initially, we examine the soil ecosystem, which is
where most nutrient cycling occurs within terrestrial habitats. We will then examine key aspects of the cycling of
carbon, nitrogen, phosphorus, and sulphur.

The Soil Ecosystem

Soil is a complex and variable mixture of fragmented rock, organic matter, moisture, gases, and living organisms that
covers almost all terrestrial landscapes. Soil provides mechanical support for growing, even for trees as tall as 100 m.
Soil also stores water and nutrients for use by plants and provides habitat for the many organisms that are active in the
decomposition of dead biomass and recycling of its nutrient content. Soil is a component of all terrestrial ecosystems,
but it is also in itself a dynamic ecosystem.

Soil develops over long periods of time toward a mature condition. Fundamentally, soil is derived from a so-called
parent material, which consists of rocks and minerals that occur within a metre or so of the surface. Parent materials
in most of Canada were deposited through glacial processes, often as a complex mixture known as till, which contains
rock fragments of various sizes and mineralogy. In some areas, however, the parent materials were deposited beneath
immense inland lakes, usually in post-glacial times. Such places are typically flat and have uniform, fine-grained soils
ranging in texture from clay to sand. (Clay particles have a diameter less than 0.002 mm, while silt ranges from 0.002 to
0.05 mm, sand from 0.05 to 2 mm, gravel from 2 to 20 mm, and coarse gravel and rubble are larger than 20 mm.) Figure
5.2 presents a textural classification of soil based on the percentage of clay-, silt-, and sand-sized particles.

Figure 5.2. A Textural Classification of Soils. The percentage composition of clay-, silt-, and sand-sized particles
is used to classify soils into the 12 major types that are shown. Source: Modified from Foth (1990).
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In other regions, parent materials known as loess are derived from silt that was transported by wind from other places.
Because of their very small particle size, soil rich in clay has an enormous surface area, giving it important chemical
properties such as the ability to bind many nutrient ions.

The characteristics of the parent material have an important influence on the type of soil that eventually develops.
However, soil development is also profoundly affected by biological processes and climatic factors such as
precipitation and temperature.

For example, water from precipitation dissolves certain minerals and carries the resulting ions downward. This
process, known as leaching, modifies the chemistry and mineralogy of both the surface and deeper parts of the soil. In
addition, inputs of litter (dead biomass) from plants increase the content of organic matter in soil. Fresh litter is a food
substrate for many decomposer species of soil-dwelling animals, fungi, and bacteria. These organisms eventually
oxidize the organic debris into carbon dioxide, water, and inorganic nutrients such as ammonium, although some
material remaining as complex organic matter, known as humus. As soils develop, they assume a vertical stratification
known as a soil profile, which has recognizable layers known as horizons. From the surface downward, the major
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horizons of a well-developed soil profile are as follows:

Horizon

L

A, or A,

C

R

Description

Litter layer contains organic matter that is readily identifiable as plant
litter

Fermentation or duff layer contains partly decomposed organic matter
with small litter fragments still visible

Humus layer contains well-decomposed (humified) organic matter with
few readily identifiable fragments

Transitional A horizon has a high organic concentration mixed with
inorganic materials

Eluviated A horizon has a relatively light colour with low concentrations of
organic matter and certain minerals (such as iron and aluminum) that have
been leached downward (or eluviated) with percolating water
Accumulation horizon has a darker colour because of the deposition of
clay, iron, and organic matter leached from the A horizon

Parent material, or the original mineral substrate, which has not been
influenced by soil-forming processes

Regolith or underlying bedrock

Soil that has been modified by human influences may be stratified differently. In cultivated land, for example, a

homogeneous plough layer (Ap) of 15-20 cm develops at the surface. The plough layer is uniform in structure because it

has been repeatedly mixed up for many years. In addition, the soil of agricultural land is often deficient in organic

matter, compacted by the repeated passage of heavy machinery, and degraded in structure, nutrient concentration,

and other qualities important to its ability to support crop productivity. These subjects are examined in more detail in

Chapters 14 and 24.

Image 5.2. Soil in natural ecosystems often develops a vertical stratification. Typically, there are organic-rich

horizons on the surface and mineral-rich ones below. This soil “pit” was dug in a spruce-dominated stand of

boreal forest in Labrador. Beneath the darker organic surface layer is a light-coloured mineral horizon from

which iron and aluminum ions have been leached downward by percolating water. The next reddish layer is

part of the B horizon, where iron and aluminum are deposited. The lightish bottom layer is the parent material,
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River thousands of years ago. Source: B. Freedman
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which in this case is sand deposited by the Churchill
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Broadly speaking, soil within a particular kind of ecosystem, such as tundra, conifer forest, hardwood forest, or prairie,
tends to develop in a distinctive way. Soils are classified by the ecological conditions under which they developed. The
highest level of classification arranges soils into groups called orders, which can themselves be divided into more

84 | Chapter 5 ~ Flows and Cycles of Nutrients



detailed assemblies. The most important soil orders in Canada are:
Soil Order Description
Form s in cool tem perate clim ate with sufficient rainfall to support tall-grass and mixed-
Chernozem grass prairie. Has a thick, blackish, organic-rich A horizon, rich in calcium carbonate at the
surface. The B horizon is lighter coloured, and the C horizon is rich in calcium carbonate.
Formsin a cool temperate, humid clim ate, especially under coniferous and mixed conifer
Podzol and hardwood forest. Has a thick, acidic, LFH layer, a highly leached A, horizon, and often a
reddish B horizon due to the deposition of iron oxides. Also known as spodosol.
Formsin a tem perate, humid climate under hardwood forest, and usually from calcium-rich
Brunisol parent material. Little accumulation of litter, with a dark-brown A horizon and a lighter
coloured B horizon. Also known as brown forest soil.
Develops under a range of climatic conditions from boreal to temperate, and under arange
Luvisol of forest types from coniferous to hardwood. Little accumulation of litter, with a slightly
acidic A, horizon and a neutral, clay-rich B harizon.

Develops under various climatic conditions from poorly consolidated parent materials such

Regosol
as sand or silt. Has little profile development.
Developsin a cool tem perate climate on sites that are subject to periodic waterlogging,
Gleysol usually because the C horizon is not permeable to downward movem ent of water. The
waterlogged surface layers become anoxic (oxygen-depleted), which fosters the downward
leaching of iron and manganese compounds, which deposit lower down in grey-red mottled
Develops in semi-desert to arid clim ates under moderate drainage and somewhat saline
AN conditions that support salt-tolerant plants. Has a thin surface layer over a darker, alkaline
Organic Developsin a cool, humid climate in wetlands such as bogs and fens. It is characterized by

surface peat deposits that can be up to 10 m thick.

The Importance of Soil

The soil ecosystem is extremely important. Terrestrial plants obtain their water and much of the nutrients they need
from the soil, absorbing them through their roots. Soil also provides habitat for a great diversity of animals and
microorganisms that play a crucial role in litter decomposition and nutrient cycling.

Soil is economically important because it critically influences the kinds of agricultural crops that can be grown (this
topic is examined in Chapter 14). Some of the most productive agricultural soils are alluvial deposits found along rivers
and their deltas, where periodic flooding and silt deposition bring in abundant supplies of nutrients. As long as they are
not too stony, chernozem and brunisol are also fertile and useful for agriculture. Much prairie agriculture is developed
on chernozem soils, while much of the fertile agricultural land of southern Quebec and Ontario has brunisol types.

The Carbon Cycle

Carbon is one of the basic building blocks of life and the most abundant element in organisms, accounting for about
half of typical dry biomass. Key aspects of the global carbon cycle are presented in Figure 5.3 (see also Chapter 17 and
Figure 17.1). Gaseous carbon dioxide (CO2) is the most abundant form of carbon in the atmosphere, where it occurs in a
concentration of about 400 ppm (0.04%), although methane (CHg, 1.8 ppm) is also significant.
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Figure 5.3. Model of the Global Carbon Cycle. Carbon is stored in the various compartments (atmosphere,
organic material, oceans, and soil /rock) and moves from one box to another. The amounts of carbon in
compartments are expressed in units of billions of tonnes of carbon (109 t or gigatonnes, Gt), while fluxes
between them are in 10° t/y. Based on data from Blasing (1985), Solomon et al. (1985), and Freedman (1995).
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Atmospheric COz is a critical nutrient for photosynthetic organisms, such as plants and algae. Plants absorb this gas
through tiny pores (called stomata) in their foliage, fix it into simple sugars, and then use the fixed energy to support
their respiration and to achieve growth and reproduction. The biomass of autotrophs is available to be consumed by
heterotrophs and passed through food webs. All organisms release CO2 to the atmosphere as a waste product of their
respiratory metabolism.

COz is also the most common emission associated with the decomposition of dead organic matter. However, if this
process occurs under anaerobic conditions (in which oxygen, Oz, is not present), then both CO2 and CH4 are emitted.
Because anaerobic decomposition is relatively inefficient, dead organic matter often accumulates in wetlands such as
swamps and bogs, eventually forming peat. Under suitable geological conditions of deep burial, high pressure and
temperature, and a lack of oxygen, peat and other organic materials may be slowly transformed into carbon-rich fossil
fuels such as coal, petroleum, and natural gas (see Chapter 13).

Atmospheric CO; also dissolves into oceanic water, forming the bicarbonate ion (HCO3-), which can be taken up and
fixed by photosynthetic algae and bacteria, which are the base of the marine food web. Various marine organisms also
use oceanic CO2 and HCO3- to manufacture their shells of calcium carbonate (CaCOs3), an insoluble mineral that slowly
accumulates in sediment and may eventually lithify into limestone (also CaCOg).

Over almost all of geological time, the amount of CO2 absorbed by the global biota from the atmosphere was similar to
that released through respiration and decomposition. Consequently, the cycling of this nutrient can be viewed as a
steady-state system. In modern times, however, anthropogenic emissions have changed the atmospheric carbon
balance. Global emissions of CO2 and CH4 are now larger than the uptake of these gases, an imbalance that has
resulted in increasing concentrations in the atmosphere. This phenomenon appears to be intensifying the greenhouse
effect of Earth and resulting in global warming (see Chapter 17).
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The Nitrogen Cycle

Nitrogen is another important nutrient for organisms, being an integral component of many biochemicals, including
amino acids, proteins, and nucleic acids. Like the carbon cycle, that of nitrogen has an important atmospheric phase.
However, unlike carbon, nitrogen is not a significant constituent of rocks and minerals. Consequently, the atmospheric
reservoir plays a paramount role in the cycling of nitrogen (Figure 5.4).

Figure 5.4. Model of the Global Nitrogen Cycle. Nitrogen occurs in three main compartments: the atmosphere,
terrestrial organic material, and oceanic organic material. The amounts of nitrogen stored in compartments are
expressed in units of millions of tonnes of nitrogen (106 t or megatonnes, Mt), while fluxes are in 10° t/y. Based
on data from Hutzinger (1982) and Freedman (1995).
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Virtually all nitrogen in the atmosphere occurs in the form of nitrogen gas (N2, sometimes referred to as dinitrogen),
which is present in a concentration of 78%. Other gaseous forms of nitrogen are ammonia (NH3), nitric oxide (NO),
nitrogen dioxide (NO2), and nitrous oxide (N20). These trace gases typically occur in atmospheric concentrations much
less than 1 ppm, although there may be larger amounts close to sources of anthropogenic emissions (see Chapter 16).
Nitrogen also occurs in trace particulates containing nitrate (NO3-) and ammonium (NH4+), such as ammonium nitrate
(NH4NO3) and ammonium sulphate ((NH4)2SO4), both of which can be significant pollutants related to acid rain and
haze (see Chapters 16 and 19).

Nitrogen occurs in many additional forms in terrestrial and aquatic environments. “Organic nitrogen” refers to the
great variety of nitrogen-containing molecules in living and dead biomass. These chemicals range in character from
simple amino acids, through proteins and nucleic acids, to large and complex molecules that are components of
humified organic matter. Nitrogen in ecosystems also occurs in a small number of inorganic compounds, the most
important of which are N2 and NH3 gases and the ions nitrate, nitrite (NO2-), and ammonium. The nitrogen cycle
involves the transformation and cycling of the various organic and inorganic forms of nitrogen within ecosystems.
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Nitrogen Fixation

Because the two nitrogen atoms in dinitrogen gas are held together by a strong triple bond, N2 is a highly unreactive
compound. For this reason N2 can be directly used by only a few specialized organisms, even though it is extremely
abundant in the environment. These nitrogen-fixing species, all of which are microorganisms, have the ability to
metabolize N2 into NH3 gas, which can then be used for their nutrition. More importantly, the NH3 also becomes
indirectly available to the great majority of autotrophic plants and microorganisms that cannot fix N2 themselves.

Biological nitrogen fixation is a critical process — most ecosystems depend on it to provide the nitrogen that sustains
their primary productivity. In fact, because nitrogen is not an important constituent of rocks and soil minerals,

N2 fixation is ultimately responsible for almost all of the organic nitrogen in the biomass of organisms and ecosystems
throughout the biosphere. The only other significant sources of fixed nitrogen for ecosystems are the atmospheric
deposition of nitrate and ammonium in precipitation and dustfall, and the uptake of NO and NO2 gases by plants.
However, these are generally minor sources in comparison with biological N2 fixation.

The best known of the N2-fixing microorganisms are bacteria called Rhizobium, which live in specialized nodules on
the roots of leguminous plants, such as peas and beans. Some non-legumes, such as alders, also live in a beneficial
symbiosis (a mutualism; see Chapter 9) with N2-fixing microorganisms. So do most lichens, which are a mutualism
between a fungus and an alga. Many other No-fixing microbes are free-living in soil or water, such as cyanobacteria
(blue-green bacteria).

Non-biological nitrogen fixation also occurs, for instance during a lightning event when atmospheric Naocombines with
O under conditions of great heat and pressure. Humans can also cause N2 to be fixed. For example, nitrogen fertilizer
is manufactured by combining N with hydrogen gas (Hz, which is manufactured from CHg, a fossil fuel) in the
presence of iron catalysts to produce NHs. In addition, NO gas is formed in the internal combustion engines of
vehicles, where N2 combines with Oz under conditions of high pressure and temperature. Large amounts of NO are
emitted to the atmosphere in vehicle exhaust, contributing to air pollution (Chapter 16). Anthropogenic N2 fixation now
amounts to about 120 million tonnes per year, about 83% of which is the manufacturing of fertilizer. This is a globally
important component of the modern nitrogen cycle and is comparable in magnitude with non-human Nafixation
(about 170 million tonnes per year).

Image 5.3. Most species in the pea family (Fabaceae), such as these soybeans, develop a mutualism with
Rhizobium bacteria. The Rhizobium live in nodules on the roots and fix nitrogen gas (N2) into ammonia (NH3),
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which the plant can use as a nutrient. Source: D. Patriquin

Ammonification and Nitrification

After an organism dies, its organically bound nitrogen must be converted to inorganic forms; otherwise, the recycling
of its fixed nitrogen would not be possible (Figure 5.5). The initial stage of this process is ammonification, in which the
organic nitrogen of dead biomass is transformed to ammonia, which acquires a hydrogen ion (H") to form ammonium
(NHg4+). As such, ammonification is a component of the complex process of decay, but one that is specific to the
nitrogen cycle. Ammonification is carried out by a variety of microorganisms. The resulting ammonium is a suitable
source of nutrition for many species of plants, particularly those that live in environments with acidic soil. Most plants,
however, cannot utilize NH4+ effectively, and they require nitrate (NO3-) as their main source of nitrogen nutrition.

Nitrification is the process by which nitrate is synthesized from ammonium. The initial step is the conversion of NH4+
to nitrite (NO2-), a function carried out by bacteria known as Nitrosomonas. Once the nitrite is formed, it is rapidly
oxidized to nitrate by Nitrobacter bacteria. Because Nitrosomonas and Nitrobacter are sensitive to acidity, nitrification
does not occur in acidic soil or water. This is why plants growing in acidic habitats must be able to use ammonium as
their source of nitrogen.

Figure 5.5. Important Transformations of Fixed Nitrogen in Ecosystems. The diagram indicates the key
transformations of nitrogen among its most important inorganic forms in soil and aquatic ecosystems. Source:
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Modified from Freedman (1995).
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Denitrification

In denitrification, also performed by a wide variety of microbial species, nitrate is converted to either of the gases N2O
or N2, which are released to the atmosphere. Denitrification occurs under anaerobic conditions, and its rate is greatest
when there is a large concentration of nitrate, for example in fertilized agricultural land that is temporarily flooded. In

some respects, denitrification can be considered a counter-balancing process to nitrogen fixation. In fact, global rates

of nitrogen fixation and denitrification are in a rough balance, so the total amount of fixed nitrogen in the biosphere is

not changing much over time.

The Phosphorus Cycle

Phosphorus is a key constituent of many biochemicals, including fats and lipids, nucleic acids such as the genetic
materials DNA and RNA, and energy-carrying molecules such as ATP. However, phosphorus is required by organisms in
much smaller quantities than nitrogen or carbon. Nevertheless, phosphorus is often in short supply and so it is a
critical nutrient in many ecosystems, particularly in freshwater and agriculture.

In contrast to the carbon and nitrogen cycles, that of phosphorus does not have a significant atmospheric phase.
Although phosphorus compounds do occur in the atmosphere, as trace quantities in particulates, the resulting inputs
to ecosystems are small compared with the amounts available from soil minerals or from the addition of fertilizer to
agricultural land. Phosphorus tends to move from the terrestrial landscape into surface waters and then eventually to
the oceans, where it deposits to sediment that acts as a long-term sink. Although some phosphorus minerals in
oceanic sediment are eventually recycled to the land by geological uplift associated with mountain building, this is an
extremely slow process and is not meaningful in ecological time scales. Therefore, aspects of the global phosphorus
cycle represent a flow-through system.

Nevertheless, certain processes do return some marine phosphorus to portions of the continental landscape. For
example, some kinds of fish spend most of their life at sea but migrate up rivers to breed. When they are abundant, fish
such as salmon import substantial quantities of organic phosphorus to the higher reaches of rivers, where it is
decomposed to phosphate after the fish spawn and die. Fish-eating marine birds are also locally important in returning
oceanic phosphorus to land through their excrement.

Soil is the principal source of phosphorus uptake for terrestrial vegetation. The phosphate ion (PO43_) is the most
important form of plant-available phosphorus. Although phosphate ions typically occur in small concentrations in soil,
they are constantly produced from slowly dissolving minerals such as calcium, magnesium, and iron phosphates
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(Cag(PO4)2, Mg3(PO4)2, and FePO4). Phosphate is also produced by the microbial oxidation of organic phosphorus, a
component of the more general process of decay. Water-soluble phosphate is quickly absorbed by microorganisms and
by plant roots and used in the synthesis of a wide range of biochemicals.

Aquatic autotrophs also use phosphate as their principal source of phosphorus nutrition. In fact, phosphate is
commonly the most important limiting factor to the productivity of freshwater ecosystems. This means that the
primary productivity will increase if the system is fertilized with phosphate, but not if treated with sources of nitrogen
or carbon (unless they first have sufficient PO4>” added; see Chapter 20). Lakes and other aquatic ecosystems receive
most of their phosphate supply through runoff from terrestrial parts of their watershed, and by the recycling of
phosphorus from sediment and organic phosphorus suspended in the water column.

Humans are greatly affecting the global phosphorus cycle by mining it to manufacture fertilizer, and applying that
material to agricultural land to increase its productivity. For some time, the major source of phosphorus fertilizers was
guano, the dried excrement of marine birds. Guano is mined on islands, such as those off coastal Chile and Peru, where
breeding colonies of seabirds are abundant and the climate is dry, allowing the guano to accumulate. During the
twentieth century, however, deposits of sedimentary phosphate minerals were discovered in several places, such as
southern Florida. Phosphorus had become geologically concentrated in sedimentary deposits in these places through
the deposition of marine organisms over millions of years. These deposits are now being mined to supply mineral
phosphorus used to manufacture agricultural fertilizer. However, when these easily exploitable mineral deposits
become exhausted, phosphorus may turn out to be a limiting factor for agricultural production in the not-so-distant
future.

About 50 million tonnes of phosphorus fertilizer are manufactured each year. This is a highly significant input to the
global phosphorus cycle, in view of the estimate that about 200 million tonnes of phosphorus per year are absorbed
naturally from soil by vegetation.

Image 5.4. Where colonial seabirds are abundant, their excrement (guano) can be mined as a source of
phosphorus-rich fertilizer. This is a view of a large colony of fish-eating guanay cormorants (Phalacrocorax
bougancillii) near Paracas off the coast of Peru. The dried guano is periodically scraped from the rocks and used
for agricultural purposes. Source: B. Freedman.
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Enviromental Issues 5.1. Too Much of a Good Thing - Pollution by Nutrients

Nutrients are essential to the healthy metabolism of organisms and to the proper functioning of ecosystems.
Often, an increase in the supply of certain nutrients will enhance the productivity of wild and cultivated plants
- this is the principle behind the use of fertilizer in agriculture. However, there are also cases in which an
excessive supply of nutrients has caused important environmental problems.

Because the supply of available forms of nitrogen (particularly NO3- and NHg4+) is often a limiting factor to
agricultural productivity, these are generally the most abundant nutrients in fertilizer. However, the use of
agricultural fertilizer can result in concentrations of NO3- in drinking water that are high enough to be toxic to
humans, especially to infants (see Chapter 24). We also know that plants can take up gaseous NO and N20 from
the atmosphere and use them as nutrients, along with NO3- and NH4+ from precipitation and soil water. Yet
gaseous NO and N2O are air pollutants if they occur in high concentrations, especially in sunny environments
where they are involved in the photochemical production of toxic ozone (see Chapter 16). Furthermore, large
amounts of NO3- and NHg4+ in rain and snow may contribute to acid rain (see Chapter 19).

There are other examples of environmental problems caused by excessive nutrients. For instance, COz is one of
the most important plant nutrients because carbon comprises about half of plant biomass. But this critical
nutrient occurs in a relatively small atmospheric concentration - only about 0.04%. However, the
concentration of CO2 in the atmosphere has increased by about 45% during the past two centuries and it
continues to amplify. This well-documented change is contributing to global warming, an important
environmental problem (see Chapter 17).

Eutrophication, or an excessive productivity of waterbodies, is another environmental problem related to an
excessive supply of nutrients. It is most often caused by an excess of P04, usually because of sewage dumping
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or runoff from fertilized agricultural land (see Chapter 20). Highly eutrophic lakes are degraded ecologically and
may no longer be useful as a source of drinking water or for recreation.

Clearly, these examples show that there is a fine balance between chemicals serving as beneficial nutrients, or
as damaging pollutants.

The Sulphur Cycle

Sulphur is a key constituent of certain amino acids, proteins, and other biochemicals. Sulphur is abundant in some
minerals and rocks and has a significant presence in soil, water, and the atmosphere.

Atmospheric sulphur occurs in various compounds, some of which are important air pollutants (see Chapter 16).
Sulphur dioxide (SO2), a gas, is emitted by volcanic eruptions and is also released by coal-fired power plants and metal
smelters. SO is toxic to many plants at concentrations lower than 1 ppm. In some places, such as the Sudbury area,
important ecological damage has been caused by this gas (Chapter 16).

In the atmosphere, SO2 becomes oxidized to the anion (negatively charged ion) sulphate (8042_), which occurs as tiny
particulates or is dissolved in suspended droplets of moisture. In this form, the negative charge of sulphate must be
balanced by the positive charge of cations such as ammonium (NH4+), calcium (Caz+), or hydrogen ion (H", a key
element of “acid rain”; see Chapter 19).

Hydrogen sulphide (H2S), which has a smell of rotten eggs, is emitted naturally from volcanoes and deep-sea vents. It is
also released from habitats where organic sulphur compounds are being decomposed under anaerobic conditions, and
from oxygen-poor aquatic systems where S04% is being reduced to H2S. Dimethyl sulphide is another reduced-
sulphur gas that is produced in the oceans and emitted to the atmosphere. In oxygen-rich environments, such as the
atmosphere, H2S is oxidized to sulphate, as is dimethyl sulphide, but more slowly.

Most emissions of SOz to the atmosphere are associated with human activities, but almost all H2S emissions are
natural. An important exception is the emission of H2S from sour-gas wells and processing facilities, for example, in
Alberta. Overall, the global emission of all sulphur-containing gases is equivalent to about 251 million tonnes of sulphur
per year. About 41% of this emission is anthropogenic and the rest is natural (see Chapter 16).

Sulphur occurs in rocks and soils in a variety of mineral forms, the most important of which are sulphides, which occur
as compounds with metals. Iron sulphides (such as FeSy, called pyrite when it occurs as cubic crystals) are the most
common sulphide minerals, but all of the heavy metals (such as copper, lead, and nickel) can exist in this mineral form.
Wherever metal sulphides become exposed to an oxygen-rich environment, the bacterium Thiobacillus thiooxidans
oxidizes the mineral, generating sulphate as a product. This autotrophic bacterium uses energy from this chemical
transformation to sustain its growth and reproduction. This kind of primary productivity is called chemosynthesis (in
parallel with the photosynthesis of plants). In places where large amounts of sulphide are oxidized, high levels of
acidity are associated with the sulphate product, a phenomenon referred to as acid-mine drainage (see Chapter 19).

Sulphur also occurs in a variety of organically bound forms in soil and water. These compounds include proteins and
other sulphur-containing substances in dead organic matter. Soil microorganisms oxidize organic sulphur to sulphate,
an ion that plants can use in their nutrition.

Plants satisfy their nutritional requirements for sulphur by assimilating its simple mineral compounds from the
environment, mostly by absorbing sulphate dissolved in soil water, which is taken up by roots. In environments where
the atmosphere is contaminated by SO2, plants can also absorb this gas through their foliage. However, too much
absorption can be toxic to plants - there is a fine line between SO as a plant nutrient and as a poison.
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Human activities have greatly influenced certain fluxes of the sulphur cycle. Important environmental damage has
been caused by SOz toxicity, acid rain, acid-mine drainage, and other sulphur-related problems. However, sulphur is
also an important mineral commodity, with many industrial uses in manufacturing and as an agricultural fertilizer.
Most commercial sulphur is obtained by cleaning “sour” natural gas (methane, CHy) of its H2S content and by removing
SOz from waste gases at metal smelters.

Conclusions

Nutrients are chemicals that are essential for the metabolism of organisms and ecosystems. If they are insufficient in
quantity, then ecological productivity is less than it potentially could be. Nutrients can also be present in excess, in
which case environmental damage may be caused by toxicity and other problems. Nutrients routinely cycle among
inorganic and organic forms within ecosystems. Key aspects of nutrient cycles are illustrated by the carbon, nitrogen,
phosphorus, and sulphur cycles.

Questions for Review

What are the basic aspects of a nutrient cycle? In your answer, describe the roles of compartments and fluxes.

2. How is soil formed from a parent material? Include the influences of physical and biological processes in your
answer.

3. What are the major kinds of so0il? How do they differ?

4. What are the key chemical transformations in the nitrogen cycle, and which ones are affected by human
influences?

Questions for Discussion

Compare and contrast key aspects of the cycling of carbon, nitrogen, phosphorus, and sulphur.

2. The use of nitrogen and phosphorus fertilizers is crucial to modern agriculture, yet these materials are
manufactured from non-renewable resources and may not be so readily available in the future. What would be the
consequences for agricultural production if these fertilizers were to become more expensive and less available?

3. How do your daily activities affect aspects of the carbon cycle?

4. If soil becomes acidic, the process of nitrification may no longer occur. What are consequences of this change for
the nutrition of plants?

Exploring [ssues

1. A sewage-treatment plant has applied for permission to dispose its nutrient-rich sludge onto nearby agricultural
land. You have been asked to design a study that would examine the effects of the sludge on the cycling of nitrogen
and phosphorus in the agroecosystem. What key response variables should be measured during the study? What
experiments would you recommend for examining the potential effects of the sludge on nutrient cycling and crop
productivity?
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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.

W N =

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 (Hz2S), 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 (Oz) and nitrogen (N2).

One reason for a profound change in atmospheric chemistry was the evolution of photosynthetic organisms, which
release Oz as a waste product of their autotrophic metabolism. As the concentration of O increased, the atmosphere
changed from an environment that favoured reducing reactions (in which the reaction products have a net gain in
electrons) to one in which oxidizing reactions were predominant. Hydrogen sulphide, methane, and ammonia are all
reduced compounds, but in an Oz-rich atmosphere, they become oxidized to sulphate (SO42_), carbon dioxide, and
nitrate (NO3-), respectively. In addition, O2 can participate in photochemical reactions that produce small amounts of
ozone (O3). When present in the upper atmosphere, ozone absorbs solar ultraviolet radiation and thereby shields
organisms from many of the damaging effects of this kind of electromagnetic energy.

The genesis of life on Earth is thought to have occurred in a primordial aquatic environment at least 3.5 billion years
ago. It is not known exactly how life first began from inanimate matter, although many biologists believe that the
process was a spontaneous occurrence. In other words, the origin of life happened naturally, as a consequence of the
existence of appropriate conditions of chemistry, temperature, pressure, energy, and other environmental factors.

As such, the origin of life could have happened as a series of random events occurring under suitable conditions. Some
biologists, however, believe that genesis could have taken place in a more purposeful manner, under the influence of
autocatalytic (self-catalyzed) reactions that favoured the synthesis and persistence of particular organic chemicals.
Under those selective influences, molecules and their interrelationships became increasingly more complex and
eventually developed the qualities that define the simplest forms of life: metabolism, growth, and reproduction.

The appropriate environmental conditions for the genesis of life probably included the presence of many simple
organic compounds in primordial waters. It is believed that the simple organic compounds were naturally synthesized
by inorganic (i.e., non-living) reactions among the ammonia, methane, hydrogen sulphide, and other compounds that
were abundant in the pre-life atmosphere. These reactions were favoured because the atmosphere at that time was a
high-energy environment associated with ultraviolet radiation and lightning strikes. The resulting organic compounds
were deposited into the primordial ocean by rainfall, where they became progressively concentrated, especially in
shallow pools on oceanic shores, where the rate of evaporation would have been high.
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Modern scientists have performed simple laboratory experiments that are thought to simulate those primordial
conditions. In airtight flasks, mixtures of water and gaseous CH4, NH3, and H»S are sparked by electric arcs. These
experiments yield various types of hydrocarbons, amino acids (precursors of proteins), nitrogenous bases (precursors
of nucleic acids), and other organic chemicals. Scientists think that something similar happened prior to the origin of
life on Earth.

However, it is an enormous step from the occurrence of appropriate environmental conditions to the spontaneous
genesis of living microorganisms. Scientists do not yet understand how this momentous event—the origin of the first
organisms—occurred. In fact, the boundary between complex chemical systems and living organisms is somewhat
arbitrary (for example, viruses exist at this boundary). Nevertheless, there is a broad consensus among scientists that
microorganisms did appear in the oceans about 3.5 billion years ago (Table 6.1). Those first microorganisms were
heterotrophic consumers of the rich soup of organic compounds that had accumulated in pre-biological oceans over
hundreds of millions of years. The first chemoautotrophic microorganisms evolved several hundred million years later,
and the first photosynthetic ones about 2.5 billion years ago.

Table 6.1. Estimated Dates of the Origins of Important Life Forms. The data represent the time of first
appearance of each type of organism in the fossil record. Source: Modified from Raven and Johnson (2004).

Evolutionary Event Millions of Years Ago
Formation of planet Earth 4,500
First life: anaerobic microorganisms 3,500
Chemoautotrophic microorganisms 3,100
Photosynthetic microorganisms 2,500
First eukaryotes 1,200
First multicellular organisms 600
Animals with an external skeleton 570
Lampreys 550
Crustaceans and mollusks 500
Plants 435
Jawed fish 415
Land plants 410
Amphibians 355
Insects 310
Reptiles 300
Conifers 270
Dinosaurs 223
Mammals 214
Birds 150
Angiosperm plants 135
Anthropoid primates 43
Hominids 5.0
Genus Homo 2
Homo sapiens 0.5
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The earliest life forms were prokaryotes, which are single-celled organisms that lack an organized nucleus containing
the genetic material, which was likely DNA or RNA (see In Detail 6.1). Eventually, eukaryotes (which have a nucleus
bounded by a membrane) evolved from simpler prokaryotic predecessors.

More complex microorganisms, containing subcellular organelles such as mitochondria, plastids, and cilia, are thought
to have evolved as a result of symbiotic associations occurring among different species. According to this theory,
smaller microorganisms became encapsulated within larger ones in a mutually beneficial symbiosis (a mutualism; see
Chapter 9). For example, certain smaller microorganisms may have evolved into specialized energy-processing
organelles known as mitochondria. Other encapsulated microbes became specialized to capture light and to use that
energy in photosynthesis—they became chloroplasts. Mitochondria and chloroplasts contain small quantities of DNA
that is distinctive in character and believed to be residual from ancient times when these organelles were independent
microorganisms.

Multicellular organisms were the next major category of life form to appear, in late Precambrian times (see Tables 3.1
and 6.1). The evolution and radiation of these complex organisms was driven by physiological and ecological
adaptations associated with interactions of specialized cells and, eventually, organs. The first multicellular organisms
were small and simple, but these eventually evolved into the larger, more complex organisms that are now prominent
on Earth, including vertebrates, the phylum of animals to which humans belong.

“Progression” of Life

All species, from the smallest and simplest, such as bacteria tinier than 1 um, to enormous blue whales exceeding 30 m
in length, represent well-adapted and marvellous examples of the diversity of organisms. Moreover, in a sense modern
biologists believe that all living species are similarly “advanced.” The two reasons for thinking this are: (1) all living
species have had the same amount of time to evolve since the first organisms appeared, and (2) they are all exquisitely
adapted to coping with the opportunities and constraints presented by the environments in which they live.

Of course, species also vary enormously in their complexity. We should, however, be careful when we use the terms
“simple” and “complex” in an evolutionary context, because these concepts are difficult to precisely define. In fact, all
organisms display a mixture of traits, some of which evolved in ancient times, while others are more recent
adaptations. For example, almost all organisms (except some viruses) have DNA as their genetic material, so this is an
ancient trait. In contrast, flight in bats and intelligence in humans represent specific adaptations that occurred
relatively late in only a few evolutionary lineages.

The fossil record clearly demonstrates that, over time, there has been a progression of life forms on Earth. The first
prokaryotic organisms were tiny and simple, but through evolution these led to the development of more complex
eukaryotic microorganisms, and so on until large, exceedingly complex animals and plants evolved. This evolutionary
pattern implies a clear temporal sequence. Nevertheless, it is important to understand that relatively complex, more
recent species (including humans) do not represent the acme of evolution, nor have they inherited the Earth and its
opportunities. Rather, all living species share this bountiful planet and its biosphere - the only place in the universe
known to sustain life.

Image 6.1. Dinosaurs (order Dinosauria) were dominant animals on Earth for about 160 million years, but the last
species became extinct 65 million years ago. We know that dinosaurs used to exist because their fossilized
bones have been discovered on all continents. Modern reptiles are relatives of dinosaurs, and birds are their
surviving descendants. This model of Troodon formosus, a predatory dinosaur, is located in the Museum of
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Nature in Ottawa. Source: B. Freedman.

In Detail 6.1. A Primer on Genetics

Every organism has an individual complement of genetic information contained in the specific arrangement of
nucleotides in its DNA or RNA. The following is a brief outline of the storage and translation of genetic
information.

DNA (deoxyribonucleic acid) carries the genetic information in almost all species. In some viruses, however, the
genetic information is contained in RNA (see below). DNA, a nucleic acid, consists of linear sequences of only
four nucleotides: adenine, cytosine, guanine, and thymine. The sequences are arranged as two strands, which
coil as a double helix (spiral) and are held together by hydrogen bonds between complementary nucleotides:
adenine with thymine, and cytosine with guanine. The genetic information is embedded in the precise
sequence of the nucleotides.

RNA (ribonucleic acid) is composed of a single strand of nucleotides. In RNA, uracil substitutes for the thymine
of DNA. The nucleotide sequences of RNA guide the translation of the genetic information of DNA into the
structure of proteins (see below).

Chromosomes are composed of DNA and protein and they contain the genetic information of the cell.
Chromosomes are self-duplicating—they create exact copies of themselves through the process of replication
(see below). An exact copy is passed to each daughter cell when a cell divides. Chromosomes in body (somatic)
cells of plants and animals occur as complementary pairs (homologous pairs). The number of pairs of
chromosomes varies greatly among species, from one to hundreds.
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Genes are specific regions of a chromosome that determine the development of a particular trait by coding for
a specific protein during transcription (see below). Because chromosomes occur in pairs, the genes also are
paired. Genes commonly occur in more than one form, each of which is called an allele. Often, one allele is
dominant (D) and the other recessive (r). The dominant one is expressed when both alleles in a gene pair are of
this type (DD), and also when both dominant and recessive alleles occur (rD or Dr). Recessive alleles are
expressed only if both are of this type (rr). The condition in which both alleles are the same (DD or rr) is
referred to as homozygous, while the mixed condition (rD or Dr) is heterozygous.

Replication is the biochemical process during which the nucleotide sequence of each strand of DNA is copied.
Replication is necessary for cellular division to occur, because each new cell requires an identical copy of the
DNA. During replication, the double helix of DNA “unzips,” which allows free nucleotides to hydrogen-bond
with those in each strand, producing new but identical DNA molecules. If an error occurs during replication,
the result in a change in the genetic information, which is called a mutation.

Transcription involves DNA unzipping and a complementary strand of RNA being made on one of the DNA
strands, in a manner similar to replication. Then the RNA floats free and the DNA zips up again. Three types of
RNA can be made: (a) ribosomal RNA (rRNA), which forms small bodies in the cytoplasm called ribosomes; (b)
messenger RNA (mRNA), which transports information from DNA to the ribosome; and (c) transfer RNA (tRNA),
which is described below.

Translation occurs when the mRNA, which contains information from a portion of a DNA strand, attaches to a
ribosome in the cytoplasm (outside of the nucleus). There, tRNA molecules bind to specific amino acids and
transport them to the mRNA in the correct sequence for the synthesis of a particular protein. (Amino acids are
the building blocks of proteins. Only 20 amino acids are common, but they make up the extraordinary diversity
of proteins that are found in organisms. Proteins are extremely important, mainly as structural chemicals and
metabolism-regulating enzymes.) The information on the mRNA, copied from the DNA, determines the exact
sequence of amino acids in a protein, and therefore determines its function.

Meiosis is important in sexual reproduction, in which two “sex” cells, one from each parent, combine to start a
new life. If those cells were somatic cells, each would have the same number of chromosomes as the parent (the
diploid number), and the progeny would then have double the number of the parent. However, this does not
occur because sex cells are not diploid. Instead, through meiosis, the number of chromosomes in sex cells is
halved (to haploid), so the progeny has the same number of chromosomes as the parent.

During meiosis, the paired chromosomes separate, with one of each pair going randomly to each daughter “sex”
cell. Just before they separate, exchanges of genetic material may occur between the paired chromosomes—a
phenomenon known as crossing-over. Both of these processes increase the variability of genetic information in
sex cells. When the haploid sex cells (one from each parent) combine, the result is a diploid progeny. Having
chromosomes from each parent, the progeny is genetically different from them, but also similar. This is how
parents pass their genetic information to their offspring.

Genotype refers to the unique genetic information of individual organisms, as embodied in the nucleotide
sequences of their DNA. The unique genotype of an individual is fixed (except for rare mutations). However, the
collective genotypes of populations and species are quite variable, although this is restricted by the range of
genetic variation among the constituent individuals.

Phenotype refers to the actual expression of an individual’'s genotype in terms of its anatomical development,
behaviour, and biochemistry. For example, recessive alleles, unless in a homozygous condition, are not
expressed, even though they appear in the genotype.

More importantly, the expression of genetic potential is also affected by environmental conditions and other
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circumstances. For instance, a geranium plant, with a fixed complement of genetic information, may be
relatively tall and robust if it is grown under well-watered, fertile, uncrowded conditions. However, if that same
individual were grown under drier, less fertile, more competitive conditions, its productivity and appearance
would be quite different. Such varying growth patterns of the same genotype represent a phenotypically
“plastic” response to environmental conditions. In contrast, the flower colour of individual geraniums (which
can be white, red, or pink) is fixed genetically and is not affected by their environmental conditions.

The ability of an individual to exhibit phenotypically plastic responses to environmental variations is itself
genetically determined to some extent. Therefore, phenotypic plasticity reflects both genetic capability and
varying expression of that capability, depending on the circumstances met during the life of an individual.

Evolution

Evolution may be simply defined as genetically based changes in populations of organisms, occurring over successive
generations. Evolution is a critically important theory because it accounts for the development of existing species from
progenitors that may have been unlike their descendants in form and function. The reality of evolution is widely
accepted by scientists, as much so as the theory of gravity, which explains how the Earth revolves around the Sun as
well as many other aspects of the organization of the universe.

Natural selection is believed to be an especially important cause of evolutionary change. In essence, natural selection
predicts that individual organisms that are better adapted to coping with the opportunities or limitations of their
environment will have an increased likelihood of leaving descendants. If the adaptive advantages are genetically
determined, they will be passed to some of the progeny, then to subsequent generations, and so on. This process will
result in evolutionary change.

Evolution can also occur in response to catastrophic influences on populations of organisms, such as a forest fire or
flood. This may result in more haphazard (random) changes in the genetic structure of a population. Small populations
are particularly subject to such non-selective evolutionary influences. Evolution may also occur in response to choices
made by humans of desirable traits in certain species—this is known as cultural selection (or artificial selection).

It is important to understand that individual organisms do not evolve. Evolution is a process of genetic change from
generation to generation, occurring in populations or higher-order groupings of organisms (such as species). This is
not to say that individual organisms cannot display variable responses to environmental conditions. These responses
are, however, constrained by the degree of biochemical, developmental, and behavioural flexibility that is allowed by
the genetic complement of each individual (its genotype). The variable expression of the genetic information of an
individual is called phenotypic plasticity, but this response to variations in environmental conditions is not
evolutionary change. For evolution to occur there must be a change in the collective genetic information of a
population or species.

Evolution can occur at various scales. Evolutionary biologists use the term microevolution to refer to relatively subtle
changes occurring within a population or species, often within only a few generations. This may lead to the evolution
of a variety, race, or subspecies. In contrast, macroevolution describes the evolution of new species or higher
taxonomic groups, such as a genus, family, or class. Evolutionary biologists continue to debate and discuss the linkages
of these scales of evolution. Are patterns of macroevolutionary change simply the cumulative effects of many
microevolutionary changes over long periods of time? Or is macroevolution actually a result of large changes occurring
over a short time, each representing a great step (or saltation) of evolution? Or does macroevolution happen in both
ways?
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Despite debates regarding many of its details, the theory of evolution is a unifying theme in biology. This is because
evolution can be used to understand so many phenomena in nature. Evolution is used by scientists to explain both the
origin of life, as well as the extraordinary changes that have occurred in organisms over the billions of years of biotic
history on Earth.

Relatedness and Descent

A biological definition of species is “a group of organisms that is reproductively isolated from other such groups”
Within a species, individual organisms tend to resemble each other, but more importantly, they can breed with each
other and produce fertile offspring. An inability to successfully interbreed implies reproductive isolation.

That species have evolved from earlier progenitors is a well-established theory, richly supported by evidence. Some of
the most compelling lines of argument, showing evolutionary patterns of relatedness and descent, are explained in the
following sections.

Patterns in the Fossil Record

A well-known example of evolution that is supported by evidence in the fossil record is that of the horse lineage. One
of the earliest horse-like progenitors was Eohippus, a dog-sized creature that lived about 50 million years ago. Its foot
had two fused and three separate toes. Comparison of the morphology (structure) of fossil bones suggests that
Eohippus was an ancestor of Mesohippus, a larger animal that lived 35 million years ago. Its foot had three fused
central toes and two free outer ones. Further evolution led to Merychippus, a somewhat larger animal living 20 million
years ago that also had three fused and two free toes. Next came Pliohippus, a pony-sized animal living 10 million years
ago, that had all five toes fused into a hoof. Modern horses evolved several million years ago and have a hoof like that of
Pliohippus. They include the horse (Equus caballus), donkey (E. asinus), Mongolian wild horse (E. przewalskii), and zebra
(E. burchelli).

Inferences from Modern Species

Modern species display many obvious similarities and dissimilarities that can be used to group them on the basis of
inferred relatedness. Early studies of this sort mostly involved comparative anatomy. Research on animals relied mostly
on the characteristics of bones, shells, skins, and other enduring structures, while studies of plants largely involved the
anatomy of flowers and fruits. More recent studies gather a much wider range of comparative information to examine
relatedness among groups of species, including information about their behaviour, ecology, proteins, and—most
recently—specific base sequences of DNA. For example, studies involving DNA and blood proteins have clearly shown
that humans are closely related to other great apes, such as the chimpanzee, orangutan, and gorilla. Of these, humans
are most closely related to chimpanzees - in fact, the two species share about 99% of the information encoded in their
DNA. These observations do not suggest that humans evolved from modern apes. Rather, the appropriate
interpretation is that humans and living apes share common, ape-like ancestors.

Evolution Observed

As was just described, patterns of relatedness and descent can be inferred from comparative studies of the fossil
record and of the attributes of modern species. However, it is important to understand that the evolution of a new
species has never been directly observed. This is because it takes a very long time for populations of related organisms
to diverge enough to become new species - perhaps thousands to hundreds of thousands of years. In spite of this,
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biologists have no doubt that new species have been evolving for billions of years—in fact, throughout the history of
life.

Although speciation has not been observed in nature, clear examples of microevolution are known. These cases
provide key evidence in support of the theory of evolution.

Industrial Melanism

One example of microevolution is that of the peppered moth (Biston betularia) of western Europe. The normal
coloration of this moth is a mottled, whitish tan. During the day, the moth often rests on lichen-covered trees, where it
is difficult to see against the bark. This camouflage is important to the moth’s survival because its most important
predators, such as birds, hunt using vision.

About a century ago in England, it was observed that some populations of peppered moths had developed a black
coloration, known as melanism. This had apparently occurred in response to changes in local tree bark, which had lost
its lichen cover because of air pollution and had become blackened by the deposition of soot. In these habitat
conditions the normal light-coloured moths were highly visible to predators and were at a selective disadvantage
compared to darker moths. Studies showed that melanism is genetically based, and that melanistic moths occurred,
but were rare, in unpolluted habitats. However, melanistic individuals became dominant in populations living in
polluted habitats, representing a population-level genetic change. This famous example of microevolution, which has
also been demonstrated in other species of moths, is known as “industrial melanism”.

Interestingly, air quality has greatly improved over most of western Europe in recent decades, largely due to clean-air
legislation that has reduced the use of coal as a source of energy. As a result, lichens are again growing on trees and
bark surfaces have less soot. These recoveries have been accompanied by the reappearance of light-coloured peppered
moths in places where their populations had been dominated by melanistic ones—another evolutionary response to
changing environmental conditions.

Metal-Tolerant Ecotypes

In another example of observed evolution, several plant species were found growing on sites in England and Wales that
were polluted by metal-rich mine waste. Although the soil was toxic to most plants, populations of a few species were
thriving. The most common species were grasses, such as bent-grass (Agrostis tenuis). Research showed that these
local populations had a genetically based, physiological tolerance of the toxic metals, and that they differed in this
respect from other populations of the same species growing on non-polluted sites. The locally adapted populations,
referred to as “metal-tolerant ecotypes,” were found to have evolved in as few as several years after their first exposure
to the toxic soil. (This example was the first one to be documented and is famous for that reason. Canadian examples of
metal-tolerant ecotypes, discovered later, are described in Chapter 18.)

Image 6.2. These are metal-tolerant ecotypes of the grass Deschampsia caespitosa, growing in metal-polluted
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soil close to a smelter near Sudbury, Ontario. Source: B. Freedman.

i —

Religion and Evolution

The Book of Genesis is the first book of The Bible, an ancient text that provides the written foundation for many of the
beliefs of the Abrahamic religions (Judaism, Christianity, and Islam). The description of divine creation in Genesis is the
oldest written explanation of the origin of life on Earth, the existence of species, and the roles and responsibilities of
humans in their interactions with the natural world. However, there are some profound disagreements between
fundamentalist interpretations of Genesis and aspects of the theory of evolution. As a result, some religious interests
have long attacked the theory of evolution, a circumstance that greatly intensified after the publication of Charles
Darwin’s ideas about the role of natural selection in evolution (see the next section).

Nevertheless, science and religion are not irreconcilable. Indeed, for many people, physical concerns belong to the
domain of science, whereas spiritual ones belong to the domain of religion.

In any event, some religious groups continue to insist upon a literal interpretation of the Bible as the ultimate authority
for all knowledge. In particular, creationists reject the theory of evolution in favour of a literal interpretation of
Genesis. They assert that the account given in Genesis means that God created the universe and all living organisms
during a six-day period, culminating with the creation of humans. Humans were created in the physical image of God
and were given authority and power to freely use the resources of Earth: “And God said, let us make Man in our image,
after our likeness; and let them have dominion over the fish of the sea, and over the fowl of the air, and over the cattle,
and over all the Earth and over every creeping thing that creepeth over the Earth”
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Moreover, humans were instructed to increase their populations and to exploit nature: “Be fruitful, and multiply, and
replenish the Earth, and subdue it”

Note, however, that there is some controversy about the meaning of the word “replenish” in this biblical passage. Some
people have interpreted it in the sense of conservation, as in to refill or restore resources as they are used. Others,
however, maintain that the original meaning was “to fill up,” and, in this sense, it referred to filling the Earth with
humans and their economic activities. The latter interpretation is the one that is usually accepted in modern
environmental writings that examine the relationship between humans, their economy, and the natural world.

Based on their literal interpretation of Genesis and other passages in the Bible, creationists have drawn the following
conclusions relevant to evolution:

* Earth and its species are not ancient because creation occurred only a few thousand years ago.

» Species are essentially immutable, having been created as entities that have not changed since their creation.

* Because species were individually created, existing species did not descend from earlier ones through evolution.

* Humans are particularly special, having been created in the Creator’s image—they are not related to or descended
from any other species.

But these ideas do not accord with scientific findings, as were described on the preceding pages. In particular:

* The geological record clearly demonstrates that Earth and the solar system are extremely old, having begun to
develop at least 4.5 billion years ago. Life is also ancient, having originated about 3.5 billion years ago. Earth and
organisms date back much further than a few thousand years.

* The fossil record provides many examples of large changes in the characteristics of species over time, as do
studies of some living species. Clearly, species are not immutable. Moreover, the existing complement of species
on Earth represents only a small sample of all those that have ever lived. The fossil record demonstrates that most
species that evolved during the long biological history of our planet are now extinct. Many of the extinct species,
families, and even phyla have no living descendants—their entire lineage is extinct (see Chapter 7).

» The fossil record presents clear evidence of lineages among groups of organisms, indicating that living species
have descended from earlier ones. In almost all cases, the progenitor species are now extinct. There are even a few
examples in the fossil record of links between major groups. Perhaps the most famous of these is Archaeopteryx, a
metre-long creature that lived about 150 million years ago. It had teeth and other dinosaurian characters, but it
also had a feathered body and could fly. Archaeopteryx is considered to be a link between extinct dinosaurs and
living birds.

 Fossil and genetic information indicate that humans are descended from earlier, now-extinct species and genera.
Fossil records show that the human species (Homo sapiens) is derived from an evolutionary lineage of anthropoid
apes. There are a few other surviving species in that lineage, with chimpanzees, and to a lesser degree gorillas and
orangutans, being the closest living relatives of humans. All surviving members of the ape family are descended
from now-extinct progenitors.

People known as scientific creationists also insist that their interpretation of Genesis is the most reliable source of
knowledge about the origin and evolution of life. Scientific creationists have attempted to explain some of the
discrepancies between their beliefs and current scientific understanding of evolution. For example, some of them
acknowledge that geological and fossil evidence suggests that Earth and life are ancient phenomena and that most
species have become extinct. Most scientific creationists also acknowledge that species have changed over time, but
only through microevolution—they do not agree that macroevolution has led to the development of new species from
earlier ones. By extension, scientific creationists also do not believe that humans are descended from previous species
of hominids or are related to other ape-like creatures or other primates. Moreover, the theory of scientific creationism
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does not abandon the notion that, at one particular time in the past, God created all species that have ever lived on
Earth.

Science proceeds by careful observation and hypothesis testing. But scientific creationism rests on a belief, not a
testable hypothesis, concerning a literal interpretation of the Bible as representing “truth” and “knowledge”. Most
predictions of scientific creationists cannot be tested by rigorous methodology, but when they can be, they are refuted
by the evidence. In short, despite its name, scientific creationism is not science.

Evolution by Natural Selection

Because organisms vary in their genetics and phenotypes, they also differ in their abilities to deal successfully with
stresses and opportunities in their environment. Under certain conditions, an individual with a particular phenotype
(which is substantially determined by its genotype) may be relatively successful compared with others having different
genotypes and phenotypes.

In the sense meant here, the “success” of an individual means successful reproduction - having progeny that
themselves go on to reproduce successfully. This is also referred to as fitness, or the proportionate genetic
contribution made by an individual to all of the progeny in its population. A central tenet of evolutionary theory is that
individuals maximize their fitness by optimizing the degree to which their own genetic attributes will influence future
generations of their species.

Biologists believe that evolution proceeds mainly by natural selection, which operates when genetically based variation
exists among individuals within a population, so that some of them are better adapted to deal with the prevailing
environmental conditions. On average, the more-fit organisms have greater success in reproduction, and so have a
disproportionate influence on the evolution of subsequent generations.

The theory of evolution by natural selection is perhaps the greatest unifying concept in modern biology, as it gives
context to virtually all aspects of the study of life. This theory was co-announced publicly in 1858 by two English
naturalists: Charles Darwin (1809-1882) and Alfred Russel Wallace (1823-1913). Darwin, however, had been working on
aspects of the theory for about 20 years prior to its publication, and he had collected detailed evidence in support of
natural selection as a mechanism of evolution. Darwin’s copious evidence was marshalled in the famous book, On the
Origin of Species by Means of Natural Selection, published in 1859. Because of this book, Darwin has become more
closely linked than Wallace to the theory of evolution by natural selection. Darwin is also the more famous of the two
scientists, largely because of his great contributions toward understanding the mechanisms of evolution. Perhaps the
most influential biologist of all time, Darwin undertook an astonishingly broad range of research projects on a great
variety of species and biological topics.

In his Origin of Species, Darwin summarized natural selection in the following way: “Can we doubt ... that individuals
having any advantage, however slight, over others, would have the best chance of surviving and of procreating their
kind? On the other hand, we may feel sure that any variation in the least degree injurious would be rigidly destroyed.
This preservation of favourable variations, I call Natural Selection.

In an unpublished essay that Wallace sent to Darwin for review in 1858, natural selection was expressed in a rather
similar fashion: “The life of wild animals is a struggle for existence ... in which the weakest ... must always succumb ...
giving rise to successive variations departing further and further from the original type.

The theory of Darwin and Wallace was based on the following line of reasoning:
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» Itis known that the fecundity of all species is high enough that they could easily overpopulate their habitats, yet
this does not generally happen.

 Itis also known that the resources that species need to sustain themselves are limited, particularly in relatively
stable habitats.

» Therefore, in view of potential population growth and limited resources, there must be intense competition among
individuals of each species for access to the necessities of life. Only some individuals manage to survive this
struggle for existence and reproduce.

* Because individuals within a species are different from each other, and much of this variation is heritable, it is
reasonable to suggest that survival in the struggle for existence is partly influenced by genetically determined
differences in abilities.

* Individuals that are more capable will have a better chance of surviving and reproducing, and their genetically
based attributes will be disproportionately represented in future generations.

» Over long periods of time, this process of natural selection will lead to evolutionary changes within populations,
and eventually to the evolution of new species.

When it was first presented publicly in 1858, the theory of evolution by natural selection created a sensation among
scientists and also within society. The excitement and controversy occurred largely because the theory provided the
first convincing body of evidence in support of the following three notions: (a) evolution occurs, (b) it proceeds under
natural influences, and (c) it has resulted in the great diversity of living species.

This was a radically different view from that of creationism, which was the prevailing explanation of the origin of life
and species in the mid-nineteenth century. Interestingly, Darwin’s writings did not directly challenge the existence of a
divine Creator. He mostly discussed the causes of change in species over time, and did not directly suggest that the
initial ancestors had not been created by God. Modern theories about the spontaneous genesis of life on Earth are
based on relatively sophisticated science that was unknown to Darwin. Nor did he know of the mechanisms of genetics
and the inheritance of traits.

Modern extensions of the theory of evolution by natural selection suggest that new species evolve from progenitors (a
process known as speciation). This is thought to happen when populations become isolated by intervening barriers
such as a mountain range, extensive glaciers, or other inhospitable discontinuities. Isolation is important in speciation
because it reduces or eliminates genetic interchanges, and thereby allows differentiation to proceed more effectively.
Isolated populations that experience different environmental conditions are subject to differing selection pressures
and can evolve in dissimilar ways. Eventually, there may be enough evolutionary change that the populations can no
longer successfully interbreed, even if they become spatially reunited. At that point, the populations have achieved
reproductive isolation, and so have become closely related but different species.

Speciation is also thought to occur in a more linear fashion, as when progenitor species gradually evolve over time in
response to changes in environmental conditions. Eventually, the ancestral species may become extinct, but new ones
evolved from the progenitor lineage may survive to continue the evolutionary chain.

The Importance of Genetics

Knowledge of genetics in Darwin’s time was based on a highly incomplete understanding of how an organism’s traits
are passed to its offspring. One popular theory, the “inheritance of acquired traits”, was based on the observation that
the morphology, behaviour, and/or biochemistry of individual organisms could vary in response to environmental
change. According to the theory, these plastic responses to environmental conditions could be passed along to an
individual’s progeny. For example, during periods of drought or intense competition for food, individual short-necked
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ancestors of giraffes might have stretched their necks as far as they could to reach scarce foliage higher up in trees,
resulting in the development of a longer neck. The long-neckedness would have been passed to the giraffe’s progeny,
who developed it still further. Eventually, populations developed the familiar long neck of modern giraffes.

However, natural selection suggests a different mechanism of this evolutionary change: within populations of short-
necked giraffes there existed a genetically determined variation in neck length among individuals. Because long-
necked giraffes were better able to find food, they were more likely to survive and reproduce. This meant that more of
the next generation had the long-necked trait, and this anatomical feature became increasingly prominent in the
evolving population.

Modern observations and experiments have shown that “acquired traits” are just a manifestation of phenotypic
plasticity. There is no evidence that they can become genetically fixed in an individual and passed along to its offspring.
In contrast, the science of genetics has provided convincing evidence in support of the theory of evolution by natural
selection. The biochemical mechanisms that determine the genotype of an individual organism and how some of its
characteristics are passed to progeny have been discovered. The subject matter is rather complicated and cannot be
dealt with in much depth here. It is, however, useful to examine the key experiments that first suggested the existence
of genes.

This research was conducted by Gregor Mendel (1822-1884), an Austrian scientist (and monk) who developed important
ideas about inheritance through breeding experiments with the garden pea (Pisum sativum). Mendel was interested in
producing pea hybrids, which involves crossing two parent plants, each having distinctive traits. Prior research had
shown that certain traits were fixed in cultivated varieties of peas, including flower colour (white or purple) and
whether the seeds have a wrinkled or smooth coat. In total, Mendel worked with 32 traits of this sort. Pea flowers are
bisexual, containing both female (pistil, containing the ovules) and male (anthers, containing pollen) parts. These are
compatible within the same individual, so self-fertilization can occur. However, Mendel experimented by cross-
fertilizing selected parents, producing known hybridizations.

In each experiment, Mendel cross-bred two inbred varieties in which certain traits “bred true” (they were homozygous,
such as for a white or purple flower colour). The progeny (first generation) were all the same: they all had purple
flowers. However, crosses between the first-generation plants yielded a ratio of about three purple flowers to one
white flower in the second generation. This fits the prediction for two-generation crosses between two homozygous

lines, as follows:

Represent the original purple variety as AA. This trait is dominant over the white flower trait (called recessive).
Represent the original white variety as aa.
When the two plants are crossed, the first-generation progeny all have purple flowers but are heterozygous (Aa).

B W N =

A cross between the first-generation plants yields four possible outcomes: AA, Aa, aA, and aa. Each is equally
probable. Because A is dominant to a, the AA, Aa, and aA progeny all have purple flowers. Only aa has white
flowers. Therefore, the expected ratio of purple to white among the second-generation progeny is 3:1.

The most important conclusion to emerge from Mendel's work was that the inheritance of genetic information occurs
in a “particulate” form (which we now refer to as genes), often involving dominant and recessive alleles. Inheritance is
not a blended condition—in the example just described, a cross of purple- and white-flowered pea plants does not
yield progeny of an intermediate colour. Therefore, flower colour and many other traits are discrete units that remain
intact during inheritance and either are, or are not, expressed in progeny.

Mendel first published his results in 1865 in a relatively obscure journal. As a result, the work was unknown to the
mainstream of science for many years. However, Mendel's work was re-discovered and republished in 1900 and it
quickly became the basis of modern theories of genetic inheritance.
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Mendel's work and the subsequent flourishing of the science of genetics have been extremely important in biology and
in the development of the modern theory of evolution. This is because genetics allows a rational explanation of
inheritance as a mechanism by which genetically fixed traits can be passed along to offspring. Subsequent research has
found that new genotypes can arise through various mechanisms, such as hybridization, polyploidism (a spontaneous
increase in the number of chromosomes), and mutations. Genetic variation is, of course, the menu of possibilities from
which natural selection can choose so that adaptive evolution can occur.

It is important to recognize that much genetic information in an individual does not appear to code for functional
enzymes or other proteins, and so does not code for traits that could be selected for or against. Because of its
neutrality with respect to natural selection, this type of genetic material is sometimes referred to as “junk DNA"
However, we may be ignorant of other roles that so-called junk DNA may play in the functioning of the genome.

Environmental Issues 6.1. Genetically Modified Organisms
Genetically modified organisms (GMOs) are a highly controversial topic. But what, exactly, is meant by the
term?

Strictly speaking, GMOs are organisms whose genotype has been influenced by human intervention. But people
have been doing this for an extremely long time. As early as about 10,000 years ago, when people first began to
cultivate other species as crops, they selectively bred individual plants and animals that had favourable traits
(see Chapter 10 for an explanation of socio-cultural evolution, including the early development of agriculture).
This “artificial selection” rapidly led to the evolution of crop varieties that were more responsive to
management and had greater yields than their wild progenitors. In this sense, almost all domesticated species
of plants, animals, and microorganisms that are cultivated as sources of food, material, or energy are
“genetically modified organisms.” They were produced using conventional methods of selective breeding, a
process that is not very controversial.

More recently, however, new techniques in biotechnology, specifically in molecular biology, have been used to
create novel genetic modifications of organisms. These techniques allow biologists to selectively insert
portions of the DNA of one species into the genome of another species. This is a fundamentally different kind of
genetic modification than selective breeding, and it should more properly be referred to as transgenic
modification, or as recombinant bioengineering. There are potential benefits to this kind of genetic
modification of crop species, including the development of varieties that are resistant to diseases or pests and
that require less fertilizer or pesticide. In spite of these seeming benefits, there is controversy over transgenic
biotechnology and the commercial use of GMOs, largely because of the following issues:

» Should scientists be interfering with the very foundation of life—the genetics of species—by using methods
of genetic “engineering” that do not normally exist in nature?

* Do novel, transgenic organisms represent “new” varieties of designed and manufactured life that are
appropriate for patenting and use for commercial gain? (In fact, various legal rulings have stated that this
can be done, and some transgenic crops have become extremely profitable to owners of the patents.)

* Are important ecological risks associated with the cultivation of transgenic organisms? Because many
biological and ecological unknowns are associated with this practice, “surprises” may follow from the release
of these organisms into the environment, including unanticipated damage to crops, wild species, and natural
ecosystems.

These are contentious and precautionary issues, and the controversy is not resolved. In some cases, illegal
releases of GMO products have been made by private interests, a circumstance that reflects weakness in the
regulatory control mechanisms (Clapp, 2008). Nevertheless, some GMO products have been widely
commercialized and are now routinely used. For instance, transgenic GMO varieties of soybean and canola have
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been developed to be resistant to glyphosate, which allows this herbicide to be used on those crops. This
practice results in benefits to farmers from reduced costs of energy and machinery needed to control weeds. In
a similar vein, transgenic varieties of maize (corn) have been developed that contain modified DNA of the
insecticidal bacterium Bacillus thuringiensis. This provides resistance to important insect pests and allows
farmers to use less insecticide. These and other transgenic crops are now widely cultivated in North America
(although they are banned in other countries, including most of Europe and Brazil), but relatively little is known
about the biological and ecological risks that may arise when their transgenic factors escape to wild plants.

Additional Mechanisms of Evolution

Although natural selection is the most important mechanism of evolution, it is not the only one. For example, artificial
selection involves the deliberate breeding of plants, animals, and microorganisms to enhance certain traits that
humans view as desirable. Artificial selection has obvious parallels to natural selection in that individual organisms with
particular, genetically based traits experience greater success in breeding, so they become over-represented in
subsequent generations. However, traits that are favoured in artificial selection may not be adaptive in the natural
world. In addition, because the breeding of desired genotypes can be controlled, evolutionary change occurs much
more rapidly under artificial selection than under natural selection.

For example, maize (or corn, Zea mays) is an important crop that, through artificial selection, now differs enormously
from its closest wild progenitor, a Mexican grass known as teosinte (Euchlaena mexicana). Artificial selection has
caused many evolutionary changes in maize. For example, the fruiting head (consisting of the cob and seeds) is much
larger than in wild ancestors of maize; the seeds have different coloration; the seeds implant securely onto the cob so
they do not scatter before harvesting; the ripe fruit is tightly wrapped within enclosing leaves known as bracts, again
to prevent pre-harvest losses; and there are vigorous growth responses to fertilizer application, weed control, and
other cultivation practices. Moreover, without the intervention of humans through cultivation, maize would likely
become extinct within only a few generations. This is partly because artificial selection has rendered its seeds virtually
incapable of detaching from the cob, which in any event is tightly bound in leafy bracts. Therefore, unaided seed
dispersal is almost impossible.

All domesticated plant, animal, and microbial species have undergone artificial selection for desirable traits.
Sometimes, however, artificial selection proceeds in bizarre directions, with the fostering of genetic traits that are
viewed as desirable for aesthetic rather than practical reasons. For example, oriental breeders of pet fish have
produced some amazing varieties of goldfish (Carassius auratus) and koi (a golden-coloured variety of carp, Cyprinus
carpio). These varieties, often with grotesque shapes and behaviours, would be rapidly eliminated in a wild population
but are prized as unusual and valuable specimens by aficionados of these aquatic pets. Similar comments could be
made about curious varieties of cats, dogs, pigeons, and many kinds of horticultural plants.

Evolution can also occur through a process known as genetic drift, or random changes in the frequencies of genes
occurring in small and isolated populations. Such populations often exist on islands, or they may be created through a
catastrophic reduction of a larger population because of disease, disturbance, or some other factor. The relatively small
genetic base of small populations is sometimes called a “bottleneck.” Subsequent evolution is based on the restricted
genetic variation of only a few individuals, which may become further reduced through the effects of inbreeding
(reproduction between closely related individuals, such as siblings). Given the restricted amount of genetic variation,
the evolution of a small population may proceed very differently from that of a larger population.

Image 6.3. The many varieties of dog are a result of cultural selection for desired traits, but all are the same
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species, Canis lupus familiaris. Source: B. Freedman.
o 1. W Y =

Conclusions

Earth is the only place in the universe that is definitely known to sustain life and ecosystems. It is thought that life
spontaneously arose at least 3.5 billion years ago, because of the existence of environmental conditions appropriate for
its genesis. Since that origin, profound changes have occurred in the morphology and functionality of organisms
through a process known as evolution. Evolution may be simply defined as changes in the genetic makeup of
populations and species over time (individual organisms do not evolve). Although evolution has influenced life on Earth
ever since it began, there is controversy over the mechanisms of the process. Almost all biologists believe that natural
selection has been the most important cause of evolutionary change, but some think that geological catastrophes (such
as meteorite strikes of the planet or intense volcanic eruptions) have also had a large influence.

Questions for Review

1. How has the evolution of organisms, especially those capable of photosynthesis, resulted in important changes in
chemistry of the environment?
2. What evidence supports the theory of evolution?
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3. How is natural selection a mechanism of evolution? What are other means by which evolution can occur?
4. How does artificial selection result in the evolution of domesticated species?

Questions for Discussion

1. Why are many biologists reluctant to describe certain species as being “more advanced” or “more highly evolved”
than others?

2. How might environmental conditions experienced during your lifetime have affected your own development?
Relate your answer to the phenomenon of phenotypic plasticity.

3. Why is knowledge of genetics important to understanding evolutionary processes?

4. Do you think there is enough scientific evidence in support of the idea of spontaneous generation of life for it to
replace faith-based notions of divine creation?

Exploring [ssues

1. You have been asked to participate in a debate about the genesis and evolution of life. What kinds of evidence
would you use to support the theory that life began from inanimate matter billions of years ago? What evidence
supports the theory that humans evolved from earlier ancestors that are now extinct?
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Chapter 7 ~ Biodiversity

Key Concepts

After completing this chapter, you will be able to

1. Outline the concept of biodiversity and explain its constituent elements.

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

3. Define the classification of life in terms of species, genus, family, order, class, phylum, and kingdom.
4. Describe the five kingdoms of life.

Biodiversity

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

1. genetic variation within populations and species
2. numbers of species (also known as species richness)
3. 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.
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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
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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.

Group WORLD CANADA
Identified Estimated Identified Estimated
Viruses 2,085 400,000 200 150,000
Bacteria 7,643 1,000,000 2,400 23,200
Fungi 08,008 1,500.00 11,800 15,600
Protozoans 40,000 100,000 1,000 2,000
Algae 40,000 350,000 5,303 7,300
Lichens 14,000 18,000 2,500 2,800
Bryophytes 16,236 22,750 1,100 1,060
Vascular plants 281,621 368,621 3,834 3,909
Molluscs 85,000 200,000 1,500 1,635
Arachnids 102,248 &00,000 3,275 7,730
Crustaceans 47,000 150,000 3,139 4,539
Insects 1,000,000 5,000,000* 18,530 30,230
Fishes 31,153 40,000 1,100 1,600
Amphibians 6,515 15,000 42 44
Reptiles 8,734 10,000 42 42
Birds 9,990 10,000 426 426
Mammals 5,487 5,500 194 194
Total 1,900,000 9,000,000* 56,385 252,409

*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
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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
kmy area of dry tropical forest in Costa Rica was found to contain about 700 species of plants, 400 vertebrate species,
and 13,000 species of insects, including 3,140 kinds of moths and butterflies.

Image 7.2. Community-level biodiversity. This intertidal community in Pacific Rim National Park on the west
coast of Vancouver Island sustains various algae, barnacles, mussels, starfish, and other species that vary in
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their tolerance of enviro

nmental stress associated with tidal cycles. Source: B. Freedman.
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Richness of Communities

Biodiversity at the level of landscape (or seascape; collectively these are referred to as ecoscapes) is associated with the
number of different communities that occur within a specified region, as well as their relative abundance, size, shape,
connections, and spatial distribution. An area that is uniformly covered with a single kind of community would be
judged as having little biodiversity at the level, compared with an ecoscape having a rich and dynamic mosaic of
different communities.

Because natural ecoscapes contain many species and communities that have evolved together, it is as important to
conserve this level of biodiversity as it is to protect genetic and species diversity. Natural communities, landscapes, and
seascapes are being lost in all parts of the world, with the worst damages involving the destruction of tropical forest
and coral reefs. However, dramatic losses of this level of biodiversity are also occurring in Canada:

* Only about 0.2% of the original area of tall-grass prairie remains, the rest having been converted to agricultural
use.

* Almost all of the Carolinian forest of southern Ontario has been destroyed, mostly by conversion to agricultural
and urbanized landscapes.

» The survival of old-growth forest in coastal British Columbia is at risk, with the dry coastal Douglas-fir type being
especially depleted. The loss of old-growth forest is mostly due to timber harvesting, which converts the
ecosystem into a younger, second-growth forest (see Chapter 23).

* Throughout southern Canada, wetlands of all kinds have been destroyed or degraded by pollution, in-filling, and
other disturbances.

* Natural fish populations have been widely decimated, including mixed-species communities in the Great Lakes,
populations of salmonids (salmon and trout) in western Canada, and cod and redfish off the Atlantic Provinces.
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* The habitats of various bottom types have been obliterated by the extensive practice of bottom-dragging in
fisheries on the continental shelves, with great consequences for dependent types of ecological communities.

In all of these Canadian examples, only remnant patches of endangered natural communities and ecoscapes remain.
These are at great risk because they are no longer components of robust, extensive, naturally organizing ecosystems.

The Value of Biodiversity

Biodiversity is important for many reasons. The value of biodiversity provides credence for its conservation. The
reasons why biodiversity is important can be categorized into several groups.

Utilitarian Value

Humans are not isolated from the rest of the biosphere, in part because our survival depends upon having access to
products of certain elements of biodiversity. Because of this requirement, humans must exploit species and
ecosystems as sources of food, biomaterials, and energy—in other words, for their utilitarian value (also known as
instrumental value).

For instance, all foods that we eat are ultimately derived from biodiversity. Moreover, about one-quarter of the
prescription drugs dispensed in North America contain active ingredients extracted from plants. In addition, there is a
wealth of additional, as yet undiscovered products of biodiversity that are potentially useful to people. Research on
wild species of plants, animals, and microorganisms has discovered many new bio-products that are useful as food,
medicines, materials, or other purposes. Like many of the species already known to be useful, some of the newly
discovered ones have a potentially large economic value.

To illustrate the importance of medicinal plants, consider the case of the rosy periwinkle (Catharantus roseus), a small
herbaceous plant that is native to Madagascar, a large island off northeastern Africa. One method used in the search
for anti-cancer drugs involves screening large numbers of wild plants for the presence of chemicals that have an ability
to slow the growth of tumours. During one study of that kind, an extract of rosy periwinkle was found to counteract
the reproduction of cancer cells. Further research identified the active chemicals to be several alkaloids, which are
probably synthesized by the rosy periwinkle to deter herbivores. These natural biochemicals are now used to prepare
the drugs vincristine and vinblastine, which have proved to be extremely useful in chemotherapy to treat childhood
leukemia, a cancer of the lymph system known as Hodgkin’s disease, and several other malignancies.

The exploitation of wild biodiversity can be conducted in ways that allow the renewal of harvestable stocks.
Unfortunately, many potentially renewable biodiversity resources are overharvested, which means they are managed
as if they were non-renewable resources (they are being “mined”; see Chapters 12 and 14). This results in biological
resources becoming degraded in quantity and quality.

Sometimes, over-exploited species become locally extirpated or are even rendered globally extinct, and when this
happens their unique values are no longer available for use by humans. The great auk and passenger pigeon are
examples of Canadian species that were made extinct by over-harvesting. Local and regional extirpations have been
more numerous and include the cougar, grizzly bear, timber wolf, and wild ginseng over most of their former ranges
(see Chapters 14 and 26).

Image 7.3. Many elements of biodiversity provide products useful to people as food, materials, and medicines. In
the 1990s, a chemical called taxol extracted from species of yews was found to be helpful in treating certain
malignancies, particularly ovarian cancer. Commercial harvests were made of two yews native to Canada to
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supply biomass from which taxol can be extracted. These are the Pacific yew (Taxus brevifolia) of British

Columbia and the Canada yew (Taxus canadensis) of eastern Canada. The wild harvest is less now, because the
taxol can be synthesized in laboratories. This image is of Canada yew growing in Prince Edward Island. Source:
B. Freedman.
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Canadian Focus 7.1. Medicinal Plants

Plants and products derived from them have always been vital to human survival, being used as sources of food,
medicine, material, and energy. For instance, most foods eaten by people are the biomass of plants; the rest is
animal or microbial products, but even these are produced indirectly from plants. Moreover, useful products
are derived from a great richness of plant species—about 1,800 medicinal plants are commercially available in
North America, and perhaps 20,000 worldwide. All of these bio-products are potentially renewable resources
that can be harvested and managed on a sustainable basis (see Chapter 12).

Studies by anthropologists have repeatedly shown that Aboriginal peoples are intimately aware of useful
medicinal plants that grow within their local ecosystems. This “traditional ecological knowledge” is helpful in
identifying useful plants for further investigation by scientists. Nevertheless, only a small fraction of the
enormous richness of biodiversity has been investigated by scientists for its potential to supply us with useful
products. Because of the likelihood of discovering new bio-products, it is imperative that we continue to
engage in “bio-prospecting” research. Work of this sort is ongoing in many countries, including Canada. Canada
supports about 3,200 species of native plants, of which as many as 1,000 have been used for medicinal
purposes, mostly by Aboriginal peoples. Of this relatively large number, several tens of species have become
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widely enough used that they are of significant commercial value. Some of them are being cultivated to supply
the emerging herbal medicine markets, while others are still harvested from the wild. A few examples of
Canadian species that are of interest as medicinal plants include the following:

* Yarrow (Achillea millefolium) is a widespread perennial herb of disturbed habitats and meadows that can be
taken (often in capsule form) to treat the common cold, diarrhea, fever, and some other maladies, or used as
a poultice to stanch the flow of blood from wounds. It is easily cultivated or may be gathered from the wild.

e Purple coneflower (Echinacea pallida var. angustifolia) is a perennial herb of prairie habitats that is widely
drunk as a root extract. The root may also be chewed or taken in other forms to prevent or treat the common
cold, sore throat, bacterial infections, and other ills. It is easily cultivated and is one of the most widely used
herbal medicines in North America.

» Evening primrose (Oenothera biennis) is a widespread biennial herb of disturbed habitats and meadows that
may be taken as a whole-plant infusion to treat asthma and gastrointestinal disorders, or as a pressed-oil
product as a nutritional supplement. It is easily cultivated or can be gathered from the wild.

» Ginseng (Panax quinquefolius) is a perennial understorey plant of eastern hardwood forest that may be taken
as a root infusion as a general tonic or to treat headache, cramps, fever, rheumatism, and other maladies.
It is cultivated on a five- to seven-year rotation, and may be the most widely used herbal medicine in the
world. It should not be gathered from the wild because past over-harvesting has rendered it endangered.

* Pacific yew (Taxus brevifolia) is a tree-sized plant of the humid of the west coast, and Canada yew (T.
canadensis) a shrub of eastern forest. An extract of bark or leaves containing the chemical taxol has
proven useful in the treatment of certain malignancies, particularly ovarian and breast cancers. Biomass
for processing is gathered from wild plants, but local over-harvesting has been an issue in some areas.
Plantations of Pacific yew and other yews are being established to relieve the pressure on slow-growing
populations of wild plants.

* Cranberry (Vaccinium macrocarpon) is a widespread trailing shrub of bog wetlands that may be taken as
a pressed juice as a source of vitamin C, to treat urinary tract infections and kidney ailments, and for
other purposes for which its diuretic properties are useful. The species is extensively cultivated and is also
gathered from wild habitats.

Reference and Additional Information

Small, E. and P.M. Catling. 1999. Canadian Medicinal Plants. Ottawa, ON: NRC Research Press.

Deur, D. and N. Turner (editors). 2005. Keeping It Living: Traditions of Plant Use and Cultivation on the
Northwest Coast of North America. Seattle, WA: University of Washington Press.

Provision of Ecological Services

Biodiversity provides many ecological services that are critical to the stability and integrity of ecosystems as well as the
welfare of humans. They include nutrient cycling, biological productivity, control of erosion, provision of oxygen, and
removal of carbon dioxide and its storage as organic carbon. All of these services are critical to the welfare of people
and other species, but they are not usually assigned economic value. In part, this is because we do not yet have
sufficient understanding and appreciation of the “importance” of ecological services and of the particular species and
communities that provide them. According to Peter Raven, a famous botanist and advocate of biodiversity, “In the
aggregate, biodiversity keeps the planet habitable and ecosystems functional”

Intrinsic Value

Biodiversity has its own intrinsic value (or inherent value), regardless of any direct or indirect worth in terms of the
needs or welfare of humans. This value is fundamental to all elements of biodiversity, and is irreplaceable. This intrinsic
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value raises certain ethical questions about actions that threaten biodiversity. Do humans have the “right” to
impoverish or exterminate unique and irretrievable elements of biodiversity, even if our species is technologically able
to do so? Is the human existence somehow impoverished by extinctions caused by our actions? These are philosophical
issues, and they cannot be resolved by science alone. However, enlightened people or societies would not facilitate the
endangerment or extinction of species or natural communities.

Biodiversity Is Worthwhile

Many people firmly believe that wild biodiversity and natural ecosystems are worthwhile and important. They cite the
utilitarian and intrinsic values of biodiversity, but may also mention less tangible opinions, such as the charisma of
many species (such as wolves, pandas, and baby harp seals) and the spirituality of natural places (such as towering old-
growth forest and other kinds of wilderness). Because this belief is becoming increasingly widespread and popularized,
it is having a major influence on politicians, who are including biodiversity issues in their agendas for action—threats to
biodiversity have become politically important.

Undoubtedly, there is an undiscovered wealth of products of biodiversity that are potentially useful to humans. Many
of these bio-products will be found in tropical species that have not yet been “discovered” by biologists. Clearly, the
most important argument in favour of preserving biodiversity is the need to maintain natural ecosystems so they can
continue to provide their vast inventory of useful products and their valuable ecological services. In addition,
biodiversity must also be preserved for its intrinsic value.

Image 7.4. Landscapes and seascapes are spatial mosaics of various communities occurring at a large scale. This
landscape in Nova Scotia is characterized by a mosaic of conifer-dominated (dark green) and hardwood (bright
colours) stands of forest, plus lakes, streams, and wetlands. Source: B. Freedman.
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Classification of Organisms

Biologists classify species into higher-order groupings on the basis of their relatedness and similarities. Similarity is
judged using information about anatomy, development, biochemistry, behaviour, and habitat selection. These
classifications are made by systematists (biologists who study the evolutionary relationships among groups of
organisms) and taxonomists (who focus on naming groups of organisms).

The systematics of life is organized hierarchically, with levels ranging through subspecies, species, genus, family, order,
class, phylum, and kingdom. This system is illustrated in Table 7.2.

Table 7.2. Biological Classification. The hierarchical, systematic classification of organisms is illustrated by three
representative species.

Grouping Douglas Fir Monarch Butterfly Humans
Kingdom Plantae Animalia Animalia
Phylum Coniferophyta Arthropoda Chordata
Class Gymnospermae Insecta Mammalia
Order Coniferales Lepidoptera Primates
Family Pinaceae Danaidae Hominidae
Genus Pseudotsuga Danaus Homo
Species menziesii plexippus sapiens

Scientific name Pseudotsuga menziesii  Danaus plexippus Homo sapiens

A species is described using two Latinized words, known as a binomial. If a subspecies is also recognized, the name has
three Latin words (such as Pseudotsuga menziesii glauca, the interior form of the Douglas-fir).

Many species also have a scientifically recognized “common name,” and they may also have informal common names.
For example, the scientifically recognized common name of the widespread tree Populus tremuloides is trembling
aspen, but this species is also known as aspen, golden aspen, mountain aspen, poplar, quaking asp, quaking aspen,
trembling poplar, and that old-time favourite, “popple.” Some of the common names have only a local use and are
unknown in other parts of the range of the species. Common names may also overlap among species—for instance,
both the balsam poplar (Populus balsamifera) and large-toothed aspen (P. grandidentata) are often called “poplar”

To avoid the ambiguities associated with common names, species are assigned a globally recognized binomial and
sometimes a “proper” common name. Because of this system, biologists working in Canada, the United States,
Germany, Turkey, Russia, China, and other countries where the animal Ursus arctos occurs all know it by its binomial.
In English, this animal is known as the grizzly or brown bear, and in other languages by other common names. But no
one is confused by its scientific binomial name.

The Organization of Life

Most biologists divide all of Earth’s species into five major groups, known as kingdoms. Although somewhat
controversial and subject to ongoing refinement, this systematic organization is believed to reflect the evolutionary
relationships among groups of organisms. The kingdoms and their major characteristics are briefly described below.

Chapter 7 ~ Biodiversity | 123



Monera

Monerans are the simplest of single-celled microorganisms and include bacteria and blue-green bacteria, the latter
being photosynthetic. They are prokaryotes, because their genetic material is not contained within a membrane-
bounded organelle called a nucleus. Organisms in the other kingdoms have nuclei within their cells and are called
eukaryotes. Prokaryotes also do not have other kinds of organelles, such as chloroplasts, flagella, or mitochondria.
They were the first organisms to evolve, about 3.5 million years ago. It was not until 1.5 billion years ago that the first
eukaryotes appeared.

At least 7,643 species of bacteria have been named (Table 7.1), but there are many additional species that have not yet
been described by microbiologists. The diversity of bacteria includes species capable of exploiting a phenomenal range
of ecological and metabolic opportunities. Many are decomposers, found in “rotting” biomass. Some species are
photosynthetic, others are chemosynthetic, and still others can utilize virtually any organic substrate for their
nutrition, either in the presence or absence of oxygen. Some bacteria can tolerate extreme environments, living in hot
springs as torrid as 78°C, while others are active as deep as 400 m in glacial ice.

Many bacterial species live in mutually beneficial symbioses (mutualisms) with more-complex organisms. For example,
some live as a community in the rumens of cows and sheep, and others live in the human gut, in both cases aiding in
the digestion of food. Other bacteria, known as Rhizobium, live in the roots of leguminous plants (such as peas and
clovers), where they fix atmospheric nitrogen gas into a form (ammonia) that plants can use as a nutrient (see Chapter
5).

Many bacteria are parasites of other species, causing various diseases. For example, Bacillus thuringiensis is a
pathogen of moths, butterflies, and blackflies and has been used as a biological insecticide against certain pests in
agriculture and forestry. Species of bacteria also cause important diseases of humans, including cholera, diphtheria,
gonorrhea, Legionnaire’s disease, leprosy, pneumonia, scarlet fever, syphilis, tetanus, tooth decay, tuberculosis,
whooping cough, most types of food poisoning, and the “flesh-eating disease” caused by a virulent strain of
Streptococcus.

Protista

Protists include a wide range of simple, eukaryotic organisms, comprising both unicellular and multicellular species.
Protists include foraminifera, protozoans, slime moulds, and single-celled and multicellular algae. The latter group
includes the large seaweeds known as kelps, some of which are over 10 m long. The kingdom Protista consists of 14
phyla and about 60,000 named species, which vary enormously in their genetics, morphology, and function. Many
biologists believe that the Protista is a catch-all group of not-so-closely related groups. It is likely that the protists will
eventually be divided into several kingdoms because of accumulating evidence of key differences among groups and
recognition that the other, more-complex eukaryotic kingdoms (fungi, plants, and animals) evolved from different
protistan ancestors.

Several phyla of protists, broadly known as algae, are photosynthetic. These groups include the diatoms
(Bacillariophyta), green algae (Chlorophyta), dinoflagellates (Dinoflagellata), euglenoids (Euglenophyta), red algae
(Rhodophyta), and brown algae such as kelps (Phaeophyta). Algae are important primary producers in marine and
freshwater ecosystems. Some seaweeds are harvested to extract chemicals known as alginates, which are important
additives to many foods and cosmetics. Uncommon marine phenomena known as “red tides” are blooms of certain
dinoflagellates that produce extremely toxic metabolites.

Other phyla of protists are heterotrophic in their nutrition. These groups include the ciliates (Ciliophora), forams
(Foraminifera), slime moulds (Myxomycota), amoebae (Rhizopoda), and unicellular flagellates (Zoomastigina). Forams
are unicellular microorganisms that form an architecturally complex shell of calcium c