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Authors’ introduction to
third edition

Welcome to Environmental Systems and Societies (ESS) for the IB Diploma Programme.
We hope you enjoy the course. This book is designed to be a comprehensive coursebook,
covering all aspects of the syllabus at both Standard Level (SL) and Higher Level (HL). It
will help you prepare for your ESS examinations in a thorough and methodical way as it
follows the syllabus outline section by section, explaining and expanding on the material
in the course subject guide. Links between different parts of the syllabus are emphasized,
and key facts essential to your understanding are highlighted throughout.

Each chapter covers one topic from the syllabus and, within each chapter, each
subtopic and piece of content is named and numbered following the ESS subject guide.
This makes the book readily accessible for use and reference throughout the course.
There are also short chapters offering advice on completing the Internal Assessment
(IA), writing the Extended Essay (EE), Theory of Knowledge (TOK) as applied to ESS
and developing examination strategies. In addition, there is an appendix in the eBook
covering basic statistics and data analysis, along with additional skills content.

At the end of each subtopic, you will find questions to test your knowledge and
understanding of that part of the course. At the end of each chapter, there are practice
exam-style questions so that you can test yourself against the type of questions you
will find in your external assessments. You can self-assess your answers using the
mark-schemes that can be found in the eBook.

The nature of ESS

The ESS course recognizes that to understand the environmental issues of the
21st century, and suggest suitable management solutions, both the human and
environmental aspects must be studied. The issues you will cover are complex and
include the actions required for the fair and sustainable use of shared resources.

ESS is an interdisciplinary course that is now offered at both SL and HL and is included
in two subject groups in the IB Diploma Programme: ‘Individuals and societies’ and
the ‘Sciences’. Various disciplines from the sciences and social sciences come together
in ESS. These include biology, ecology, chemistry, economics, geography, psychology,
physics, philosophy, anthropology and sociology. The ESS course therefore combines
a mixture of methodologies, techniques and knowledge associated with individuals
and societies and the sciences.

It is a multifaceted course that will require you to develop a diverse set of knowledge
and skills, enabling you to explore the cultural, economic, political and social
interactions of societies with the environment. It demands the scientific rigour
expected of an experimental science.

The individuals and societies approach balances a scientific approach with a
human-centred perspective that examines environmental issues from a social and

Vii
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Introduction

cultural viewpoint. Throughout this book you will look at the environment from

the perspective of human societies and assess their response in light of the scientific
framework used in environmental sciences. As a result of studying this course you will
become equipped with the ability to recognize and evaluate the impact of societies on
the natural world. This book therefore looks at environmental issues from economic,
historical, cultural and socio-political viewpoints, as well as a scientific one, to provide
a holistic understanding from the various topics studied.

The aims of the ESS course and this book are to enable you to:

* develop an understanding of your own environmental impact, in the broader
context of the impact of humanity on the Earth and its biosphere

 develop knowledge of diverse perspectives to address issues of sustainability

* engage and evaluate the tensions around environmental issues using critical thinking

* develop a systems approach to provide a holistic lens for the exploration of
environmental issues

* be inspired to engage in environmental issues across local and global contexts.

A conceptual approach

Concepts allow you to network knowledge across the course, providing a framework
for integrated thinking. Concepts allow you to see patterns and connections of
knowledge across the syllabus. A conceptual approach allows you to apply ideas across
different situations and will strengthen your fundamental understanding of ESS.

The ESS syllabus is structured around three key concepts: perspectives, systems and
sustainability:

*  Perspectives are how particular situations are viewed and understood by an
individual. Personal perspectives give rise to a wide range of different positions on
environmental and social issues. Perspectives also influence people’s choices and
actions, and these can have a real-world impact. By understanding this complexity,
you will be able to consider how to make effective progress on complex issues such
as the sustainable use of natural resources.

* Asystemis a collection of parts and the relationships between them, which together
constitute an entity or whole. The interdependent components of systems are
connected through the transfer of energy and matter, with all parts linked together
and affecting each other. Examples of systems, with increasing levels of complexity,
include particles, atoms, molecules, cells, organs, organ systems, communities,
ecosystems, biomes and the Earth. The systems approach used in ESS is discussed
further later in this section.

o Sustainability refers to the use of natural resources in ways that do not reduce or
degrade them so that they are available for future generations. This is central to an
understanding of the nature of interactions between environmental systems and
societies. Social, cultural and political issues related to sustainability are covered
in the course, for example, the value and conservation of traditional ecological
knowledge. Throughout the book, we look at resource management issues and
show that these are essentially issues of sustainability.

The ESS key concepts are embedded throughout the course.



Distinction between SL and HL

Both SL and HL students gain an understanding of the complexities of environmental
issues, solutions and management during the ESS course. Common features of the
course at both SL and HL include:

a concept-based syllabus that promotes holistic thinking about strategies to
address environmental issues

a foundation topic (Topic 1) that introduces and explores the three key concepts

a common internal assessment (IA)

the collaborative sciences project, where you work with other students across all
the IB Sciences to explore a real-world problem.

The SL course provides a fundamental understanding of ESS and experience of the
associated skills. The HL course requires additional breadth and depth, underpinned
by an exploration of ethical, legal and economic issues relating to the environment
(HL lenses). Suggested connections between the HL lenses and Topics 1-8 are made
throughout the course and this book. Lenses provide added dimensions when
studying ESS.

Approaches to ESS

The systems approach

The central concept of the ESS course is the systems approach to environmental
understanding and problem solving. The systems approach is explained in detail

in Topic 1 and is used throughout the book. Science often uses a reductionist
approach to examine phenomena, breaking a system down into its components
and studying them separately. Environmental science cannot work in this way,

as understanding the functioning of the whole topic, for example an ecosystem,

is essential. Therefore, a holistic approach is needed. The traditional reductionist
approach of science tends to overlook or understate this important holistic quality.
Furthermore, the systems approach is common to many disciplines including
economics, geography, politics and ecology. The approach emphasizes the
similarities between all these disciplines in the ways in which matter, energy and
information flow, and allows common terminology to be used when discussing
different systems and disciplines. This approach, therefore, integrates the
perspectives of different subjects. Throughout this book, the integrated nature of the
approach is stressed by examining the links between different areas of the syllabus
and between different disciplines.
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Local and global approaches

Appreciation of your local environment will enable you to understand these issues
from alocal perspective, through carrying out fieldwork in nearby ecosystems and
research on local issues. Certain issues, such as resource and pollution management,
require a national or regional perspective, whereas others, such as global warming,
require an international perspective. This book explores all these perspectives in detail.
On a broader scale, the ESS course naturally leads us to appreciating the need for a
global perspective, since the resolution of the major environmental issues rests heavily
on international relationships and agreements.

Real-world examples and key facts are used throughout the course to illustrate how the
course content applies to the real world. These examples illustrate information being
tied to a specific time and place. Examples provide you with authentic illustrations

of environmental issues which underpin the content and concepts of the course. By
doing so, they deepen your understanding of the complexities that are being studied.

The application of skills

There are many skills needed to study the ESS course successfully. These skills include
experimental techniques, technology, mathematical and inquiry skills, and the
constructing and interpretation of systems diagrams. Skills are at the heart of the ESS
syllabus and emphasize the practical nature of the subject. By actively applying these
skills in context you are more likely to develop and retain an understanding of how
these skills can be realized.

Holistic evaluation and human impact

The systems approach, along with the interaction between environmental systems
and societies, encourages a holistic appreciation of the complexities of environmental
issues. This course requires you to consider the costs and the benefits of human
activities to the environment and to societies, over the short and long term, as well

as on a local and global scale. In doing so, you will arrive at informed personal
viewpoints. This book explains how you can justify your own position and appreciate
the views of others.



Key to boxes

In the book you will see a number of coloured feature boxes. Each type provides
different information and stimulus, as you can see in the following examples.

Guiding questions are listed at the beginning of each section. These are the
overarching ideas that define and encapsulate the learning within each subtopic.

How can the systems approach be used to model environmental issues at
different levels of complexity and scale?

Each subtopic is divided into numbered understandings, which contain content
statements. Each topic follows these numbered understandings in order.

1.2.1 Systems are sets of interacting or interdependent components.

1.2.2 A systems approach is a holistic way of visualizing a complex set of interactions, and it
can be applied to ecological or societal situations.

1.2.3 In system diagrams, storages are usually represented as rectangular boxes and flows as
arrows, with the direction of each arrow indicating the direction of each flow.

1.2.4 Flows are processes that may be either transfers or transformations.

The green key fact boxes highlight the key information in the section you are reading.
This makes them easily identifiable for quick reference. The boxes also enable you to
identify the core learning points within each section.

Weblink boxes direct you to relevant website(s) using QR codes. On these web
pages, you will find additional information to support the topic such as video
simulations and background reading recommendations.

Hints for success provide insights into what you need to know or how to answer
a question. These boxes also identify common pitfalls when answering questions
and suggest approaches that examiners like to see. These boxes highlight the
applications and skills you are expected to have covered, so you know what you
need to revise for exams.

The central concepts of the ESS course are perspectives, systems and sustainability.
Concept boxes highlight appropriate places in each chapter where these concepts
are especially relevant, to put these central ideas into context. Issues encountered in
the course, such as resource management, conservation, pollution, globalization and
energy security, are linked to these concepts.
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Biosphere refers to the
part of the Earth inhabited
by organisms, that extends
from upper parts of the
atmosphere to deep in the
Earth’s crust.

To learn more about
conservation of the
Antarctic Ocean
ecosystem, go to the
CCAMLR website.

You are expected to be

able to construct a system
diagram or a model from
a given set of information.

An EVS might be
considered as a system in
the sense that it may be
influenced by education,
experience, culture and
media (inputs) and involves
a set of interrelated
assumptions, values

and arguments that can
generate judgements,
positions, choices and
courses of action (outputs).
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In what ways do values
affect the production of
knowledge?

Acronyms are formed
from the first letter or first
few letters of each word
in a phrase or title. Using
such shortened forms can
speed up communication.
International conventions
widely use acronyms.

Activities in one part
of the globe may lead
to a tipping point that

influences the ecological
equilibrium elsewhere
on the planet. For
example, fossil fuel use in
industrialized countries
can contribute to global
warming, the impacts

of which may be seen
elsewhere, such as the
desertification of the
Amazon basin.
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In addition to the Theory of Knowledge (TOK) chapter, there are TOK boxes
throughout the book. These boxes are there to stimulate thought and consideration of
any TOK issues as they arise in context. Many TOK boxes are focused on a knowledge
question (in bold text), which your TOK exhibition and TOK essay are centred on.
Often, TOK boxes will also contain other questions to stimulate your thoughts and
discussion.

Interesting fact boxes contain additional background information that will add to
your wider knowledge of the issues being discussed.

International-mindedness is important to the IB. Global context boxes indicate
examples of international contexts within the area of study. The information given
offers you the chance to think about how ESS fits into the global landscape.

Examples are self-contained real-world situations that enable you to apply
understandings to a specific context.

Example - Biosphere 2

Biosphere 2 is an experiment modelling the Earth as a closed system. It was
constructed in Arizona between 1987 and 1991 and enables scientists to study

the complex interactions of natural systems such as the constantly changing
chemistry of the air, water and soil within the greenhouses and the possible use of
closed biospheres in space colonization. It allows the study and manipulation of a
biosphere without harming the Earth. The project is still running and has resulted
in numerous scientific papers. Results have shown that small, closed ecosystems
are complex and vulnerable to unplanned events, such as fluctuations in CO, levels
experienced during the experiment, a drop in O, levels due to soils over-rich in soil
microbes and an over-abundance of insect pests that affected food supply.

Skills boxes allow you to learn about the techniques and methodologies that are used
in ESS and encourage you to apply these skills in context. These skills and techniques
must be experienced through the ESS course and are encompassed within the tools
and inquiry process in the IB ESS subject guide. These skills will be useful when you
carry out your [A.



@ Use diagrams representing examples of negative feedback

Diagrams can be used to show negative feedback in systems. Consider the figure below. If high
winds blow down a tree in the rainforest, a gap is left in the canopy and more light reaches the
forest floor. This encourages new growth. The rates of growth are rapid as light levels are high, so
new saplings compete to take the place of the old tree in the canopy and equilibrium is restored. In
this way, negative feedback and succession have closed the gap.

closed
canopy in

rainforest

young trees
compete for light wind blows
and to replace the down old tree
old tree

more light at
the forest
floor

growth of
young trees

Predator-prey relationships provide another example of negative feedback.

Activity boxes provide opportunities for you to actively explore the subject of ESS
and to develop your own answers to key questions. By learning through action, you are
more likely to develop and remember both skills and understandings from the course
and, as a result, be more able to apply your knowledge in novel situations.

Find out about another example of ecosystem collapse caused by the unsustainable
use of natural resources. Produce a presentation to show to the rest of your class.
What were the causes of the collapse and what solutions were used to reverse the
decline? Did the solutions work?

Connection boxes make links between the topic you are studying and other parts of
the course. This enables you to network your knowledge of ESS and form a holistic
understanding of the course.

Some connection boxes refer to the HL lenses, enabling you to make links to material
in Topics 1-8 if you are studying the HL course.

2.1 Individuals,
populations, communities,
and ecosystems

2.5 Zonation, succession
and change in ecosystems
6.2 Climate change -
causes and impacts

7.2 Energy resources,

use and management

8.3 Urban air pollution

HL boxes include information relevant to HL students.
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¢ Environmental

ethics

Throughout the IB ESS

course, you will use
quantitative data to
discover when and if

boundaries have been

Xiv

crossed.
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Introduction

HL labels are used to indicate the beginning and end of HL material, so that it can
easily be distinguished from SL content.

Challenge yourself boxes offer you opportunities to extend your knowledge and
understanding of the subject.

Challenge yourself

Consider how sustainability and environmental justice can be applied at a range
of levels from you as an individual, through to the global scale such as the UN
Sustainable Development Goals. Create a chart showing how sustainability and
environmental justice can be applied at each scale: individual, community, city,
country and global.

Engagement activities are found at the end of each subtopic. These boxes suggest
ways in which you can engage and act meaningfully on environmental issues both
locally and globally and aim to empower you to act on issues you learn about during
the course. These activities may be a foundation for creativity, activity, service (CAS)
activities within the Diploma Programme (DP), whereas others may be a starting point
for individual or whole-school action.

Engagement

» Within your class, select an environmental issue. Divide yourselves into three
groups — one group discusses technocentric solutions to the issue, another
group discusses anthropocentric solutions and the third group discusses
ecocentric solutions. Each group should develop arguments to support their
perspective. Now debate the environmental issue within your class, from each
of the different perspectives. You may want to select one person, or your teacher,
to mediate the debate.

Questions

Exercise questions are also found at the end of each subtopic. These questions allow
you to apply your knowledge and test your understanding of what you have just been
reading. All the answers to these questions can be found in the eBook.

Q1. Distinguish between perspectives, values and worldviews.
Q2. (a) State what is meant by an environmental value system (EVS).

(b) List three inputs and three outputs to an EVS.



Exam-style practice questions are found at the end of each topic. They are mostly
taken from previous years’ IB examination papers. The answers to these questions can
be found in the eBook. These questions, along with the exercises, can be used to help
you revise and prepare for your exams.

Practice questions

1. (a) Describe biotic and abiotic factors with reference to a named
ecosystem. (4]

(b) Using a system diagram, explain the transfer and transformation
of energy as it flows through an ecosystem. [7]

(Total 11 marks)

The eBook

You can find the following resources in the eBook or online:

» worksheets including extension exercises, suggestions for the IA, revision, or other
sources of information

e answers to all of the exercise and practice questions in the book
* aglossary that includes definitions of all of the keywords printed in bold in the book.

* interactive quizzes, which can be used to help test your understanding and give you
the change to practice answering exam style questions can be found on the Exercise
tab of your eBook (see screenshot below)

Activel.earn BEEERNE Tasks Planv  Assess v Reports v Admin

Pearson Science for the IB Diploma 3rd edition

The journey ahead

The ESS is a unique course that will enable you to understand and make decisions
regarding the pressing environmental issues faced by humanity. A conceptual and
interdisciplinary approach is essential to problem-solving in ESS and this course and
book will enable you to use truly holistic thinking in order to address environmental
and societal challenges faced in the 21st century.

Now you are ready to start. Good luck with your studies.

Andrew Davis and Garrett Nagle
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Foundation

Topic 1.1 Perspectives

How do different perspectives develop?

How do perspectives affect the decisions we make concerning environmental
issues?

1.1.1 A perspective is how a particular situation is viewed and understood by an individual.
It is based on a mix of personal and collective assumptions, values and beliefs.

1.1.2 Perspectives are informed and justified by sociocultural norms, scientific
understandings, laws, religion, economic conditions, local and global events, and lived
experience, among other factors.

1.1.3 Values are qualities or principles that people feel have worth and importance in life.

1.1.4 The values that underpin our perspectives can be seen in our communication and
actions with the wider community. The values held by organizations can be seen through
advertisements, media, policies and actions.

1.1.5 Values surveys can be used to investigate the perspectives shown by a particular social
group towards environmental issues.

1.1.6 Worldviews are the lenses shared by groups of people through which they perceive,
make sense of and act within their environment. They shape people’s values and perspectives
through culture, philosophy, ideology, religion and politics.

1.1.7 An environmental value system is a model that shows the inputs affecting our
perspectives and the outputs resulting from our perspectives.

1.1.8 Environmental perspectives (worldviews) can be classified into the broad categories of
technocentric, anthropocentric and ecocentric.

1.1.9 Perspectives and the beliefs that underpin them change over time in all societies. They
can be influenced by government or non-governmental organization (NGO) campaigns or
through social and demographic change.

1.1.10 The development of the environmental movement has been influenced by individuals,
literature, the media, major environmental disasters, international agreements, new

technologies and scientific discoveries.

1.1.1 A perspective is how a particular situation

is viewed and understood

Perspectives are how
particular situations are
viewed and understood by
an individual. Perspectives
are based on a mix of

Before the photo in Figure 1.1 was taken, the Earth had seemed vast, with almost
limitless resources. But once people saw the image of Earth suspended in space,
with the Moon much larger in the foreground, they gained an appreciation of the
vulnerability of the planet and its uniqueness in the Solar System and the Universe
beyond.

personal and collective
assumptions, values
and beliefs.




Activity

The NASA missions of the 1960s and 1970s produced memorable images of the
Earth that had never been seen before.

Few photos can have had a greater impact than the one shown in Figure 1.1, which
was taken by NASA's Apollo 8 mission on 24 December 1968.

What thoughts and ideas does this image inspire? Take a moment to write down

your thoughts.

Now think about the following questions:

1. How might the image shown in Figure 1.1 have affected the public viewpoint or
perspectives for the people who first saw it?

2. The Earth is known as a ‘Goldilocks planet’. Why do you think this may be so?
Find out why the terms ‘Goldilocks planet’ or ‘Goldilocks zone’ are used.

3. What issues are being caused by humanity on planet Earth?

4. Are these issues being solved? If not, why not?

The image changed peoples’ perspectives of the Earth and the life that exists on it.

A perspective is the way in which an individual views and understands a particular
situation. Perspectives are based on a range of personal and collective assumptions,
values and beliefs. The image in Figure 1.1, along with other images taken of the Earth
from space, led to a greater understanding of its fragility and the limitation of natural
resources and were instrumental in the development of the environmental movement
(this topic, Section 1.1.10). Personal perspectives give rise to a wide range of different
positions on environmental issues and on social ones. Perspectives also influence

people’s choices and actions.

< Figure 1.1 Earthrise from
the Moon. This photograph
was taken during the
Apollo 8 mission of
21-27 December 1968.

What challenges are raised
by the dissemination of
knowledge?

The nineteenth-century
British fairy tale Goldilocks
and the Three Bears has
become associated with
the concept of

ideal conditions.

Liquid water is one of the
necessities for life. The
metaphor ‘Goldilocks
planet or ‘Goldilocks zone’'
describes a planet or region
in which the temperatures
are neither too hot nor

too cold for liquid water to
exist. These conditions are
determined by the distance
between the planet and its
nearest star.

Metaphors are often
used to explain complex
scientific ideas in a simple
way. Scientists also use
metaphors to develop
hypotheses, interpret
results and discuss
scientific phenomena.
Metaphors are only
effective in communities
where their meaning

is understood. One

of the challenges of
disseminating knowledge
is using language

and contexts that are
understood by all.
Western nations will
know Goldilocks and the
Three Bears and the idea
of conditions that are
Yjust right' but is it truly
worldwide knowledge?



Figure 1.2 Coal mine near
Gillette, Wyoming, USA.

A

Figure 1.3 Tropical islands
and atolls in the Maldives,
Indian Ocean.

Itis important to
distinguish between

a perspective and

an argument. An
argument is different
from a perspective.
Arguments are made to
support a personally held
perspective or to counter
a different one.

Foundation

1.1.2 Informing and justifying perspectives

Perspectives are informed and justified by sociocultural norms, scientific
understandings, laws, religion and economic conditions. Perspectives are also affected
by local and global events and lived experience, among other factors. Take, for
example, someone who is brought up in a coal-mining town in the United States of
America (USA). Coal continues to be a major source of energy in the USA (Figure 1.2),
despite many alternative energy resources being available and the known impact of
burning fossil fuels on the environment. The two largest coal mines in the USA are
the North Antelope Rochelle and Black Thunder mines in Wyoming. Together, these
two mines produced 22% of total coal production in the USA in 2022. The nearest city
to North Antelope Rochelle mine is Gillette, Campbell County, the so-called ‘Energy
Capital of the Nation’. There are other mines near Gillette, including the Eagle Butte
mine that is located 11 km north of Gillette. One in three households in Campbell
County includes a household member who works in the coal mine or support services
and therefore relies either directly or indirectly on the coal industry for income.

A person from Gillette may see the role of the mine as an important employment
opportunity for the local population. They would also be concerned about the
reduction in coal use throughout the USA, which has led to a decline in the

local economy.

Now take, in contrast, an individual island from the Maldives (Figure 1.3). The islands
that make up the country extend more than 820 km from north to south and 130 km
from east to west. The islands have an average elevation of only 2 m above sea level
and so the Maldives is one of the lowest-lying countries in the world. No ground
surface is higher than 3 m above sea level and 80% of the land area is less than 1 m
above the average sea level. Due to climate change, the sea level in and around the
Maldives has been rising at a rate of 0.8-1.6 mm per year since 1950. Because most
of the land mass is only slightly above sea level, small changes in sea level can have
extensive effects, leading to flooding and loss of land. Rising seas threaten homes
and industries near the coast. More than 90 of the 187 inhabited Maldives islands
experience annual floods.

The life experience of a person whose home is regularly flooded due to rising tides
is going to have an effect on their perspective on the use of fossil fuels that is very
different to that of a person from a mining town in the USA. The combustion

of fossil fuels such as coal results in the emission of greenhouse gases such as
carbon dioxide (CO,) (Topic 6, Section 6.2.2). These greenhouse gases contribute
to global warming and climate change. A person from the Maldives, who has
direct knowledge and experience of the effects of climate change, may have the
perspective that climate change is an important factor that is affecting the way
they live their daily life and that urgent action is needed to mitigate the effects of
global warming.



1.1.3 Values

Values are deeply held beliefs focused on the things that people see as important or
desirable in life. Values can be moral, cultural, economic or environmental. Values

affect people’s priorities, judgements, perspectives and choices. Values are individually

held but are shared with, and shaped by, others in a community.

1.1.4 Showing values

A person who has had direct experience of climate change, such as rising sea levels
and flooding of their home or business, may form personal values that reflect this
lived experience. They may see the decisions about action needed to tackle climate
change through the reduction of fossil fuels use and a move to more sustainable
generation of energy as an important priority. In contrast, someone who has a
family member who has lost their job due to a reduction in coal mining may have
different values that are instead centred around the ongoing use of fossil fuels to
maintain the local economy.

The values that underpin our perspectives can be seen in our communication
and actions with the wider community. For example, an individual in the
Maldives may be involved with local action to promote the threat from climate
change and the need to move to renewable energy resources away from fossil
fuels. The values held by businesses and other organizations can be seen through
advertisements, media, policies and actions. For example, businesses that value
sustainable development (this topic, Section 1.3.6) will promote their use of
sustainable products.

1.1.5 Values surveys

Values surveys can be used to investigate the values underpinning the perspectives
shown by a particular social group. They can be used to recognize the values

underpinning the perspectives toward a particular environmental issue and assess how

these values are likely to impact the issue.

A questionnaire is a document that asks the same questions of all individuals in the
sample. A questionnaire is a very useful tool for investigating patterns, trends and
attitudes. It is often used to complement information obtained by other techniques
such as observation. Questionnaire surveys involve both setting questions and
obtaining answers.

O O O — mh

Values are qualities or
principles that people
feel have worth and
importance in life.

Your perspectives affect
the philosophy of your
life through which you
perceive and make
sense of the world. They
structure your beliefs,
which in turn form the
foundations of your
values. Your values then
influence the judgements
and choices you make,
which in turn affect the
actions you take.

Different values often
lead to tensions
between individuals and
organizations.

You need to know how

to design surveys that can
be used with a particular
social group to investigate
the values underpinning
their perspectives toward
a particular environmental
issue and assess how these
values are likely to impact
the issue.

Questionnaires can

be used to correlate
worldviews/perspectives
with attitudes toward any
particular environmental
or sustainability issues.
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Do not work alone

when collecting data by
approaching people in

a public place, even if
you are working on an
individual ESS project.
Always work in small
groups when carrying
out questionnaires or
interviews or at least have
one of your classmates
visible. Always make sure
you are carrying a fully
charged cell phone so you
can contact other people
if needed.
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Design and carry out questionnaires, surveys and interviews

The questionnaire survey is probably the most popular method of obtaining primary data in
human geography. In the wider world, questionnaires are used for a variety of purposes, including
market research by manufacturing and retail companies and testing public opinion prior to political
elections. Questionnaires may contain:

» closed questions with a fixed choice of answers to generate data for easy analysis
*  open questions with space to give any answer for more detailed individual answers

* scale questions that are used to ask respondents whether they agree or disagree with several
statements, to rate items on a scale or to rank items in order of importance or preference.

One of the most important decisions is the number of questionnaires you are going to use in your
sample. Remember, if you do not have a high enough number of questionnaire responses, you will
not be able to draw reliable conclusions. For extensive studies, such as those used for an Internal
Assessment (IA), 25 questionnaires is probably the minimum you would need to draw reasonable
conclusions, as this enables you to assess variation in the data. On the other hand, in larger studies,
it is unlikely you would have time to carry out more than 100 questionnaires unless you were
collecting data as part of a group.

A good questionnaire:

* has a limited number of questions that take no more than a few minutes to answer

* s clearly set out so the questioner can move quickly from one question to the next as people
do not like to be kept waiting; careful use of tick boxes can help meet this objective

e s carefully worded so that the respondents are clear about the meaning of each question

» follows a logical sequence so that respondents can see ‘where the questionnaire is going’;
if a questionnaire is too complicated and long-winded people may decide to stop halfway
through

*  avoids questions that are too personal

*  begins with the quickest questions to answer and leaves the longer/more difficult questions to
the end

* reminds the questioner to thank respondents for their cooperation.

Questionnaires have some disadvantages. For example:

* The response rate may be lower than you anticipate. Many people may not want to cooperate
for a variety of reasons. Some people will simply be too busy, others may be uneasy about
talking to strangers, while some people may be concerned about the possibility of identity theft.

*  Research has indicated that people do not always provide accurate answers in questionnaires.
Some people are tempted to give the answer that they think the questioner wants to hear or the
answer they think reflects well on them.

*  Questionnaires are not suitable to investigate long and complex issues.

As with other forms of data collection, it is advisable to carry out a brief pilot survey first. It could be
that some words or questions that you find easy to understand cause problems for other people.
Amending the questionnaire in the light of the pilot survey before you begin the questionnaire in
full will make everything go much more smoothly.

Traditionally, questionnaires were delivered using the following methods:

* Approaching people in the street or in another public place.

*  Posting questionnaires to people. This method is costly and experience shows that response
rates are rarely above 30%. Another disadvantage of this method is that it is not possible to ask
for clarification if some responses are unclear.

Today, online collaborative survey tools exist to devise and collect data from questionnaires.
Examples include SurveyMonkey, SmartSurvey and Google Forms, among others. These tools
support group collaboration and allow users to work together effectively and collate data. Features
of these tools focus on collaboration, coordination and communication. To create an online
questionnaire, you must first decide on your research goals: what are your survey objectives and
the expected outcomes? You then create a list of questions, invite participants (via email), gather
the responses from those who have taken part, analyse the results and form a conclusion for your
final report.



Environmental attitudes: Shades of green

Attitudes towards the environment can vary a great deal depending on age, gender, place in
society, upbringing, education and many other factors. Showing different environmental values
visually in graph or chart form can summarize complex information in a simple yet effective way. A
good way of illustrating different attitudes to the environment is by using different shades of green
to represent different environmental values, with a pale shade indicating less awareness and a
darker shade indicating greater engagement. This was done in an online survey of homeowners in
the USA (Figure 1.4).

Green consumers by age <« Figure 1.4 Pie charts with
different shades of green to
represent different
environmental values.

Green consumers by income

20%

21%

under $50,000 §75,000-$99,900

$50,000-$74,900 $100,000 or more

Key
[T] No awareness/non-active [l Good awareness/slightly active  [ll Excellent awareness/enthusiastic promotion
[ Slight awarenessineutral [l Very good awareness/active promotion

The survey shows that those homeowners represented by the darker shades make up a minority
of the total population meaning that environmental concerns are limited and not yet a compelling
driver of green choices. Dividing personal value systems into shades of green provides a visual way
of summarizing the views of society in relation to the environment.

Sample questionnaire

The questionnaire accessed from this page of your eBook can be used to explore the environmental >
attitudes of different groups in your school or community.

You can also use and develop ‘behaviour-over-time’ graphs to show lifestyle changes (this topic,
Section 1.1.9, page 16). ‘

Interviews

Interviews consist of a series of pre-planned oral questions by the interviewer and oral responses
by the research participant. Interviews involve more detailed interactions than questionnaires, so
will generally involve talking to a relatively small number of people. For example, a study aiming to
find out why six different companies chose to locate on a specific industrial estate might involve
interviews with the directors of those six companies. An interview involves a greater depth of
discussion than a questionnaire, although you should still have pre-planned questions. Interviews
enable you to ask open-ended questions that generate data that is more detailed than those
generated by questionnaires. Interviews are thus more likely to produce unexpected responses than
questionnaires.



A worldview or
paradigm shapes the
way a group of people
perceive and evaluate

environmental issues. It is
influenced by the cultural,
religious, economic and
sociopolitical context.
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A good interview will be based on preparatory stages like those used for a questionnaire. As the
number of people interviewed will be relatively small, it is even more important that you are able to
justify your choice of sample. For example, if you are investigating a controversial issue where there
are three obvious interest groups, you will need to ensure that your interviews give equal coverage
to each group. It can be a good idea to record interviews but make sure that you always ask the
interviewee’s permission first. It might be the case that a potential respondent may not be able to
offer a face-to-face interview but is instead willing to offer a telephone/online interview. This should
not present a problem, although it will be important to state that this was a telephone interview in
your analysis and to note any limitations that this mode of communication created compared to
your face-to-face interviews.

Activity

Develop a questionnaire to explore the environmental attitudes of different groups in
your school or community. The questionnaire could be used to examine different age
ranges (as shown in the study above), different genders, or some other factor.

Plot pie charts to illustrate your data.

*  What conclusions can you draw from your data? Discuss your results.
*  What were the problems with your method? What effect(s) may these

limitations have had on your data? How could you improve the method if you
were to do the survey again?

1.1.6 Worldviews

Worldviews are the lenses shared by groups of people through which they perceive,
make sense of, and act within, their environment. This contrasts with perspectives,
which is how a particular situation is viewed and understood by an individual.
Worldviews refer to how societies see the world and how people’s values and
perspectives are shaped through culture, philosophy, ideology, religion and politics.

In the past, perspectives would have been influenced by a worldview that was
established within a local community or context. With the development of the
internet and social media, a person’s perspective can be influenced by a far greater
variety of worldviews than just those of the local community. Consequently, models
that attempt to classify perspectives, though helpful, are invariably inaccurate as
individuals often have a complex mix of positions.

Different types of society have different worldviews.

Example - Abrahamic and Buddhist societies

The view of the environment in Abrahamic religions is one of stewardship, where
humans have a role of responsibility towards the Earth. For example, the Genesis

story suggests that God gave the planet to humans as a gift. Other biblical stories

indicate that humanity should make the most of this gift as stewards.



This contrasts with the Buddhist approach to the environment, which sees the
human being as an intrinsic part of nature rather than a steward. Buddhism is
sometimes seen as an ecological philosophy. This is because of its worldview rather
than anything that appears in its writings, which are not explicitly environmental.
Buddhism emphasizes human interrelationships with all other parts of nature and
supports the belief that considering ourselves as isolated from the rest of nature is
unrealistic.

Reincarnation, the belief that human consciousness (or spirit) is immortal and can
be reborn after death in either human or animal form, emphasizes humanity’s
interconnectedness with nature. Buddhists believe that nothing has a fixed and
independent existence; all things are without self-existence and are impermanent.
From this perspective, humans are intimately related to their environment and
cannot exist separately from the rest of the world. Recognizing this principle of
interdependence inspires an attitude of humility and responsibility towards the
environment.

Differences in worldviews are influenced by differences in culture and society. A society's
@ worldview influences the actions taken by its citizens in response to environmental issues.
Buddhist monks in Thailand, for example, are part of a growing environmental movement
(Figure 1.5). They are involved in ecological conservation projects and teach ecologically
sound practices among Thai farmers. Unsustainable development based on rapid economic
development is seen to be one of the primary causes of Thailand's environmental crisis. The
respect in which Buddhist monks are held means that their views are listened to and can have a
profound effect on the population.

In what ways do values
affect the production of
knowledge?

Different societies have
different worldviews.
Individual and societal
understanding and
interpretation of data
regarding environmental
issues is influenced by the
perspectives and values of
individuals within society.
Can there be such a thing
as an unbiased view of
the environment? Can we
ever expect to establish a
balanced view of global
environmental issues?

1IN ¢ Environmental
ethics

Figure 1.5 Buddhist monks
are frequently active in a range
of campaigns including forest
conservation in Thailand.

What is the relationship
between personal
experience and
knowledge?

Assumptions, values and
beliefs and worldviews
can affect the way in
which we view the world.
These are influenced by
the way we were raised by
our parents, by education,
by our friends and by the
society in which we live.



An EVS might be
considered as a system
in the sense that it

may be influenced by
education, experience,
culture and media (inputs)
and involves a set of
interrelated assumptions,
values and arguments that
can generate judgements,
positions, choices and
courses of action (outputs).

A society is a group

of individuals who

share some common
characteristics, such as
geographical location,
cultural background,
historical period, religious
perspectives, value system
and so on.
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1.1.7 Environmental value systems

An environmental value system (EVS) is a model (this topic, Section 1.2.13 and
1.2.14) showing the inputs affecting our perspectives and the outputs resulting from
our perspectives.

The systems approach is explained in detail in this topic in Sections 1.2.1-1.2.5. An
EVS, like all systems, is an assembly of parts and the relationships between them,
which together constitute a whole. Systems have inputs, outputs and storages. The
outputs are determined by the processing of inputs and generate decisions and
evaluations.

EVSinputs are:

* education

» worldviews

* the media

* cultural influences

* economic factors

 sociopolitical factors (the interaction of social and political factors; for example,
communism or capitalism)

o religious texts and doctrine.
EVS outputs are:

* judgements

* positions

 choices

 courses of action on how to act regarding environmental issues.

Inputs of information to individuals within societies are processed or transformed
into changed perceptions of the environment and altered decisions about how best
to act on environmental matters. At their strongest, such information flows cause
people to take direct action to alleviate environmental concerns. It is possible that
inputs transfer through the individual or group without processing but it is unlikely
that an input has no effect at all.

EVSs act within social systems. Social systems are more general than ecosystems.
There are lots of different types of social system: class-based; democratic or
authoritarian; patriarchal (male dominance) or matriarchal (female dominance);
religion-based; industrial (technology-based) or agrarian (agriculture-based);
capitalist or communist. Rather than the flows of energy and matter we see in
ecosystems (Topic 2, Section 2.1.21 (Figures 2.41 and 2.42) and Sections 2.2.8-2.2.12)
social systems have flows of information, ideas and people. Both ecosystems and
social systems exist at different scales and have common features such as feedback
and equilibrium (this topic, Section 1.2.9-1.2.11). Trophic levels exist in ecosystems,
while in social systems there are social levels within society. Both systems contain
consumers and producers. Producers in social systems are responsible for new input
such as ideas, films, books and documentaries. Consumers absorb and process this
information.



1.1.8 Environmental perspectives (worldviews)

and their categories

law

&

ethics
Environmental perspectives (worldviews) can be classified into the broad categories of
technocentric, anthropocentric and ecocentric (Figure 1.6).
Figure 1.6 The range of environmental value systems.
\4
Environmental Value System
< >
Ecocentrism Anthropocentrism Technocentrism

(nature-centred)

An ecocentric viewpoint integrates
social, spiritual and environmental
dimensions into a holistic ideal. It
puts ecology and nature as central to
humanity, and emphasizes a less
materialistic approach to life with
greater self-sufficiency of societies.
An ecocentric viewpoint prioritizes
biorights, emphasizes the importance
of education and encourages
self-restraint in human behaviour.

(people-centred)

An anthropocentric viewpoint
believes humans must
sustainably manage the global
system. This might be through
the use of taxes, environmental
regulation and legislation.
Debate would be encouraged
to reach a consensual,
pragmatic approach to solving
environmental problems.

(technology-centred)

A technocentric viewpoint believes that
technological developments can provide
solutions to environmental problems.
This is a consequence of a largely
optimistic view of the role humans can
play in improving the lot of humanity.
Scientific research is encouraged in
order to form policies and understand
how systems can be controlled,
manipulated or changed to solve
resource depletion. A pro-growth
agenda is deemed necessary for

a Environmental
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Deep ecologists

1 Intrinsic importance of
nature for the humanity of
man.

2 Ecological (and other
natural) laws dictate
human morality.

3 Biorights — the right of
endangered species or
unique landscapes to
remain unmolested.

Self-reliance soft ecologists

1 Emphasis on smallness of scale
and hence community identity
in settlement, work and leisure.

2 Integration of concepts of work
and leisure through a process
of personal and communal
improvement.

3 Importance of participation in
community affairs and of
guarantees of the rights of
minority interests. Participation
seen as both a continuing
education and a political
function.

4 Lack of faith in modern large-scale technology and its associated
demands on elitist expertise, central state authority and
inherently anti-democratic institutions.

5 Implication that materalism for its own sake is wrong and that
economic growth can be geared to providing for the basic needs
of those below subsistence levels.

society's improvement.

Environmental managers

1 Belief that economic growth
and resource exploitation can
continue assuming:

a suitable economic
adjustments to taxes, fees,
etc.

b improvements in the legal
rights to a minimum level
of environmental quality

¢ compensation
arrangements satisfactory
to those who experience
adverse environmental
and/or social effects.

2 Acceptance of new project
appraisal techniques and
decision review arrangements
to allow for wider discussion or
genuine search for consensus
among representative groups
of interested parties.

Cornucopians

1 Belief that people can always
find a way out of any
difficulties, whether political,
scientific or technological.

2 Acceptance that pro-growth
goals define the rationality of
project appraisal and policy
formulation.

3 Optimism about the ability of
humans to improve the lot of
the world's people.

4 Faith that scientific and
technological expertise
provides the basic foundation
for advice on matters
pertaining to economic
growth and public health and
safety.

5 Suspicion of attempts to
widen basis for participation
and lengthy discussion in
project appraisal and policy
review.

6 Belief that all impediments
can be overcome given a will,
ingenuity and sufficient
resources arising out of
growth.
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The categories of EVSs
outlined here are not
exclusive and a variety

of alternative schemes
exist. There are many
ways to classify our
perspectives. Although
these models are useful,
they are also imperfect
because individuals often
have a complex range of
positions that change over
time and context.

In the ESS course,
anthropocentrism is
considered as ‘humans
sustainably managing the
global system’ (through
regulations, policies,
incentives and so on).
The common dictionary
definition is simply
‘humans are the central/
most significant entities
in the world'. This could
lead to an understanding
of anthropocentrism as
cornucopian, which is not
necessarily true.

Figure 1.7 Norwegian P
philospher Arne Naess
pioneered and first named the
ecocentrist EVS known as
deep ecology.

The ESS course has many
keywords that you need
to know. Create your
own glossary, using the
worksheet in the eBook
to help you.
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Technocentrists believe that technology will keep pace with and provide solutions
to environmental problems. Ecocentrists are nature-centred and distrust

modern large-scale technology; they prefer to work with natural environmental
systems to solve problems and to do this before problems get out of control. The
anthropocentrists include both technocentric and ecocentric viewpoints. An
anthropocentrist believes humans must sustainably manage the global system and
this might be through taxes, environmental regulation and legislation. Debate is
encouraged so that a consensual, pragmatic approach to solving environmental
problems can be reached.

The technocentrist approach is sometimes termed a cornucopian view —a

belief in the unending resourcefulness of humans and their ability to control

their environment. This leads to an optimistic view about the state of the world.
Ecocentrists, in contrast, see themselves as subject to nature rather than in control

of it. Ecocentrists see a world with limited resources where growth needs to be
controlled so that only beneficial growth occurs. At one end of the ecocentrist
worldview are the self-reliance soft ecologists — those who reject materialism and
have a conservative view regarding environmental problem-solving. At the other end
are the deep ecologists, such as Norwegian philosopher Arne Ness (Figure 1.7), who
put more value on nature than humanity.

Although there are extremes at either end of this range (i.e. deep ecologists at the
ecocentric end of the spectrum and cornucopians at the technocentric end), in practice
EVSs vary greatly with culture and time and rarely fit simply or perfectly into any
single classification.



Example - A technocentrist approach to reducing carbon

dioxide emissions

Energy and gasoline companies have been developing technological solutions

to CO, emissions to alleviate global warming. Carbon capture and storage (CCS)
techniques involve taking the CO, produced from industrial processes and storing
it in various ways (Figure 1.8). This means CO, is not released into the atmosphere
and does not contribute to global warming. A BP project at In Salah in Algeria aims
to store 17 million tonnes of CO, —an emission reduction equivalent to removing

4 million cars from the road. Such projects have yet to be made available on a large-
scale commercial basis because of the costs involved.

€O, pumped into
disused coal fields

v

€O, pumped into saline
aquifers where it can
remain in safe storage

C0, produced
in power station

v

€0, pumped into
oil fields where it helps
maintain pressure — this makes
extraction of oil easier

Decision-making and EVSs

EVSs influence our decision-making processes. Let’s consider the contrasting
perspectives of ecocentrism and technocentrism in relation to two specific cases.

Environmental challenges posed by the extensive use of fossil fuels

Fossil fuels have problems associated with their use. The gases produced during

their combustion can contribute to global warming. The cornucopian belief in the
resourcefulness of humans and their ability to control their environment would lead to
a technocentric solution, where science is used to find a useful alternative, for example
hydrogen fuel cells. As technocentrists, cornucopians would see this as a good example
of resource replacement as an environmentally damaging industry can be replaced

by an alternative one. Rather than changing their lifestyles to reduce the use of fuel,
cornucopians would look to develop technology to reduce the output of CO, from
fossil fuel use. A cornucopian would say that economic systems have a vested interest
in being efficient so the existing problems will self-correct given enough time, and that
development (which requires energy) will increase standards of living thus increasing
demands for a healthy environment. They believe that scientific efforts should be
devoted to removing CO, from the atmosphere and reducing its release, rather than
curtailing economic growth. A technocentrist would predict that market pressure
would eventually result in the lowering of CO, emission levels. An ecocentrist approach

Ecosystems often cross
national boundaries and
conflict may arise from
the clash of different value
systems about exploitation
of resources. For example,
the migration of wildlife
across borders in southern
Africa may lead to conflict
due to the differing
attitudes towards culling in
different southern African
countries. This is discussed
further in Topic 2.

<« Figure 1.8 Options for
| carbon capture and storage.

Technocentrism assumes
all environmental

issues can be resolved
through technology.
Anthropocentrism splits
into a wide variety of
views but generally views
humankind as being the
central, most important
element of existence.
Ecocentrism sees the
natural world as having
pre-eminent importance
and intrinsic value.
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Figure 1.9 Chemicalssuch pp»
as silver iodide or frozen CO,
are released into clouds. They
offer surfaces around which
water and ice crystals form.
When they are large enough,
they fall out of the cloud and
become rain.

Figure 1.10 The crew of
Greenpeace’s flagship, the
Rainbow Warrior, holding a
‘Save the Whales' banner, 1978.
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to the same problem would call for the reduction of greenhouse gases through
curtailing existing gas-emitting industry, even if this restricts economic growth.

Approaches to increasing demand for water resources

The technocentric resource manager would suggest that future needs can be met by
technology, innovation and the ability to use untapped reserves. They would support such
measures as the removal of freshwater from seawater (desalination) if they were near an
ocean, iceberg capture and transport, wastewater purification, synthetic water production
(water made through chemical reactions or hydrogen fuel cell technology), cloud
seeding (Figure 1.9) and extraction of water from deep aquifers. They would also look
at innovative ways to reduce the use of water, both in industry and at a domestic level.
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chemicals seeding the cloud

} water

y:

A
VAt Yy
IR
Vide s
LI SR TS T U T AR R I L )

rain ——4
A}

The ecocentric resource manager would highlight the overuse and misuse of water.

They would encourage the conservation of water and greater recycling and say that

water use should be monitored to ensure that it remained within sustainable limits. An

ecocentrist would encourage water use that had few detrimental impacts on habitat,

wildlife and the environment.

1.1.9 Change in perspectives

Perspectives, and the beliefs that underpin them, change over time in all societies.
Protests about environmental disasters and concern about the unsustainable use of

the Earth’s resources have led to the formation of pressure groups, both local and
international. All these groups have at their centre the belief that every person has

a responsibility to look after the planet, for themselves and for future generations,
through wise management of natural resources. The action of such groups has resulted
in increased media coverage, which in turn has raised public awareness about these
issues. One of the most influential of these groups is Greenpeace. Greenpeace is a
non-governmental organization (NGO). NGOs are not run, funded or influenced by

the governments of any country. Greenpeace was founded in the early 1970s and was
made famous in 1975 by mounting an anti-whaling campaign. The campaign actively
confronted Soviet whalers in the Pacific Ocean off the Californian coast and eventually
developed into the ‘Save the Whale’ campaign (Figure 1.10), which made news headlines
around the world and became the blueprint for future environmental campaigns. This
campaign, among others, changed the public’s perception of whale hunting and led to its
eventual ban.



Perspectives and beliefs can also alter through the role of demographic change.
Demographic change describes the changes in human population size and structure
caused by changes in birth rates, death rates, differences in the economic factors,
urbanization and patterns of migration. In the USA, for example, Millennials (young
adults born from 1981 to 1996) became the largest adult generation in 2019. Recent
studies have shown that 75% of Millennials are environmentally conscious, are
notable for high levels of engagement with the issue of climate change and are willing
to change their buying habits to favour environmentally-friendly products. 90% of
Millennials are interested in pursuing sustainable investments. These figures contrast
with preceding generations, who are less likely to have such a high engagement with
environmental issues. Increased vegetarianism and a move away from meat in the diet
(Topic 5, Section 5.2.10) is another indicator of the role that demographic change has
in changing perspectives and beliefs.

Figure 1.11 shows the results of a study that indicate that younger generations are
more engaged with global warming than older generations. The generations are
categorized as: Millennials (born between 1981 and 1996), Generation X (born
between 1965 and 1980), Baby Boomers (born between 1946 and 1964) and Silent
(born between 1928 and 1945).

global warming is personally important willing to contact government officials

about global warming

73% 69% 63%

58%

37% 32% 30% 28%

millennials gen X  boomers  silent millennials gen X  boomers  silent

willing to volunteer for an organization
working on global warming

willing to donate money to an organization
working on global warming

38% 359% 38% 33%

30% 30% 28% 20%

millennials gen X boomers  silent millennials gen X boomers  silent

Activity

Study the data presented in Figure 1.11. Summarize the findings of the study. What
do the data reveal about how perspectives and the beliefs that underpin them have
changed over time in society?

What are the environmental attitudes of the most recent generations,
Generation Z (born between 1997 and 2012) and Generation Alpha (born between
2013 and 2025)? Can you find data on these generations, to compare with the
outcomes shown in Figure 1.11?

< Figure 1.11 Generational
changes in attitudes towards
the environment.

8§ Perspectives, and the
beliefs that underpin
them, change over time in
all societies. These can be
influenced by government
or NGO campaigns
or through social and
demographic change.
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Interpret behaviour-time graphs

Behaviour-over-time graphs (BoTGs) are line graphs that show how a factor changes over time. Time
is plotted along the horizontal axis and the ‘behaviour (the factor that changes over time) is plotted on
the vertical axis (Figure 1.12). Examples could include specific changes such as smoking, littering and
eating meat, or how traditional lifestyles in Indigenous cultures are being replaced by modern ones.

behaviour

Data concerning behavioural changes can be complex and the big picture can sometimes be lost
in the detail. BoTGs enable overall trends to be clearly seen and interpreted. These graphs help you
time A focus on patterns of change over time rather than on single events.

Figure 1.12 A behaviour- BoTGs do not require special equipment. They are drawn freehand using pencil and paper, or on
over-time graph. a tablet or laptop. If you have access to data (figures relating to a specific factor) then graph paper
may be needed. It is important to avoid getting caught up on lots of detail. The aim of these graphs
is to focus on patterns of change rather than on isolated events or small details.

In BoTGs, the change may be linear or exponential (increasing or decreasing), or the pattern may fluctuate.
Once a BoTG has been constructed, the following questions can be asked:

1. What is changing? What is the variable being graphed?

2. How is it changing? How is the trend described?

3. Why is it changing? What are the causes driving the behavioural changes shown in the graph?
4. What is the significance? Why is the change important?

Figure 1.13 shows changing attitudes in the USA towards top priorities for the country.

Figure 1.13 Behaviour-over- P
time graph for attitudes in the
USA towards the economy,
jobs and the environment,
between 2002 and 2020. 67
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Significant historical
influences on the r T T T T T T T T T
development of the ‘02 ‘04 ‘06 ‘08 10 12 14 ‘16 18 ‘20
environmental movement year
have come from
individuals, literature, The graph shows trends for the percentage of individuals who said that the economy, jobs, the

the media, major
environmental disasters,
international agreements,
new technologies and

environment or climate change should be a top priority for the President and Congress. In 2020,

the American public placed a lower priority on economic and job concerns than it did a few years
previously. While at the same time, environmental protection and global climate change increased
in priority on the public’s agenda for the President and Congress. These changes coincided with a

scientific discoveries. You
need to know at least one
example of each of the
different influences.

strengthening economy and the visibility of the impacts of climate change within the country, such
as an increase in the incidence of tornados and flooding.

1.1.10 The development of the environmental

movement

Some people think that the photo from NASA’s Apollo 8 mission of the Earth
suspended in space (this topic, Section 1.1.1) was the beginning of the environmental
movement — the worldwide campaign to raise awareness and coordinate action, to
tackle the negative effects that humans are having on the planet. But although the
image was pivotal in helping to highlight environmental issues, the environmental
movement existed before this milestone photograph.
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The environmental movement advocates sustainable development through

changes in public policy and individual behaviour. The modern movement owes

much to developments in the latter part of the 20th century, although its history :

stretches back for as long as humans have been faced with environmental issues.

Some significant moments in the environmental movement are outlined in the To advocate' means

following section. to speak for, support,
represent or publicly
recommend someone

Individuals or a particular issue.
‘Be the change you want to see in the world’ is a quote often used to encourage people to act

in a sustainable and environmentally friendly way. It is based on a statement made by

former Indian Prime Minister, Mahatma Gandhi, ‘We but mirror the world. . .If we could

change ourselves, the tendencies in the world would also change.” There are many individuals

who have lived by this advice and have played a significant role in the development of

the environmental movement.

¢ Environmental

ethics

Figure 1.14 Figure 1.15 Figure 1.16

Greta Thunberg Rachel Carson Jane Goodall (Figure 1.16)
(Figure 1.14) was only (Figure 1.15), a was the first person to

15 when she first held a pioneering marine study chimpanzees in
‘school strike to protect scientist, was first the wild and has set up
the climate’. This to highlight the a global community
then became a global environmental hazards conservation organization
movement. posed by insecticides. that advances her vision.

Maxima Acuiia de Chaupe (Figure 1.17), a subsistence farmer
in Peru’s northern highlands, is well known throughout Latin
America for standing up against a multinational mining Goldman Prize website.
company that tried to remove her from her land. The mining
company planned to mine two lakes on her land for copper
and gold, and to drain two other lakes. One of the lakes would
have been turned into a waste storage pit, threatening the water
supply to any land downstream, including a high-altitude
biologically diverse wetland. Despite intimidation and threats,
Maxima stood her ground and refused to give up her land. She
was awarded the Goldman Environmental Prize in 2016.

Read more about Maxima
@ Acuna’s activism on the

Figure 1.17

17



Foundation

Wangari Maathai (Figure 1.18) was an
environmentalist from Kenya. She founded the Green
Belt Movement. By the early 2000s this movement
had resulted in 30 million trees being planted and
had provided jobs and secured firewood for rural
communities. She targeted women-led groups,
ensuring that trees were planted on their farms and
in school and church compounds conserving their
environment and improving their quality of life. She
was awarded the Nobel Peace Prize in 2004.

Robert D. Bullard (Figure 1.19) is known as the
Visit the Bullard Centre - . . L
(see'Our founder’ In the @ ( . Father of Environmental Justice’ and has spent four
About' section) to read ' decades acting as an advocate of environmental
more about Robert D. and racial justice across the USA. He has published
18 books including books on sustainable

Bullard's work,
E development.

Dato’ Seri Tengku Dr Zainal Adlin Bin
Tengku Mahamood (Figure 1.20) has initiated
several conservation programs, including in
biodiverse regions in East Malaysia. He was
involved with the conception and creation of
the ‘Heart of Borneo: Three Countries One
Conservation Vision’, which seeks to preserve
the central, pristine ecosystems in the centre of
Borneo. It unites Malaysia, Indonesia and Brunei
in protecting one of the largest transboundary
rainforests remaining in the world.

Figure 1.20

Literature

In 1962, American biologist Rachel Carson’s influential book Silent Spring was published.
It remains one of the most influential books of the environmental movement. The case
against chemical pollution was strongly made as Carson documented the harmful effects
of pesticides along food chains to top predators. The book led to widespread concerns
about the use of pesticides and the pollution of the environment.

Many other significant publications have also contributed to the environmental
movement (Figure 1.21). In 1972, the Club of Rome —a global think tank of academics,
civil servants, diplomats and industrialists that first met in Rome — published

The Limits to Growth. This report examined the consequences of a rapidly growing world
population on finite natural resources. It has sold 30 million copies in more than

30 translations and has become the best-selling environmental book in history.

James Lovelock’s book Gaia (1979) proposed the hypothesis that the Earth is a living
organism, with self-regulatory mechanisms that maintain climatic and biological
conditions (this topic, Section 1.2.6). He saw the actions of humanity upsetting this
balance with potentially catastrophic outcomes. Subsequent books, up to the present
day, have developed these ideas.
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Mark Lynas is a leading environmentalist, who has written five major books on the
environment: High Tide (2004), Six Degrees (2008), The God Species (2011), Seeds of Science
(2018) and Our Final Warning (2020). His books discuss the impact of humanity on
planet Earth and rapid changes that are needed to avoid irreversible tipping points.

Kate Raworth’s book, Doughnut Economics: seven ways to think like a 21st century economist,
presents a radical rethinking of economics. The ‘doughnut’ represents a safe space

for humanity, between social and planetary boundaries (this topic, Section 1.3.20). Her
book presents how doughnut economics can result in a sustainable future for humans
and the planet.

The book This Changes Everything: Capitalism vs. the Climate, by Naomi Klein, explains why

market-driven capitalism cannot fix the climate crises and that fundamental economic
and social changes are needed.

The media

In 2006, the film An Inconvenient Truth examined the issues surrounding climate change
and increased awareness of environmental concerns. The publicity surrounding the
film meant that more people than ever became aware of global warming. The film’s
message was spread widely and rapidly through the internet making the arguments
about global warming very accessible to a wider audience and raising the profile of the
environmental movement worldwide. The film was supported by a book of the same
title that included hard scientific evidence to support its claims.

The 2019 film Dark Waters tells the real-life story of Rob Bilott, a lawyer who took on
one of the world’s largest chemical corporations after discovering that the company
was polluting drinking water with a harmful chemical.

Earth Day is marked each year on 22 April, coordinated globally via the internet and
other media (Figure 1.22). It was founded in 1970 by Gaylord Nelson, a US Senator
from Wisconsin, after he had seen the effects of a massive oil spill in Santa Barbara,
California during 1969. The purpose of Earth Day is to highlight and promote the

role of responsible consumption in achieving sustainability. By creating a day that
celebrated the Earth, he saw a way of moving environmental protection more centrally
onto the national political agenda.

< Figure 1.21 A selection of

books on environmental
issues, including some that
have influenced the Green
movement.

Popular books such as
Silent Spring and films
such as Al Gore's An
inconvenient truth, can
provide knowledge about
environmental issues on a
global scale. People who
previously had limited
understanding of the
environment are given the
information to enable them
to make their own minds
up about global issues.
But do they have enough
information to see all sides
of the argument? A good
education would certainly
put these arguments in

a wider context. Is it a
problem that many people
receive only one side

of the argument?
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Figure 1.22 Earth Day is
celebrated simultaneously
around the world,
encouraging people to
participate in environmental
campaigns both locally

and globally.

@& To learn more about Earth

Day, go to their website:
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Figure 1.23 Japanese B
Environment Minister
Nobuteru Ishihara (R) and
Achim Steiner (L), UN
Environment Programme
(UNEP) Executive Director, lay
flowers on the memorial for
the victims of 1950s mercury
poisoning at Minamata city
on 9 October, 2013.

Major environmental disasters

In 1956, a new disease was discovered in Minamata City in Japan. It was named
Minamata disease and was found to be linked to the release of methyl mercury into
e Ml the wastewater produced by the Chisso Corporation’s chemical factory. The mercury
Convention on mercury @ accumulated in shellfish and fish along the coast. The contaminated fish and shellfish

's @ global treaty to were eaten by the local population and caused mercury poisoning. The symptoms
protect the environment

and human health from were neurological, including numbness of the hands, muscle weakness and damage to
the harmful effects of hearing, speech and vision. In extreme cases, Minamata disease led to insanity, paralysis
mercury. Itis a legally and death. The pollution also led to birth defects in newborn children (Figure 1.23).

binding UN agreement

adopted in 2013 and At midnight on 3 December 1984, the Union Carbide pesticide plant (owned by Dow)
brought into force on

16 August 2017. in the Indian city of Bhopal released 42 tonnes of the toxic gas methyl isocyanate. This
happened because one of the tanks involved with processing the gas had overheated
and burst. Some 500,000 people were exposed to the gas. It has been estimated that
between 8,000 and 10,000 people died within the first 72 hours following the exposure
and that up to 25,000 have died since from gas-related diseases (Figure 1.24).

Figure 1.24 The Bhopal P
disaster made headlines
around the world. Despite
protests, little has been done
for the families of the victims.
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Early in the morning of 26 April
1986, reactor number four at the
Chernobyl plant in Ukraine (then
part of the Soviet Union) exploded.
A plume of highly radioactive
dust (fallout) was sent into the
atmosphere and fell over an
extensive area (Figure 1.25). Large
areas of Ukraine, Belarus and
Russia were badly contaminated.
The disaster resulted in the
evacuation and resettlement of
over 336,000 people. The fallout
caused an increased incidence of
cancers in the most exposed areas.

The area immediately surrounding
the plant, covering approximately
2600 km?, remains under exclusion
due to the high levels of radiation
still present. The incident raised
issues concerning the safety of Soviet
nuclear power stations, but also

the general safety of nuclear power.
These worries remain to this day.

For many years, the Chernobyl disaster was the only
major nuclear incident. That changed on 11 March
2011 when an earthquake in northern Japan caused
a tsunami that hit the coastal Fukushima nuclear
power plant, causing a meltdown in three of the six
nuclear reactors (Figure 1.26). The damage resulted in
radioactive material escaping into the sea. Following
the incident, all 48 of the country’s reactors were
closed so that new safety checks could be done,
leading to an increased dependence on fossil fuels.
Before the Fukushima incident, the nuclear power
plant had provided 30% of Japan’s energy needs.
Although the disaster at Fukushima was caused by
specific local issues—the coastal location of the plant
and the inadequacy of defenses for extreme tidal
events such as tsunamis—the move away from nuclear power was replicated around the
world. Germany, in particular, backtracked on its nuclear ambitions.

On 15 January 2022, a leak from a pipeline during the discharge of oil at the

La Pampilla Refinery, off the coast of Peru, resulted in nearly 12,000 barrels of crude
oil spilling into one of the world’s most diverse marine ecosystems. The oil slick
affected 25 beaches, polluted three protected marine reserves and covered 1187 km?
of sea and 1740 km? of coastal land. The oil spill killed invertebrates, fish and seabirds,
left more than 1000 seabirds coated with oil and impacted marine mammals such as
endangered sea otters. More than 700,000 people are thought to have been affected by

< Figure1.25 View of the
Chernobyl power plant three
days after the explosion.

Figure 1.26 Satellite image
of the Fukushima Daiichi
nuclear power plant in
Okuma, Japan, taken after
the 2017 earthquake

and tsunami.
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the spill and at least 5000 people are thought to have lost their livelihoods. The refinery
was owned by the Spanish company Repsol, who have been fined for the way they
dealt with the spill and for damages done to people and the environment.

International agreements

In 1972, the United Nations (UN) held its first major conference on international
environmental issues in Stockholm, Sweden — the UN Conference on the Human
Environment, also known as the Stockholm Conference. It examined how human
activity was affecting the global environment. Countries needed to think about how
they could improve the living standards of their people without adding pollution,
habitat destruction and species extinction. The conference led to the Stockholm
Declaration, which played a pivotal role in setting targets and shaping action at both
an international and local level. These early initiatives ultimately led to the Rio Earth
Summit in 1992, coordinated by the UN (Figure 1.27), producing Agenda 21 and the
Rio Declaration. The Stockholm Declaration and subsequent global summits have
played a leading role in shaping attitudes to sustainability.

In 1987, a report by the UN World Commission on Environment and
Development (WCED) was published, intended as a follow-up to the Stockholm
Conference. The report, titled Our Common Future, took the ideas from Stockholm and
developed them further. It linked environmental concerns to development and sought
to promote sustainable development through international collaboration. It also
placed environmental issues firmly on the political agenda. Our Common Future is also
known as the Brundtland Report after the Chair of the WCED, former Norwegian
Prime Minister, Gro Harlem Brundtland.

The publication of Our Common Future, along with the work of the WCED, provided
the groundwork for UN’s Earth Summit at Rio in 1992. The conference was
unprecedentedly large for a UN conference — it was attended by 172 nations. The wide
uptake and international focus meant that its impact was likely to be felt across the
world. The summit’s radical message was that nothing less than a transformation of
our attitudes and behaviour towards environmental issues would bring about the
necessary changes. The conference led to the adoption of Agenda 21 —a blueprint for
action to achieve sustainable development worldwide (21 refers to the 21st century).

= 2

UNITED NATIONS OONFERENOE ON
ENVIRONMENT AND DEVELOPMENT
Rio de Janeiro 3-14 June 1992

Figure 1.27 UN Conference pp
on Environment and
Development, Rio de Janeiro,
Brazil, 3-14 June 1992. The
platform: L to R: Deputy
Secretary-General of the
Conference Nitin Desai,
Secretary-General Maurice
Strong, UN Secretary General
Boutros Boutros Ghali,
Brazilian President Fernando
Collor de Mello.
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Agenda 21 is a comprehensive plan of action to be taken globally, nationally and
locally by organizations of the UN, governments and environmental groups in every
area in which humans affect the environment. It was adopted by more than 178
governments at the Earth Summit.

The Earth Summit changed attitudes to sustainability on a global scale and changed the
way in which people perceived economic growth. It encouraged people to move away
from the idea that economic growth should occur at the expense of the environment
and encouraged them to think of the indirect values of ecosystems, such as ecosystem
services. It also was important for emphasizing the relationships between human
rights, population, social development, women and human settlements and the need
for environmentally sustainable development. The summit’s emphasis was on change
in attitude affecting all economic activities, ensuring that its impact could be extensive.
The conference meant that environmental issues came to be seen as mainstream rather
than the preserve of a few environmental activists. Achievements made included steps
being made towards preserving the world’s biodiversity through the Convention on
Biological Diversity (CBD) and steps to address the enhanced greenhouse effect via
the UN Framework Convention on Climate Change (UNFCCC). These steps in turn
led to the establishment of the Kyoto Protocol and the Paris Agreement.

Both the CBD and UNFCCC are legally binding conventions and both are governed by the
Conference of the Parties (COP), which meets either annually or biennially to assess
the success and future directions of the Convention. For example, COP15 of the CBD took
place over a two-year period with part 1 being held in Kunming, China (October 2021)
and part 2 being held in Montreal, Canada (December 2022). COP16 is scheduled to be
held in Turkey in 2024. COP15 of the UNFCCC took place in Copenhagen, Denmark in
December 2009 and COP28 of the UNFCCC took place in Dubai, United Arab Emirates
(UAE) in December 2023. The Copenhagen Accord was a document produced at COP15
of the UNFCCC, in which attending parties were asked to ‘take note’ of the concerns raised
about climate change. However, this document was not legally binding.

Activity

Details of the COPs for both the CBD and UNFCCC can be found by searching for
‘COP’ on the following websites:

CBD:E WLl Er UNFCCC: Eﬁ |E
[=

Select one COP for the CBD and one for the UNFCCC.

1. What were the major themes at these meetings of the COP?
2. What were the outcomes of the meetings?
3. How did the outcomes impact the subsequent COP?

Discuss your findings with others in your class. Which COPs did they research? Were
any of the COPs especially significant in terms of their discussion and outcomes?

Acronyms are formed
from the first letter or
first few letters of each

word in a phrase or

title. Some examples
include the Convention
on Biological Diversity
(CBD), the UN Framework
Convention on Climate
Change (UNFCCC) and
the Conference of the
Parties (COP). Using such
shortened forms can
speed up communication.
International conventions
widely use acronyms.
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Read more about the
IPCC and access the latest
synthesis report on the
IPCC website,

OfeA0

Major landmarks in the
modern environmental
movement include:
Minamata, Rachel Carson’s
Silent Spring, the ‘Save

the Whale’ campaign, the
Bhopal and Chernobyl
disasters. These led to
environmental pressure
groups, both locally and
globally; the concept

of stewardship; and
increased media coverage
raising public awareness.

You need to cover a
variety of significant
historical influences
that affected the
environmental movement
and be able to recall

a minimum of one
example from each of
the categories above. It
is a good idea to select
a range of influences
that includes both local
and global examples.
Examples may

also be recent.
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Some national and state governments have legislated or advised that local authorities
take steps to implement Agenda 21. Known as ‘Local Agenda 21’ (LA21), these
strategies apply the philosophy of the Earth Summit at the local level. Each country is
urged to develop an LA21 policy, with the agenda set by the community itself rather
than by central or local government, as ownership and involvement of any initiatives
by society at large is most likely to be successful.

The 1992 Earth Summit was followed up 10 years later by the Johannesburg World
Summit on Sustainable Development. The Johannesburg meeting looked mainly
at social issues. Targets were set to reduce poverty and increase people’s access to
safe drinking water and sanitation (problems that cause death and disease in many
developing countries).

In 2012, the UN Conference on Sustainable Development (UNCSD, or Rio+20) took
place to commemorate the 20th anniversary of the Earth Summit. Rio+20 again
brought governments, international institutions and major groups together to agree
on a range of measures to reduce poverty while promoting good jobs, clean energy
and a more sustainable and fair use of resources.

New technologies

The Green Revolution refers to a time between the 1940s and the late 1960s when
developments in scientific research and technology in farming led to increased
agricultural productivity worldwide. The Club of Rome (this topic, Section 1.1.10,
page 18) claimed in their report The Limits to Growth that within a century a mixture of
human-made pollution and resource depletion would cause widespread population
decline. But the intervention of the Green revolution meant that by 2000, world
population had reached six billion and is predicted to rise to nearly nine billion by
2050. The intensification of agriculture raised many questions for the environmental
movement (Topic 5, Section 5.2.7), as has the increase in human population (Topic 8,
Section 8.1.6).

Other technological innovations have created alternatives to fossil fuels such as solar
panels and wind turbines. These make the arguments proposed by environmentalists,
that is, the need for a switch to more sustainable energy resources, a real possibility
and drives the environmental movement forward.

Scientific discoveries

Rachel Carson’s work on pesticide toxicity, culminating in her book Silent Spring (this
topic, Section 1.1.10, page 18), led to a reassessment of the effect of human-made
chemicals on the environment. Biodiversity loss has also shown the impact that
humanity is having on the planet, promoting moves to conserve and protect species.
In 2019, the UN’s Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services reported that approximately one million animal and plant species
were threatened with extinction, including more than 40% of amphibian species,
nearly 33% of sharks, shark relatives and reef-forming corals and at least 33% of all
marine mammals.



Challenge yourself

Think about your own perspectives and how they might influence your behaviour.
What environmental issues affect you locally? What are your views on these issues?
What has affected your perspectives and how does this influence how you act on a
given issue?

List the factors that have affected your perspectives and how these influence the way
you respond to environmental issues. Now create a systems diagram to summarize
this information — you may want to focus on your response to one environmental
issue to help focus your ideas.

Engagement The concept of
perspectives provides a
*  Within your class, select an environmental issue. Divide yourselves into three deeper understanding of
groups —one group discusses technocentric solutions to the issue, another worldviews and individual
: ; : ; : : erspectives and their
discusses anthropocentric solutions and the third discusses ecocentric o
2 : ) related value systems. Our
solutions. Each group should develop arguments to support their perspective. value systems interact in
Now debate the environmental issue within your class, from each of the complex ways with our

decision-making abilities
and actions with a real-
world impact. Through

different perspectives. You may want to select one person, or your teacher, to
mediate the debate.

* Design appropriately persuasive materials to advocate for an environmental understanding perspective
or social cause within your school or college. Research the issue and develop z:edt;’;];er Spfsti?;;’e\geto
arguments that promote the cause. Develop posters and information leaflets to corEidar e @ mElE
disseminate the information within your community. effective progress on

complex sustainability

» Using the knowledge acquired in this topic, advocate to show how personal .
Issues.

actions can create change towards a more sustainable society.

* Engage in discussing the role of politics, intergovernmental organizations (IGOs),
NGOs and individuals (through social media) in solving an environmental problem.
This could be through participating in a Model UN (MUN) group.

You can find details of Model UN on the UN website.

Q1. Distinguish between perspectives, values and worldviews.

Q2. (a) State what is meant by an environmental value system (EVS).
(b) List three inputs and three outputs to an EVS.
Q3. Distinguish between ecocentric, anthropocentric and technocentric EVSs.

Q4. Perspectives, and the beliefs that underpin them, change over time in all
societies. Outline how these changes can be shown.

Q5. Explain how the development of the environmental movement has been
influenced by individuals, literature, the media, major environmental disasters,
international agreements, new technologies and scientific discoveries.
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1.2 Systems

How can the systems approach be used to model environmental issues at
different levels of complexity and scale?

1.2.1 Systems are sets of interacting or interdependent components.

A systems approach is 1.2.2 A systems approach is a holistic way of visualizing a complex set of interactions, and
a way of visualizing a it can be applied to ecological or societal situations.
complex set of interactions
which may be ecological 1.2.3 In system diagrams, storages are usually represented as rectangular boxes and flows as
or societal. arrows, with the direction of each arrow indicating the direction of each flow.

1.2.4 Flows are processes that may be either transfers or transformations.

1.2.5 Systems can be open or closed.

1.2.6 The Earth is a single integrated system encompassing the biosphere, the hydrosphere,
the cryosphere, the geosphere, the atmosphere and the anthroposphere.

1.2.7 The concept of a system can be applied at a range of scales.

1.2.8 Negative feedback loops occur when the output of a process inhibits or reverses the
operation of the same process in such a way as to reduce change. They are stabilizing as they
counteract deviation.

1.2.9 As an open system, an ecosystem will normally exist in a stable equilibrium, eitherin a
steady-state equilibrium or in one developing over time (for example, succession) and will be
maintained by stabilizing negative feedback loops.

1.2.10 Positive feedback loops occur when a disturbance leads to an amplification of that
disturbance, destabilizing the system and driving it away from its equilibrium.

1.2.11 Positive feedback loops will tend to drive the system toward a tipping point.

1.2.12 Tipping points can exist within a system where a small alteration in one component
can produce large overall changes, resulting in a shift in equilibrium.

1.2.13 A model is a simplified representation of reality; it can be used to understand how a
system works and to predict how it will respond to change.

1.2.14 Simplification of a model involves approximation and, therefore, loss of accuracy.

1.2.15 Interactions between components in systems can generate emergent properties.

1.2.16 The resilience of a system, ecological or social, refers to its tendency to avoid tipping
points and maintain stability.

1.2.17 Diversity and the size of storages within systems can contribute to their resilience and
affect their speed of response to change (time lags).

1.2.18 Humans can affect the resilience of systems through reducing these storages and diversity.

System components are
organized to create a
functional whole.

1.2.1 and 1.2.2 Systems

A system is an assemblage of parts and the relationships between them, which
20 together constitute an entity or whole.



There are different ways of studying systems. A reductionist approach divides systems
into parts, or components, and each part is studied separately. This is the way of
traditional scientific investigations. But a system can also be studied as a whole, with
patterns and processes described for the whole system. This is the holistic approach
and is usually used in modern ecological investigations. The advantage of using the
systems method is that it can show how components within the whole system relate to
one another. A systems approach is a way of visualizing a complex set of interactions
that can be applied across a wide range of different disciplines. This course focuses on
systems as they relate to ecosystems and society, although the systems approach can
equally be applied to other subjects such as economics or politics.

The interdependent components of systems are connected through the transfer of
energy and matter, with all parts linked together and affecting each other. Examples of
systems, with increasing levels of complexity, include particles, atoms, molecules, cells,
organs, organ systems, communities, ecosystems, biomes, the Earth, the Solar System,
galaxies and the Universe.

A systems approach

A system consists of storages and flows. Storages are places where matter or energy is
kept in a system and flows provide inputs and outputs of energy and matter.

The systems approach emphasizes similarities in the ways in which matter, energy and
information link together in a variety of different disciplines. This approach, therefore,
allows different subjects to be looked at in the same way and for links to be made
between them. Although the individual parts of a complex system can be looked at
using the reductionist approach, this ignores the way in which such a system operates.
A holistic approach is necessary to fully understand the way in which the parts of a
complex system operate together. These interactions produce the emergent properties
of the system (this topic, Section 1.2.15).

1.2.3 Systems diagrams

Systems can be represented as diagrams. In these system diagrams, storages are
usually represented as rectangular boxes and flows as arrows with the arrowhead
indicating the direction of the flow. Figure 1.28 shows flows and storage for the social
system discussed in this topic, Section 1.1.7.

Inputs Outputs
education —_—

cultural input  ——p ideas and 3 decisions
social input  =————p beliefs 3 action
TV, books, film ——3p

A

Figure 1.28 A social system, showing flows and storage. Flows are
inputs and outputs and storage is the ideas and beliefs of the society.

A diagram can show several storages and the flows between them, and show the
relationship between the parts of a complex system.

AL

I 4

The concept of systems
has been used in science
for many years. This is
especially true in biology
where the functioning

of the whole organism
can be understood in
terms of the interactions
between various systems,
such as the respiratory
and circulatory systems.
The reductionist approach
often used in traditional
science tends to look at
the individual parts of a
system, rather than the
whole, so that the ‘big
picture’ is missed. The
nature of the environment
and how we relate to

it demands holistic
treatment. A systems
approach emphasizes
the ways in which matter,
energy and information
flow, and can be used to
integrate the perspectives
of different disciplines

to better represent the
complex nature

of the environment.

A system has storages and
flows, with flows providing
inputs and outputs of
energy and matter.

2 Ecology

4.1 Water systems

5.1 Soil

8.2 Urban systems and
urban planning

Throughout the course
there are multiple
opportunities for a systems
approach. Make sure you
are able to interpret system
diagrams and use data to
construct your own system
diagrams for a variety of
examples such as carbon
cycling, food production
and soil systems. These
ideas are explored in
subsequent topics.
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Figure 1.29 Tree system P
showing storage, inputs
and outputs.

heat  heat light  water

/ oxygen

carbon dioxide

tissue to other
trophic levels

litter to soil

nutrients water

Using the systems approach, a tree can be summarized as shown in Figure 1.29.

The arrows flowing into and out of the tree systems diagram indicate the inputs and
outputs. In addition, the diagram could be labelled with processes on each arrow.
Processes in this example would include:

* photosynthesis — transforming CO,, water (H,0) and light into biomass and
oxygen (O,)

* respiration — transforming biomass into CO, and H,0

+ diffusion - allowing the movement of nutrients and H,0 into the tree

* consumption — transferring tissue (i.e. biomass) from one trophic level to another.

Create systems diagrams representing the storages and flows, inputs and outputs of
systems

Figure 1.30 shows a systems diagram for the movement of energy and matter in a forest ecosystem.

Figure 1.30 Aforest pp
ecosystem shown as a
systems diagram.

photosynthesis o
respiration by

respiration decay microbes

harvesting of forest products

You need to be able to
create systems diagrams
representing the storages
and flows, inputs and

outputs of systems. These -
can be done, for example, decomposition
for a lab-based or local

natural ecosystem. The

fall of leaves
and wood

size of the boxes and Boxes in Figure 1.30 show storages, such as the atmosphere and biomass (i.e. biological matter).
the arrows may be Arrows show flows - inputs to and outputs from storages. The arrows are labelled with different
representative of the size/ processes, either transfers or transformations.
magnitude of the storage : . : - :
g or ﬂO\gN The size of boxes and arrows in systems diagrams can be drawn to represent the size (i.e. magnitude)

of the storage or flow. The system diagrams in Figure 1.31 offer information about the different systems
by drawing flows and stores proportionally (e.g. biomass store is larger in the woodland; litter store is
larger in the woodland and there is a large output in mixed farming due to the harvested crops and

28



livestock). The diagrams also show that legumes and fertilizers are additional inputs in mixed farming.
Extra value can be given to systems diagrams, even simple ones, by showing data quantitatively.

(a)  Temperate deciduous woodland

input dissolved
in rain

\

leaf fall
tissue decay

run-off <= r uptake by plants

mmerallzatlo
humification,
and degradation

%

weathering of rocks

(b} Mixed farming

input from rain
and irrigation

harvesting crops,
livestock manure

—

Iegurnes

run-off

fenilizers

weathering of rocks

1.2.4 Flows are transfers or transformations

Flows are processes that may be either transfers (a change in location) or
transformations (a change in the chemical nature, a change in state or a change
in energy).

Using the tree system (Figure 1.29) as an example, transfers include:

harvesting of forest products

the fall of leaves and wood to the ground.

Transformations include:

1.2.5 Systems can be open or closed

photosynthesis — transforming CO,, H,0 and light into biomass and O,

respiration — transforming biomass into CO, and H,O.

Systems can be divided into two types, depending on the flow of energy and matter
between the system and the surrounding environment.

(@)

Open systems — Both matter and energy are exchanged across the boundaries of
the system (Figure 1.32a). Open systems are organic (i.e. living) and so must interact
with their environment to take in energy and new matter and to remove wastes (e.g.
an ecosystem). People are also open systems in that they must interact with their
environment to take in food and water, obtain shelter and produce waste products.

energy in mass out

open system

mass in :
energy out

(b) energy out

closed system

surroundings

energy in
no mass transfer

<« Figure 1.31 Nutrient cycles

for (a) a temperate deciduous
woodland and (b) an area
nearby where the woodland
has been cleared for mixed
farming. Biomass is all the
living material in the
ecosystem. Arrows are
proportional to the amount
of energy present so larger
arrows show a greater energy
flow than smaller ones.

2.3 Biogeochemical cycles
4.1 Water systems
5.1 Soil

Transfers involve a change
in the location of energy
or matter.
Transformations involve

a change in the chemical
nature, a change in state
or a change in energy.

An open system exchanges
both energy and matter
across its boundary, while
a closed system exchanges
only energy across its
boundary. Biosphere 2 is
an example of a closed
system. An ecosystem is
an example of an

open system.

<« Figure 1.32 The exchange

of matter (mass) and energy
across the boundary of
different systems. Open
systems (a) exchange both
mass and energy. Closed
systems (b) exchange only
energy.
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* Closed systems — Energy but not matter is exchanged across the boundaries of the
system (Figure 1.32b). Examples are atoms and molecules and mechanical systems.
The Earth can be seen as a closed system: input = solar radiation (Sun’s energy or
light) and output = heat energy. Matter is recycled within the system. Although
spaceships and meteorites can be seen as moving a small amount of matter in and
out of the Earth system, they are generally discounted. Strictly, closed systems do
not occur naturally on Earth. However, all the global cycles of matter, including the
water cycle and nitrogen cycles, approximate to closed systems. Closed systems can
also exist experimentally. An example of such a system is seen in Biosphere 2.

Almost all systems are open, only the global geochemical cycles (Topic 2, Sections
2.3.1 and 2.3.2) approximate to closed systems.

Example - Biosphere 2

Figure 1.33 Biosphere 2 P
encloses an area equivalent to
two and a half football pitches

and contains five different
biomes (ocean with coral reef,

mangrove, rainforest,
savannah and desert). Further
areas explore agricultural
systems and human impact
on natural systems.

How does the way that
we organize or classify
knowledge affect what

we know?

Systems are hierarchical
and what may be seen as
the whole system in one
study may be seen as only
part of another system

in a different study. For
example, a human can be
seen as a whole system,

Biosphere 2 is an experiment modelling the Earth as a closed system (Figure 1.33).
It was constructed in Arizona between 1987 and 1991 and enables scientists to

B T e — study the complex interactions of natural systems such as the constantly changing
water and outputs of waste chemistry of the air, water and soil within the greenhouses and the possible use of
oras part o a larger system closed biospheres in space colonization. It allows the study and manipulation of a

such as an ecosystem or

social system. Difficulties
may arise as to where the
boundaries are placed and
how this choice is made.

2.3 Biogeochemical cycles
4.1 Water systems
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biosphere without harming the Earth. The project is still running and has resulted
in numerous scientific papers. Results have shown that small, closed ecosystems
are complex and vulnerable to unplanned events, such as fluctuations in CO, levels
experienced during the experiment, a drop in O, levels due to soils over-rich in soil
microbes and an over-abundance of insect pests that affected food supply.

Activity

Consider an ecosystem in your local environment, such as a temperate or tropical
rainforest, a desert or grassland. In what ways can this ecosystem be considered an
open system? How does matter and energy enter and leave the ecosystem? Draw a
diagram to summarize your ideas and share your thoughts with others in your class.



1.2.6 The Earth as a single integrated system

The photos of the Earth in space, taken on NASA’s Apollo 8 mission (Figure 1.1),
prompted English scientist James Lovelock to formulate his Gaia hypothesis in the
mid-1960s. The Gaia hypothesis, named after the Greek supreme goddess of the Earth,
was co-developed with Lynn Margulis and compares the Earth to a living organism in
which feedback mechanisms maintain equilibrium. The hypothesis states that the Earth
is a global control system of surface temperature, atmospheric composition and ocean
salinity. It proposes that all parts of the Earth, including the water, soil, rock, atmosphere
and the living components or biosphere, are closely integrated to form a complex
interacting system. This system maintains the climatic and biogeochemical conditions
on Earth in a preferred homeostasis. This means that the Earth has a balance that best
provides the conditions for life on Earth and therefore functions as a single

living organism.

1.2.7 The concept of a system can be applied

at a range of scales

An ecosystem is a community of interdependent organisms and the physical environment
they inhabit. Different ecosystems exist where different species and physical or climatic
environments are found. An ecosystem may, therefore, be of any size up to global.

For example, a tropical rainforest contains lots of small-scale ecosystems, such as
the complex web of life that exists within a single bromeliad in the canopy (Figure
1.34). Systems have inputs, outputs and storages. The rainforest can be viewed as
an ecosystem with inputs such as sunlight energy, nutrients and water; outputs
such as oxygen, soil litter and water
and finally, storages such as biomass
within trees and plants or nutrients
within soil. Such ecosystems can be
viewed within one country on the
local scale or more widely across
many different countries where the
same climatic conditions apply. On
the global scale, ecosystems with
similar climatic conditions in different
parts of the world are called biomes.
Examples of different biomes include
tundra, tropical rainforest and desert
(Topic 2, Sections 2.4.2-2.4.4).

On the largest scale, our entire planet
can be seen as an ecosystem, with
specific energy inputs from the

Sun and with particular physical
characteristics. The Gaia hypothesis
proposes that our planet functions as
a single living organism.

1
|

The NASA missions of
the 1960s and 1970s
produced memorable
images of the Earth from
space. Prior to these
images being published
people had not seen the
Earth in this way. The
photos gave the public
a greater appreciation
of the vulnerability

of the planet and its
unigueness both within
the Solar System and
more widely within the
Universe beyond. These
photos also prompted
Lovelock to formulate his
Gaia Hypothesis, named
after the Greek supreme
goddess of the Earth.

James Lovelock’s Gaia
hypothesis is a model

of the Earth as a single
integrated system.
Lovelock's Gaia theory was
introduced to explain how
atmospheric composition
and temperatures are
interrelated through
feedback control
mechanisms. There are
many variations of the
Gaia theory as further
developed by Lovelock
and Margulis.

Biosphere refers to the
part of the Earth inhabited
by organisms, that extends
from upper parts of the
atmosphere to deep in the
Earth's crust.

Figure 1.34 Bromeliads are
flowering plants found in
abundance in the canopies of
rainforests. They capture
rainwater in their upturned
leaves. This collection of water
enables a small ecosystem to
exist containing tree frogs,
snails, flatworms, tiny crabs
and salamanders. Animals
within the bromeliad may
spend their entire lives inside

the plant.
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Figure 1.35 Strawberry P

poison-dart frog.

How might the context
in which knowledge

is presented influence
whether it is accepted
or rejected?

The holistic approach and
the reductionist approach
used by conventional
science use almost
identical methodologies.
Therefore, the difference
between them may only
be one perspective.

Foundation

Dendrobates pumilio, the strawberry
poison-dart frog, is common in the Atlantic
lowland tropical forests of Central America,
especially in Costa Rica (Figure 1.35).

The female typically lays 3-5 eggs on the
forest floor in a jelly-like mass that keeps
them moist. Once the eggs are ready to
hatch, one of the parents steps into the
jelly surrounding the eggs: the tadpoles
respond to the movement and climb onto
the parent’s back, where they stick to a
secretion of mucus. The parent carries the
tadpoles up to the canopy where they are
deposited in water caught by the upturned
leaves of a bromeliad. Each tadpole is

put in a separate pool to increase the
likelihood that some offspring will survive
predation. The bromeliad ecosystem is a
vital part of the frog's lifecycle.

1.2.8 Negative feedback loops

‘Feedback’ refers to changes to the processes in a system that cause changes in the level
of output. This feeds back to affect the level of input (Figure 1.36).

|
Figure 1.36 Feedbackina P
system. ‘

What makes a good
explanation?

The systems approach
gives a holistic view of
the issues, whereas the
reductionist approach

of conventional science
breaks the system down
into its components

and describes the
interrelations between
them. The former
describes patterns and
models of the whole
system, whereas the latter
aims at explaining cause-
and-effect relationships
within it.

Systems occur at a
range of scales including
small-scale local
ecosystems such as a
bromeliad in rainforest,
large ecosystems such
as a rainforest and
global systems such as
the Gaia hypothesis or
atmospheric circulation.
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Feedback can be positive or negative.

Negative feedback can be defined as feedback that counteracts any change away from
equilibrium, contributing to stability. Negative feedback is a method of control that
regulates itself. For example, an ecosystem normally exists in a stable equilibrium,
either a steady-state equilibrium or one developing over time (e.g. succession, Topic 2,
Sections 2.5.3-2.5.7), because it is maintained by stabilizing negative feedback loops.
Steady-state equilibrium in the human body is also maintained by negative feedback.
For example, in temperature control, an increase in the temperature of the body results
in increased sweat release and vasodilation, thus increasing evaporation of sweat from
the skin, cooling the body and returning the temperature to its original equilibrium
level. On a larger scale, an increased release of CO, through the burning of fossil

fuels leads to enhanced plant growth through increased photosynthesis. This reduces
atmospheric levels of CO,. Negative feedback mechanisms are stabilizing forces within
systems. They counteract deviation.



Use diagrams representing examples of negative feedback

Diagrams can be used to show negative feedback in systems. Consider Figure 1.37. If high winds
blow down a tree in the rainforest, a gap is left in the canopy and more light reaches the forest floor.
This encourages new growth. The rates of growth are rapid as light levels are high, so new saplings
compete to take the place of the old tree in the canopy and equilibrium is restored. In this way,
negative feedback and succession (Topic 2, Section 2.5.6) have closed the gap.

closed
canopy in

rainforest

young trees

compete for light wind blows
and tg l:jeglea:e the down old tree
wthict more light at
gr tr:es the forest
young floor

Predator-prey relationships provide another example of negative feedback (this topic,
Section 1.2.15).

The DaisyWorld model

The DaisyWorld model, a computer simulation developed by James Lovelock and
Andrew Watson, explains negative feedback loops.

The model shows how the Gaia hypothesis (this topic, Section 1.2.6) could regulate life
on Earth. DaisyWorld is a simple model for a worldwide ecosystem and proposes that:

The only life on DaisyWorld is black and white daisies. The rest of the planet is bare earth.

The temperature of the planet is determined by the balance between the amount of
light absorbed by the surface of the planet and heat radiated into space.

The heat output from a nearby star is gradually increasing.

Black daisies absorb more starlight energy and warm the planet — they will be
abundant in the early history of DaisyWorld when the star is cooler.

White daisies reflect more of the star’s energy — these will become more abundant
as the star’s heat energy increases.

The temperature of the planet remains the same within narrow limits.
The temperature of the planet is therefore self-regulating.

1.2.9 Equilibrium

Open systems tend to have a state of balance among the components of a system
—they are in a state of equilibrium. This means that although there may be slight
fluctuations in the system, there are no sudden changes and any fluctuations tend to
occur only between closely defined limits. Equilibrium allows systems to return to
their original state following disturbance.

<« Figure 1.37 Negative
feedback can lead to
steady-state equilibrium
in a rainforest. Gaps in the
forest canopy are closed
when young trees
compete for light and
replace the old tree.

&

&

2.1 Individuals,
populations, communities
and ecosystems

2.5 Zonation, succession
and change in ecosystems
6.2 Climate change -
causes and impacts

7.2 Energy resources,

use and management

8.3 Urban air pollution

The DaisyWorld model
shows how temperature
regulation can occur due
to the presence of life on
a planet in contrast with
a planet on which no

life is present.

2.5 Zonation, succession
and change in ecosystem
3.3 Conservation and
regeneration

33



A steady-state equilibrium
is the condition of an open
system in which flows are
still occurring but inputs
are constantly balanced
with outputs; there are no
changes over the longer
term, but there may be
oscillations in the very
short term.

Figure 1.38 The conditions P

Foundation

Steady-state equilibrium

A steady-state equilibrium is the common property of most open systems in nature.
Despite constant inputs and outputs of energy and matter, the overall stability of the
system remains. In a steady-state equilibrium there is no change over the longer term
but there may be oscillations in the very short term. Fluctuations in the system occur
around a fixed level and any deviation above or below this level results in a return
towards this average state (Figure 1.38).

of an open system fluctuate
around an average state in
steady-state equilibrium.

average state

Most open systems have
a steady-state equilibrium,
where any changes to

a stable system result in

a return to the original
equilibrium after the
disturbance. Negative
feedback mechanisms (this
topic, Section 1.2.8) return
the system to the original
state. This is because there
are inputs and outputs of
energy and matter to the
system that allow this to
happen. Static equilibrium
is when there is no input
or output from the system
and no change occurs -
this does not apply to any
natural system.

A stable equilibrium is the
condition of a system in
which there is a tendency
for it to return to the
previous equilibrium
following disturbance.

|

Figure 1.39 (a) Disturbance pp
to the system results in it
returning to its original
equilibrium. (b) Immediately
following disturbance,
conditions may be very
different in the system but
eventually return to the
original equilibrium.
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time

system state

There is a tendency in natural systems for the equilibrium to return after disturbance,
but some systems (e.g. succession) may undergo long-term changes to their
equilibrium until reaching a steady-state equilibrium with the climax community
(Topic 2, Section 2.5.3-2.5.4).

The stability of steady-state equilibrium means that the system can return to the steady
state following disturbance. For example, the death of a canopy tree in the rainforest
leaves a gap in the canopy, which eventually closes again through the process of
succession (Figure 1.37 and Topic 2, Section 2.5.6). Homeostatic mechanisms in
animals maintain body conditions at a steady state —a move away from the steady

state results in a return to equilibrium. (You may come across the term ‘dynamic
equilibrium’ to describe this phenomenon but it is not used in this course.)

Stable and unstable equilibrium

If a system returns to the original equilibrium after a disturbance, it is a stable
equilibrium (Figure 1.39a and b). A system that does not return to the same
equilibrium but instead forms a new equilibrium is an unstable equilibrium
(Figure 1.40a and b). Positive feedback mechanisms (this topic, Section 1.2.10
and 1.2.11) can lead to a system moving away from its original equilibrium.

(a) (b)

o

system state

time



(b)

system state

time

10 and 1.2.11 Positive feedback loops

Positive feedback loops have amplifying roles. Positive feedback occurs when

a change in the state of a system leads to additional and increased change. Thus,

an increase in the size of one or more of the system’s outputs feeds back into the
system and results in self-sustained change that alters the state of a system away from
its original equilibrium towards instability (Figure 1.41). For example, increased
temperature through global warming melts more of the ice in the polar ice caps

and glaciers, leading to a decrease in the Earth’s albedo (reflection from the Earth’s
surface). This means that Earth absorbs more of the Sun’s energy, causing the
temperature to increase further, melting more ice (Topic 6, Section 6.2.7). Exponential
population growth is also an example of positive feedback (see Example).

Positive feedback can lead to an increase or a decrease in a system component. For example,
as a population declines, the reproductive potential decreases, leading to further decrease.

Use diagrams representing examples of positive feedback

Diagrams can be used to show positive feedback in systems.

temperature g
mp increases

increases

carbon dioxide and
methane released

into atmosphere .
i increases

Example - Humans, resources and space

The population of humans on Earth is growing at an ever-increasing rate. A higher
number of people on the planet leads to a higher number of children in a positive
feedback loop. The rate will continue to increase if there are sufficient resources
available to support the population. The human population has been growing

< Figure 1.40 (a) Disturbance

results in a new equilibrium
very different from the first
(in this case the object lying
horizontally rather than
standing vertically).

(b) Scientists believe that the
Earth’s climate may reach a
new equilibrium following the
effects of global warming,
with conditions on the planet
dramatically altered.

Figure 1.41 A positive
feedback mechanism
enhancing climate change.
Such mechanisms are often
linked to tipping points when
the system becomes unstable
and forms a new equilibrium
(this topic, Section 1.2.12,
page 36).

Feedback refers to the
return of part of the
output from a system as
input, to affect succeeding
outputs. There are two
types of feedback.
Negative feedback

tends to reduce, neutralize
or counteract any
deviation from

an equilibrium and
promotes stability.

Positive feedback amplifies
or increases change,
which leads to exponential
deviation away from an
equilibrium.
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Figure 1.42 Population P

control in animal populations
contains both negative and
positive feedback loops.

3.3 Conservation and
regeneration

4.4 Water pollution
6.2 Climate change -
causes and impacts

Positive feedback loops
(destabilizing) will tend to
amplify changes and drive
the system towards a
tipping point where a new
equilibrium is adopted.

The tipping point is the
minimum amount of
change within a system
that will destabilize it,
causing it to reach a new
equilibrium or stable state.
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exponentially. Some 2000 years ago, the Earth’s population was about 300 million
people. It took the human population thousands of years to reach one billion,
which it did in 1804. However, it took only 123 years for this to double, reaching
two billion in 1927. The population doubled again to four billion in 1974 (after
only 47 years). In 2023, it reached eight billion. It is estimated that the population
will reach nine billion in 2037. While it took the global population 12 years to
grow from seven to eight billion, it will take approximately 15 years for it to reach
nine billion, which suggests that the overall growth rate of the global population is
beginning to decrease.

A system may contain both negative and positive feedback loops resulting in different
effects within the system (Figure 1.42).

( births
+T l+

= :I total population (N)

positive feedback loop

J ( births J< - i

v

( food supply J

negative feedback loops

L [ deaths )< -
1.2.12 Tipping points

A tipping point is a critical threshold where even a small change can have
dramatic effects and cause a disproportionately large response in the overall
system. Positive feedback loops are destabilizing and tend to amplify changes,
driving the system towards a tipping point where a new equilibrium is adopted
(Figure 1.41 and Figure 1.43b). Most projected tipping points are linked to climate
change and represent points beyond which irreversible change or damage occurs.
Increases in atmospheric CO, levels above a certain value (450 ppm) would lead
to an increase in global mean temperature, causing melting of the ice sheets and
permafrost (Topic 6, Section 6.2.13). Reaching such a tipping point would, for
example, cause the melting of Himalayan mountain glaciers, a lack of freshwater
and long-term damage to many Asian societies.

If external conditions in the environment, such as nutrient input or temperature,
change gradually, then the ecosystem state may respond gradually (Figure 1.43a) and
no tipping points would be involved. In other cases, there may be little response below



a certain threshold. However, fast changes in the system can occur once the threshold

is reached (Figure 1.43b), even though a small change in environmental conditions has

occurred. In such cases, a tipping point has been reached (see Example).

(a) (b)

ecosystem state
ecosystem state

Y

\

external condition external condition

Example - Krill harvesting in the Southern Ocean

Krill are small shrimp-like crustaceans that are a food source for seals, whales,
penguins and other seabirds (Figure 1.44). Krill are harvested to produce food for
farmed fish and nutritional supplements for people. Research into the effects of
Antarctic krill in the seas near South Georgia have indicated a level of fishing that

is sustainable. Beyond this level a tipping point would be reached, leading to rapid
change in the southern ocean ecosystem. Krill form the basis of the food chain and
so a significant reduction in their population density severely affects other animals

(e.g. gentoo penguins, macaroni penguins and the Antarctic fur seal). The study

showed that animals that feed on the krill began to suffer when the krill population

declined below a critical level of 20 g m, which is approximately one-third of the
maximum measured number of krill available (Figure 1.45). This critical level is

also shown throughout seabird species around the world that rely on krill, from the

Arctic to the Antarctic and from the Pacific to the Atlantic.
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Figure 1.45 Graphs showing the effect of changes in krill density on upper trophic level predators
(fur seals, macaroni penguins and gentoo penguins). The combined standardized index (CSI) uses a
range of variables to assess the health of predator populations, including population size, breeding
performance, offspring growth rate, foraging behaviour and diet. Data show that a tipping point is
reached at a population of 20 g m= of krill.
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2.1 Individuals,
populations, communities
and ecosystems

2.5 Zonation, succession
and change in ecosystems

<« Figure 1.43 The ways in

1

which different types of

ecosystems may respond to
changing external conditions.

Figure 1.44 Krill live in huge
swarms which can measure

several kilometres across and
reach densities of 10,000

individuals per cubic metre.

Each individual has a
maximum length of 6 cm.
They feed on algae. Krill are a
major food species for a wide
array of oceanic creatures.
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To learn more about
conservation of the
Antarctic Ocean
ecosystem, go to the
Commission for the
Conservation of Antarctic
Marine Living Resources
(CCAMLR) website.

[=

Search online for the
Met Office’s webpage on
climate change.

2.1 Individuals,
populations, communities
and ecosystems

3.3 Conservation and
regeneration

4.4 Water pollution

6.2 Climate change -
causes and impacts

8.3 Urban air pollution

To learn more, search
online for CarbonBrief
articles on tipping points.
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Shifts in equilibrium

Tipping points result in regime shifts between alternative stable states.

Systems at threat from tipping points include the Antarctic sea ecosystems, Arctic
sea-ice, Greenland ice sheet, West Antarctic ice sheet, El Nifio Southern Oscillation
(ENSO), West African monsoon, Amazon rainforest, Boreal forest, thermohaline
circulation (THC) (Topic 2, Section 2.4.6 and Topic 4, Section 4.1.14), and nitrate/
phosphate concentrations and eutrophication (Topic 4, Section 4.4.5). Some of these
are discussed below.

El Niflo Southern Oscillation

El Nifio Southern Oscillation (ENSO) refers to fluctuations in sea surface temperatures
across the Pacific Ocean (Topic 2, Section 2.4.10 and 2.4.11, HL only), with oscillations
occurring every 3 to 7 years. The warming and cooling oscillations of the tropical
eastern Pacific Ocean, off the west coast of South America, are known as El Nifio and La
Nifla, respectively. Because ocean circulation has a global extent, ENSO can have large-
scale effects on the global climate system and cause extreme weather such as droughts
and floods. El Nifio events, for example, can lead to warm and very wet weather in the
months of April to October with flooding occurring along the western coast of South
America (in countries such as Peru and Ecuador). At the same time, drought occurs in
Australia, Malaysia, Indonesia and the Philippines; warmer-than-normal winters occur
in northern USA and Canada; greater rainfall occurs in south-west USA and droughts
occur in Africa and India. Developing countries bordering the Pacific Ocean, on both its
eastern and western extremes, are particularly affected by ENSO events.

West African monsoon

The heavy rains that occur in West Africa are affected by sea surface temperature.

A change in global mean temperature of 3-5 °C could lead to a collapse of the West
African monsoon. With reduced rainfall in western Africa, more moisture would
reach areas such as the Sahara, which could lead to increased rainfall and ‘greening’ as
more vegetation grows.

Amazon rainforest

Increased temperatures, due to climate change and the effects of deforestation through
logging and land clearance (Figure 1.46), could lead to a tipping point in the Amazon.
Rainforests create their own weather patterns, with high levels of transpiration
(evaporation of water from leaves) leading to localized rainfall. Drier conditions would
lead to an increased likelihood of forest fires and reduced forest extent through forest
dieback. The loss of trees would result in less transpiration, with more water ending
up in rivers and ultimately the sea rather than remaining in the forest. The ultimate
decrease in water circulating locally would result in a tipping point being reached,
leading to the desertification of the Amazon basin.

Figure 1.46 lllegal P
deforestation in the
Brazilian Amazon.
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Boreal forest

Boreal forest, or Taiga (Topic 2, Section 2.1.20, Figure 2.38), is characterized by
coniferous trees such as pines. It is the Earth’s most extensive biome and is found
throughout the northern hemisphere. Research suggests that a 3 °C increase in mean
global temperature may be the threshold for loss of the boreal forest because of
increased water stress, decreased tree reproduction rates, increased vulnerability to
disease and fire.

The likelihood and possible impacts of these tipping points are shown in Figure 1.47.

highest risk

high

ENSO
amplitude
increase

Atlantic

Amazon

relative impact

medium THC rainforest
shutdown dieback
low lowest risk

\J

low medium high
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Models are used to predict tipping points and such models have strengths and
limitations (this topic, Section 1.2.13 and 1.2.14, page 41). The delays involved in
feedback loops make it difficult to predict tipping points and add to the difficulty of
modelling systems.

Accurate predictions are critical as the costs of tipping points, both from
environmental and economic perspectives, could be severe. Models that predict
tipping points are, therefore, essential and have alerted scientists to the potential of
large events. Continued monitoring, research and modelling is required to improve
predictions.

< Figure 1.47 Possible
likelihoods and impacts of
tipping points resulting from
climate change.

Activities in one part
@ of the globe may lead

to a tipping point that
influences the ecological
equilibrium elsewhere
on the planet. For
example, fossil fuel use in
industrialized countries
can contribute to global
warming, the impacts

of which may be seen
elsewhere, such as the
desertification of the
Amazon basin.
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A model is a simplified
description designed to
show the structure or

workings of an object,
system or concept. A
model may take many
forms including a graph,
a diagram, an equation, a
simulation or words.

Figure 1.48 Amodel of the P
climatic system. |

You are expected to be
able to construct a system
diagram or a model from
a given set of information.
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.13 and 1.2.14 Models

A model is a simplified version of reality. Models can be used to understand how
systems work and predict how they will respond to change. For example, computer
models can use current and past data to predict how global surface temperatures will
change during the 21st century (Topic 6, Sections 6.2.7, 6.2.11, 6.2.12 and 6.3.8). All
models have strengths and limitations and inevitably involve some simplification and
loss of accuracy.

Some models are complex, such as the computer models that predict the effect of
climate change. Other models, even of complex systems, are simpler (Figure 1.48).

radiation outputs from
Earth—atmosphere

solar inputs to

atmosphere
Earth—atmosphere P

!

ocean
oceanic circulation

atmgspheric land and
circulation and =P ice terrestrial g
composition features

!

human activity

ey Internal interactions of the

climatic system Earth—atmosphere system

SN External inputs and outputs

of the climatic system

Models can be used to show the flows, storages and linkages within systems, using
the diagrammatic approach (this topic, Section 1.2.3). For example, Figure 1.49 shows
a model of an ecosystem. While unable to show much of the complexity of the real
system, Figure 1.49 still helps us to understand basic ecosystem function.



animals eat
plants animals excrete
and die
A \ / l

roots take
leaves . leaves fall
up nutrients .
plants die
roots take nutrients roots take
up water leach into soil up water

A model involves approximation and therefore loss of accuracy

The simplification of a model can make it less accurate. Different models may give very
different results.

Strengths of models
* Models allow scientists to simplify complex systems and use them to predict what
will happen if there are changes to inputs, outputs or storages.

*  Models allow inputs to be changed and outcomes to be examined without having
to wait a long time, as we would have to if studying real events.

*  Models allow results to be shown to other scientists and to the public and are easier
to understand than detailed information about the whole system.

Limitations of models
» Environmental factors are very complex with many interrelated components and it
may be impossible to take all variables into account.

* Different models may show different effects using the same data. For example,
models used to predict the effect of climate change can give very different results.

*  Models themselves may be very complex and when they are oversimplified, they
may become less accurate. For example, there are many complex factors involved
in atmospheric systems.

* Because many assumptions must be made about these complex factors, models
such as climate models may not be accurate.

* The complexity and oversimplification of climate models, for example, has led
some people to criticize these models.

 Different models use slightly different data to calculate predictions.

* Any model is only as good as the data used. The data put into the model may not be
reliable.

*  Models rely on the expertise of the people making them and this can lead to impartiality.
* Asmodels predict further into the future, they become more uncertain.
* Different people may interpret models in different ways and so come to different

conclusions. People who would gain from the results of the models may use them
to their advantage.

< Figure 1.49 Models are

simplified versions of reality.
They can show much about
the main processes in an
ecosystem and show key
linkages. This is a model of a
forest ecosystem.

Models are used

& throughout the course

to represent systems and
processes, for example

1.1 Perspectives (modelling
EVSs) and 2.1 Individuals,
populations, communities
and ecosystems (modelling
population interactions)

6.2 Climate change -
& causes and impacts

8.1 Human populations

The need for models

to summarize complex
systems requires
approximation techniques
to be used and these can
lead to loss of information
and oversimplification. A
model inevitably involves
some approximation

and therefore loss of
accuracy. The advantage
of models is that they

can clearly illustrate links
between parts of the
system and give a clear
overview of complex
interrelationships.
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1.2.15 Emergent properties

Interactions between components of a system can generate emergent properties.
An emergent property is a property that a system has but which the individual
components do not have. Predator-prey oscillations (Figures 1.50, 1.51 and 1.52) and
trophic cascades (Figure 1.53) give examples of emergent properties where patterns of
change occur that would not occur in isolated components.

Predator-prey relationships

Predation occurs when one organism hunts and eats another organism.
Figure 1.50 Female snowy P
owl swoops down to catch a
lemming on top of the snow.

Predator—prey relationships are seen, for example, in lemming and snowy owl populations
in the northern polar regions. The graph in Figure 1.51 shows fluctuations in the
population sizes of lemmings (the prey) and snowy owls (the predator) over several

years.
Figure 1.51 Variations in the pp
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These predator—prey interactions are often controlled by negative feedback mechanisms
that control population densities (Figure 1.52). In the relative absence of the predatory
snowy owl (due to a limited prey population), the population of lemmings begins to
increase in size. As the availability of prey increases, there is an increase in predator
numbers, after a time lag. As the number of predators increases, the population size of the
prey begins to decrease, again after a time-lag. With fewer prey, the number of predators
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decreases again. With fewer predators,
the number of prey may begin to
increase again and the cycle continues.
Nevertheless, predation may be good
for the prey. It removes old and sick
individuals first as these are easier to
catch. Those individuals remaining
are healthier and form a superior
breeding pool. This is an example

of emergent properties because it
shows how interactions between two
different species lead to fluctuations
in population size that are determined
by interactions between different
components of the overall system.

prey
increases

prey
decreases

Trophic cascades

A trophic level is the position that an organism occupies in a food chain (Topic 2,
Section 2.2.10 and 2.2.11). Producers, for example, form the first trophic level in a food
chain. ‘Trophic cascade’ refers to the impact that a top consumer has on the trophic level
beneath it (i.e. its prey) and in turn the knock-on effect this has on lower trophic levels in
the food chain. Trophic cascades occur when predators limit the population size of their
prey, which in turn enhances the chance of survival of the individuals in the next lower
trophic level in the food chain. Complex interactions between different trophic levels
create emergent properties of the overall system. Adding or removing top predators,
either deliberately or indirectly through human activities, can lead to associated changes
in the relative populations of predator and prey through a food chain. This can result in
dramatic changes in ecosystem structure and nutrient cycling.

Trophic cascade

Level 3

Bhb
Ko wh

Level 2

Level 1

A

Figure 1.52 Predator-prey
relationships show negative
feedback.

Figure 1.53 Trophic cascade
caused by removal of the

top predator (wolf). When the
top predator is removed, the
population of deer is able

to grow unchecked, which
causes over-consumption

of the primary producers.
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3.3 Conservation and Before removal of the top carnivore (Figure 1.53), the ecosystem would have:

regeneration .
5.2 Agriculture and food * few large herbivores

6.3 Climate change - * adiverse plant community, as the top predator limited the population of herbivores
mitigation and adaptation

8.2 Urban systems and
urban planning * adiverse community of birds, supported by the plant community and a complex

environment, with plenty of food.

e amix of large and small predators

After removal of the top carnivore, the ecosystem would have:

* alarge population of herbivores, due to lack of predation
 asimplified plant community, due to feeding by herbivores
 asimplified bird community

 anabsence of large predators but a dominance of small predators, such as the fox,
due to lack of competition with large predators.

1.2.16 The resilience of a system

The resilience of a system, ecological or social, refers to its tendency to avoid tipping
points and maintain stability through a steady-state equilibrium. Resilience is the
capacity to resist damage and recover from or adapt efficiently to disturbance.

The resilience of a system
is the capacity to resist
damage and recover from
or adapt efficiently to
dEwrbanee; Diversity and the size of storages within systems can contribute to their resilience and
affect the speed of response to change. Large storages, or high diversity, will mean
that a system is less likely to reach a tipping point and move to a new equilibrium.
Humans can affect the resilience of systems through reducing these storages and
diversity. Tropical rainforests, for example, have high diversity (i.e. large numbers
and proportions of species present) but catastrophic disturbance through logging
(i.e. rapid removal of tree biomass storages) or fires can lower its resilience and can
mean it takes a long time to recover. Natural grasslands, in contrast, have low diversity
but are very resilient, because a lot of nutrients are stored below ground in root

systems. Therefore, they can recover quickly after fires (see Example).

3.3 Conservation and
regeneration

6.2 Climate change -
causes and impacts

6.3 Climate change -
mitigation and adaptation

You need to be able to
discuss resilience in a
variety of systems.

5.2 Agriculture and food

1.2.17 Diversity and the size of storages within

systems

You need to understand
the relationships between
resilience and diversity
and be able to use
specific examples to
illustrate interactions.

Diversity and the size of storages within systems can contribute to their resilience and
affect their speed of response to change or time lags.

Example - Disturbance of tall grass prairie

Tall grass prairie is a native ecosystem to central USA (Figure 1.54). High diversity,
complex food webs and nutrient cycles in this ecosystem maintain stability. The
grasses are between 1.5 and 2 m in height, with occasional stalks as high as 2.5

or 3 m. Due to the build-up of organic matter, these prairies have deep soils and
recover quickly following periodic fires that sweep through them, meaning they can
quickly return to their original equilibrium. Plants have a growth point below the
surface that protects them from fire and enables a swift recovery.

Ecosystems with high
biodiversity contain
complex food webs that
make them resistant to
change - species can turn
to alternative food sources
if one species is reduced
or lost from the system.

uy
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North American wheat farming has replaced native ecosystems (e.g. tall grass
prairie) with a monoculture (a one-species system). Such systems are prone to

the outbreak of crop pests and damage by fire — low diversity and low resilience
combined with soils that lack structure and need to be maintained artificially with
added nutrients lead to poor recovery following disturbance.

1.2.18 Humans can affect the resilience of

systems

Large storages and high diversity, such as those found in forests, mean that a system

is less likely to reach a tipping point and move to a new equilibrium. A resilient
ecosystem can maintain its structure, ecological functions and processes. Humans can
affect the resilience of systems through reducing these storages and diversity. Tropical
rainforests, for example, have high diversity and large storage of carbon in the trees.
Any disturbance through removal of tree biomass storages can lower its resilience
(Figure 1.55). For example:

* deforestation and reduction in the size of storages leads to decreased productivity
through the removal of primary producers (the trees)

 reduction in producers leads to reduced habitat diversity and fewer niches, which
threatens more specialized species

* changed conditions and a less complex ecosystem can lead to species extinction,
resulting in shorter food webs and decreased stability.

In addition to the loss of storage when trees are removed, the deforestation of tropical
rainforests leads to a loss of nutrients. Rainforests have thin soils and although storage
of biomass in trees is high, the nutrient storage in soils is low. Nutrients are locked up
in decomposing plant matter on the surface of the soil and in rapidly growing plants.
When the forest is disturbed, nutrients are quickly lost when the leaf layer and topsoil
are washed away and when tree biomass is harvested.

Figure 1.54 Tall grass prairie.

A useful way of
remembering how the
resilience of a system
depends on the size of
storages is to think about
the differences between
a puddle and a lake. Both
are comprised of water
and a community of
organisms (although in a
puddle this may be very
limited). The lake is much
larger than the puddle
and so fluctuations in the
quantity of water in the
lake, temperature and
other abiotic variables will
be less noticeable than
those of a puddle. Loss
of water in the puddle,
for example, due to
evaporation, can lead to
the puddle disappearing
completely. The size of
storage affects the relative
stability of the puddle
compared to the lake, with
knock-on effects for the
organisms living within it.

<« Figure 1.55 Deforestation:
logging in Malaysian rainforest.
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Complex ecosystems,
such as rainforests, have
complex food webs
that allow animals and

plants many ways to
respond to disturbance
of the ecosystem and
thus maintain stability.
They also contain
long-lived species and
dormant seeds and
seedlings that promote a
steady-state equilibrium.
Nutrients are locked-up
in decomposing plant
matter on the surface of
the soil and in rapidly
growing plants within the
forest, so when the forest
is disturbed, nutrients are
quickly lost.

The concept of systems
provides a useful tool for
holistic analysis and gives

insight into understanding
the mechanics and
purpose of human
constructed systems and
the function of natural
ones. Systems theory uses
conceptual models that
provide essential analytical
tools for understanding
socio-ecological systems.
Models allow analysis

of tipping points that
could lead to undesirable
change and leverage
points that could

help to manage

systems behaviour.

2.5 Zonation, succession
and change in ecosystems
5.2 Agriculture and food
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Engagement

Q10.
Ql11.

Q12

Q13.

Ql4.
Q15.

Build a bottle ecosystem (Topic 2, Section 2.1.20), aquarium, terrarium, compost
heap or another school-based ecosystem and use it to construct a systems
diagram. Compare variables of the system. For example, with and without one
organism or with different levels of water/nutrients.

Use your skills in system analysis to help solve a whole school problem. To do
this, select one school problem, such as food waste. What inputs are there to
this system and what outputs are there? How can the inputs be changed so that
the outputs are also altered? For example, inputs to food waste may be the food
selected by your school canteen and the way in which students select the food
they eat. Outputs may be the quantity of food that is selected but that is not
eaten, as well as the food that is consumed. Produce a poster that summarizes
the information — there could be two diagrams, one representing the current
situation and a second that shows how alterations to the inputs could alter the
outputs, thereby addressing the whole school problem.

Advocate to peers to educate them about the importance of tipping points.
The information you produce (in the form of a presentation, poster, leaflet,
podcast or webinar) should explain the concept of tipping points and then
explain several potential tipping points that may affect Earth systems in the
future (this topic, Section 1.2.12). How can these tipping points be avoided?

Q6. Outline how the holistic approach to systems differs from the reductionist
approach of conventional science.

Q7. Compare and contrast open and closed systems.

Q8.

Q9.

Distinguish between transfers and transformations within a system.

Draw a systems diagram showing the inputs, outputs and storages of a
forest ecosystem.

Describe the Gaia hypothesis.

Distinguish between negative and positive feedback, using examples of
each.

Describe how tipping points can result in regime shifts between alternative
stable states. Use examples to support the explanation.

Explain why an ecosystem’s capacity to survive change depends on
diversity and resilience.

Evaluate the use of models in studying environmental systems.

Explain how interactions between components in systems can generate
emergent properties.



1.3 Sustainability

What is sustainability and how can it be measured?

To what extent are challenges of sustainable development also ones of
environmental justice?

1.3.1 Sustainability is a measure of the extent to which practices allow for the long-term
viability of a system. It is generally used to refer to the responsible maintenance of socio-
ecological systems such that there is no diminishment of conditions for future generations.

1.3.2 Sustainability is comprised of environmental, social and economic pillars.

1.3.3 Environmental sustainability is the use and management of natural resources that
allows replacement of the resources, and recovery and regeneration of ecosystems.

1.3.4 Social sustainability focuses on creating the structures and systems, such as health,
education, equity, community, that support human well-being.

1.3.5 Economic sustainability focuses on creating the economic structures and systems to
support production and consumption of goods and services that will support human needs
into the future.

1.3.6 Sustainable development meets the needs of the present without compromising the
ability of future generations to meet their own needs. Sustainable development applies the
concept of sustainability to our social and economic development.

1.3.7 Unsustainable use of natural resources can lead to ecosystem collapse.

1.3.8 Common indicators of economic development, such as gross domestic product (GDP),
neglect the value of natural systems and may lead to unsustainable development.

1.3.9 Environmental justice refers to the right of all people to live in a pollution-free
environment, and to have equitable access to natural resources, regardless of issues such as
race, gender, socio-economic status, nationality.

1.3.10 Inequalities in income, race, gender and cultural identity within and between different
societies lead to disparities in access to water, food and energy.

1.3.11 Sustainability and environmental justice can be applied at the individual to the global
operating scale.

1.3.12 Sustainability indicators include quantitative measures of biodiversity, pollution,
human population, climate change, material and carbon footprints, and others. These
indicators can be applied on a range of scales, from local to global.

1.3.13 The concept of ecological footprints can be used to measure sustainability. If these
footprints are greater than the area or resources available to the population, this indicates
unsustainability.

1.3.14 The carbon footprint measures the amount of greenhouse gases (GHGs) produced,
measured in carbon dioxide equivalents (in tonnes). The water footprint measures water use
(in cubic metres per year).

1.3.15 Biocapacity is the capacity of a given biologically productive area to generate an
ongoing supply of renewable resources and to absorb its resulting wastes.
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Sustainability is the use
of natural resources
in ways that do not
reduce or degrade the
resources, so that they
are available for future

generations. The concept
of sustainability is central
to an understanding of
the nature of interactions
between environmental
systems and societies.
Resource management
issues are essentially issues
of sustainability.

Sustainability is the use
and management of
resources that allows full
natural replacement of
the resources exploited
and full recovery of the
ecosystems affected by
their extraction and use.
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1.3.16 Citizen science plays a role in monitoring Earth systems and whether resources are
being used sustainably.

1.3.17 There are a range of frameworks and models that support our understanding of
sustainability, each with uses and limitations.

1.3.18 The UN Sustainable Development Goals (SDGs) are a set of social and environmental
goals and targets to guide action on sustainability and environmental justice.

1.3.19 The planetary boundaries model describes the nine processes and systems that have
regulated the stability and resilience of the Earth system in the Holocene epoch. The model
also identifies the limits of human disturbance to those systems and proposes that crossing
those limits increases the risk of abrupt and irreversible changes to Earth systems.

1.3.20 The doughnut economics model is a framework for creating a regenerative and
distributive economy in order to meet the needs of all people within the means of the planet.

1.3.21 The circular economy is a model that promotes decoupling economic activity from
the consumption of finite resources. It has three principles: eliminating waste and pollution,
circulating products and materials, and regenerating nature.

1.3.1 and 1.3.2 Sustainability

Sustainability means using global resources at a rate that allows natural regeneration
and minimizes damage to the environment. If continued human well-being is
dependent on the goods and services provided by certain forms of natural capital
(Topic 7, Section 7.1.2), then long-term harvest (and pollution) rates should not exceed
rates of capital renewal. For example, a system harvesting renewable resources at a
rate that enables replacement by natural growth shows sustainability. Sustainability is
living within the means of nature (i.e. on the ‘interest’ or sustainable income generated
by natural capital) and ensuring resources are not degraded (i.e. natural capital is not
used up) so that future generations can continue to use the resource. The concept can
be applied throughout our everyday lives.

Deforestation can be used to illustrate the concept of sustainability and
unsustainability: if the rate of forest removal is less than the annual growth of the
forest (i.e. the natural income), then the forest removal is sustainable. If the rate
of forest removal is greater than the annual growth of the forest, then the forest
removal is unsustainable (see this topic, Section 1.3.7, for another example of the
unsustainable use of natural resources).

When processing a natural resource to create income, sustainability needs to be
applied at every level of the supply chain (Figure 1.56).

Sustainability can be encouraged though careful application of:

* ecological land use to maintain habitat quality and connectivity for all species

* sustainable material cycles (e.g. carbon, nitrogen and water cycles) to prevent the
contamination of living systems

* social systems that contribute to a culture of sufficiency that eases the
consumption pressures on natural capital.

All activity is embedded in a system and, in general, enhancing system resilience
enhances sustainability (this topic, Section 1.2.16).



sustainability

Humans often use resources beyond sustainable limits through over-population
(unrealistic demand for limited resources), financial motives (exploitation of resources
for short-term financial gain), or ignorance (lack of knowledge of the resource’s
sustainable level). For example, unsustainable practice regarding soils includes:

 overgrazing (trampling and feeding by livestock lead to loss of
vegetation and exposure of the underlying soil)

» overcultivation (loss of soil fertility and structure leave topsoil
vulnerable to erosion by wind and water).

Local or global?

A global perspective for managing resources sustainably is desirable because many
problems, such as global warming (Topic 6, Section 6.2.4) have a worldwide impact. Such
a perspective allows for understanding the knock-on effects of environmental problems
beyond national boundaries and helps governments to be more responsible. Ecosystems
are affected by global processes, so sustainability needs to be understood as a global issue.
An example of this is the atmospheric system regarding the effects on climate change. A
global perspective also helps us to understand that our actions have an impact on others,
which is useful for getting societies to think about impacts on different generations, as
well as different countries. A worldview stresses the interrelationships between systems so
knock-on effects are reduced. But because ecosystems exist on many scales, a more local
perspective is sometimes appropriate. Human actions are often culturally specific (e.g.
traditional farming methods) and so global solutions may not be locally applicable.

Often local methods have evolved to be more sustainable and appropriate for the
local environment. It is also often the case that individual and small-scale community
actions, such as local recycling schemes, can be very effective for managing resources
sustainably. Sometimes a global approach is not appropriate because environmental
problems are local in nature as, for example, point-source pollution.

Sustainability is comprised of environmental, social
and economic domains

One of the most common diagrams used to represent sustainability is the overlapping
circles model (Figure 1.57). In this model, the environment, society and the economy
are shown as equal and independent, with sustainability at the point where they
intersect. However, the model underestimates the complexity of the socio-ecological
system and is referred to as ‘weak’ sustainability.

< Figure 1.56 Sustainability
applies to harvesting natural
capital, to the generation of
energy to process the product,
and to how the product is
packaged and marketed.

Sustainability is a measure
of the extent to which
practices allow for the
long-term viability of

a system. It is generally
used to refer to the
responsible maintenance
of socio-ecological
systems such that there
is no diminishment of
conditions for

future generations.

1.2 Systems

y b Environmental
economics
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Figure 1.57 Sustainability: P
overlapping circles model.

Diagrams show how
environmental, social and
economic sustainability
interact. Strong
sustainability models
show the economy
embedded in society
and both society and
economy embedded in
the natural environment.
Weak sustainability
models only show an
overlap in the

three domains.

Figure 1.58 Sustainability:
nested circle model.

Definitions of sustainability
begin with the idea that
development should meet
the needs of the present
without compromising
the ability of future
generations to meet their
needs. It refers to limiting
the degree to which

the current generation's
activities create harmful
environmental outcomes
involving resource
depletion or degradation
that will negatively affect
future generations.
Sustainability has three
integrated aspects:
environmental, societal
and economic.
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environmental/economic impact
e.g. environmentally friendly technologies,
incentives to reduce waste, etc.

environmental
impact.
“e.g. pollution
prevention,
use of natural

resources A
sustainability

socio-economic impact
e.g. fair wages, work safety, training
and development, fair terms of trade,
work for disadvantaged groups,
promotion of entrepreneurship and
social entrepreneurship, etc.

socio-environmental impact
e.g. access to amenable
places and safety, etc.

A more accurate conceptualization is a model that shows the
economy, society and the environment in systems nested in one another
(Figure 1.58). This comes from the understanding that the economy

is a subsystem of human society, which is in turn a subsystem of the
fand environment or biosphere. The economy cannot satisfy its own needs
for resources without considering the consequences for both society
and the environment. The nested circle model recognizes that social
and economic activity occurs within ecological limits. This is referred
to as ‘strong’ sustainability. Therefore, the economy must adapt to the
environment it finds itself in, both social and natural. There would not
be an economy without society and no society without the biosphere.
This model of sustainability emphasizes that no subsystem can
overgrow the system it is part of. This concept of sustainability contrasts
with the overlapping circles model, which was based on the principle
that the social, ecological and economic spheres are equally important.

1.3.3 Environmental sustainability

Environmental sustainability focuses on resource depletion, pollution and
conserving biodiversity. Active regeneration of ecosystems is also considered a
component of environmental sustainability.

Resource depletion

Resources from the Earth can be renewable or non-renewable (Topic 7, Section
7.1.6). There are different timescales in replacement of natural resources. Non-
renewable resources, such as fossil fuels and rare earth metals (Figure 1.59) can only be
replaced at a rate far slower than the rate at which they are being used. Non-renewable
resources will eventually run out if they are not replaced. Using economic terms, these
resources can be considered as equivalent to those forms of economic capital that
cannot generate wealth or income without liquidation of the estate. In other words,
the capital in the bank account is spent. Predictions about how long many of Earth’s



minerals and metals will last before they run out are usually basic. They may not
consider any increase in demand due to new technologies and they may assume that
production equals consumption. Accurate estimates of global reserves and precise
figures for consumption are needed for more exact predictions. However, key non-
renewable natural resources are limited and there is a need to minimize waste, recycle,
reuse and, where possible, replace rare elements with more abundant ones.

Renewable resources, in contrast, can be replenished at a rate that is equal to or greater
than the rate at which they are used (Figure 1.60). This may be through natural growth
or reproduction, such as food, crops or timber, or through other repeated processes,
such as freshwater production. Sustainable use of these renewable resources depends
on the rate at which they are extracted and, in terms of logging, the type of forest the
wood is taken from.

Environmental sustainability depends on the increasing use of renewable, rather than
non-renewable, resources. Resource depletion occurs when extraction of natural
resources exceeds the rate at which they can be replaced.

Pollution

Pollution is the contamination of the Earth and atmosphere to such an extent
that normal environmental processes are adversely affected. Polluted elements are
disagreeable, toxic and harmful.

|

a Environmental
law

1M b Environmental
economics

< Figure 1.59 A Norwegian oil
rig. Oil is a non-renewable
resource, the use of which has
been a key feature of the 20th
century and continues to be
so into the 21st century.

3.1 Biodiversity and
evolution

3.2 Human impact on
biodiversity

4.2 Water access, use
and security

4.4 Water pollution
7.2 Energy resources, use
and management

7.3 Solid waste

8.2 Urban systems and
urban planning

8.3 Urban air pollution

How can we distinguish
between knowledge,
belief and opinion?

The idea of environmental
sustainability suggests

that people should avoid
destroying resources today
so as not to penalize
future generations.

Is it possible to have
knowledge of the future?
How is an understanding
of future sustainability one
of knowledge, rather than
belief or opinion?

<« Figure 1.60 Renewable
natural resources include
timber.

Pollution is the addition of
a substance or an agent to
an environment by human
activity, at a rate greater
than that at which it can be
rendered harmless by the
environment and which
has an appreciable effect
on the organisms within it.
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Figure 1.61 The major P
sources of pollution include
the combustion of fossil fuels,
domestic and industrial
waste, manufacturing and
agricultural systems.

Most industrial nations
adopt a Cornucopian
approach to the
environment. This means
that they believe that
people can find a solution
to the problems created
by human use or misuse
of the environment,

such as those caused

by pollution, through a
technocentric perspective.

Does all knowledge
impose ethical
obligations on those
who know it?

Many rich countries have
knowingly polluted the
environment, in return

for the economic benefits

they gain. An example of
this is energy production.
Much of the cost of this
pollution is borne by other
countries - is this moral?

Some forms of pollution,
for example greenhouse
gas emissions (Topic 6,
Section 6.2.4), cannot be
contained by national
boundaries and therefore
can act either locally,
regionally or globally.

Biodiversity refers to the
variety of life on Earth.
Conservation biologists first
used the word to highlight
the threat to species and
ecosystems and it is now
widely used in international
agreements concerning
the sustainable use

and protection of

natural resources.
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sewage sludge

demolition and construction 8%
e.g. rubble, road planings
8%

mining and quarrying
e.g. colliery shale, slate,
china clay wastes
27%

domestic and commercial
e.g. paper, food, glass,
metals, plastics

9%

dredging
sand and mud
1%

agriculture
organic wastes from
intensively farmed livestock
industry 20%
e.g. furnace slag and ash,
many hazardous wastes
17%

Pollutants come in various forms, such as:

* organic or inorganic substances, such as pesticides and plastics
¢ light, sound or heat energy

¢ those derived from a wide range of human activities including the combustion of
fossil fuels (Figure 1.61).

It is difficult to define the levels that constitute pollution. Much depends on the nature
of the environment. For example, decomposition is much slower in cold environments
—so oil slicks pose a greater threat in Arctic areas than they do in tropical ones.
Similarly, levels of air quality that do not threaten healthy adults may affect young
children, the elderly or people with lung diseases such as asthma.

Pollution costs

The costs of pollution are widespread and difficult to quantify. They include death,
decreased levels of health, declining water resources, reduced soil quality and poor air
quality. It is vital to control and manage pollution. To be effective, pollution treatment
must be applied at the source. However, unless point sources can be targeted, this may
be impossible. There is no point treating symptoms if the cause is not tackled. For
example, treatment of acidified lakes with lime will not be effective if the emission of
acidic materials continues.

Conserving biodiversity

Biodiversity refers to the variety of life on Earth (Topic 3, Section 3.1.1, page 231). The
term can be used to evaluate both the complexity of an area and its health.

Active regeneration of ecosystems is a component of environmental sustainability
(Topic 3, Section 3.3.8). Re-establishing biodiversity through management, such as
rewilding schemes (Topic 3, Sections 3.3.7 and 3.3.11), ensures the ongoing survival of
natural systems.



1.3.4 Social sustainability

RIM c Environmental
ethics

Social sustainability focuses on the survival of societies and their cultures and may
include consideration of the continued use of language, belief or spiritual practices
in a society.

Example - The Dongria Kondh of India

In 2003, the mining company Vedanta Resources applied to dig an open pit
containing the aluminium ore bauxite on Niyamgiri Mountain in Orissa, India, to
provide material for the aluminium refinery at Lanjigarh, Odisha. The mountain is
home to the Dongria Kondh, who farm the hill slopes, carry out shifting cultivation
to grow crops in the forest (Topic 5, Section 5.2.6) and collect wild fruit and

leaves to sell. There are over 8000 members of the tribe, living in villages scattered
throughout the area. The mine would destroy forests on which the Dongria Kondh
people depend and would seriously affect the lives of thousands of other Kondh
tribal people living in the area. In 2008, India’s Supreme Court gave permission for
the mine to be built. This led to local protests against the mine (Figure 1.62).

<« Figure 1.62 Dongria Kondh

protest against Vedanta
Resources, Niyamgiri, India.

In late August 2010, India's Environment Minister Jairam Ramesh blocked plans

to develop the mine. Mr Ramesh said Vedanta had shown a ‘shocking and blatant
disregard for the rights of the tribal groups’. The minister also questioned the legality
of the massive refinery Vedanta has already built below the hills. This decision should
ensure the survival of the Dongria Kondh and their ancestral homeland.

Activity

The Dongria Kondh example leads to many issues to discuss within your class:

1. To the Dongria Kondh, Niyam Dongar hill is their home and seat of their god, Niyam
Raja. To Vedanta it is just a deposit of bauxite worth $2 billion. How does this case
study highlight problems with the way that humanity values its natural resources?

2. In your view, which perspective played the most important role in leading to the
rejection of Vedanta's mine — the local government, the national government,
protests organized by the Indigenous people, or campaigns organized by
international non-governmental organizations (NGOs)?
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In terms of resource
use to meet human
needs, there is no
economic sustainability
without environmental
sustainability.

b Environmental

economics

Ultimately, the choices
people make depend on
their perspectives. People

with a technocentric
worldview see the
technological possibilities
as central to solving
environmental problems.
An ecocentric worldview
leads to greater caution
and a drive to use Earth’s
natural resources in a
sustainable way, rather
than rely on technology
to solve the problems.

Sustainable development
is a framework guiding
further development of
human civilization while
maintaining economic
stability, social equity and
ecological integrity.

The Brundtland report

in 1987 introduced the
social and economic
aspects of sustainability to
sustainable development.

I b Environmental
economics

1IN c Environmental
ethics
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Read more about the Dongria Kondh, using the Survival
International website as a starting point.

The case of the Dongria Kondh is one of many examples
of traditional ways of life being threatened by outside
organizations seeking land or resources.

Find another example using research from the internet and books. Write a report
about the threats faced by the local people and the way in which local and international
campaigns are highlighting the issues and trying to resolve the problems.

1.3.5 Economic sustainability

Economic sustainability refers to the ability of the present generation to meet its
needs without compromising the ability of future generations to meet their own needs.
It refers to limiting the damage to the environment caused by the economic activity of
the current generation, such as resource depletion or degradation that will negatively
affect future generations.

Sometimes governments must intervene with the workings of markets. Markets are
generally considered the most efficient mechanism to use to organize economic
activity, although they may fail to achieve societal goals, such as equity, economic
well-being or sustainability. Failure to achieve such goals can lead to government
intervention. There is often disagreement among economists and policymakers on the
need for, and extent of, government intervention and there is some debate about the
merits of intervention versus the free market.

Current economic models, such as gross domestic product (this topic, Section 1.3.8),
were not developed with sustainability in mind. To ensure sustainable development
(this topic, Section 1.3.6), economic models need to be devised which consider

the replenishment of natural resources and factors that impact the environment

in a negative way, such as pollution and habitat loss. Sustainability needs to be a
central component of economic models if the equilibrium of Earth systems is to be
maintained into the future (this topic, doughnut economics, Section 1.3.20 and the
circular economy, Section 1.3.21).

1.3.6 Sustainable development

Sustainable development means ‘meeting the needs of the present without compromising
the ability of future generations to meet their own needs’. Sustainable development
consists of three pillars: economic development, social development and environmental
protection (Figure 1.63). Sustainable development was first clearly defined in 1987 in
the Brundtland Report, Our Common Future, produced by the UN World Commission on
Environment and Development (this topic, Section 1.1.10, page 22).

Sustainable development focuses on the quality of environmental, economic and
social and cultural development. The concept encompasses ideas and values that
inspire individuals and organizations to become better stewards of the environment
and promote positive economic growth and social objectives.
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In balance with the environment
o renewable energy resources
 waste management and water treatment
o reduce, reuse, recycle policies

» protected areas and wildlife corridors

In balance with the economy
* economics of sufficiency not greed
» energy-efficient buildings

* green commuting

* reduced pollution

o reduce, reuse, recycle policies

sustainable
development

1.3.7 Unsustainable use of ral resources

Overexploitation of the environment due to human activities can lead to ecosystem
collapse.

World fish stocks have rapidly declined and some species have become extinct. Nearly
70% of the world’s stocks need management. Populations of cod have been particularly
affected by overfishing in the North Atlantic (this topic, Section 1.3.8). Cod stocks in
the North Sea are less than 10% of the 1970 levels. Fishing boats from the EU now
regularly fish in other parts of the world such as Africa and South America, to make up
for the shortage of fish in EU waters. More than half the fish consumed in Europe is
now imported.
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Figure 1.63 Sustainable
development focuses on the
quality of environmental,
economic and social and

cultural development. The
concept encompasses ideas
and values that inspire
individuals and organizations
to become better stewards of
the environment and
promote positive economic
growth and social objectives.

If resource use is to

be sustainable, natural
resources should be
replenished at or above
the rate at which they are
extracted. The declining
global marine catch over
the last few years, together
with the increased
percentage of over-
exploited fish stocks and
the decreased proportion
of non-fully exploited
species, suggests that the
state of world marine
fisheries is worsening and
has had a negative impact
on fishery production.
Over-exploitation and
unsustainable use of
resources not only causes
negative ecological
consequences but also
reduces fish production,
which further leads

to negative social and
economic consequences.

1992 <« Figure 1.64 The collapse

of the Newfoundland cod
fisheries. The numbers of

cod caught by Canadian firms
rapidly increased in the
1960s, crashed in the 1970s,
recovered slightly in the
1980s, and crashed to close
to zero in the early 1990s.
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the monetary value of
final goods and services
produced and sold by
a country over a given

period. Focusing on
GDP as a measure of

economic progress may
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Once a fish stock has been overfished, it is very difficult for it to recover. The Grand
Banks off Newfoundland (a series of underwater plateaus off the north-east coast of
Canada) were once the world’s richest fishery. Overfishing and mismanagement of
fish stocks in the second half of the 20th century led to a rapid decline in cod numbers
and ultimately to their collapse (Figure 1.64). The collapse of fish stocks and the
fishing industry led to serious economic problems and significant social issues for the
people of Newfoundland, who had come to rely on cod fishing as a major part of their
economy. In 1992, the area had to be closed to allow stocks to recover. It was expected
to be closed for three years but fish populations, especially cod, have not yet recovered
and the area is still closed. However, the decline in cod population had led to collapse
of the ecosystem, with the cod’s niche in the ecosystem taken over by other species,
such as shrimp and langoustines.

Activity

Find out about another example of ecosystem collapse caused by the unsustainable
use of natural resources. Produce a presentation to show to the rest of your class.
What were the causes of the collapse and what solutions were used to reverse the
decline? Did the solutions work?

1.3.8 Unsustainable development

Gross domestic product (GDP) is a measure of national output. It was a concept
developed in the 1930s that rapidly became the overriding goal of policymaking within
national governments. GDP is the total money value of all final goods and services
produced in an economy over a given period, usually one year. Other terms relating to
GDP include:

* real GDP, which is the total money value of all final goods and services produced in
an economy in a given period, usually one year, adjusted for inflation

 real GDP per person (per capita), which is given as the sum of the real GDP divided
by the population of the country.

Economic growth, as currently measured, is the growth of the real value of output in
an economy over time and is usually measured as growth in real GDP.

Today, the governments of the richest countries on Earth think that the solutions

to economic problems lie in more growth. In its most developed stages, a country’s
GDP allows its citizens to buy any consumer goods they want. Growth in GDP has
led to the era of mass consumption, where consumption must continue to follow

an upward trajectory to allow continued growth in GDP. Economies have come to
expect, demand and depend upon continued growth. Societies are politically, socially
and financially dependent on continued growth in GDP. The current financial system



is designed to pursue the highest rate of monetary return, for example by growing
market share, growing sales and growing profits. Politically, growing GDP appeals to
politicians because they do not want to put up taxes, and growth in the economy is

an attractive alternative for the electorate. Psychologically and socially, societies have
been encouraged to believe that consumerism is transformative and leads to happiness
by acting as a form of ‘retail therapy’ that improves the buyer’s mood or how they feel
about themselves. Global GDP is now 10 times bigger than it was in 1950, leading to
prosperity for many people in many countries. However, this growth in GDP has been
very divisive. An increase in wealth has occurred for only a small fraction of the global
population, with returns not distributed evenly. The global economy has also become
very degenerative (this topic, Section 1.3.20, page 72), meaning that it has destabilized
planetary equilibrium, through overexploitation of limited resources, pollution and
biodiversity loss (this topic, Section 1.3.19, page 68).

Another measure of
gross domestic product,
per capita GDP (i.e. per
person or per head of
the population), takes
inequalities of income
distribution into account.
Higher levels of inequality
can reduce GDP

per capita.

Read more about green
GDP by searching the
System of Environmental
Economic Accounting
(SEEA) website,

The goal of societies in the 21st century should be to meet the needs of all people j ﬁ- E
within the means of planet Earth, so that humans and the rest of nature can thrive.

A new model of economic, environmental and social sustainability is needed (this
topic, doughnut economics, Section 1.3.20 and the circular economy, Section
1.3.21). Green GDP measures environmental costs and subtracts these from GDP.
Green GDP is also known as environmentally adjusted domestic product and
quantifies the costs of climate change, biodiversity loss, carbon emissions and other

environmental factors.
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1.3.9 Environmental justice Q TN b cnvronmenta
economics

People in all societies should have an equal right to natural resources and freedom
from pollution and other causes of environmental harm, although this is often not the
case. Inequalities in wealth, race, gender and indigeneity within and between different
societies lead to disparities in access to water, food and energy (Figure 1.65).

<« Figure 1.65 Protestors

= march against a proposed

f D, ‘ : toxic waste dump in Warren
KO ECT.‘; r" . 8 7 = County, North Carolina, USA,

ﬁl«s : e 4 e October 1982.
WO “il

o7



The aim of environmental
justice is equitable access
to resources for all
societies. Justice can be
achieved both voluntarily
and by national or
international legislation.
Environmental justice
should be a right both for
those alive today and for
future generations.

1M 2 Environmental
law

¢ Environmental

ethics

Search for and read the
following article on the
PNAS website: ‘Inequity

in consumption of goods
and services adds to
racial-ethnic disparities in
air pollution exposure’,
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Environmental justice means the fair treatment and meaningful involvement of
all people with respect to the development, implementation and enforcement of
environmental laws, regulations and policies. Considerations include:

o itisthe rights of all people to live in an unpolluted environment and have equal
access to natural resources

¢ it should result in the development, implementation and enforcement of
environmental policies and laws to ensure that no group or community is made to
bear a disproportionate share of the harmful effects of pollution or environmental
hazards from a lack of economic or political influence

» any model of sustainable development failing to incorporate equity is not a
sustainable model

 any promotion of environmental justice that does not take account of the
principles of sustainability will not be able to achieve its objectives on a
large scale.

Environmental justice means that communities affected by, for example, pollution
or site contamination should be able to participate as equal stakeholders in
environmental regulation processes.

Environmental justice aims to address the various impacts of industrial pollution
and ecological damage on minority and low-income communities. To address
issues of inequity, these communities need to be empowered to resist any unwanted
development or be able to negotiate some form of compensation for the real or
potential harm a development may cause.

Example - Racial-ethnic disparities in air pollution exposure in

Houston, Texas, USA

In 1979, residents in Houston, Texas were resisting the situating of a landfill in
their neighbourhood. The residents felt that their community, and other Black
communities in the city, were being targeted by waste management companies
as locations for landfill sites. Robert Bullard was an assistant professor of
sociology at Texas Southern University and the husband of attorney Linda
McKeever Bullard who was representing the residents. Robert Bullard carried
out a demographic study on the location of waste management sites in Houston
and found that, between the 1920s and 1978, more than 80% of the city’s
household landfills and incinerators were in mostly Black neighbourhoods,
even though Black residents made up only 25% of Houston's population. A
lawsuit was subsequently brought against the waste management company.
Although the residents lost the lawsuit and the landfill was still built in their
area, this case formed a foundation for the environmental justice movement,
which demands that all people have equal protection from environmental laws.
Bullard eventually became Professor of Urban Planning and Environmental
Policy at Texas Southern University and is now a leading figure in the
environmental justice movement (this topic, Section 1.1.10, page 18).

In 1919, a report published by Proceedings of the National Academy of
Sciences (PNAS) concluded that ‘pollution inequity is driven by differences



among racial-ethnic groups in both exposure and the consumption that leads
to the exposure.’ The study found that members of the community who were
white experienced 17% less pollution caused by their consumption of goods
and services, whereas Black people and Hispanics experienced 56% and 63%,
respectively, more pollution than their consumption would generate. The
environmental justice movement continues to campaign against these types
of unjust, unfair and illegal land-use policies, which affect communities of low
wealth and people of colour.

Activity

i

Discuss the Athabasca tar sands project with your class. Do the environmental
costs outweigh the financial benefits, or vice versa?

What other examples of environmental injustice are there? Research one local
and one global example and produce a summary poster on each. Examples
could include the Deepwater Horizon oil spill, Gulf of Mexico (2010); Union
Carbide Gas Release in Bhopal, India (1984); Maasai land rights in Kenya and
Tanzania; plastic waste disposal by developed to developing countries.

1.3.10 Inequalities lead to disparities in access

to water, food and energy

Globally, there are inequalities in access to, and consumption of, clean freshwater, adequate
food supplies and reliable energy. An example of such inequality is the inability to afford
electricity supply or the privatization of water sources. The Earth has sufficient quantities
of food, fresh water and energy resources for everyone on our planet but these resources
are not evenly distributed or shared. In general, people in developed countries consume
higher levels of resources than people in developing countries.

Reasons for varying consumption of food, water and energy include:

Access: some countries have easy access to more natural resources than others.
Quantity: there is inequality in the quantity of resources available to different
countries. Some countries have abundant resources and others do not.

Wealth: the greater the wealth of a country the more options it has. If a wealthy
country does not have direct access to, or sufficient quantities of, a resource then it
can import or develop technological solutions, whereas less wealthy countries may
not have these options.

Technology and infrastructure: the ability of a country to develop technological
solutions and to deliver food, water and energy throughout its population will
affect direct access to key resources.

Issues of food security are covered in Topic 5.2 and issues of water security are covered
in Topic 4.2.

1.1 Perspectives
3.3 Conservation and

regeneration

4.2 Water access, use and
security

4.3 Aquatic food
production systems

5.2 Agriculture and food
6.3 Climate change -
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7.2 Energy resources, use
and management
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Issues concerning food

inequality:

« over 900 million people
suffer from hunger

« two billion more face
serious health risks from
undemourishment

+ 1.5 billion people overeat

+ over one-third of all
food is lost or wasted

+ demand for food and
fibre is projected to
increase by 70% by 2050

« feeding over nine billion
people by 2050 is possible
but there is a cost to the
environment in terms of
water withdrawals and
land resources.
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Activity

Figure 1.66 Access to water: P
A cartoon for World Water
Day (22 March).

Saving water by reducing
food waste, increasing
productivity, plant
breeding and wastewater
recycling are critical to
everyone. Over 25%

of all the water we use
worldwide is taken to
grow over one billion
tonnes of food that
nobody eats,

Throughout the world,
2.6 billion small-scale
producers till the land,
raise animals and fish, *  What does the cartoon say about the issue of water inequality?
They are the main
providers of food in

the developing world. ; . . : . 3
Agriculture holds the key Produce your own illustration, mind map or video about water inequality to show

to sustainable water use. the issues to others in your community.

The cartoon in Figure 1.66 was produced for World Water Day, 22 March, in 2021.

*  What is the message of the cartoon?

» How do inequalities lead to disparities in access to water?

As with water and food, there are significant differences in energy consumption
between countries, with the wealthiest 10% of the world’s population consuming
about 20 times more energy than the poorest 10%. Energy security for a country
means access to affordable and reliable sources of energy.

For more about energy security, see Topic 7, Section 7.2.7.

1.3.11 Sustainability and environmental

justice

Sustainability and environmental justice issues can be applied at different operating
scales. Different operating scales include:

* an individual with individual decisions on how to live and work

* abusiness

e acommunity such as religious, cultural, political or Indigenous

* acity

 acountry with different policies, laws and socio-economic systems
* globally, for example UN Sustainable Development Goals.
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Challenge yourself 1.1 Perspectives

Consider how sustainability and environmental justice can be applied at a range
of levels from you as an individual, through to the global scale such as the UN
Sustainable Development Goals. Create a chart showing how sustainability and

2 ST . e T f : 118 2 Environmental law
environmental justice can be applied at each scale: individual, community, city,

&

b Environmental
country and global. AT
A A 8 c Environmental
» What are the similarities that apply to each level? e .
IC

* How do the ways these issues are addressed vary between levels? What are the
distinctions between each level?

* How does the implementation of sustainability and environmental justice at the
global scale depend on individuals and societies at the local scale?

Once you have created your chart, draw a Venn diagram showing the distinctions
and overlaps between each level, to summarize the information you have developed.

1.3.12 Sustainability indicators

There are a variety of different environmental indicators that can be used to assess
sustainability. Sustainability indicators include quantitative measures of biodiversity,
pollution, human population, climate change, material and carbon footprints and
others. These indicators can be applied on a range of scales, from local to global.

 Ecological footprints (this topic, Section 1.3.13), along with carbon and water
footprints (this topic, Section 1.3.14), can be used to assess whether individuals or
societies are acting in a sustainable way.

* Some species are sensitive to pollutants or are adapted to polluted waters, so can be
used as indicator species (Topic 4, Section 4.4.13 and Topic 8, Section 8.3.2). A biotic
index, such as the Trent Biotic Index (Topic 4, Section 4.4.14), can provide an indirect
measure of water quality based on the tolerance to pollution, relative abundance and
diversity of species in the community.

* Quantitative measures of biodiversity, known as diversity indices, can be used to
establish the effects of human activity on natural communities. One such index
is Simpson’s reciprocal index, which is used to provide a quantitative measure of
species diversity, allowing different ecosystems to be compared, and change in a
specific ecosystem over time to be monitored (Topic 3, Sections 3.1.7-3.1.8).

* Changes in human populations can be explored by correlating a socio-economic
indicator with a demographic factor (Topic 8, Sections 8.1.1-8.1.3).

Activity

The AtKisson sustainability compass is a tool that can be used to teach and promote

: S 5 : 7 3.3 Conservation and
sustainability and sustainable development in a clear and simple way.

regeneration

6.3 Climate change -
mitigation and adaptation
8.2 Urban systems and
urban planning

The compass takes the four points of the compass (North (N), East (E), South (S),
West (W)) and renames them Nature (N), Economy (E), Society (S) and Well-being
(W). The compass provides a unifying symbol for sustainability and sustainable
development. It also encourages organizations to manage sustainability initiatives,
develop sustainability indicators and perform sustainability assessments.
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An ecological footprint
(EF) is the area of land
and water required to
sustainably provide all

resources at the rate

of consumption and
assimilate all wastes at the
rate of production by a
given population.

You need to be able to
use footprint calculators
to establish your own
footprint. Comparative
data on footprints can
be presented graphically,
using a spreadsheet and
graph plotting software.

You need to be able to
explain the relationship
between EF

and sustainability.

4.2 Water access, use
and security

6.2 Climate change -
causes and impacts
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Visit this website to read more about the Sustainability
Compass.

This YouTube video explains the Sustainability Compass and
how it can be used.

1.3.13 Ecological footprints

An ecological footprint (EF) focuses on a given population and its current

rate of resource consumption and estimates the area of environment necessary
to sustainably support that population. How great this area is, compared to the
area available to the population, gives an indication of whether the population is
living sustainably. If the EF is greater than the area available to the population, the
population is living unsustainably.

Use footprint calculators to establish your own ecological footprint

There are many websites available to help you calculate your EF.

Use the online WWF Footprint Calculator to calculate your ecological footprint.

The concept of ecological footprint gives you a sense of your own impact on the planet.

* How many planets would we need if everyone lived the same lifestyle as you?
*  What issues are considered when calculating EF?

*  What can you do to reduce your EF, or that of your school or college, based on the information
you are given?

As well as the ecological footprint, specific indicators for carbon and water can be
calculated.

Carbon footprint

Whereas an ecological footprint is a general measure of an individual’s or group’s
impact on the planet, a carbon footprint relates specifically to the quantity of
greenhouse gases produced by human activities. Greenhouse gases (GHG) heat

the planet, with increasing quantities warming the planet still further (Topic 6,
Section 6.2.4). An increase in GHGs provides a key measurement of humanity’s
impact on the planet, specifically relating to climate change. The measure is known
as the ‘carbon footprint’ because CO, is a significant contributor to global warming.
However the measure also includes other greenhouse gases, including methane
(CH,, which also contains carbon), CFCs and HFCs (Topic 6, Section 6.4.12) and
nitrous oxide (N,0). The carbon footprint measures the amount of greenhouse gases
produced and is measured in CO, equivalents (in tonnes).



Activity

Work out your own carbon footprint using a carbon footprint calculator such as
the one on the Carbon Footprint website. E

* How large is your footprint compared to others in your class? .
*  Why do some people have larger carbon footprints than others? :E
»  What are realistic and effective ways of reducing your -

carbon footprint? E ;'

» What is meant by the phrase ‘carbon offset’ and do you think
this is an effective way of lowering a carbon footprint?

There are many ways of reducing a carbon footprint (Figures 1.67 and 1.68).

Top 10 options for reducing your carbon footprint

live car-free

battery electric vehicle

one less flight (long-haul return)

renewable electricity

public transport

refurbishment and renovation

vegan diet

heat pump

improved cooking equipment

renewable-based heating

global carbon footprint

@ Om

global carbon target —

Water footprint

Water is an important molecule for the functioning of organisms and ecosystems.
Water forms a large proportion of living organisms, with between 65% and 95% of the
mass of most plants and animals consisting of water. Approximately 71% of the Earth’s
surface is water, with 97% found in oceans and only 3% as freshwater. Water is a key
component of photosynthesis (Topic 2, Sections 2.2.3-2.2.7, page 130), the process by
which plants produce sugars which form the basis of food chains (Topic 2, Sections
2.2.10 and 2.2.11). Because so little of the Earth’s water is found as freshwater, which is
the form in which organisms need to obtain this vital ingredient of life, water shortage
is a significant issue. Assessment of the use of water by humans is therefore another
important measure of sustainability.

The water footprint measures water use in cubic metres per year. It measures the
volume of water used to produce goods and services. The water footprint can indicate
how much water is being consumed by an individual, company or country.

A standard unit for
measuring carbon
footprints is carbon
dioxide equivalent, or
‘CO.€’". Burning fossil fuels
releases mainly CO,, but
other greenhouse gases
are also emitted such as
CH, and nitrous oxide
(N,O). This unit allows

a single number to be
used rather than a carbon
footprint consisting of lots
of different greenhouse
gases. It measures the
impact of each different
greenhouse gas in terms
of the amount of CO, that
would create the same
amount of warming.

<« Figure 1.67 Options for
reducing a carbon footprint.
Data show average reduction
per person per year in
tonnes of carbon dioxide
equivalents (CO,e).

Do not confuse nitrous
oxide (N,0) with
nitrogen oxides (NOx).
Nitrous oxide is a ‘direct’
greenhouse gas produced
during combustion.
NOx are ‘indirect’
greenhouse gases that
are involved in urban air
pollution (Topic 8,
Section 8.3.1).

<« Figure 1.68 Breakdown of

global carbon footprint by
sector, showing annual
consumption per person
globally, in tonnes of carbon
dioxide equivalents (CO.e).
The top diagram shows
current data. The lower
diagram shows the target for
the global carbon footprint.
Blue-green = food, yellow =
home, red = transport, green
= other sources. Data includes
direct and indirect emissions,
such as those from global
supply chains.
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Activity

Read more about the water footprint at the website of the
Water Footprint Network.

Use the ‘Extended Water Footprint Calculator’ on the website
to calculate your water footprint.

*  What lifestyle choices increase the footprint?

»  Whataspects of the footprint are associated with the level of development in
your country?

*  Are there realistic ways in which you can reduce your water footprint?

*  Why isitimportant to limit a water footprint to a sustainable level?

* How can the concept of water footprint be used to promote sustainable, fair and
efficient use of freshwater?

Produce a poster summarizing your findings, to educate other people in your
school or college about the water footprint and its application.

Activity

Figure 1.69 shows the volume of water needed to produce various food products.
Analyse the data carefully, then answer the questions below.

Figure 1.69 Water footprint
of different food and WAT E R 4 one drop = 50 | of water
drink products. footprint

Measurements for food
products are:

litres of water to produce //
500 g of product; seaseasns

/
: [/
tea and coffee: litres of water \ shbbbase e

e ( e Ahbbbbbbae hbbbbiaie
LLTTTTNTY Y COLTY LYY LLTTLTNY LY LTI TN

for one 750 ml pot; 650 Barley 650 Wheat 1400 Sorghum 2500 Millet

milk: litres of water to produce
o ' ik w LIS
LYY YT hbbbbiib “" LLTYTYRYY YN

one litre of milk
650 Toast 750 Cane Sugar 90 Tea 840 Coffee

o

Ty

LTI

Shbbbbbin

Ty
Shabbbibe SobbbsbiN LITTTATNYY
habsbbig Ty T
dhbhbbiiie LTI Y Y b
Shabsbiaie Ty ShhbbbbNee Ahbbbbines
LLTTLTNTY LY hbbbabin LLTTLTN Y Y LLLTTTATN Y

2500 Burger 4650 Beef 1000 Milk 2500 Cheese

Which products have the highest levels of water usage?

Why do some products require a much larger volume of water than others?

3. How could this knowledge be used to reduce the water footprint of an individual
or society?

4. How realistic is it to expect an individual or society to reduce their water
footprint by changing food and drink consumption? What are the strengths and
limitations of this approach?
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1.3.15 Biocapacity

Biocapacity is the capacity of a given biologically productive area to generate
an on-going supply of renewable resources and to absorb its resulting wastes.
Unsustainability occurs if the area’s ecological footprint exceeds its biocapacity
(see Figure 1.70).

8 4
7 4
§ Key
g === Ecological footprint per person
g === Biocapacity per person
g
IS
2
kS
827
oD
14
0

1 I T T 1 1 I L T T T
1961 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2016
year

Figure 1.70 shows how sustainability in Costa Rica changed between 1961 and 2016.
The EF must be lower than biocapacity to be sustainable. If the EF is above biocapacity,
it is not sustainable. Overall sustainability declined over time as EF increased and
biocapacity declined. Until around 1990/1991, Costa Rica was sustainable as its EF was
lower than its biocapacity. After 1990/1991, the EF was greater than biocapacity and
therefore Costa Rica was no longer sustainable.

1.3.16 Citizen science

Citizen science is the involvement of the public in scientific research (Figure 1.71).
Citizen science plays a role in the larger picture of scientific research on environmental
systems and includes monitoring Earth systems and whether resources are being used
sustainably. Information gathered is relevant to local problems and can be used in
research on global issues such as climate change.

Scientific research, especially that relating to study of the
environment, involves the gathering of large quantities of
complex data. To understand an ecosystem, and therefore be
able to comprehend how human actions are impacting it, all
aspects of the environment must be studied, both biotic or
living factors and abiotic or non-living factors such as water,
temperature and other climate measurements. The higher the
number of people involved with gathering this data the better, so
this is where citizen science plays an important role. Interactions
between citizens and scientists, in the quest for large quantities
of accurate environmental data, are shown in Figure 1.71.

Information for citizen science projects can be gathered through
crowdsourcing. Crowdsourcing involves obtaining information
from a large group of people who submit their data via the
internet and/or social media.

LN |
“- ...

protocols

understanding
of results _ o
Syggus

2.2 Energy and biomass in
ecosystems

2.5 Zonation, succession
and change in ecosystemns
8.2 Urban systems and
urban planning

<« Figure 1.70 Ecological

footprint and biocapacity
per person in Costa Rica
(1961-2016).

Figure 1.71 Bidirectional
communication between the
citizens and scientists for a
citizen science project. Even
though the citizens are
responsible for providing data
to the scientists, the rest of the
research phases must be
based on the interaction
between both groups.

v

questions

education
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Citizen science and
other open-source data
gathering projects are
applicable to many parts
of the ESS course.

2.1 Individuals,
populations, communities,
and ecosystems

3.1 Biodiversity

and evolution

3.2 Human impact

on biodiversity

4.2 Water access, use
and security

6.1 Introduction to

the atmosphere

7.2 Energy sources-uses
and management

8.3 Urban air pollution

¢ Environmental

ethics

Search online for the
following organizations’
citizen science projects:

The Wildlife Trusts
Metode

US Environmental
Protection Agency

Sustainability models, like
all models, are simplified
versions of reality and
therefore have both uses
and limitations.
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Activity

Project BudBurst is obtaining data on seasonal changes to
flowering in spring and leaf fall in autumn, using crowdsourced
information. Scientists have observed earlier blooming and
later leaf fall. Find out more about BudBurst on their website.

Can you find similar projects in your local area? What data are
these projects gathering and how can they be used to inform
scientific research and policymaking?

Activity

Search for and read the following article on ScienceDirect:
‘Success factors for citizen science projects in water quality
monitoring’.

Now answer the following questions:

1. How can citizen science overcome data gaps in monitoring
SDG indicators?

2. What factors are likely to influence the success of citizen science projects
globally? (Hint: there are nine mentioned in the report.)

3. What success factors relate to specific attributes of citizens, institutions and
their interactions?

4. To what extent do success factors depend on the regional context?

1.3.17 A range of frameworks and models

support understanding of sustainability

There are a range of frameworks and models that support our understanding of
sustainability, each with their own uses and limitations.

Frameworks and models include:

* the UN Sustainable Development Goals (SDGs)
* the planetary boundaries model

* the doughnut economics model.

These frameworks and models are explored in the following sections.

1.3.18 The UN Sustainable Development

Goals (SDGs)

The Sustainable Development Goals (SDGs) were developed through decades of work
by countries and the UN (this topic, Section 1.1.10, pages 22-23), concluding in the
adoption of the 2030 Agenda for Sustainable Development, with the SDGs at its core,

at the UN Sustainable Development Summit in September 2015. There are 17 SDGs
(Figure 1.72) with 169 targets. All UN member states adopted the SDGs in 2015 with the
intention of implementing them by 2030.



The SDGs provide a framework for sustainable
development and address the global challenges Forershine.
faced by humanity, including those related to e

poverty, inequality, climate, environmental and strong

degradation, prosperity and peace and

justice.

The SDGs relate to both developed
and developing countries and their
uses include:

* setting of a common ground
for policymaking

* galvanizing the

into addressing economic @

and social inequality.

Goals

Limitations of the SDGs include:

* ot going far enough

* being top down and
bureaucratic

* tending to ignore local contexts

* lacking supportive data.

Activity
Find out more about the SDGs on the UN’s SDGs website. E

Select one of the 17 SDGs. How does it relate to the ESS syllabus? J
Which of the eight topics is it particularly relevant to? Produce a
presentation on your chosen SDG to show the rest of your class
how it links to the ESS course.

1.3.19 The planetary boundaries model

The planetary boundaries model (Figure 1.73) was developed by a group of 28 Earth
system and environmental scientists in 2009. The team was led by Johan Rockstrom
from the Stockholm Resilience Centre and Will Steffen from the Australian National
University. They proposed nine quantitative planetary boundaries, shown in

Figure 1.73, that have regulated the stability and resilience of the Earth system
throughout the Holocene epoch (the geological epoch in which all of recorded human
history has occurred), within which humanity can continue to develop and thrive for
generations to come. The model identifies the limits of human disturbance to those
systems and proposes that crossing these boundaries increases the risk of creating
sudden, extensive or irreversible environmental changes. The planetary boundaries
framework has generated enormous interest within science, policy and practice.

. Sustainable ° &

international community E ° D eve I 0) p men t

Reduced work and
inequalities economic

< e
Gy {

Quality
education

Figure 1.72 The Sustainable
Development Goals.

The UN Sustainable
Development Goals
(SDGs) are a set of social
and environmental goals
and targets to guide action
on sustainability and
environmental justice.

4.2 Water access, use and
security

5.2 Agriculture and food
7.2 Energy resources, use
and management

8.2 Urban systems and
urban planning

a Environmental

law

1IN b Environmental
economics

I ¢ Environmental
ethics
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Figure 1.73 The planetary
boundaries model, from
April 2022.

The planetary boundaries
model relates to Earth
system processes, each
containing environmental
boundaries.

The planetary

boundaries represent

the environmental

ceiling beyond which

lie unacceptable
environmental
degradation and potential
tipping points in

Earth systems.

You need to consider
the planetary boundaries
model and select which
planetary boundaries
appear to have been
crossed and what factors
have led to this.

Find and read the
original paper which first
proposed the planetary
boundaries model:
Ecology and Society,
volume 14, issue 2, 2009,
‘Planetary Boundaries:
Exploring the Safe
Operating Space for
Humanity’,

Foundation

climate change freshwater change

freshwater use
(blue water)

increasing risk

biosphere integrity

E/MSY = extinctions per stratospheric
million species per year ozone
depletion

BIl = Biodiversity Bll .
Intactness Index (not yet quantified)

atmospheric
land-system aerosol loading
change (not yet quantified)

ocean
acidification

substances created and introduced
into the environment by human beings
that could have disruptive effects on
the Earth systems, such as synthetic
organic pollutants, radioactive
materials and plastics

P = phosphorus
N = nitrogen

The planetary boundaries model is used to:

e identify science-based limits to human disturbance of Earth systems
* highlight the need to focus on more than just climate change, which dominates
discussion on the environmental impacts of human activities

o alert the public and policymakers to the urgent need for action to protect Earth systems.
As with all models, there are limitations. These include:

o the focus of the model is only on ecological systems and does not consider the
human dimension necessary to act for environmental justice

* the model is a work in progress and assessments of the boundaries change as new
data becomes available

¢ the focus on global boundaries may not be a useful guide for local and country-
level actions.

Crossing the boundaries

In 2015, an article published in the journal Science stated that society’s activities had
pushed several of the planetary boundaries beyond their safe limits. These activities were:

* climate change

* Dbiodiversity loss

* shifts in nutrient cycles (nitrogen and phosphorus)
 land use.

Assessment that these planetary boundaries had been crossed was based on the data
shown in Table 1.1.



Planetary Quantitative Planetary boundary Current value
boundary measurement (safe limit) (2015)
Climate Atmospheric CO, 350 ppm (at most) 400 (in 2015)
change concentration (parts
per million/ppm)
Biodiversity | Rates of species 10 per year (at most) | Approximately
loss extinction per 100-1000 and rising
million species per (i.e. extinction rate
year increasing)
Nitrogen and | Phosphorus and phosphorus —6.2 phosphorus —14
phosphorus | nitrogen applied to | million tonnes per million tonnes per
loading land as fertilizer, year year and rising
millions of tonnes ) . . .
per year nitrogen — 62 million | nitrogen — 150 million
tonnes per year tonnes per year and
rising
Land Area of forested Atleast 75% 62% and decreasing
conversion | land as a proportion through, for
of forest-covered example, intensifying
land prior to human deforestation
alteration

In January 2022, 14 scientists concluded in the scientific journal Environmental
Science and Technology that humanity has exceeded the planetary boundary related to
environmental pollutants and other ‘novel entities’, including plastics.

In April 2022, a reassessment of the freshwater planetary boundary, published in

the journal Nature Reviews Earth & Environment, indicated that it has been crossed. This
conclusion was due to the inclusion of ‘green water’, which is the water available to
plants, into the boundary assessment for the first time. The new assessment was based
on evidence of widespread changes in soil moisture relative to mid-Holocene and pre-
industrial conditions. It was also based on destabilization of ecological, atmospheric
and biogeochemical processes driven by changes to green water.

1.3.20 The doughnut economics model

It is clear that progress towards the goal of meeting the needs of all people within

the means of planet Earth cannot be achieved using the metric of money (see GDP,
this topic, Section 1.3.8). An array of indicators is needed. A model that addresses
the challenges of meeting environmental and social sustainability is the doughnut
economics model (Figure 1.74). The outer ring of the doughnut represents the
planetary boundaries of humanity’s resource use, radiating outwards. The inner ring
represents the social foundation for the safe and just space for humanity. The hole in
the middle is where people are falling short of life’s essentials. Between the social and
planetary boundaries lies an environmentally safe and socially just space in which
humanity can thrive.

<« Table 1.1 Planetary
boundaries that have
been crossed.

The planetary boundaries
model is a concept
relating to Earth system
processes, each containing
environmental boundaries.
Sustainable development

is possible within the
boundaries but not if they
are crossed.

2.3 Biogeochemical cycles
3.2 Human impact on
biodiversity

4.2 Water access, use and
security

4.4 Water pollution

5.2 Agriculture and food
6.2 Climate change -
causes and impacts

6.4 Stratospheric ozone
7.2 Energy resources,

use and management
8.3 Urban air pollution

—S o

a Environmental

[aw

1IN b Environmental
economics

1IN c Environmental
ethics

Throughout the B ESS
course, you will use
quantitative data to
discover when and

if boundaries have
been crossed.

= R
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Figure 1.74 The doughnut P
economics model.

Creating an economy
that enables humanity to
thrive in balance with the

rest of the living world

can only be achieved
by making economies
become regenerative and
distributive by design.

70

Foundation

climate
change

e‘__o\ogical ceil,-ng

The twelve aspects of the social foundation are derived from internationally agreed
minimum social standards, identified by the world’s governments in the SDGs in 2015
(this topic, Section 1.3.18).

Today, billions of people fall short of the social foundation, while humanity has
already exceeded some of the planetary boundaries. Hence, the goal is to move into
the ‘doughnut’ and create an economy that enables humanity to thrive in balance
with the rest of the living world. The doughnut (green section of the diagram in
Figure 1.74) represents an optimal place for an action, where humanity can thrive in
dynamic balance between the foundation and the ceiling.

The doughnut economics model incorporates the concepts of regenerative and
distributive design. A regenerative economy works with and within the cycles and
limits of the living world. A distributive economy shares value and opportunity far
more equitably among all stakeholders.

In nature, materials are recycled through nutrient cycles such as the carbon, nitrogen
and water cycles. Similarly, a regenerative economy reuses and recycles valuable
resources. By the appropriate distribution of these resources, an economy meets the
needs of environmental justice.

There are many advantages to the doughnut economics model, including:

* it challenges the traditional story of economics and the goal of GDP, in favour of a
regenerative and distributive approach

e ithas reached popular awareness and is being used at different scales (countries,
cities, neighbourhoods, businesses and so on) to support action on sustainability

¢ itincludes both ecological and social elements and so supports the concept of
environmental justice.



Limitations of the model include:

* itis a work in progress, with different groups trying to apply the model for concrete
action

 while it advocates broad principles of regenerative and distributive practice, the
model does not propose specific policies or solutions.

The ecological ceiling of the planetary boundaries has been discussed in this topic,
Section 1.3.19. In terms of the social foundation of the model, data suggest that
humanity is falling short in all 12 aspects:

* Food: Between 2014 and 2016, the percentage of the population that was
undernourished was 11%.

* Health: The population in countries where the mortality rate for children below
five years old exceeded 25 per 1000 live births was 45% in 2015. The population in
countries where the life expectancy at birth was less than 70 years was 39% in 2013.

* Education: Adult population, those aged 15 years or older, who are illiterate was
15% in 2013. The population of children who were not in education between the
ages of 12 and 15 years was 17% in 2013.

» Income and work: The population living on less than the international poverty
limit of $3.10 per day was 29% in 2012. The proportion of young people aged
15-24 years who were seeking but not able to find work was 13% in 2014.

* Peace and justice: In 2014, the population of countries scoring 50 or less out of
100 in the Corruption Perception Index was 85%. The population in countries with
a homicide (murder) rate of 10 or more per 10,000 was 13% between the years of
2008 and 2013.

* Political voice: In 2013, the population in countries scoring 0.5 or less out of 1.0 in
the Voice and Accountability Index was 52%.

* Social equity: The population living in countries with a Palma ratio (the ratio of
the income share of the top 10% of people to that of the bottom 40%) was 39%
between the years 1995 and 2012.

* Gender equality: The representation gap between women and men in national
parliaments was 56% in 2014 and the worldwide earnings gap between women and
men in 2009 was 23%.

* Housing: In 2012, the global urban population living in slum housing in
developing countries was 24%.

» Networks: In 2015, the population who said they did not have someone to count
on for help in times of trouble was 24% and 57% of the population were without
access to the internet.

* Energy:In 2013, 17% of the population lacked access to electricity and 38% lacked
access to cooking facilities.

*  Water: In 2015, 9% of the population were lacking access to improved drinking
water and 32% lacked access to improved sanitation.

Humanity is currently, therefore, both falling short of and overshooting these
planetary boundaries. Billions of people globally still fall short of their basic needs
and we have currently overshot at least four of the planetary boundaries, risking
escalating climate change and ecosystem collapse. Global economies need to move
away from a degenerative ‘take-make—use—waste’ model where industries take raw

In the doughnut
economics model,

the social foundation
(inner boundary of the
doughnut) is based

on the social SDGs.

The ecological ceiling
(outer boundary of the
doughnut) is based on
planetary boundaries
science, consisting of the
Earth's environmental
limits. Beyond these
limits humanity will
inflict dangerous levels
of climate change,
chemical pollution, ocean
acidification, shifts in the
hydrological system, land
system change, loss of
species and alterations
to biogeochemical
cycles. Together, the
social foundation

and the ecological
ceiling represent the
minimum conditions

for an economy that is
ecologically safe and
socially just - thus, the
doughnut is the ‘safe and
just space for humanity'.
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Figure 1.75 Moving from P
a degenerative (‘take-make-
use-waste’) to a regenerative

economic model.

Figure 1.76 Distributive
economic model.

ZIM b Environmental >
economics f
EIM C Environmental
ethics
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materials, make them into items we want, use these items for a while (often only
once) and then throw them away. Economies need to move to models that are instead
regenerative (Figure 1.75).

biological material
input input
l TAKE l
MAKE
. o recycle, repair,
regeqeratlgn within refurbish/re-manufacture,
the biological cycle reuse/redistribute,
maintain/prolong
USE
WASTE

minimal loss of energy and matter

These economic models also need to be distributive (Figure 1.76). Modern technologies
and institutions can distribute wealth, knowledge and empowerment away from a
small minority to the global majority population.

Activity

Find the animations in the Menu on the Kate Raworth website.

Choose one of the animations and write a script that summarizes
the content and covers all of the main points. Show the animation
to others in your class, muting the narration and using your own

script to discuss the contents of the animation.




1.3.21 The circular economy model

The circular economy model promotes decoupling economic activity from the
consumption of finite resources. It has three principles: eliminating waste and
pollution, circulating products and materials, and regenerating nature.

The circular economy model is an economic system that provides a sustainable
alternative to the linear ‘take-make—use—waste’ model (this topic, Section 1.3.20,
page 72). In the current economic model, materials are taken from the Earth, made
into products, used (often only briefly) and eventually thrown away as waste — the
process is linear. In a circular economy, by contrast, waste is not produced in the first
place or is recycled.

The circular economy model is based on three principles, driven by design:

* eliminate waste and pollution
* keep products and materials in use
* regenerate natural systems.

It is supported by a move away from non-renewable energy resources such as coal,
oil and gas and instead towards renewable energy resources and materials. A circular
economy separates economic activity from the consumption of finite resources and it
is therefore a resilient system that is good for business, people and the environment.

Uses of the circular economy model include:

* regeneration of natural systems

 reduction of greenhouse emissions

» improvement of local food networks and support for local communities
 reduction of waste by extending product lifecycle

 changing consumer habits.
Limitations of the circular economy model include:

 lack of environmental awareness by consumers and companies
 lack of regulations enforcing recycling of products

* some waste is not recyclable and technical limitations

 lack of finance to implement the model.

The circular economy is intended to result in a more intelligent use of resources
that aims to create more from less and has benefits for the economy, society and the
environment.

The butterfly diagram

The butterfly diagram is the visual representation of the circular economy and shows

the different ways in which materials can be kept in use (Figure 1.77). It was developed
by the Ellen MacArthur Foundation.

4

The circular economy
model is different from the
linear economic model
(take-make-use-waste).

The linear economy does
not usually consider waste,
pollution and issues that
lead to environmental
degradation.

The circular economy
model aims to reduce
waste and pollution, keep
materials and products

in use and lead to the
regeneration of

natural systems.

Search for 'Explaining

the Circular Economy
and How Society Can
Re-think Progress' on the
Ellen MacArthur YouTube
channel.

I b Environmental
economics

¢ Environmental

ethics

The butterfly diagram
shows the continuous flow
of materials in a circular
economy.
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FINITE MATERIALS

RENEWABLES FLOW MANAGEMENT STOCK MANAGEMENT

BIOCHEMICAL
FEEDSTOCK

REGENERATION

1 Hunting and fishing
2 Can take both post-harvest and post-consumer waste as an input

MINIMISE SYSTEMATIC

LEAKAGE AND NEGATIVE
EXTERNALITIES
= >
Figure 1.77 The butterfly Activity
diagram. Search for ‘Butterfly diagram animation’ on the Ellen MacArthur YouTube channel.
Summarize the main points made in the video. Why is it called the ‘butterfly’
diagram? What do the wings of the butterfly represent? How does the diagram
demonstrate the circular economy?
The Example — Vehicle remanufacturing in China shows how the circular economy has
been applied to the production of one commodity.
The Ellen MacArthur
FtwEtion o ity @ Example - Vehicle remanufacturing in China
committed to creating a I
circular economy. China has adopted the circular economy as a national priority since the late 2000s.

Vehicle remanufacturing has been highlighted as a key part of the economy where
these principles can be applied.

Remanufacturing uses approximately 60% less energy and 70% less material than
making new products. China has an existing stock of 365 million vehicles and
an automotive repair and maintenance market worth 1 RMB trillion (USD 157
billion) annually. Policy changes in China have increased the growth of the vehicle

’ remanufacturing sector. Financial incentives have been put forward to encourage
participation, with subsidies for businesses that collect vehicles and component
parts and consumers being offered a 10% discount on remanufactured components.
The State Council of the Chinese government has set a target of 100 industrial zones
to enable businesses to exchange information and best practice.
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Activity

Carefully analyse the diagram in Figure 1.78, then answer the questions.

Xg

non-renewable energy

« Figure1.78 The current
circular economy model
for cars. Arrow widths
approximately indicate the
relative magnitudes of flows
but do not represent
specific values. Energy and
material flows are not on a
uniform scale.

8 - ) residues

K U Rt

\Y £ o \asgg\,\oop,
bio-based feedstack L. SNy

and residues

LE

minerals, metals
and fossil-based
plastics

Key:
welp rcnewable energy flow

wlp non-renewable energy flow Ch

. circular material flow

sy n0N-Circular material flow

1. (a) (i) To what extent do circular flows dominate across the vehicle life cycle?

(ii) To what extent do non-circular flows dominate across the vehicle life cycle?
(b) To what extent does the circular economy model apply to the vehicle
manufacture process?

2. Materials and energy resources, including renewable energy resources, use some
fossil energy upstream. What effect does this have on the way the diagram is
interpreted?

3. What changes could be made to the model to make the processes more
sustainable?

Activity
1. Discuss in groups the following questions:

(a) How can justice issues be addressed through considering the social
foundation, the inner ring of the doughnut?

(b) How can the doughnut economics model expand understanding of
environmental justice?

2. Feedback the outcomes of your discussion to the rest of your class.

75



Foundation

Engagement

* Present research on examples of environmental injustice and inequalities
leading to problems of access to resources. Focusing on causes and effects,
summarize these examples and present your findings to others in your class.

* Promote the doughnut economic model and/or circular economy strategies
for the school community. How do sustainable economic models differ from
traditional approaches, such as GDP? Design posters that explain sustainable
economic models and display these in your school or college to promote
awareness.

* Investigate the whole school carbon footprint and produce a plan to reduce the
school’s carbon emissions.

* A sustainability walk showcases sustainability initiatives in a local area. Design
a sustainability walk to highlight sustainable options locally. To do this, find
out about locations that show different aspects of sustainability, such as zero
carbon/no carbon emission initiatives, renewable energy resources such as solar
power, recycling and conservation areas. Produce a map of your route, with
a brief explanation of each site. Prepare to guide small groups through your
sustainability walk.

* Use SDGs (this topic, Section 1.3.18) to advocate for a particular issue. Either
produce a presentation to show in your school/college or produce a poster to
distribute throughout your local community.

Q16. State what is meant by the term sustainability.

Q17. Compare and contrast environmental, social and economic sustainability.
Q18. Discuss the concept of sustainable development.

Q19. Outline the difference between sustainability and sustainable development.

Q20. Explain, using an example, how unsustainable use of natural resources can
lead to ecosystem collapse.

Q21. Outline the role of environmental justice in sustainable development.

Q22. Distinguish between ecological footprint and biocapacity.

Q23. List three frameworks or models that support an understanding of
sustainability.

Q24. Discuss the effectiveness of the UN Sustainable Development Goals (SDGs)
in guiding action on sustainability and environmental justice.

Q25. Evaluate the planetary boundaries model.
Q26. Outline the doughnut economics model.

Q27. Distinguish between a linear and circular economy.
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Practice questions

1.

2.

Review Figure 1.79 before answering the questions.

8

Key
74 | Il Ecological footprint
gl [ Biocapacity

global hectares per person/Gha
E=
1

region

(a) Identify one region shown in Figure 1.79 that has an ecological

footprint that is lower than its biocapacity. [1]
(b) Outline one reason a region whose ecological footprint is greater
than its biocapacity is considered unsustainable. [1]
(c) Evaluate the use of the ecological footprint as a model. [4]
(Total 6 marks)
Identify one transfer process and one transformation process shown in
Figure 1.80. (2]
precipitation (Total 2 marks)
advaction condensat:on
4 4 /\/‘f '1».\ i
’ 4 d
4 44

melted snow &
runoff

evaporation

transpiration

infiltration ~ plant uptake
and percolation

groundwater flow '

(continued)

« Figure 1.79 The ecological
footprint and biocapacity for
selected world regions, 2016.

<« Figure 1.80 Representation
of the water cycle.
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3. The Chukchi are Indigenous nomadic deer herders who live in yarangas. The
yaranga is made from poles of local wood covered in tree bark and animal skins.
In winter, a deer skin canopy is added to the yaranga to improve insulation
(Figure 1.81).

Figure 1.81 A family of P
Chukchi outside their
yaranga in Siberia.

This modern house is made mostly from wood, according to local tradition,
but with some brickwork and concrete foundations (Figure 1.82).

Figure 1.82 Amodern P
wooden house in an industrial
city in Siberia.

With reference to Figures 1.81 and 1.82, outline three reasons why the yaranga

is more sustainable than the modern city house. 3]
(Total 3 marks)

4. Outline how a positive feedback loop can impact an ecosystem. [4]
(Total 4 marks)
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5. To what extent would different environmental value systems be successful in

reducing a society’s ecological footprint?

9]

(Total 9 marks)

6. Review Figure 1.83 before answering the questions.
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E MEACK : O Latin America and Caribbean
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<« Figure 1.83 A measure of
the sustainability of individual
countries from a comparison
of their ecological footprint
and their standard of living.

(a) Using Figure 1.83, identify the country that is above the threshold for high
human development and below the Earth’s biocapacity. [1]
(b) Outline the relationship between carrying capacity and ecological
footprint. [2]
(Total 3 marks)
7. Explain how environmental indicators are used to assess sustainability. [7]
(Total 7 marks)
8. Explain why the ecological footprint of two populations consuming the same
quantity of food and energy may be different. [7]
(Total 7 marks)
9. Outline the factors that lead to different environmental value systems in
contrasting cultures. [4]
(Total 4 marks)
10. Outline how feedback loops are involved in alternate stable states and the
tipping points between them. [4]
(Total 4 marks)
(continued)
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11. Outline how the model shown in Figure 1.84 demonstrates positive feedback. [2]
(Total 2 marks)

Figure 1.84 Tourism P
multiplier effect.

Increase in international
tourists

More money spent on
accommodation, food,
entertainment and sightseeing

Increase in building of hotels,
roads and facilities
for tourism

A

.

Increase in jobs within hotels,
restaurants, food production,
construction industry

:

Workers have more money
to spend on food, clothes,
entertainment; increase
in tax revenues

!

Growth in industries to meet
demand for increased
goods and services

More funds from taxes
1o spend on infrastructure
and services, roads and
public transport

—
—

12. Review Figure 1.85 before answering the questions.

Figure 1.85 Ecological P i Key
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(a) Describe the trend in the ecological footprint over the period shown in
Figure 1.85. [1]
(b) Outline why the ecological footprint for the total population of Madagascar
has increased during the period shown in Figure 1.85. [2]
(c) Outline one reason for the trend in biocapacity during the period shown
in Figure 1.85. [1]
(Total 4 marks)
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13. (a) Outline how four different factors influence the resilience of an

ecosystem. [4]

(b) Explain how a community of trees in a woodland may be considered
a system. [7]
(Total 11 marks)
14. Explain the role of two historical influences in shaping the development of the
environmental movement. [7]
(Total 7 marks)

15. With reference to Figure 1.86, suggest what conclusions can be
drawn regarding the sustainability of the Brazilian population over the

period shown. [2]
(Total 2 marks)
25 - Key 4 Figurg 1.86 Ego\ogicgl
. — Biocapacity per person footprmt and b\ocapacwty per
= 20+ - : person in Brazil.
B = Ecological footprint per person
g 15+
g
g 10~
3
s 39
0 1 T 1 I T 1 1 T T 1
1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011
year
16. You will find an additional Paper 1 question on this page of your eBook.
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2.1 Individuals, populations, communities
and ecosystems

How can natural systems be modelled, and can these models be used to
predict the effects of human disturbance?

2.1.1 The biosphere is an ecological system composed of individuals, populations,
communities and ecosystems.

2.1.2 An individual organism is a member of a species.

2.1.3 Classification of organisms allows for efficient identification and prediction of
characteristics.

2.1.4 Taxonomists use a variety of tools to identify an organism.

2.1.5 A population is a group of organisms of the same species living in the same area at the
same time, and which are capable of interbreeding.

2.1.6 Factors that determine the distribution of a population can be abiotic or biotic.

2.1.7 Temperature, sunlight, pH, salinity, dissolved oxygen and soil texture are examples of
many abiotic factors that affect species distributions in ecosystems.

2.1.8 A niche describes the particular set of abiotic and biotic conditions and resources upon
which an organism or a population depends.

2.1.9 Populations interact in ecosystems by herbivory, predation, parasitism, mutualism,
disease and competition, with ecological, behavioural and evolutionary consequences.

2.1.10 Carrying capacity is the maximum size of a population determined by competition for
limited resources.

2.1.11 Population size is regulated by density-dependent factors and negative feedback
mechanisms.

2.1.12 Population growth can either be exponential or limited by carrying capacity.

2.1.13 Limiting factors on the growth of human populations have increasingly been
eliminated, resulting in consequences for sustainability of ecosystems.

2.1.14 Carrying capacity cannot be easily assessed for human populations.

2.1.15 Population abundance can be estimated using random sampling, systematic sampling
or transect sampling.

2.1.16 Random quadrat sampling can be used to estimate population size for non-mobile
organisms.

2.1.17 Capture—mark-release-recapture and the Lincoln index can be used to estimate
population size for mobile organisms.

2.1.18 A community is a collection of interacting populations within the ecosystem.
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2.1.19 Habitat is the location in which a community, species, population or organism lives.

2.1.20 Ecosystems are open systems in which both energy and matter can enter and exit.

2.1.21 Sustainability is a natural property of ecosystems.

2.1.22 Human activity can lead to tipping points in ecosystem stability.

2.1.23 Keystone species have a role in the sustainability of ecosystems.

2.1.24 The planetary boundaries model indicates that changes to biosphere integrity have
passed a critical threshold.

2.1.25 To avoid critical tipping points, loss of biosphere integrity needs to be reversed.

2.1.26 There are advantages of using a method of classification that illustrates
evolutionary relationships in a clade.

2.1.27 There are difficulties in classifying organisms into the traditional hierarchy of
taxa.

2.1.28 The niche of a species can be defined as fundamental or realized.

2.1.29 Life cycles vary between species in reproductive behaviour and lifespan.

2.1.30 Knowledge of species’ classifications, niche requirements and life cycles help us

to understand the extent of human impacts upon them.

2.1.1 The biosphere

The term biosphere refers to all the parts of the Earth where life exists, from the
deep sea to the tops of mountains. Conditions in these areas must be suitable for life.
This means that they should contain water, the correct nutrients needed by living
organisms and an input of energy. The range of environments that support life
ranges from hydrothermal vents in the deep ocean to hot deserts such as the

Sahara (this topic, Section 2.4.4).
Figure 2.1 The biosphere. P atmosphere In hydrothermal vents, the
temperature can reach over
400 °C and a lack of sunlight means
that organisms must derive their
energy from other sources. The
conditions in hot deserts are dry
and arid.

The biosphere is

an ecological system
composed of individuals,
populations, communities
and ecosystems.

1.2 Systems B

The biosphere is supported

by interactions between the
lithosphere (rocks that degrade
to form soils), the atmosphere
(gases such as carbon dioxide,
(CO,), which is used in the process

lithosphere k__/ hydrosphere  ©f photosynthesis) and the
\__j hydrosphere (water resources)

(Figure 2.1).
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2.1.2 Species

An individual organism is a member of a species. According to the biological species
concept, a species is a group of organisms that can interbreed and produce fertile
offspring (Figure 2.2). Sometimes, two species breed together to produce hybrid
offspring. A hybrid may survive to adulthood but cannot produce viable gametes and
so is sterile. For example, a horse (Equus caballus) can breed with a donkey (Equus asinus)
to produce a mule, but mules are sterile and cannot produce offspring of their own.

The species concept cannot:

 clarify whether geographically isolated populations belong to the same species
 classify species in extinct populations

* account for asexually reproducing organisms

* clearly define species when barriers to reproduction are incomplete (Figure 2.3).

< Figure2.3 Gulls interbreeding
in a ring around the Arctic
are an example of ring
species. Neighbouring
species can interbreed to
produce viable hybrids but
herring gulls and lesser black-
backed gulls, at the ends of
the ring, cannot interbreed.

2.1.3 and 2.1.4 Classification of organisms

The natural history museums of the world are treasure troves of species (Figure 2.4).
There are 1.8 million known species to date, with many more still to be discovered.
Species are classified by a special group of scientists called taxonomists. The word
‘taxon’ means a group that is used to distinguish one type of organism from another.
Taxonomic groupings range from species (the smallest unit of classification) to domain
(the largest). Taxonomy therefore produces a hierarchy from small to large groupings.
The classification of organisms allows for the identification and prediction of common
characteristics. If the taxon of an organism is known, at any level of the taxonomic

A

Figure 2.2 A snow leopard
(Panthera uncia) - an example
of a species. Species names
have two parts - the genus
name (Panthera) and a specific
name (uncia). Species names
are always written in italics or
underlined.

How does the way that
we organize or classify
knowledge affect what
we know?

The species concept is
sometimes difficult to
apply. For example, can
it be used to accurately
describe extinct animals
and fossils? The term is
also sometimes loosely
applied to what are, in
reality, sub-species that
can interbreed. This is an
example of an apparently
simple term that is
difficult to apply in
practical situations.

When discussing examples
of species, habitat, niche
and so on, make sure that
you use specific examples.
For example, when
referring to Species, use
Atlantic salmon rather than
fish, use Kentucky Bluegrass
rather than grass and use
silver birch rather than tree.
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Figure 2.4 Museums, such P
as the Natural History
Museum (NHM) in London,
hold a vast array of different
species from around the
globe. Here, a selection of
beetles is shown in a display
case at the NHM.
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hierarchy, something of the biology of the organism can be predicted from previously
classified organisms in the group.

18142 1

Classification is needed because of the immense diversity of species. Species are
classified using the binomial system, first developed by Swedish scientist Carl Linnaeus
in the 1700s. Binomial means ‘two names’. The first name is the genus and the

second name is the species. Species of the same genus have similar traits. The genus
name is given a capital letter and the species name is lowercase. Both the genus and
species names should be italicized. For example, the binomial name for humans is
Homo sapiens (abbreviated to H. sapiens). There are other species of the genus Homo,
which have now become extinct, such as Homo erectus and Homo neanderthalensis.

Taxonomists use a variety of tools to identify an organism

Identification in this context means determining the species of an individual organism.
Methods used include use of dichotomous keys, comparison with specimens in
reference collections by expert taxonomists and DNA surveys.

Ecology is the study of living organisms in relation to their environment. In any
ecological study, it is important to correctly identify the organisms in question,
otherwise the results and conclusions will be invalid. A dichotomous key is a tool used
for the identification of an organism with which you are not familiar.

Dichotomous means ‘divided into two parts’. The dichotomous key is written so that
identification is done in steps. At each step, you have a choice of two options, based on
different possible characteristics of the organism you are looking at. Sometimes, such
keys are presented in written form, sometimes they are drawn as a tree diagram.



Suppose you want to identify one of the organisms or objects pictured in Figure 2.5.

You could use a written key such as the one found on this page of your eBook or a
dichotomous key diagram such as the one shown in Figure 2.6.

<« Figure2.5 Arandom
selection of animate and
inanimate specimens.
Organisms and objects are
not drawn to scale and vary
greatly in size, from
microscopic (the amoeba,
top centre) to much larger
specimens, such as the
sycamore tree (top right)

| and pine tree (top left).

living non-living <« Figure2.6 A d\chotomous
key for a random selection of
animate and inanimate
microscopic macroscopic non-metallic metallic objects.
amoeba pebble
wheels no wheels
animal plant I |
I car spoon
woody herbaceous p
stem I
I buttercup
leaves with small leaves with large
surface area surface area
pine tree sycamore tree
aquatic terrestrial
shark
6 legs fewer than
I 6 legs
beetle feathers _I_fur/hair
eagle hooves without
I hooves
horse
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A dichotomous key is

a stepwise tool used for
identification of organisms
where there are two
different answers based
on different characteristics
at each step. The outcome
of each choice leads to
another pair of options.
This continues until the
organism is identified.

When constructing an
identification key, do
not use terms such as
big or small - these

are not useful. Make
sure that you write
quantitative descriptors
(i.e. descriptions that
allow numbers to be
given to features, such
as the number of legs)
and the simple presence
or absence of external
features such as tails.

A population is a group
of organisms of the same
species living in the
same area at the same
time and which are
capable of interbreeding.
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There are limitations to the use of dichotomous keys. These include:

* Only the physical characteristics of the organism can be used with dichotomous
keys, rather than being able to use behaviours. Two species that have very similar
physical characteristics may display very different behaviours.

* Some dichotomous keys use technical terms that only an expert would
understand.

* There may not be a dichotomous key available for the type of organisms you are
trying to identify.

* Some physical characteristics of organisms cannot be easily established in the
tield. For example, whether an animal has a placenta; whether an animal is
endothermic or ectothermic (warm- or cold-blooded). Some organisms show
significant changes in their body shape during their lifetime (e.g. frogs have an
aquatic tadpole juvenile form that is very different from the adult), which keys
must take into account. Many insects, for example, show differences between
male and female individuals of the species that can cause difficulties when
identifying the species.

Organisms in an ecosystem can also be identified by comparing specimens to those in
a herbarium, comparing them to museum specimen collections or by using scientific
expertise. Museums today often use DNA profiling techniques to identify differences
between specimens. This can be a more accurate way of determining the identity of an
organism than using only its physical appearance.

Know how to use dichotomous keys for the identification of species

Select eight objects that are linked in some way, for example shells from a beach or leaves

from different species of tree. Carefully examine your specimens. What are the most significant
structural features? In which specimens are these features present and in which are they absent?
How can these specimens be arranged to make a dichotomous key?

Search online for the Online Visual Paradigm Dichotomous Key Maker.

Use this intuitive tool to construct a dichotomous key for your specimens. Each division point in the
key should be labelled with the critical diagnostic feature used to distinguish specimens. You will
also find example templates on this website.

2.1.5 Population

A population is a group of organisms of the same species living in the same area at
the same time and which are capable of interbreeding (Figure 2.7). There may be one or
several different populations of the same species in different places.

Investigate a local ecosystem

What animal or plant populations exist in your local area? Populations exist within ecosystems (this
topic, Section 2.1.20). How would you investigate a local ecosystem?

Design a plan to investigate a local ecosystem. What methodology will you use? Now carry out the
investigation. You can use tools outlined in this topic to analyse your data.

Later in this topic, there are techniques for investigating ecosystems (this topic, Section 2.1.6 and
2.1.7, and Section 2.1.15-2.1.17).



2.1.6 and 2.1.7 Abiotic and biotic factors

Species interact with their environment. The environment is the external surroundings
that act on a species, influencing its survival and development. Factors that determine
the distribution of a population can be living and non-living. Biotic factors are the
living components of an ecosystem (animals, plants, algae, fungi and bacteria). The
non-living, physical factors that influence the organisms and ecosystem are termed
abiotic factors.

Abiotic factors

Examples of specific abiotic factors
Ecosystems can be broadly divided into three types (this topic, Section 2.1.20):

* marine — the sea, estuaries, salt marshes and mangroves, all characterized by the
water having a high salt content

o freshwater —rivers, lakes and wetlands
e terrestrial —land-based.

Abiotic factors affect the distribution of species in ecosystems. Each ecosystem has its
own specific abiotic factors as well as the common ones they share.

Abiotic factors of a marine ecosystem include:

o salinity

- pH

* temperature

* dissolved oxygen (O,)
 soil texture.

< Figure 2.7 A population of
meerkats.

Abiotic factors include:

* temperature

* sunlight

* acidity/alkalinity (pH)

* rainfall (precipitation)

* salinity

* the soil (edaphic
factors)

* topography (the
landscape).
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All plants and animals
need water to survive,
For plants, water stress
(too little water) may
cause germination to
fail, seedlings to die and
seed yield to be reduced.
Categories of water-
tolerant plants include;

* hydrophytes - water-
tolerant plants that
can root in standing
water

* mesophytes - plants

that inhabit moist
rather than wet
environments
xerophytes - plants
that live in dry
environments.

4.2 Water access, use
and security

Temperature, sunlight,
pH, salinity, dissolved

O, and soil texture are
examples of many abiotic
factors that can affect
species distributions

in ecosystems.

Abiotic factors can be
quantified to clarify the
distribution of species.

Abiotic factors that can
be measured within an
ecosystem include:

* marine environment:
salinity, pH, temperature,
dissolved O,, wave
action

¢ freshwater environment:
turbidity, pH,
temperature, dissolved
O, flow velocity

¢ terrestrial environment:
temperature, light
intensity, wind speed,
soil texture, slope, soil
moisture, drainage,
mineral content.
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Estuaries are classified as marine ecosystems because they have high salt content
compared to freshwater. Mixing of freshwater and oceanic seawater leads to a diluted
salt content but one that is still high enough to influence the distribution of organisms
within it. Salt-tolerant animals and plants have specific adaptations to help them cope
with the osmotic demands of saltwater.

Only a small proportion of freshwater is found in ecosystems (Topic 4, Section 4.1.3).
Abiotic factors of a freshwater ecosystem include:

o turbidity

« pH

* temperature

* dissolved O,
 flow velocity

o light intensity.

Abiotic factors of a terrestrial ecosystem (such as Figure 2.8) include:

* temperature

o light intensity

* wind speed

e soil texture

* slopefaspect

e soil moisture
 drainage

e soil mineral content.

You need to know methods for measuring each of the abiotic factors listed above
and how they might vary in any given ecosystem with depth, time or distance.
Abiotic factors are examined in conjunction with related biotic components
(Section 2.1.15, 2.1.16 and 2.1.17). This allows species distribution data to be
linked to the environment in which they are found and explanations for the
patterns to be proposed.

Evaluating measures for describing abiotic factors

Let’s consider the techniques used for measuring abiotic factors. An inaccurate picture
of an environment may be obtained if errors are made in sampling, so possible sources
of error are examined.



Light

A light-meter can be used to measure the

light intensity in an ecosystem (Figure 2.9).
The light-meter should be held at a standard,
fixed height above the ground and read

when the value is steady and not fluctuating.
Cloud cover and changes in light intensity
during the day mean that values must be
taken at the same time of day and same
atmospheric conditions. This can be difficult
if several repeat measurements are taken. The
direction of the light-meter also needs to be
standardized so it points in the same direction
and at the same angle each time it is used. Care
must be taken not to shade the light-meter
during a reading being taken.

Temperature

An electronic thermometer with probes (datalogger) allows the temperature to
be accurately measured in air, water and at different soil depths. The temperature
needs to be taken at a standard depth. Problems arise if the thermometer is not
buried deeply enough so the depth needs to be checked each time it is used.
Temperature can only be measured for a short period of time (i.e. seconds or
minutes) using conventional digital thermometers. Dataloggers can be used to
measure temperature over longer periods of time (i.e. days or years) and take any

fluctuations in temperature into account.

« Figure2.8 The Nevada desert,
USA. Water supply in terrestrial
ecosystems can be extremely
limited, especially in desert
areas. Water is an important
abiotic factor in controlling
the distribution of organisms.

Make sure you are familiar
with the measurement

of at least three abiotic
factors in an aquatic or
terrestrial ecosystem,
including the use of data-
logging and other sensors.

Measurements should
be repeated to increase
the reliability of data. The
number of repetitions
required depends on the
factor being measured.

<« Figure 2.9 Usingalight-
meter to record light intensity
falling on ivy.
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pH

pH can be measured using a pH meter or datalogging pH probe. Values in freshwater
range from slightly basic to slightly acidic depending on the pH of the surrounding
soil, rock and vegetation. Seawater usually has a pH above 7 (alkaline). The meter or
probe must be cleaned between readings and each reading must be taken at the same
depth. Soil pH can be measured using a soil testing kit, where an indicator solution

is added to the sample and the colour produced is compared to a coloured chart with
known pH values.

Wind

Measurements can be taken by observing the effects of wind on objects and relating
these to the Beaufort scale. Precise measurements of wind speed can be made with
a digital anemometer, which can be mounted or hand-held (Figure 2.10). Some
anemometers use cups to capture the wind, whereas other smaller devices use a
propeller. Care must be taken not to block the exposure of the anemometer to the
wind. Gusty conditions may lead to large variations in data.

A Soil texture
Figure 2.10 An anemometer

measuring wind speed. It Soil can be made up of large, small or intermediate particles. Particle size determines

works by converting the drainage and water-holding capacity (Topic 5, Section 5.1.3). Large particles (pebbles)
number of rotations made by can be counted and measured individually, and the average particle size calculated.
three cups atthe top of the Smaller particles can be measured by using a series of sieves with increasingly

apparatus into wind speed. fine mesh sizes. The smallest particles can be separated by sedimentation. Optical

techniques (examining the properties of light scattered by a suspension of soil in
water) can also be used to study the smallest particles.

The percentage slope can
be calculated as follows.
For example, if the slope

is 10 degrees: Slope

Percte”g‘gfi‘?gg = Surface run-off is determined by the angle of the slope, which can be calculated
an =

0176 x 100 = 17.6% using a clinometer (Figure 2.11). The slope’s aspect can be determined using a
compass. Care must be taken in interpreting results as the slope may vary in angle
over its distance.

sight the target line of s_\g_hf __________
ateyelevel __oew=T""

read angle
in degrees

string and
mass

A

Figure 2.11 The slope angle is taken by sighting along the protractor’s flat edge and reading the degree aligned with the string.
Percentage slope can be calculated by determining the tangent of the slope using a scientific calculator and multiplying by 100.
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Soil moisture

Soils contain water and organic matter. Measuring the mass of samples before and
after heating in an oven gives the mass of water evaporated and therefore the moisture
levels. If the oven is too hot when evaporating the water, organic content can also burn
off. This further reduces soil mass and gives inaccurate readings. Repeated readings
should be taken until no further mass loss is recorded — the final reading should be
used. Loss of mass can be calculated as a percentage of the starting mass. Soil moisture
probes are also available, which are simply pushed into the soil. These need to be
cleaned between readings as they can be inaccurate.

Mineral content

The loss on ignition (LOI) test can determine mineral content. Soil samples are heated to
high temperatures (500-1000 °C) for several hours to allow volatile substances (i.e. ones
that can evaporate) to escape. The loss of mass is equivalent to the quantity of volatile
substances present. The temperature and heating required may depend on the mineral
composition of the soil, but there are no standard methods. The same conditions should
be used when comparing samples.

Flow velocity

Surface flow velocity can be measured by
timing how long it takes a floating object
to travel a certain distance. More accurate
measurements can be taken using a flow
meter (a calibrated propeller attached

to a pole) (Figure 2.12). The impeller is
inserted into water just below the surface
and pointed into the direction of the flow.
Several readings (at least three to five) are
taken to ensure accuracy. As velocity varies
with distance from the surface, readings
must be taken at the same depth. Results
can be misleading if only one part of a
stream is measured. Water flows can vary
over time because of rainfall or glacial
melting events.

Salinity

Salinity can be measured using electrical conductivity (with a datalogger) or by the
density of the water (the higher the salt content, the higher the density). Salinity

is commonly expressed in parts per thousand (ppt), which means parts of salt per
thousand parts of water. Seawater has an average salinity of 35 ppt, which is equivalent
to 35 g dm™ or 35%o.

Dissolved oxygen

Oxygen-sensitive electrodes connected to a meter can be used to measure dissolved
0,. Readings may be affected by O, in the air. Therefore, care must be taken when
using an oxygen meter to avoid contamination with O, in the air. A more labour-
intensive method is Winkler titration. This is based on the principle that O, in the

<« Figure 2.12 A flow meter
| allows water velocity to be
recorded at any depth.

Short-term and limited
field sampling reduces

the effectiveness of the
measurement techniques
because abiotic factors may
vary from day to day and
season to season. Most

of these abiotic factors

can be measured using
datalogging devices. The
advantage of dataloggers
is that they can provide
continuous data over a
long period of time, making
results more representative
of the area. The reliability
of the results can also be
improved by taking many
samples. Make sure you
use a sample size that is
large enough for data
processing. For example,

a sample size of less than
five is usually considered
too small to calculate
standard deviation.

Each statistical test has

an optimal sample size.
For example, the t-test,
which provides a way of
measuring the overlap
between two sets of data,
may be applied to sample
sizes of more than 15 and
less than 30 taken from
normally distributed data.
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A

Figure 2.13 A Secchi discis
mounted on a pole or line
and is lowered into water until
itis just out of sight. The
depth is measured using the
scale on the line or pole. The
disc is raised until it is just
visible again and a second
reading is taken. The average
depth calculated is known as
the Secchi depth.

How important
are material tools
in the production

or acquisition of
knowledge?

Abiotic data can

be collected using
instruments that avoid
issues of objectivity
because they directly
record quantitative
data. Instruments can
record data beyond
the limits of unaided
human perception.
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water reacts with iodide ions and acid can be added to release iodine, the amount of
which can be quantitatively measured.

Wave action

Areas with high wave action have high levels of dissolved O, due to the mixing of air
and water in the turbulence. Wave action is measured using a dynamometer, which
measures the force in the waves. Changes in tide and wave strength during the day and
over monthly periods mean that average results must be used to take this variability
into account.

Turbidity

Cloudy water is said to have high turbidity and clear water has low turbidity.
Turbidity affects the penetration of sunlight into water and therefore rates of
photosynthesis. Turbidity can be measured using a Secchi disc (Figure 2.13).
Problems may be caused by the Sun’s glare on the water or the subjective nature

of the measure (one person may see the disc at one depth but someone with better
eyesight may see it at a greater depth). Errors can be avoided by taking measures on
the shady side of a boat. More sophisticated optical devices can also be used (e.g. a
nephelometer or a turbidimeter) to measure the intensity of light scattered at 90° as a
beam of light passes through a water sample.

Use methods for measuring at least three abiotic factors in an aquatic or terrestrial
ecosystem, including the use of data logging

Compare abiotic variables in undisturbed and disturbed areas of a local ecosystem. For example,
compare an area of forest that has not been affected by human activity with another area that has
been (e.g. has been logged/had timber removed). Examples of abiotic factors you could investigate
include wind speed, soil moisture, light intensity, temperature and humidity. Select at least three
factors to measure. Use sensors to measure abiotic variables such as temperature, light intensity and
soil pH or equipment shown in Section 2.1.6 and 2.1.7.

Were there any differences between the undisturbed and disturbed areas? Which abiotic factors
were affected and why? What conclusions can you reach from your investigation?

2.1.8 Niche

A niche describes the particular set of abiotic and biotic conditions and resources on
which an organism or a population depends.

An ecological niche is the role of a species in an ecosystem and can be described as
where, when and how an organism lives. An organism’s niche depends not only on
where it lives (its habitat) but also on what it does. The niche comprises all biotic
and abiotic interactions that influence the growth, survival and reproduction of a
population, including how food is obtained. For example, the niche of an elephant
includes everything that defines this species such as its habitat (forest and grasslands),
interactions between members of the herd (touching each other with their trunks,
rubbing their bodies against one another, calling to each other), what it feeds on
(grasses, small plants, bushes, fruit and twigs), when it feeds (elephants can spend
three quarters of the day eating) and so on. No two species can have the same niche
because the niche completely defines a species.



2.1.9 Population interactions

Populations of different organisms interact with each other in ecosystems. There are a
variety of different interactions: herbivory, predation, parasitism, mutualism, disease and
competition. Each interaction has ecological, behavioural and evolutionary consequences.

Herbivory

Herbivory is an interaction where an animal feeds on a plant. The animal that
eats the plant is called a herbivore. An example of herbivory is provided by the
hippopotamus, which eats vegetation on the land during the coolness of the night
(Figure 2.14). Hippopotamuses spend the day in rivers so they do not overheat.

The carrying capacity of a herbivore’s environment is affected by the quantity of the
plant it feeds on. An area with more abundant plant resources has a higher carrying
capacity than an area that has less plant material available as food for the herbivore.

Parasitism

A parasite is an organism that benefits at the expense of another (the host) from which
it derives food. Ectoparasites live on the surface of their host (e.g. ticks and mites)
(Figure 2.15). Endoparasites live inside their host (e.g. tapeworms).

The carrying capacity of the host may be reduced because of the harm caused by the
parasite. Some plant parasites draw food from the host via their roots (Figure 2.16).

A
Figure 2.15 A tick feeding on a dog.

Make sure you consider
one example of each
relationship and consider
how the relationships
influence the population
dynamics of the
interacting populations
and the selective
pressures involved.

Figure 2.14 A hippopotamus

| has a specialized stomach to

enable it to eat vegetation - its
four chambers are the same
as those found in other
herbivores such as cows

and deer.

Parasitism is a symbiotic
relationship in which one
species benefits at the
expense of the other.

« Figure 2.16 Rafflesia have

the largest flowers in the
world but have no leaves.
Without leaves, these plants
cannot photosynthesize, so
they grow close by South-
east Asian vines (Tetrastigma
spp.) from which they draw
the sugars they need for
growth.
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Mutualism is a symbiotic
relationship in which both
species benefit.

Figure2.17 Lichens
consist of a fungus and
alga in a symbiotic
relationship. The fungus is
efficient at absorbing
water but cannot

photosynthesize, whereas
the alga contains
photosynthetic pigments
and so can use sunlight
energy to convert CO,
and water into glucose.
The alga therefore obtains
water and shelter and the
fungus obtains a source
of sugar from the
relationship. Lichens with
different colours contain
algae with different
photosynthetic pigments.

Figure 2.18 In Dutch elm
disease, fungal infection causes
the clogging of vascular tissues.
This prevents the movement of
water around the tree from the

roots to the leaves and results
in wilting and the death
of the tree.
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Mutualism

Symbiosis is a relationship in which two organisms live together. Parasitism is a
form of symbiosis where one of the organisms is harmed. Mutualism is a form

of symbiosis where both species benefit from the relationship. Examples include
coral reefs and lichens (Figure 2.17). Coral reefs show a symbiotic relationship
between the coral animal (polyp) and zooxanthellae (unicellular brown algae or
dinoflagellates) that live within the coral polyp. The polyp animal has a mouth and
so can feed on organisms in the seawater. The algae photosynthesize and provide
the polyps with an additional source of glucose. The polyp provides protection for
the algae and a source of CO, for photosynthesis. Nematocysts are stinging cells
located in the tentacles of the polyp and protect the coral from predators. Coral gets
up to 90% of its organic nutrients from the zooxanthellae.

Disease

An organism that causes disease is known as a pathogen. Pathogens include
bacteria, viruses, fungi and single-celled animals called protozoa. The disease-
causing species may reduce the carrying capacity of the organism it is infecting.
Changes in disease can also cause populations to increase and decrease around the
carrying capacity (Figure 2.23, Section 2.1.12).

Dutch elm disease is caused by fungus (Ascomycota) that affects elm trees (Figure 2.18).
The elm bark beetle spreads the fungus.

Competition

When resources are limited, populations compete to survive. Competition is the
demand by individuals for limited environmental resources. It may be either within
a species (intraspecific competition) or between different species (interspecific
competition). Interspecific competition exists when the niches of different species
overlap (Figure 2.19).
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No two species can occupy the same niche, so the degree to which niches overlap
determines the degree of interspecific competition. In this relationship, neither species

benefit, although better competitors suffer less.

Experiments with single-celled animals have demonstrated the principle of
competitive exclusion: if two species occupying similar niches are grown together, the

poorer competitor will be eliminated (Figure 2.20).
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Individuals within the same species occupy the same niche. Thus, if resources
become limiting for a population, intraspecific competition becomes stronger. In this
interaction, the stronger competitor (i.e. the one better able to survive) will reduce the

carrying capacity of the other’s environment.

<« Figure 2.19 The niches of
species A and species B, based
on body size, overlap with
each other to a greater extent
than with species C. Strong
interspecific competition will
exist between species A and B
but not with species C.

<« Figure 2.20 Species of
Paramecium (a single-celled
organism) can easily be grown
in the laboratory. (a) If two
species with very similar
resource needs (i.e. similar
niches) are grown separately,
both can survive and flourish.
(b) If the two species are
grown in a mixed culture, the
superior competitor - in this
case P, aurelia - eliminates the
other (this is known as
competitive exclusion).

Make sure you know how
to interpret graphical
representations or
models of factors that
affect an organism’s
niche. Examples should
include predator-prey
relationships, competition
and organism abundance
over time.
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Make sure you know

how models can be

used to show feeding
relationships, such as the
predator-prey relationship.

Interactions should be
understood in terms

of the influences each
species has on the
population dynamics of
others and on the carrying
capacity (this topic,
Section 2.1.12) of the
others’ environment.

5.2 Agriculture and food

8.2 Urban systems and
urban planning
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Use models that demonstrate feeding relationships

Predation occurs when one organism hunts and eats another organism. An example of predation is
snowy owls feeding on lemmings (Topic 1, Section 1.2.15, page 42). Such interactions are controlled
by negative feedback (Topic 1, Section 1.2.8). Predator-prey interactions are an example of a feeding
relationship.

Not all predators are animals. Insectivorous plants, such as Venus fly
traps and pitcher plants (Figure 2.21), trap insects and feed on them.
Such plants often live in areas with nitrate-poor soils and obtain
much of their nitrogen from animal protein. These plants still obtain
energy from photosynthesis.

Figure 2.21 Nepenthes rajah, P
the largest pitcher plant.

2.1.10 Carrying capacity

Carrying capacity is the maximum size of a population determined by competition for
limited resources.

Resources that may affect carrying capacity include both biotic and abiotic factors. Biotic
factors are the living part of the environment. Interactions between organisms are also
biotic factors. Ecosystems contain numerous populations with complex interactions
between them. The nature of the interactions varies and can be broadly divided into
specific types (predation, herbivory, parasitism, mutualism, disease and competition).

2.1.11 Regulation of population size

Some limiting factors are related to population density, such as competition for
resources, space, disease, parasitism and predation. As a population increases, the
availability of food per individual decreases. This can lead to a reduced birth rate and
an increased death rate. As predators may be attracted to areas of high population
density, the mortality rate may increase. Similarly, disease spreads more easily in
denser populations. Other density dependent factors include the size of the breeding
population and size of the territory. The larger the population size and the larger the
territory, the greater the potential chance a species has for survival.

Density-dependent factors operate as negative feedback mechanisms regulating the
population and leading to stability.

Predator—prey relationships are a good example of density-dependent control
(example of lemmings and snowy owls, Topic 1, Section 1.2.15 page 42).

Density-independent factors are generally abiotic. The most important ones are
extremes of weather (drought, fire, hurricanes) and long-term climate change. Others
include geophysical and geological events such as earthquakes and volcanic eruptions
and the tsunamis that can result from them. Their impacts include an increase in



the death rate and a reduction in the birth rate, especially of smaller individuals.
The response depends, in part, on the frequency and severity of the event. Density-
independent factors can operate alongside density-dependent factors.

Density-independent factors may have significant influence on population size, but it is
the density-dependent factors that tend to regulate the population around the carrying
capacity. In addition to competition for limited resources, these factors include the
increased risk of predation and the transfer of pathogens in dense populations.

@

The introduction of the European rabbit to Australia resulted in a population increase to around
600 million individuals. In 1950, the Australian government sanctioned the release of the
myxomatosis disease across the rabbit population - a density-independent factor - resulting in
the population decreasing to 100 million. However, by 1991, genetic resistance had rebuilt the
population to as many as 300 million individuals, prompting a second disease, the calicivirus,
to be released. In areas where there was a greater density of rabbits, the virus was more lethal -
illustrating features of density-dependent control.

2.1.12 Population growth

Limiting factors slow population growth as it approaches the carrying capacity of the
system.

Limiting factors include:

» for plants: light, nutrients, water, CO, and temperature

* foranimals: space, food, mates, nesting sites and water.

Populations have an upper level or extent to the number of individuals that can be
sustained in each environment. Carrying capacity is the term used to describe the
maximum number of individuals of a species that can be sustained by an environment.
The carrying capacity represents the population size at which environmental limiting
factors limit further population growth.

The carrying capacity of a population is affected by various limiting factors, such as:

o the availability of food and water
e territorial space

e predation

o disease

¢ availability of mates.

Population growth curves

Population growth can either be exponential or limited by carrying capacity. If a
population is introduced into a new environment, such as that seen in the re-establishment
of vegetation after the eruption of Krakatau in 1883 (this topic, Section 2.5.5) or the
Mount St Helens eruption in 1980, specific population growth curves occur. Imagine
rabbits are introduced into a new meadow. After an initial rapid (exponential) growth,
the rabbit population will eat the vegetation faster than it can grow because of the
large numbers of rabbits. Further increases in population will stop. In this situation,
the food supply has become a limiting factor in the growth of the rabbit population.
Eventually, the rabbit population will reach the carrying capacity of the meadow

(i-e. the size of rabbit population that the meadow can support).

|
|

Density-dependent
factors are those that lower
the birth rate or raise the
death rate as a population
increases. In contrast,
density-independent
factors are those that affect
a population irrespective of
population density, notably
environmental change.

Population size is
regulated by density-
dependent factors
and negative feedback
mechanisms.

The term limiting factor
was first used by the
German agricultural
chemist Justus von Liebig
(1803-73), who noted that
the growth of crops was
limited by the shortage
of certain minerals. Liebig
established the ‘law of
minimum’ - the idea
that the productivity,
reproduction and growth
of organisms will be
limited if one or more
environmental factors is
below its limiting level.
Equally, there can be

too much of a factor (i.e.
there is an upper limit to
how much of a particular
nutrient plants can
tolerate).

Limiting factors are
the factors that limit

the distribution or
numbers of a particular
population. Limiting
factors are environmental
factors that slow down
population growth.
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S-shaped population curve

When a graph of population growth for such species is plotted against time, an
S-shaped population curve is produced. This is also known as a sigmoid growth

Figure 2.22 An S-shaped P curve. An S-shaped population
population growth curve. . Rcompetition for limiting curve shows an initial rapid
@ factors increases growth (exponential growth) and
= then slows down as the carrying
= <\exponential growth . .
g capacity is reached (Figure 2.22).
Make sure you know . low or reduced limiting factors The graph shows slow growth
how to explain population time at first when the population is

growth curves in terms of

small and there is a lack of mature
numbers and rates.

adults. Early in the population growth curve there are few limiting factors and the
population can expand exponentially. Competition between the individuals of the
same species increases as a population increases. Competition increases because
individuals are competing for the same limited factors, such as resources (e.g. space
on a rock for barnacles to attach to). The population eventually reaches its carrying

Figure 2.23 The four phases \ 4 canying capacity. Changes in the limiting factors cause
of an S-shaped population b = ) . . . .
e . 3 capacity () the population size to increase and decrease (i.e.
@ fluctuate) around the carrying capacity. Increases
2 5 and decreases around the carrying capacity are
g controlled by negative feedback mechanisms.
1 The S-shaped population curve can be divided
Table 2.1 The four stages of time into four phases (Figure 2.23 and Table 2.1).
an S-shaped population curve.
Phase Phase
number | mname Description Explanation
1 lag phase | low population numbers » few individuals colonize a new area
leading to low birth rates * because numbers of individuals are low, birth rates are
also low
2 exponential | population grows at an * limiting factors do not restrict the growth of the population
growth increasingly rapid rate « there are favourable abiotic components, such as
phase temperature and rainfall, and a lack of predators or disease
¢ the number of individuals rapidly increases as does the
rate of growth of population
3 transitional | population growth slows * limiting factors begin to affect the population and restrict
phase down considerably although its growth
continues to grow * there is increased competition for resources
o there is an increase in predators and an increase in disease
and mortality due to increased numbers of individuals
living in a small area
* there is also a slowdown in growth rate of population
4 stationary | population growth stabilizes * limiting factors restrict the population to its carrying
phase (the graph ‘flattens’) and then capacity (k)
population fluctuates arounda | « changes in limiting factors, predation, disease and abiotic
level that represents the carrying |  factors cause populations to increase and decrease
capacity around the carrying capacity
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J-shaped population curve

Exponential growth is an increasing or accelerating rate of growth, sometimes referred
to as a J-shaped population curve or a J-curve. Growth is initially slow but becomes
increasingly rapid and does not slow down as population increases. Many populations
show J-shaped rather than S-shaped population growth curves. Organisms showing
J-shaped population curves tend to produce many offspring rapidly and have little
parental care (e.g. insects such as locusts).

Exponential growth occurs when:

* limiting factors are not restricting the growth of the population
o there are plentiful resources such as light, space and food
e there are favourable abiotic components, such as temperature and rainfall.

Abiotic components can affect population growth (e.g. the carrying capacity of
an environment for locusts can be raised due to rain). The sudden decrease in the
population is called a population crash (Figure 2.24).

Populations showing J-shaped population curves are generally controlled by abiotic
rather than biotic components, although a lack of food can also cause populations to
crash.

S-and J-shaped population curves describe a generalized response of populations to a
particular set of conditions (abiotic and biotic factors).

Example - The introduction of reindeer to St Matthew Island,

Alaska

Population growth curves can be studied in terms of numbers of individuals and
rates of change, with populations showing a J-shaped population curve or a ‘boom
and bust’ pattern.

One example was the introduction of reindeer to St Matthew Island, Alaska. The
island, 128 square miles in area, is in the Bering Sea Wildlife Refuge in the north
central Bering Sea.

Twenty-nine reindeer (Rangifer tarandus) were introduced to the island in 1944,
By the summer of 1963, the population had increased to 6000. The density

of reindeer had increased from 0.23 per square mile in 1944 to 46.88 per
square mile in 1963. Studies showed that the body mass of the reindeer was
larger than that of reindeer in domestic herds by 24-53% among females and
46-61% among males. The reindeer population benefited from the high quality
and quantity of vegetation on the island, with the population responding by
increasing rapidly due to a high birth rate and low mortality. However, the
population crashed, undergoing a die-off in the winter of 1963, to 42 animals
(Figure 2.25). Lichens, which had formed an important component of the winter
diet, had been eliminated through excessive foraging by the reindeer, with
other plants unsuitable for reindeer diets increasing in abundance. In the late

S-shaped population
curves are population
growth curves that show

an initial rapid growth
(exponential growth) and
then slow down as the
carrying capacity is reached.
Population size fluctuates
around a set point (carrying
capacity) (Figure 2.23).

In contrast, a J-shaped
population curve is a
population growth curve
that shows only exponential
growth. Growth is initially
slow and becomes
increasingly rapid; it does
not slow down (Figure 2.24).

population

Figure 2.24 The J-shaped
population growth curve.

Some factors that limit the
size of populations depend
on the density of the
population, whereas others
do not. Density-dependent
factors are those that lower
the birth rate or raise the
death rate as a population
increases. In contrast,
density-independent
factors are those that affect
a population irrespective
of population density.
Factors affected by
population density include
supply of food and water,
predation, parasites and
communicable disease
(eg. influenza). Factors

not related to population
density include climate (e.g.
precipitation and humidity)
and natural disasters (e.g.
fire and flood).
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Figure 2.25 The P
introduction, increase and
crash of a reindeer population
on St Matthew Island.

If there are no limiting
factors, population
growth follows a J-shaped
population curve
(showing exponential
growth). When density-
dependent limiting factors
start to operate, the curve
becomes S-shaped.

5.2 Agriculture and food

8.2 Urban systems and
urban planning

Access to Earth resources,

following technological
advances, has encouraged
a cornucopian perspective.

5.2 Agriculture and food
8.1 Human populations

8.2 Urban systems and
urban planning

Estimating the

carrying capacity of an
environment for human
populations is more
complicated because
of the broad and
changing ecological
niche of humans.

— YK
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winter of 1963-1964, virtually the entire population of 6000 reindeer died of
starvation (Figure 2.25).
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assumed population of the St Matthew
Island reindeer herd (actual counts are
indicated on the population curve)

Similar events to those seen on St Matthew's Island have been repeated around

the globe. They occur when a population of one species is introduced to an island,
where ecosystems have a limited food supply and regulating factors for populations
are lacking (for example, natural predators for the introduced species).

2.1.13 and 2.1.14 Limiting factors on the

growth of human populations

Populations of all organisms in ecosystems experience limiting factors that control
their population size (this topic, Section 2.1.12, page 99). These limiting factors
include food resources, access to water and space. The first human populations
encountered the same limiting factors but as human populations grew and spread
around the planet, they found ways to eliminate natural predators and develop
technology and access to energy sources not available to the early humans. These
innovations meant that the effect of limiting factors on the growth of human
populations has become increasingly less important, leading ultimately (in many
human populations) to the elimination of these factors.

Technological advances have enabled humans to access resources from every area
of the biosphere. By removing limiting factors in this way, human populations
have continued to grow, with far-reaching consequences for the sustainability of
ecosystems. Excessive and unsustainable extraction of natural resources has led to
degradation of the environment (Topic 1, Section 1.3.7).

Carrying capacity cannot be easily assessed for human
populations

It is difficult to reliably estimate the environmental carrying capacity for human
populations because:

o the variety of resources used is greater
* humans can substitute one resource for another when the first becomes depleted
o lifestyle affects resource requirement



 technological developments change resources required and available (e.g.
developments in renewable energy could reduce demand for fossil fuels)
* resources can be imported.

The concept of niche has been discussed in Section 2.1.8. Humans have a broad and
changing ecological niche. In natural ecosystems, species achieve equilibrium with
their environment (this topic, Section 2.1.12, page 100), leading to fluctuating but
stable populations that are controlled by limiting factors. Human populations, in
contrast, are less limited due to the mobility of resources. The expansion of the human
niche also takes place through technological advances and changes in consumption.

The rapidly changing human niche has implications for the measurement of human
carrying capacity. Estimations of human carrying capacity can be disputed because
of differing input data. Human carrying capacity can only be estimated for the
current time (i.e. now) and not for the future. This is due to the lack of knowledge of
how human populations will develop in the coming decades. Estimates of carrying
capacity are a reciprocal (the inverse) of the ecological footprint, meaning that as
ecological footprint (Topic 1, Section 1.3.13) increases, human carrying capacity
decreases (Figure 2.26). When a population surpasses its carrying capacity, it enters
a period of ‘overshoot’. As carrying capacity is defined as the maximum population
that an environment can maintain indefinitely, overshoot must, by definition, be
temporary. With human populations, the overshoot can be sustained by technological
innovations and substitution of resources but ultimately the degradation of natural
systems that occur will led to a reduction in human carrying capacity.

carrying capacity overshoot
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2.1.15, 2.1.16 and 2.1.17 Estimating population

abundance

Ecosystems are highly complex systems. Abiotic factors such as temperature, insolation
(a measure of the amount of sunlight) and precipitation define where ecosystems are
found and how they influence the biotic components (i.e. the organisms found there —
this topic, Section 2.1.6 and 2.1.7, page 89). Flows of energy and cycles of matter support
ecosystems (this topic, Sections 2.2.1-2.2.9). Given the complexity of ecosystems,
standardized methods are needed to compare ecosystems with one another. Such studies
also allow ecosystems to be monitored, modelled and evaluated over time, with both

2

An ecological footprint
is the inverse of carrying
capacity and provides a
quantitative estimate of
human carrying capacity.

8.1 Human populations

8.2 Urban systems and
urban planning

<« Figure 2.26 Increasing
ecological footprint leads to
reduction in carrying capacity.

b Environmental
€conomics

Make sure you consider
reasons for selecting
the most appropriate
technique for estimating
population abundance.
The information on the
following pages will help
you with this selection.
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Population abundance
can be estimated using
random sampling,
systematic sampling or
transect sampling.

Make sure you know
how to design and

carry out ecological
investigations. These
make ideal studies for
your Internal Assessment
project. The study of an
ecosystem requires that
it be named and located
(e.g. Deinikerwald, Baar,
Switzerland, a mixed
deciduous-coniferous
managed woodland).

What constraints are
there in the pursuit of
knowledge?

The measurement of
biotic factors is often
subjective, relying on your
interpretation of different
measuring techniques

to provide data. It is

rare in environmental
investigations to be

able to provide ways of
measuring variables that
are as precise and reliable
as those in the physical
sciences. Will this affect
the value of the data
collected and the validity
of the knowledge?
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natural change and human impacts being measured. For human effects to be established,
the undisturbed ecosystem must first be researched.

Let’s now consider the biotic or living factors in an ecosystem and how their
abundance can be estimated. Remember, when carrying out fieldwork you must follow
the IB ethical practice guidelines and IB animal experimentation policy, that is, animals
and the environment should not be harmed during your work.

Methods for estimating abundance of organisms

It is not possible to study every organism in an ecosystem, so limitations are put on how
many plants and animals are studied. Trapping methods enable limited samples to be taken.

Trapping methods for organisms that can move around (are motile/mobile) include:

o pitfall traps — beakers or pots buried in the soil that animals walk into and cannot
escape from

e nets—sweep, butterfly, seine and purse

o flight interception traps — fine-meshed nets that intercept the flight of insects —
the animals fall into collecting trays where they can be collected (Topic 3,
Section 3.1.8, page 242)

e small mammal traps — often baited, with a door that closes once an animal is
inside (e.g. the Longworth trap).

o light traps —a UV bulb against a white sheet attracts certain night-flying insects
(Figure 2.27)

e Tullgren funnels (Figure 2.28) — paired cloth funnels, with a light source at one
end, a sample pot at the other end and a wire mesh between; invertebrates in
soil samples placed on the mesh move away from the heat of the lamp and fall
into the collecting bottle at the bottom.

bulb (heat £
and light).

soil sample

funnel
gauze

beaker

Figure 2.28 ATullgren funnel.

Figure 2.27 A light trap attracts nocturnal insects.

Trapping methods for organisms that cannot move around (are non-motile) or have
limited movement) include:

e quadrats —square frames of different sizes depending on the sample area being
studied; frames can be divided into grids of smaller squares to quantify the
numbers of organisms present more easily (later in this section, page 106)

e point frames.



Abundance, as used in ecology, refers to the relative representation of a species in
an ecosystem. You can work out the number or abundance of organisms in various
ways — either by directly counting the number or percentage cover of organisms

in a selected area (for organisms that do not move or are limited in movement) or
by indirectly calculating abundance using a formula such as the Lincoln index (for
animals that are motile).

Direct methods of estimating the abundance of motile animals

Direct methods of estimating abundance include actual counts and sampling. These
methods give the relative abundance of different animals in a sample, rather than an
estimation of absolute population size (which the Lincoln index does).

Technology now enables direct counts of animal populations using aerial
photography. Photographs can be taken of animal herds and the number of individuals
counted using a computer.

There are many ways to sample animal populations, such as those listed on the
previous page, including pitfall traps (Figure 2.29).

If the leaf litter on a forest floor is to be sampled, a standardized sample of leaf litter
can be putin a tray and a pooter used to suck invertebrates into a small pot. Pooters
can also be used to sample insects directly from vegetation. Pooters can be bought or
made using a glass jar or plastic pot with tubes or straws (Figure 2.30).

To sample river organisms, the bed of the river is disturbed so that animals found there
can be collected. The method involves agitating the riverbed with a boot and collecting
disturbed animals downstream in a net. A fixed time is set for this ‘kick sampling’.

The catch is put in a shallow white tray with at least 2 cm depth of freshwater from

the river and an identification key is used to sort the catch into different groups.
Limitations to this method include the difficulty of standardizing the kick-action
(different intensities of kicking will disturb different numbers of organisms) and some
animals may remain stuck to rocks and so will not be sampled.

In the early 1980s, Terry
Erwin, a scientist at the
Smithsonian Institution
collected insects from
the canopy of tropical
forest trees in Panama.
He sampled 19 trees and
collected 955 species of
beetle, Using extrapolation
methods, he estimated
there could be 30 million
species of arthropod
worldwide. Although
now believed to be an
overestimation, this
study started the race

to calculate the total
number of species on
Earth before many of
them become extinct.

Figure 2.29 A pitfall trap. A
plastic pot is buried in the
ground. A rain cover (e.g. a
plastic plate) is placed over
the pit to prevent rain from
flooding the trap. The rain
cover can be supported by
stones or sticks that elevate it
above the pit. Animals fall into
the trap and cannot escape.

Figure 2.30 A home-made
pooter. Plastic straws are
attached to a glass jar or pot.
One tube is put in the mouth:
suction creates a lower
pressure in the jar so that small
animals are drawn into the jar.
A fine mesh is wrapped
around the end of the tube so
that insects are not ingested
when creating the suction.

Sample methods must
allow for the collection of
data that is scientifically
representative and
appropriate and allow
the collection of data on
all species present.
Results can be used to
compare ecosystems.
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Make sure you know how
to evaluate methods for
measuring or estimating

populations of motile and

non-motile organisms.

Random quadrat
sampling can be

used to estimate
population size for non-
mobile organisms.

You can find random
number generators
online, for example,
Calculator Soup.

For ecological studies,
search online for the
cology and Evolution
random number tables.
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Random quadrat sampling

Use quadrat sampling estimates for abundance, population density, percentage cover
and percentage frequency for non-mobile organisms

Quadrats are used to limit the sampling area when you want to measure the population size of non-
mobile organisms (motile ones can move from one quadrat to another and so be sampled more
than once thus making results invalid). Quadrats vary in size from 0.25 m square to 1 m square. The
size of quadrat should be optimal for the organisms you are studying. To select the correct quadrat
size, count the number of different species in several differently sized quadrats. Plot the number of
species against quadrat size: the point where the graph levels off and no further species are added
even when the quadrats gets larger, gives you the size of the quadrat you need to use.

If your sample area contains the same habitat throughout, random sampling is used. Quadrats
should be located at random (use a random number generator). First, you mark out an area of your
habitat using two tape measures placed at right angles to each other. Then you use the random
numbers to locate positions within the marked-out area. For example, if the grid is 10 m by 10 m,
random numbers are generated between 0 and 1000. The random number 596 represents a point
5 m 96 cm along one tape measure. The next random number is the coordinate for the second
tape. The point where the coordinates cross is the location for the quadrat.

If your sample area covers habitats very different from each other (e.g. an undisturbed and a
disturbed area), you need to use stratified random sampling, so you take sets of results from
both areas. If the sample area is along an environmental gradient, make sure you place quadrats at
set distances (e.g. every 5 m) along a transect: this is called systematic sampling. In continuous
sampling, samples are taken along the whole length of the transect.

Population density is the number of individuals of each species per unit area. It is calculated by
dividing the number of organisms sampled by the total area covered by the quadrats, as shown

below.
total number of a species in all quadrats

opulation density =
Pop Y = area of one quadrat X total number of quadrats

Plant abundance is best estimated using percentage cover (Figure 2.31). This is an estimate of the
area in each quadrat covered by the organism (usually a plant) in question.

Figure 2.31 Percentage cover is the percentage of the area within the
quadrat covered by one species. Percentage cover is worked out for each
species present. Dividing the quadrat into a 10 x 10 grid (100 squares) helps
to estimate percentage cover (each square is 1% of the total area cover).

Percentage frequency is the number of actual occurrences divided by the number of possible
occurrences, expressed as a percentage. For example, if a plant occurs in 7 out of 100 squares in a
grid quadrat, its percentage frequency is 7%. If 8 quadrats out of 10 contain yellow-horned poppy
on a transect across a shingle ridge (this topic, Section 2.5.3 and 2.5.4, page 204), their percentage
frequency would be 80%. When using whole quadrats to estimate percentage frequency, results



depend on the size of the quadrat and so these details need to be included in the conclusion (e.g.
yellow-horned poppies occur at a frequency of 80% in a sample of 10 x T m? quadrats).

The quadrat method is subjective and different people will end up with different measures. There are
many possible sources of error. One species may be covering another and so not be included and
differences between species may be slight, so two or more organisms may be mistakenly identified
as the same or different species. It is also difficult to use quadrats for very large or very small plants
or for plants that grow in tufts or colonies. It is possible that plants that appear to be separate are
joined by roots: this will affect calculation of population density. It is also difficult to measure the
abundance of plants outside their main growing season when plants are largely invisible.

Abundance scales

Another method of estimating the abundance of non-motile organisms is the use of
abundance scales: these can be used to estimate the relative abundance of different
organisms on, for example, a rocky shore. These are known as DAFOR scales, where
each letter indicates a different level of abundance: D = dominant, A = abundant, F =
frequent, O = occasional and R = rare. Quadrats are usually used to define the sample
area. Different types of species are put in different categories, for example seaweeds
will be in a different group to periwinkles (periwinkles are a type of mollusc). These
scales allow for general comparison between different sampling sites. It is a qualitative
scale used to judge the abundance of different organisms. Because it is qualitative, it
is subjective and so different people may have different judgements of abundance.
Also, there are no distinctions between different species in the same category (e.g. all
seaweeds will be treated alike, irrespective of size or other differences). The lack of
quantitative data makes statistical analysis difficult.

Transects

Use quadrat sampling to measure change along a transect
Different types of quadrats can be used, depending on the type of organism being studied.

Frame quadrats (Figure 2.32) are empty frames of known area, such as T m?.

Figure 2.32 A frame quadrat.

The sampling system
used depends on the area
being sampled:

* random sampling is
used if the same habitat
is found throughout
the area

* stratified random
sampling is used in
two areas of different
habitat quality

* systematic sampling
is used along a
transect where there
is an environmental
gradient (such as
along a succession -
this topic, Section 2.5.3
and 2.5.4, page 202).

Percentage cover is an
estimate of the area in
each frame size (quadrat)
covered by the plant or
animal in question.

Percentage frequency

is the number of
occurrences divided by
the number of possible
occurrences. For example,
if a plant occurs in 5

out of 100 squares in a
grid quadrat, then the
percentage frequency

is 5%.

Percentage cover and
frequency give an estimate
of abundance but not
actual population size.

How can we judge
whether evidence is
adequate?

Applying the rigorous
standards used in

a physical science
investigation would render
most environmental
studies unworkable.
Whether this is acceptable
or not is a matter of
opinion, although it could
be argued that by doing
nothing, we would miss
an opportunity to gain a
useful understanding of
the environment.
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gradients are changes in
environmental factors
through space (e.g.
decreasing temperature
with increasing altitude
up a mountain) or where
an ecosystem suddenly
ends (e.g. at forest edges).
In these situations, both
biotic and abiotic factors
vary with distance and
form gradients in which
trends can be recorded.
The techniques used in
sampling such gradients
are based on the quadrat
method (earlier in this
section, page 106) and,
as such, are more easily
carried out on vegetation
and non-motile animals.

Figure 2.33 A point quadrat.

Figure 2.34 Belt transects
sample a strip through the
sample area. Replication of
transects is needed to obtain
valid quantitative data.
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Grid quadrats are frames divided into 100 small squares with each square representing 1%. This
helps in calculating percentage cover (earlier in this section, page 106).

Point quadrats (Figure 2.33) are made from a frame with 10 holes, which is placed into the ground
by a leg. A pin is dropped through each hole in turn and the species touched are recorded. The total
number of pins touching each species is converted to percentage frequency data; for example, if a
species touched 6 out of the 10 pins it has 60% frequency.

Because environmental variables change along a gradient, random quadrat sampling is not
appropriate. All parts of the gradient need to be sampled, so a transect is used. The simplest transect
is a line transect - a tape measure laid out in the direction of the gradient (e.g. on a beach this
would be laid out at 90° to the sea). All organisms touching the tape are recorded. Many line
transects need to be taken to obtain valid quantitative data. Larger samples can be taken using a
belt transect (Figure 2.34). This is a band of chosen width (usually between 0.5 and T m) laid along

g«;w‘ﬁ%?i% gaXO o

P My e YA

start finish
* species 1 {::{' species 2 O species 3

In both line and belt transects, the whole transect can be sampled (a continuous transect) or
samples can be taken at points of equal distance along the gradient (an interrupted transect).

If there is no discernible vertical change in the transect, horizontal distances are used (e.g. along a
shingle ridge succession), whereas if there is a climb or descent then vertical distances are normally
used (e.g. on a rocky shore).

It is important that transects are carried out, as far as possible, at the same time of day, so abiotic
variables are comparable. Seasonal fluctuations also mean that samples should be taken either as
close together in time as possible or throughout the whole year. Datalogging equipment allows the
latter to take place, although this may be impractical in school studies.

So that data are reliable and quantitatively valid, transects should be repeated - at least three repeats
is recommended. To avoid bias in placing the transects, a random number generator can be used



(earlier in this section, page 106). A tape measure is laid at right angles to the environmental gradient
and transects can be located at random intervals along the tape or at regular intervals (Figure 2.35).

first transect randomly located < Figure 2.35 All transects can
be located randomly or they

can be systematically located
following the random location
of the first. So, for example,
subsequent transects might be
located every 10 m along a
line perpendicular to the
sample area ecological gradient.

subsequent transects
located systematically

Capture-mark-release-recapture and the Lincoln index Capture-markrelease-

The Lincoln index is used to estimate the total population size of mobile animals in _re;aPthe E”d thz Lincoln
. . . N t
a study area. In a sample taken using the methods outlined previously, it is unlikely e can he gsed 1o
i ) ) ) ) estimate population size
that all the animals in a population are sampled, so a mathematical method is used for mobile organisms.
to calculate the total numbers. The Lincoln index is an indirect way of estimating the
abundance of an animal population because a formula is used to calculate abundance

rather than counting the total number of organisms directly.

Using the Lincoln index involves collecting a sample from the population, marking
the organisms in some way (paint can be used on insects or fur clipping on mammals),
releasing them back into the wild, then resampling some time later and counting how
many marked individuals you find in the second capture. It is essential that marking
methods are ethically acceptable (non-harmful) and non-conspicuous (so that the
animals are not more easily seen by predators).

Because of the procedures involved, this is called a ‘capture-mark-release-recapture’
technique. If all the marked animals are recaptured then the number of marked animals
is assumed to be the total population size, whereas if half the marked animals are
recaptured then the total population size is assumed to be twice as big as the first sample.

@ Capture-mark-release-recapture and use of the Lincoln index to estimate population size

The formula used in calculating population size is:

(MxN) Population size estimate =

(M—:N), where M is the
number of individuals
caught and marked

initially, N is the total

Lincoln index =

where Mis the number caught and marked in the first sample, N is the number caught in the
second sample and R is the number caught in the second sample that were previously marked.

There are several assumptions made when using the Lincoln index. It is assumed that animals number of individuals
do not enter or leave the study area and that there are no births or deaths of any of the recaptured and R is

sampled animals. It is also assumed that the method samples a representative portion of the the number of marked
total population. individuals recaptured.
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Make sure you know
how to describe and

These assumptions mean that the Lincoln index method has limitations. Animals may move in
and out of the sample area, making the capture-mark-release-recapture method less trustworthy

evaluate direct and and the data invalid. The density of the population in different habitats might vary or there may be
indirect methods for many in one area, few in another. The assumption that they are equally distributed may not be true.
estimating the abundance Some individuals may be hidden by vegetation and therefore be difficult to find, hence they are not
of mobile organisms. included in the sample. There may be seasonal variations in animals affecting population size. For

example, animals may migrate in or out of the study area. In addition, sample animals may die and
others may be born during the sample period.
1.2 Systems

Challenge yourself

Take a sheet of paper and divide it into 100 squares. Cut these squares out and put
them into a tray. Select 20 of these squares and mark them with a cross. Put them
back into the tray. Capture another 20 pieces of paper. Record how many of these
are marked with a cross. Use the Lincoln index to estimate the population size of
all pieces of paper. How closely does this agree with the actual number (100)? How
could you improve the reliability of the method?

2.1.18 Community

A community is a group of several populations living and interacting with each other
in an ecosystem. A community is many species living together, whereas the term
population refers to just one species. The savannah grasslands and lake ecosystems of
Africa contain wildebeest, lions, hyenas, giraffes, elephants and zebras (Figure 2.36).
Communities include all biotic parts of the ecosystem, both plants and animals.

A community is a group
of populations living and
interacting with each
other in an ecosystem.

Figure 2.36 Ananimal P
community in the
Ngorongoro Conservation
Area, Tanzania.

A habitat is the location
in which a community,
species, population or

organism lives.

2.1.19 Habitat

A habitat is the location in which a community, species, population or organism lives.
A description of the habitat of a species can include both geographical and physical
locations and the type of ecosystem required to meet all environmental conditions
needed for survival.
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The habitat of the African elephant includes savannahs, forests, deserts and marshes
(Figure 2.37).

< Figure 2.37 Elephant family
in front of Mount Kilimanjaro,
in the Amboseli National Park.
These elephants live in an
environment with open
savannah grassland, acacia
woodland, swamps and
marshlands.

Make sure you are aware
that for some organisms,
habitats can change over
time because of migration.

2.1.20 Ecosy S

An ecosystem is a community of interdependent organisms (the biotic component)
and the physical environment (the abiotic component) with which it interacts.
Ecosystems are open systems in which both energy and matter can enter and exit
(Topic 1, Section 1.2.5).

Ecosystems can be divided into three types: terrestrial, marine and freshwater. A

Marine ecosystems include the sea, estuaries, salt marshes and mangroves. Terrestrial Figure 2.38 Taiga forest, the

ecosystems (Figure 2.38) include all land-based ecosystems. largest areas of which are
located in Russia and Canada,

Marine ecosystems (Figure 2.39) all have a high concentration of salt in the water. is an example of a terrestrial

Estuaries are included in the same group as marine ecosystems because they have high ecosystem.

salt content compared to freshwater ecosystems.

Freshwater ecosystems (Figure 2.40) include rivers, lakes and wetlands.

Ecosystems such as the
northern coniferous
forest Taiga, cross several
countries and so their
conservation and ecology
have an international
dimension.

A
Figure 2.39 A coral reef is an example of a Figure 2.40 The Orinoco river, Venezuela, is an
marine ecosystem. example of a freshwater ecosystem.
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An ecosystem is a
community and the
physical environment with
which it interacts.

1.2 Systems

Inputs are balanced

by outputs in a steady-
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Activity

Which ecosystem or ecosystems are found in your local area? What defines these
ecosystems?

Produce a poster on one ecosystem and add details about the abiotic factors that
determine why this ecosystem exists in your local area and how these determine the
communities that are found there.

Thinking back to the definitions of community and habitat in Section 2.1.18 and
2.1.19, add the following details to your poster:

Consider the concept of systems in this local ecosystem.
* Whatare inputs and outputs to the system?
* Can you produce a systems diagram of the ecosystem?

Consider the concept of community in this local ecosystem:
* What communities are found in the ecosystem?
* Add details of the communities to your poster.

Consider the concept of habitat in this local ecosystem:
* What habitats are found in the ecosystem and how are they defined?
* What abiotic and biotic factors distinguish one habitat from another?

Challenge yourself
See this page of your eBook for a bottle ecosystem activity.

The use of invertebrates in such experiments has ethical implications. You need to
adhere to the IB ethical guidelines. IBO guidelines state that ‘Any experimentation
should not result in any pain or undue stress on any animal (vertebrate or
invertebrate) or compromise its health in any way'. Animals must be handled
with care and should only be used for brief periods of time, and returned to a safe
environment once the experiment is completed.

2.1.21 Sustainability is a natural property of

ecosystems

In Topic 1, we saw how inputs are balanced by outputs in a steady-state system
(Sections 1.2.8 and 1.2.9). The same is true of ecosystems that are in steady state.

Energy leaving an ecosystem as heat (as the ultimate product of cellular respiration —
this topic, Sections 2.2.3 to 2.2.9) are balanced by input of solar energy (Figure 2.41).
The input of CO, maintains the process of photosynthesis (this topic, Section 2.2.4,
page 130). This produces glucose, which in turn is used to release energy during
cellular respiration to support life processes. Matter cycles within ecosystems, with
some minerals lost through leaching. Water enters an ecosystem through rainfall

and leaves the ecosystem through evaporation. Water is needed for photosynthesis
and is a basic requirement for life, so outputs of water need to be balanced by inputs.
The internal cycling of matter within ecosystems, and the constant input of energy,
sustains the ecosystem through time — there is evidence that some ecosystems, such as
rainforests, have persisted for millions of years.



<« Figure2.41 Inputof energy
and CO, from the atmosphere,
= and cycling of nutrients,
maintain steady-state
conditions in ecosystems.

Ecosystem

evaporation herbivores
A4

N\

precipitation respiration — heat

sunlight §§
/ plants
CO,in e
atmosphere
S, A
leaching of < soil < decomposers
nutrients

Red arrows show energy flow
Black arrows show nutrient cycle

Example - Systems diagram for a forest ecosystem

Balance of inputs and outputs can be considered in flow diagrams of specific ecosystems,

for example, Figure 2.42 shows the inputs and outputs from a forest ecosystem.
< Figure 2.42 Inputs and
outputs of a forest ecosystem.

‘consuming e.g.,

consuming plants, e.g., frisarn

defaecation and leaves, fruits and nuts

production of

metabolic wastes,
e.g. urine;

dead animals

absorption of
nutrients by roots falling

falling leaves;
leaves

dead plants

absorption of leaching of absorption of
water by roots nutrients water by roots

"

1.3 Sustainability

7.2 Energy resources, uses
and management
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1.2 Systems

5.1 Soll
6.2 Climate change -
causes and impacts

Interesting studies can be
made using historic maps
or geographic information
system (GIS) data to track
land use change.

Greater awareness of
environmental issues
has caused perspectives
to alter over time. What
would not have been
seen as a problem in the
past (e.g. mining activity)
is now understood to
produce toxins and to
lead to environmental
damage. Greater
understanding of scientific
issues has influenced
public perception of
human effects on the
environment and has
changed worldviews.
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Activity

Select an ecosystem from your local area. Draw a systems diagram showing inputs
and outputs from the ecosystem. How do inputs and outputs help achieve steady-
state equilibrium?

2.1.22 Tipping points

The concept of tipping points was explored in Topic 1 (Section 1.2.12). Human activity
can lead to tipping points in ecosystem stability.

Tipping points lead to the collapse of the original ecosystem and development of a
new equilibrium. For example, the deforestation of the Amazon rainforest reduces
generation of water vapour through transpiration and consequently reduces cooling
and precipitation necessary for the maintenance of the remaining forest.

Measuring changes in an ecosystem due to human activity

Human impacts on ecosystems include toxins from mining activity, landfills,
eutrophication (Topic 4, Section 4.4.5), effluent, oil spills, overexploitation and change
of land use (e.g. deforestation, use of land for development or tourism).

Changes in the ecosystem depend on the human activity involved. Methods used for
measuring abiotic and biotic components of an ecosystem must be appropriate to the
human activity being studied. In your local area there will be locations where you can
investigate the effect that human disturbance has had on natural ecosystems. These
may be areas of forest that have been harvested for timber or grassland habitats that
are regularly trampled by walkers, for example. There are various methods you can use
to study the effect of human activities, including:

* Carrying out capture—mark-release—recapture methods on invertebrate species in
disturbed and undisturbed sites (Section 2.1.15, 2.1.16 and 2.1.17, pages 109-110).

* Measuring species diversity using Simpson’s reciprocal index (Topic 3,
Section 3.1.8).

. Using indicator species (Topic 4, Section 4.4.13).

* Measuring variables such as light levels, temperature and wind speed. You could
also calculate the average diameter of tree stems at breast height (DBH) and the
degree of canopy openness (the amount of sky can you see through the canopy
of the forest), which would give you measures of tree biomass (organic matter)
and leaf cover.

* Measuring soil erosion — in areas with high precipitation this can be calculated by
measuring the depth of soil remaining under free-standing rocks and stones, where
soil around these solid objects has been eroded away.

* Measuring soil variables such as soil structure, nutrient content, pH, compaction
levels and soil moisture (Topic 5.1, Section 5.1.3).

You need to compare measurements taken from the disturbed area with those

from undisturbed areas, so that you can work out the magnitude and effect of the
disturbance. Where environmental gradients are present, factors should be measured
along the full extent of the gradient so that valid comparisons can be made.



Example - Studying the effects of deforestation

Both pristine and logged
forest areas must be
studied so comparisons
can be made. Stratified

random sampling r;i?o"rg =
is used in two areas number
because the pristine

and logged forest areas 5
are different in habitat 4

quality. Sampling grids
are established in both
pristine and logged 2
forest sites. Samples are

collected from the grids

using random sampling

methods. For example,

for a grid of 10 m by

10 m, a random number generator could be used to choose random points to
sample within the grid. Numbers generated between 0 and 1000 would provide
the sample points; for example 580 would represent a point 5 m 80 cm along
the bottom of the grid and 740 a point 7 m 40 cm along the side of the grid
(Figure 2.43).

first random number

Abiotic and biotic measurements can be made at each sample point. Abiotic
measurements include wind, temperature and light intensity. Quadrats can

be used to sample biotic measurements. Biotic factors include the species

of plants and animals present and the population size of selected indicator
species. Motile animals can be sampled using capture-mark—release-recapture
methods.

Several samples are taken from each sampling grid. Sampling grids must be
repeated in both pristine and logged forest areas so that data are reliable. At least
five sampling grids from both pristine and logged forest are recommended. Abiotic
and biotic components must be measured over a long period of time and any daily
and seasonal variations considered to ensure data are valid.

Geographic information system (GIS) data can be used to track changes in ecosystems
over time. One example of this is the use of satellite images (Figure 2.44).

An advantage of satellite images is that the visible nature of the photos is

useful for motivating public opinion and action. A disadvantage is that they

can be expensive to obtain and may not be available for the area being studied.
Another disadvantage is that although some biotic measurements, such as plant
productivity, can be measured, other biotic and abiotic components, such as
species diversity and relative humidity, cannot. Satellite images are best used in
conjunction with ground studies so that the images can be matched with abiotic
and biotic data from the ground.

<« Figure 2.43 locatinga
sampling point (X) using
random numbers
(see page 106 for details).
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Figure 2.44 These images P
show deforestation in Brazil.

Figure 2.45 An agouti
feeding on a Brazil nutin a
forest.

A keystone is the central
stone at the top of an
arch. It enables the whole
arch to support its mass,
maintaining stability in the
building it is part of.

How can we judge
whether evidence is
adequate?

There are various
approaches to the
conservation of
biodiversity. How can we
know when we should act
on what we know?

There is a disproportionate
impact on community
structure and the risk of
ecosystem collapse if
keystone species

are removed.

1.2 Systems

3.3 Conservation and
regeneration
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2.1.23 Keystone species

Keystone species are species that are vital for the continuing function of the
ecosystem: without them the ecosystem may collapse. Keystone species therefore have
arole in the sustainability of ecosystems. An example is the agouti of tropical South
and Central America, which feeds on the nuts of the Brazil nut tree (Figure 2.45).

The Brazil nut tree (Bertholletia excelsa) is a hardwood species that is found from eastern
Peru, eastern Colombia and eastern Bolivia through Venezuela and northern Brazil. They
are the tallest trees in the Amazon (they grow up to 50 m). The agouti is a large forest
rodent and the only animal with teeth strong enough to open the Brazil nut tree’s tough
seed pods. The agouti buries many of the seeds around the forest floor, so it has access
to food when the Brazil nuts are less abundant. Some of these seeds germinate and grow
into adult plants. Without the agouti, the Brazil nut tree would not be able to distribute
its seeds and the species would eventually die out. Without the Brazil nut tree, other
animals and plants that depend on it would be affected; for example, harpy eagles use
the trees for nesting sites. Brazil nuts are one of the most valuable non-timber products
found in the Amazon as they are a protein-rich food source and their extracted oils are

a popular ingredient in many cosmetic products. The sale of Brazil nuts provides an
important source of income for many local communities.

Given the complexity of ecosystems, keystone species may be difficult to identify.

In addition, many keystone species may be species that are yet unidentified. By
conserving whole ecosystems (i.e. establishing protected areas), rather than attempting
to conserve individual species, the complex interrelationships that exist there will be
preserved, including the keystone species.

Activity

Find out about two further examples of keystone species, e.g. purple sea stars
controlling mussel populations on the North Pacific coast that would otherwise
overwhelm the ecosystem; elephants feeding on shrubs and trees and thus maintaining
savannah grasslands. Write a summary of each example, explaining why each species is
a keystone species and the potential impact on its ecosystem if it were removed.



2.1.24 and 2.1.25 Changes to biosphere
integrity have passed a critical threshold

The planetary boundaries model (Topic 1, Section 1.3.19) is used to indicate the
environmental ceiling beyond which lie unacceptable environmental degradation and
potential tipping points in Earth systems. One of the planetary boundaries relates to
biodiversity loss. The planetary boundaries model indicates that changes to biosphere
integrity have passed a critical threshold.

The unit E/MSY (extinction per million species years) means that if there were a
million species on Earth, one would go extinct every year, while if there was only one
species it would go extinct in one million years. The average duration of mammalian
species, for example, is estimated to be 10° years and so their background extinction
rate is therefore 1 E[MSY, i.e. one extinction per million species per year or one
extinction per 1000 species per century. The rate of natural extinctions is known as the
‘background extinction rate’ (Topic 3, HL Section 3.2.13). The background extinction
range for most animal groups is between 0.1 and 1 E/MSY. Research indicates that the
upper limit for species extinction rate (the rate at which species disappear) is less than
10 extinctions per million species-years (E/MSY).

The integrity and functioning of ecosystems, necessary for the ongoing maintenance
of biodiversity and to minimize extinction, is measured using the biodiversity
intactness index (BII). Biodiversity intactness can be defined as the average
abundance of originally present species relative to an intact ecosystem, assessed
geographically by biomes and major marine ecosystems (e.g. coral reefs).

 Ifthe Bl is 90% or more, the area has enough biodiversity to be a resilient and
functioning ecosystem.

o Ifthe BIl is under 90%, biodiversity loss means ecosystems become less resilient.

o Ifthe Bllis 30% or less, the area’s biodiversity has been depleted and the ecosystem
could be at risk of collapse.

Estimates of BIl are shown in Figure 2.46.

\
<« Figure 2.46 Estimated

| biodiversity intactness index
(BII) in the year 2020. Only the
darkest areas have retained
enough natural biodiversity
to be within the proposed
planetary boundary for
biosphere integrity, i.e.
have a Bll above 90%.

BIl (%) 20 40 60 80 100
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Figure 2.47 Taxonomic P
distribution of the 900 species
that have gone extinct since
1500, according to the IUCN
Red List of threatened species.
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Activity

Find out about the Biodiversity Intactness Index on the Natural History Museum
(NHM's) website.

How is the index measured? What are the assumptions and limitations of the model?

What are the BIIl measurements for different ecosystems? How has reduction in BII
led to loss of species?

Correlate your findings with the map shown in Figure 2.46. Create a poster by
annotating the map with the information you have found about the links between
biosphere integrity and biodiversity.

Studies suggest that the current rate of extinction is 100-1000 E/MSY and so between
100 and 1000 times higher than the background rate of extinction. There is an
interrelationship between ecosystems and species diversity. Disturbance of ecosystems
due to human activity has led to loss of biosphere integrity. Extinction rates provide
evidence that the planetary boundary for biosphere integrity has been crossed.

Example - IUCN Red List extinctions

One way of assessing the magnitude and patterns of current anthropogenic
extinctions is the International Union for Conservation of Nature (IUCN) Red List
of threatened species (Topic 3, Section 3.2.4, page 277). The list contains nearly
140,000 species, 900 of which have already become extinct since the year 1500
(Figure 2.47). Most of the recorded extinct species (86%) are animals with the
remaining (14%) mostly flowering plants, except for a few fern and moss species.

Most extinctions took place in the Pacific islands (30%), the Americas (30%) and
tropical Africa (20%). Other extinctions have taken place in Eurasia, Australia and
the South-East Asian region (<10% of species). The causes for their extinction have
mainly been due to human activities (i.e. anthropogenic), including overhunting,
replacement by introduced species, habitat loss (e.g. deforestation), increased land
use and introduction of alien pathogens.
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The Encyclopedia of Life (EOL) has recorded 1.9 million species on Earth and
estimates a total of 8.7 million species. The 900 IUCN-documented extinct species
would therefore represent 0.5% of the known species and 0.01% of Earth’s estimated
total biodiversity. A mass extinction is defined as the loss of 75% or more of the
living species within a couple million years or less (Topic 3, HL Section 3.1.17,

page 262). With the average rate estimated to be 180 extinctions per century, 75% of
the total known species (1.4 million species) would be extinct in 800,000 years

and 75% of the total estimated species (6.5 million species) would be extinct in

3.6 million years. The rate of the current biodiversity loss is therefore within the range
of mass extinction. If unrecorded extinctions (which may be significant, especially in
poorly recorded species such as insects) and prehistoric extinctions (where estimates
are lacking) were added to the estimate, extinction rates would be greater and the time
at which the 75% extinction boundary would be reached is sooner.

To avoid critical tipping points, loss of biosphere integrity
needs to be reversed

Ecosystem damage and loss of species can be slowed by protecting the integrity of
ecosystems. Protecting ecosystems maintains the provision of niche requirements for
the ongoing survival of a species.

Biosphere integrity refers to interdependence between different species in an ecosystem

and the balance between organisms and the resources that support them. Each species

has specific niche requirements (this topic, Section 2.1.8) and by protecting an ecosystem

these are maintained. Preserving or restoring resources that support food webs will in
turn preserve biodiversity. In ecosystems that have been disturbed by human activity,
such as removal of timber from forests, restoring ecosystem structure (e.g. replanting
trees) can go some way to restoring ecosystem integrity.

By studying ecological relationships between species and their environment (this topic,
Section 2.1.5, 2.1.6 and 2.1.17), the niche requirements of species can be better understood. In

areas where ecosystem integrity has been lost or reduced, knowledge of niche requirements

can help restore ecosystems and provide the conditions needed for species to exist. Replanting

forests, re-establishing apex predators and other techniques can be used to restore biosphere
integrity and avoid critical tipping points that can lead to species extinction.

2.1.26 Clades

Taxonomy is the science of describing, naming and classifying organisms. Taxa
(singular, taxon) are the hierarchical divisions of organisms used by taxonomists,
from species to kingdom (this topic, Section 2.1.27, page 121). In the past,
classification was often based on the appearance of organisms (so-called artificial
or superficial classification). Taxonomists now use evolutionary relationships when
classifying organisms (so called ‘natural’ classification).

Diagrams can be drawn that show these evolutionary relationships, known as
phylogenetic trees or cladograms. A clade is a group of organisms that has evolved
from a common ancestor.

1.2 Systems

3.2 Human impact on
biodiversity

1.3 Sustainability
3.3 Conservation and
regeneration

There are advantages

of using a method

of classification that
illustrates evolutionary
relationships in a clade.
A clade illustrates
evolutionary relationships
in which all the members
of a taxonomic group
have evolved from a
common ancestor.
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Cladograms have two important features:

* branch points in the tree — representing the time at which a divide between two
taxa occurred

o the degree of divergence between branches — representing the differences that have
developed between the two taxa since they diverged.

Taxonomists must decide which features are the more significant in a phylogenetic
taxonomy, i.e. those that should receive the greater emphasis in devising a scheme.
In cladistics, classification is based on an analysis of relatedness and the product is a
cladogram.

A cladogram:

 shows patterns of shared characteristics

 isadiagram that shows the evolutionary relationships among a group
of organisms

* classifies organisms according to the order in time at which branches arise along
their phylogenetic tree.

Figure 2.48 shows the relationship between different vertebrate taxa. The cladogram
shows the features used to define each branching point of the diagram. The bottom
of the diagram is the furthest back in time. The lowest branch indicates that all
vertebrates share a common ancestor at some point in the distant past. The first taxa
to evolve were the sharks followed by ray-finned fish and amphibians. Primates and
rodents are closely related, as are crocodiles and birds, and all have the most recent
common ancestors (the branching points in the cladogram).

Figure 2.48 Cladogram P
showing the evolutionary
relationship between different
vertebrate animals.

Y ot € 11 & ﬁ‘¥

sharks ray-finned fish amphibians primates rodents crocodiles birds

Evolutionary relationships
can be deduced from a
cladogram. The points at
which two branches form
are called nodes. Close
relationships are shown
by a recent branching
point (or fork’) - the
closer the fork in the
branch between two
organisms, the closer
their relationship and
evolutionary origin. The
lowest part of the diagram
indicates the ancestor
common to all groups
branching from it.
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Construction of cladograms

The more derived structures that are shared by two organisms, the closer their
evolutionary relationship (i.e. the more recently their common ancestor lived).

 Points at which two branches form are called nodes. They represent speciation
events (Figure 2.48).

*  Close relationships are shown by a recent fork —the closer the fork in the branch
between two organisms, the closer their relationship.

Cladograms provide strong evidence for evolutionary relationships, although they cannot
be regarded as absolute proof. They assume that the smallest number of mutations
(changes in the genetic code) possible account for differences between species. If such
assumptions are incorrect, errors may occur in cladograms, (this topic, Section 2.1.27).
Using several different cladograms, derived independently from different data, can
overcome such difficulties.

2.1.27 Difficulties in classifying organisms

When classifying organisms, as many characteristics as possible are used when placing
similar organisms together. Organisms are grouped in a hierarchy, with each level of
the hierarchy sharing common features:

 similar species are grouped together into the same genus (plural, genera)
* similar genera are grouped together into families

* similar families are grouped together in orders

 similar orders are grouped together in classes.

This approach is extended from classes to phyla (singular, phylum) and kingdoms. This
hierarchical scheme of classification means that each successive group contains more
different kinds of organism.

Natural classifications help in identification of species and allow the prediction of
characteristics shared by species within a group.

It is important to distinguish similarities that are based on shared ancestry (so-
called homologous structure) from those based on structures that have evolved
independently but under similar selective pressures and so appear the same or
similar (so called analogous structures, such as human and octopus eyes). Species
that are similar in appearance may not be closely related — their resemblance is due
to analogous adaptations to very similar environments. Morphology (form and
structure) of organisms can lead to mistakes in classification, due to misinterpreting
whether structures are analogous or homologous. Base or amino acid sequences

are more accurate ways of determining members of a clade because they represent
true homology.

Evidence from cladistics has shown that classification of some groups based on
structure does not correspond with the evolutionary origins of a group or species.
The use of base and amino acid sequences has made the study of phylogenetic trees
more accurate. Traditional classification based on morphology does not always
match the evolutionary origin of groups of species. Old cladograms, developed

There are difficulties in
classifying organisms
into the traditional
hierarchy of taxa. The
traditional hierarchy of
kingdom, phylum, class,
order, family, genus and
species does not always
correspond with patterns
of divergence generated
by evolution.
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before molecular and computing techniques, have been replaced by revised ones.
Reclassification has led to:

* some groups merging with others
* some groups being divided
* some species being transferred from one group to another.

Example - Reclassification of the figwort family

The Scrophulariaceae (figwort family) is a large group of flowering plants
(Figure 2.49). The flowering plant families were originally classified before
biochemical studies were applied to plant taxonomy. Today, flowering plant
classification is being revised following the development of biochemical
techniques. Most evidence for plant evolutionary relationships now comes
from a comparison of DNA sequences in only one to three genes found in the
chloroplasts of the plant cells.

Many traditional plant families appear to be natural classifications, for example
. the rose family (Rosaceae) and the Cruciferae (which includes many economically
Figure 2.49 Mousehole tree . : - g .1
(Myoporum laetum) is a important plants). However, biochemical techniques have shown other families
member of the figwort family, have not been correctly classified.
Scrophulariaceae.

In the reorganization of the figwort family, the genetic makeup of many species
has been compared. This has resulted in the repositioning of several genera from
the Scrophulariaceae into other families and the repositioning of other genera,
previously in other families, into the Scrophulariaceae.

2.1.28 Fundamental and realized niches

There are usually differences between the niche that a species can theoretically occupy
and the one that it occupies. Factors affecting how a species disperses itself and
interacts with other species can restrict the actual niche in which it lives. The niche of a
species can be defined as fundamental or realized.

The fundamental niche
describes the range of
conditions and resources
in which a species could
survive and reproduce
without any limiting factors.

T hliittoda A The fundamental niche
species is the actual mode can be defined as where and
of existence, which results how an organism could live

from its adaptations and dincludes the full

competition with other and includes the full range
species. of conditions and resources

. A in which a species could
Figure 2.50 The distribution £ ) p -

of a plant species is primarily ki realized (theoretically) survive and

. g i
determined by two factors - L reproduce.
temperature and moisture. The
fundamental niche includes all The realized niche
the areas where the species describes the conditions
could live. The realized niche . .
, and resources in which an
includes all the areas where the A ] o
species does live - interaction _  organism exists due to biotic
with other species limits the ~interactions (Figure 2.50).

SR temperature
niche in this way. > P
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Example - Fundamental and realized niches of barnacles

American ecologist Joseph Connell investigated the realized and fundamental
niches of two species of barnacle —a common animal on rocky shores in the UK
(Figure 2.51). Connell had observed that one of the species, Semibalanus (Balanus)
balanoides, was most abundant on the middle and lower intertidal area and that the
other species, Chthamalus stellatus, was most common on the upper intertidal area of
the shore (Figure 2.52). When he removed Chthamalus from the upper area of shore,
he found that no Semibalanus replaced it. His explanation was that Semibalanus could
not survive in an area that regularly dried out due to low tides. He concluded that
the realized niche of Semibalanus was the same as its fundamental niche.

In another
experiment, he
removed Semibalanus
from the middle
areas. He found that i T
over time Chthamalus
replaced it in the
middle intertidal
zone: his explanation
was that Semibalanus
was a more successful
competitor in the ‘
middle intertidal zone TR ey raalizad
and usually excluded niche niche
Chthamalus. He

concluded that the fundamental niche and realized niche for Chthamalus were not the same
and that its realized niche was smaller due to interspecific competition (i.e. competition
between species) leading to competitive exclusion (when one species outcompetes and
excludes another when their niches overlap, this topic, Section 2.1.9, page 97).

Chthamalus Chthamalus

Semibalanus Semibalanus

2.1.29 Life cycles of organisms

Life cycles vary between species in reproductive behaviour and lifespan. Species can be
classified according to how rapidly they reproduce and the degree to which they give
parental care.

Species that are characterized by periods of rapid growth followed by decline, tend to
inhabit unpredictable, rapidly changing environments (i.e. early seral stages — this topic,
Section 2.5.3 and 2.5.4, page 202) and are termed opportunistic species. They have a

high reproductive rate and high rate of development (1) and are called r-strategists or
r-species. These species produce a high number of small offspring that mature rapidly
and that receive little or no parental care. Species producing egg-sacs are a good example.

In contrast, slow-growing organisms tend to be limited by the carrying capacity of
an environment (K) and so are known as K-strategists or K-species. They inhabit
stable environments and have lower reproductive rates but better competitive ability.
K-species have long life spans, large body size and develop slowly. K-species produce
very few, often exceptionally large, offspring that mature slowly and receive a great

Figure 2.51 A colony of
barnacles on the rocky shore.

<« Figure 2.52 The

fundamental and realized
niches of two species of
barnacle, Chthamalus stellatus
and Semibalanus balanoides,
showing distribution of
species in intertidal zones (top
to bottom in the figure is
height relative to sea level,
showing upper and middle/
lower intertidal zones).

Make sure you know

how to consider the
fundamental and realized
niche of a named species,
e.g. Joseph Connell’s study
of barnacle species.

Species that are r-strategists
grow and mature quickly
and produce a high
number of small offspring,
whereas K-strategists are
slow-growing and produce
a few large offspring that
mature slowly.

Many species lie in
between these two
extremes and are known
as C-strategists or
C-species.

A female cane toad
spawns twice a year and
produces up to 35,000
eggs each time.
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deal of parental support. Elephants and whales are good examples. As a result of the

Species can have
low birth rate, K-species are vulnerable to high death rates and extinction.

traits of both K- and

r-species. Studies

showed that dandelions r- and K-species have reproductive strategies that are better adapted to pioneer and
ina:distrbed lawn climax communities respectively (this topic, Section 2.5.11).

had high reproduction

ratae; ‘ﬁ’:s[jzsrézzsfaz: In predictable environments —where the availability of resources does not fluctuate — there

produced fewer seeds but is little advantage to rapid growth. Instead, evolution favours species that can maximize the

were better competitors. use of natural resources and that produce few young that have a high probability of survival.

In contrast, disturbed habitats with rapidly changing conditions favour species that
can respond rapidly, develop quickly and have early reproduction. This leads to a high
rate of productivity. Such colonizer species often have a high dispersal ability to reach
areas of disturbance.

2.1.30 Understanding the extent of human

impacts on species

Ecological studies are vital in providing information on species’ classifications, niche
requirements and life cycles. This information can then be used to help understand the
extent of human impacts on them.

Human impacts on the life cycles of plants and animals include temperature changes
from climate change that affect the life cycles of plants, which in turn affect the life
cycles of animals.

The life cycles of many species are synchronized with those of others and with the
3.3 Conservation and seasons. Human impacts contribute to climate change, which in turn may disrupt
regeneration lant and animal life cycl
p ycles.

Engagement

 Carry out an ecological investigation on natural and disturbed ecosystems, using
the application of skills explored in this subtopic (e.g. Section 2.1.6 and 2.1.7: use
methods for measuring at least three abiotic factors, page 90; Section 2.1.15, 2.1.16
and 2.1.17: random quadrat sampling, page 106 capture-mark-release-recapture
and the Lincoln index, page 109). Secondary data can be used as a comparison.
Produce a research poster to summarize your findings — make sure you include
your research design, methodology, samples of your data, analysed data, tables
and graphs and your conclusions.

* Advocate about reversing biodiversity loss by producing a presentation to
present to the rest of your class or school community. ‘To advocate’ means
to publicly recommend or support, and so you need to outline the issues of
biodiversity loss and matters that can be taken to address this issue, such
as preserving natural ecosystems, reducing pollution, and removing
invasive species.
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» Take part in citizen science projects (Topic 1, Section 1.3.16) that collect data on
species distributions and abundance. Join a local group that is observing and

collecting information on the presence or absence of a species in your area (such

as birds or insects), which can then be used to determine a species’ distribution.

Q1. Define the terms species, population, habitat and niche.

Q2. Distinguish between a habitat and a niche.

Q3. Distinguish between mutualism and parasitism, using examples of each.

Q4. Describe and explain an S-shaped population curve.

Q5. The abundance of one species can affect the abundance of another.

(a) State one ecological example of this relationship.
(b) Explain how the predator affects the abundance of the prey and vice
versa.

Q6. Explain the concepts of limiting factors and carrying capacity in the context
of population growth.

Q7. The data below show rates of growth in ticklegrass (as above ground
biomass in g m™) in soils with low or high nitrogen content and using high
or low seed density.

Low nitrogen, | Low nitrogen, | High nitrogen, | High nitrogen,
high seed low seed high seed low seed
density: density: density: density:
above ground | aboveground |aboveground |above ground
Year | biomass [gm™? | biomass/gm? |biomass/gm? |biomass/gm™?

1 0 0 0 0

2 420 60 500 30

3 780 80 1050 100

4 0 70 0 90

5 50 100 160 80

6 180 110 600 70

(a) Plot the data showing the growth rates among ticklegrass depending
on nitrogen availability and density of seeds.

(b) Describe the results you have produced.

(c) Suggest reasons for these results.
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Q8. The table below shows population growth in a population with discrete
generations, starting with a population of 1000 and increasing at a constant
reproductive rate of 1.2% per generation.

The values in Column 2 Generation number | Population, N | Increase in population
have been rounded to a NO 1000 =
whole number, but the
real number for each N1 1200 200
generation has been N2 1440 240
multiplied by 1.2 to get N3 1728 288
the answer for the next
generation (e.g. N4 has N4 2074 346
a population of 2073.6. N5 2488 414
This has been rounded
up to 2074. However, N6 2986 498
to find N5, 2037.6 has N7 3583 597
been multiplied by 1.2 to N8
make 2488.32, which is NO
rounded down to 2488).
N10
N11
N12
N13
N14
N15

(a) Complete the table by calculating total population (Column 2) and the
increase in population size from generation to generation (column 3).

(b) Plot the graph of total population size.
(c) Describe the graph and identify the type of population growth that it shows.

Q9. Define the terms community and ecosystem.

Q10. Explain the role of producers, consumers and decomposers in the ecosystem.

Q11. List five abiotic factors you can think of. Describe how you would measure
each of these factors in an ecological investigation.

Q12. Evaluate each of the methods you have listed in Q11. What are their
limitations and how may they affect the data you collect?

Q13. Outline methods could you use to study (a) marine ecosystems, (b) freshwater
ecosystems and (c) terrestrial ecosystems.

Q14. Construct a key for a selection of objects of your choice. Explain whether
your key allows you to accurately identify each object.

Q15. Describe ethical considerations you must bear in mind when carrying out
capture-mark-release-recapture exercises on wild animals.

Q16. Distinguish between fundamental and realized niche, using an
example to illustrate your answer.

Q17. Explain why there are advantages of using a method of classification
that illustrates evolutionary relationships in a clade.

Q18. Describe how life cycles vary between species in reproductive
behaviour and lifespan.
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2.2 Energy and biomass in ecosystems

How can flows of energy and matter through ecosystems be modelled?

How do human actions affect the flow of energy and matter, and what is the
impact on ecosystems?

2.2.1 Ecosystems are sustained by supplies of energy and matter.

2.2.2 The first law of thermodynamics states that as energy flows through ecosystems, it can
be transformed from one form to another but cannot be created or destroyed.

2.2.3 Photosynthesis and cellular respiration transform energy and matter in ecosystems.

2.2.4 Photosynthesis is the conversion of light energy to chemical energy in the form of
glucose, some of which can be stored as biomass by autotrophs.

2.2.5 Producers form the first trophic level in a food chain.

2.2.6 Cellular respiration releases energy from glucose by converting it into a chemical form
that can easily be used in carrying out active processes within living cells.

2.2.7 Some of the chemical energy released during cellular respiration is transformed into heat.

2.2.8 The second law of thermodynamics states that energy transformations in ecosystems
are inefficient.

2.2.9 Consumers gain chemical energy from carbon (organic) compounds obtained from
other organisms. Consumers have diverse strategies for obtaining energy-containing carbon
compounds.

2.2.10 Because producers in ecosystems make their own carbon compounds by
photosynthesis, they are at the start of food chains. Consumers obtain carbon compounds
from producers or other consumers, so form the subsequent trophic levels.

2.2.11 Carbon compounds and the energy they contain are passed from one organism to the
next in a food chain. The stages in a food chain are called trophic levels.

2.2.12 There are losses of energy and organic matter as food is transferred along a food chain.

2.2.13 Gross productivity (GP) is the total gain in biomass by an organism. Net productivity
(NP) is the amount remaining after losses due to cellular respiration.

2.2.14 The number of trophic levels in ecosystems is limited due to energy losses.

2.2.15 Food webs show the complexity of trophic relationships in communities.

2.2.16 Biomass of a trophic level can be measured by collecting and drying samples.

2.2.17 Ecological pyramids are used to represent relative numbers, biomass or energy of
trophic levels in an ecosystem.
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2.2.18 Pollutants that are non-biodegradable, such as polychlorinated biphenyl (PCB),
dichlorodiphenyltrichloroethane (DDT) and mercury, cause changes to ecosystems through
the processes of bioaccumulation and biomagnification.

2.2.19 Non-biodegradable pollutants are absorbed within microplastics, which increases
their transmission in the food chain.

2.2.20 Human activities, such as burning fossil fuels, deforestation, urbanization and
agriculture, have impacts on flows of energy and transfers of matter in ecosystems.

2.2.21 Autotrophs synthesize carbon compounds from inorganic sources of carbon and
other elements. Heterotrophs obtain carbon compounds from other organisms.

2.2.22 Photoautotrophs use light as an external energy source in photosynthesis.
Chemoautotrophs use exothermic inorganic chemical reactions as an external energy source
in chemosynthesis.

2.2.23 Primary productivity is the rate of production of biomass using an external
energy source and inorganic sources of carbon and other elements.

2.2.24 Secondary productivity is the gain in biomass by consumers using carbon
compounds absorbed and assimilated from ingested food.

2.2.25 Net primary productivity is the basis for food chains because it is the quantity of
carbon compounds sustainably available to primary consumers.

2.2.26 Maximum sustainable yields (MSYs) are the net primary or net secondary
productivity of a system.

2.2.27 Sustainable yields are higher for lower trophic levels.

2.2.28 Ecological efficiency is the percentage of energy received by one trophic level that
is passed on to the next level.

2.2.29 The second law of thermodynamics shows how the entropy of a system increases
as biomass passes through ecosystems.

2.2.1 Ecosystems are sustained by supplies of

energy and matter

Ecosystems are open systems (Topic 1, Section 1.2.5) in which both energy and
matter are exchanged. Energy enters the ecosystem from the Sun and is transformed
to chemical energy through the process of photosynthesis (this topic, Section 2.2.4,
page 131). Ecosystems depend on the constant input of energy to sustain them.
Both matter and energy move through the ecosystem from one trophic level to the
next (this topic, Section 2.2.8 and 2.2.9, page 132), with energy ultimately leaving

as heat. Matter cycles through the ecosystem, with new matter arriving through
precipitation, or with the movement of new organisms or nutrients into the system.
Matter leaves the ecosystem when water evaporates, when organisms move to other
areas or when nutrients leach out of the soil (this topic, Section 2.1.21, Figure 2.42).

Matter forms the building blocks from which new organisms are formed and the
energy is needed to sustain life processes.

Use the worksheet in your eBook to explore why some ecosystems are more biodiverse
than others.




2.2.2 The first law of thermodynamics and
ecosystems

Energy exists in a variety of forms (light, heat, chemical, electrical and kinetic). It can
only be changed from one form into another; it cannot be created or destroyed. Any
form of energy can be converted to any other form, but heat can be converted to other
forms only when there is a temperature difference between two bodies. The behaviour
of energy in systems is defined by the laws of thermodynamics. There are two laws that
relate to how energy moves through systems.

The first law of thermodynamics states that energy can be neither created nor
destroyed, it can only change form. This means that the total energy in any system,
including the entire Universe, is constant and all that can happen is a change in the
form the energy takes. This law is known as the law of the conservation of energy.
In ecosystems, energy enters the system in the form of sunlight, is transformed
into biomass via photosynthesis, passes along food chains as biomass, is
consumed and ultimately leaves the ecosystem in the form of heat. No new energy
has been created — it has simply been transformed and passed from one form to
another (Figure 2.53). Heat is released because of the inefficient transfer of energy
(as in all other systems).

Available energy is used for growth, movement and the assembly of complex
molecules. Although the total amount of energy in a system does not change, the
amount of available energy does (Figure 2.53).

lost as heat

energy conversion

available energy

/

=
available energy

The available energy in a system is reduced through inefficient energy conversions.
The total amount of energy remains the same, but less is available for work. An
increasing quantity of unusable energy is lost from the system as heat (which cannot
be recycled into usable energy).

The second law of thermodynamics is discussed in this topic, Sections 2.2.8 and
2.2.9, page 132.

The first law of
thermodynamics states
that as energy flows
through ecosystems,

it can be transformed
from one form to another,
but it cannot be created
or destroyed.

Energy transformations
occur, such as light

to chemical and from
chemical to heat.

<« Figure2.53 Energy cannot
be created or destroyed: it can
only be changed from one
form into another. The total
energy in any system is
constant, only the form can
change.

a 1.2 Systems
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Cellular respiration and
photosynthesis can be
represented as systems
diagrams, with inputs,
outputs, storages

and processes.

Transformation of energy
is a change from one
form to another such
as from light to heat.

Transformation of matter
happens in chemical

reactions and can
be summarized
using equations.
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2.2.3-2.2.7 Photosynthesis and cellular

respiration transform energy and matter
in ecosystems

Continual inputs of energy and matter are essential in the support of ecosystems.
Two processes control the flow of energy through ecosystems: photosynthesis and
cellular respiration. Cellular respiration is a chemical process that occurs in all cells.
Photosynthesis converts light energy to chemical energy, which is stored as biomass.
Cellular respiration releases this energy so that it can be used to support the life
processes (e.g. movement) of organisms.

Cellular respiration and photosynthesis can be described as processes with inputs,
outputs and transformations of energy and matter. Transformation of matter happens
in chemical reactions and can be summarized using equations.

Make sure you know how to create system diagrams from a set of data of ecosystems showing
transfers and transformations of energy and matter.

Challenge yourself

Carry out research to find data for a local ecosystem. The data should include
measurements of energy and matter. Create a systems diagram from a set of data of
ecosystems showing transfers and transformations of energy and matter.

Photosynthesis

Photosynthesis is the process by which green plants convert light energy from the Sun
into usable chemical energy in the form of glucose, some of which can be stored as
biomass (organic matter). It requires CO,, H,O, chlorophyll and light and is controlled
by enzymes. O, is produced as a waste product in the reaction.

The photosynthesis reaction is:

P light
carbon dioxide + water —=— glucose + oxygen
chlorophyll

Photosynthesis produces the raw material for producing biomass.

In terms of inputs, outputs and energy transformations, photosynthesis can be
summarized as follows:

* Inputs —sunlight as energy source, CO, and H,O.

e Outputs:
= glucose —used as an energy source for the plant and as the basic starting

material for other organic molecules (e.g. cellulose, starch)
= O,~released to the atmosphere through stomata in leaves.

* Transformations — the energy change is from light energy into stored chemical
energy; thus chemical energy is stored in organic matter (i.e. carbohydrates,
fats and proteins). Chlorophyll is needed to capture certain visible wavelengths
of sunlight energy and enable this energy to be transformed into chemical
energy.



Once glucose is formed, it can be converted into other carbon compounds contained
within biomass — for example, proteins and fats.

Organisms which can create their own glucose are known as autotrophs (meaning
‘self-feeding’). This is explored further in the HL material in this topic, Section 2.2.21.

Producers

Certain organisms in an ecosystem convert abiotic components into living matter.
These are the producers and they support the ecosystem by providing a constant
input of energy and new biological matter (biomass) (Figure 2.54). Producers are also
known as autotrophs. Producers typically include plants, algae and photosynthetic
bacteria that produce their own food using photosynthesis and form the first trophic
level in a food chain.

solar
energy

some light is reflected

some wavelengths

! energy lost
are unsuitable

through
respiration

transmitted light goes
through leaf and
out otherside

Cellular respiration

Cellular respiration releases energy from glucose and other organic molecules inside all
living cells. The process is controlled by enzymes. The energy released is in a form available
for use by living organisms but is ultimately lost as heat (Topic 1, Section 1.2.5, page 30).

Aerobic cellular respiration can simply be described as:
glucose + oxygen — carbon dioxide + water
Cellular respiration (Figure 2.55) can be summarized as follows:

* Inputs —organic matter (glucose) and O,.
* Processes — oxidation processes inside cells.
*  Outputs —release of energy for work and heat.

* Transformations — the energy transformation is from stored chemical energy into
kinetic energy and heat. Energy is released in a form available for use by living
organisms, but much is also lost as heat (the second law of thermodynamics, this
topic, Section 2.2.8, page 132).

Chemical energy transformed into heat

Heat is generated by cellular respiration because it is not 100% efficient at transferring
energy from substrates such as carbohydrates into the chemical form of energy used in

Photosynthesis is the
process by which green
plants convert light energy
from the Sun into usable
chemical energy in the
form of glucose. Some of
the glucose can be stored
as biomass.

Producers form the
first trophic level in a
food chain.

Figure 2.54 Producers such
as plants convert sunlight
energy into chemical energy
using photosynthetic
pigments (e.g. chlorophyll).
The food produced supports
the rest of the food chain.

Cellular respiration releases
energy from glucose

by converting it into a
chemical form that can
easily be used in carrying
out active processes within
living cells.

Make sure you know
how to construct system
diagrams representing
photosynthesis and
cellular respiration.

During cellular respiration,
large amounts of energy
are dissipated as heat.

Photosynthesis involves
the transformation of light
energy into the chemical
energy of organic matter.
Cellular respiration is

the transformation of
chemical energy into
kinetic energy with,
ultimately, heat being lost
from the system.

All organisms respire:
bacteria, algae, plants, fungi
and animals. Only plants,
algae and cyanobacteria
photosynthesize.
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Some of the chemical
energy released during

cellular respiration is
transformed into heat.

Figure 2.55 The inputs, P
outputs and processes
involved in cellular respiration.

The first law of
thermodynamics concerns
the conservation of energy

(i.e. energy can be neither
created nor destroyed),
whereas the second law of
thermodynamics states that
energy transformations in
ecosystems are inefficient.

The first law of
thermodynamics explains
how some of the energy
entering an ecosystem

is lost as heat energy,
because energy entering
the system must equal
energy remaining in the
system plus energy leaving
the system. The second
law of thermodynamics
explains how energy
transformations in living
systems can lead to loss of
energy from the system.
The order in living systems
is only maintained by
constant input of new
energy from the Sun.

|
|

Figure 2.56 The second law P
of thermodynamics states that
energy is converted into heat
when energy is transformed
from one form to another.

How does the way that
we organize or classify
knowledge affect what

we know?

The laws of thermodynamics
are examples of scientific
laws. In what ways do
scientific laws differ from
the laws of human science
subjects, such as economics?

Make sure you know
how to explain the
implications of the laws
of thermodynamics for
ecological systems.
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cells. Heat generated within an individual organism cannot be transformed back into
chemical energy and is ultimately lost from the body.

€O, and water out

0. from heat energy out
2

atmosphere in

process of cellular respiration oxidizes

energy from food in glucose to release energy for life processes

2.2.8 and 2.2.9 The second law of

thermodynamics and ecosystems

The transformation and transfer of energy is not 100% efficient: in any energy
conversion there is less usable energy at the end of the process than there is at the
beginning (Figure 2.56). This means there is a dissipation of energy that is then not
available for work. The second law of thermodynamics states that energy goes from
a concentrated form (e.g. the Sun) into a dispersed form (ultimately heat) and that the
availability of energy to do work therefore decreases.

transformation ]
one form 3
of energy

heat

of energy

The laws of thermodynamics and environmental systems

Natural systems can never actually be isolated because there must always be an input
of energy for work (to replace energy that is dissipated). The maintenance of order

in living systems requires a constant input of energy to replace available energy

lost through inefficient transfers. Although matter can be recycled, energy cannot.
Energy that has been lost from a system in the form of heat energy cannot be made
available again.

One way energy enters an ecosystem is as sunlight energy. This sunlight energy is
then changed into biomass by photosynthesis. This process captures sunlight energy
and transforms it into chemical energy. Chemical energy in producers is passed along



food chains as biomass or transformed into heat during cellular respiration. Available
energy is used to do work such as growth, movement and making complex molecules.
As we know from the second law of thermodynamics, the transfer and transformation
of energy is inefficient, with all energy ultimately being lost into the environment as
heat (Figure 2.57). This is why food chains tend to be short.

matter cycles

sunlight /\—\

—— >

P C &
heat heat heat

N
energy does not cycle

Consumers

Organisms that cannot make their own food eat other organisms to obtain energy and
matter: they are consumers. Consumers do not contain photosynthetic pigments
such as chlorophyll so they cannot make their own food. They must obtain their
chemical energy by eating other organisms — they are heterotrophs. Herbivores feed
on autotrophs, carnivores feed on other heterotrophs and omnivores feed on both.

Consumers pass energy and biomass from producers through to the top carnivores.

Consumers have a range of strategies for obtaining energy-containing carbon compounds:

Herbivores eat plant material (this topic, Section 2.1.9, page 95) and contain
bacteria in their gut which helps them to digest plant material. An example of a
herbivore is a hippopotamus (Figure 2.14, Section 2.1.9, page 95).

Detritivores eat dead organic matter such as dead leaves on the forest floor. They
contain a digestive system and digest food within their bodies. An example of a
detritivore is an earthworm (Figure 2.58).

Predators are organisms that hunt prey. An example of a predator is a cheetah
(Topic 3, Section 3.1.1, Figure 3.3, page 232).

Parasites are organisms that benefit at the expense of another organism (the host)
from which they derive food (Section 2.1.9, page 95). An example of a parasite is a
tick (Figure 2.15, Section 2.1.9, page 95).

Saprotrophs are fungi and bacteria that do not possess a digestive system. They
secrete enzymes onto their food and absorb the digested products. This is known
as saprotrophic digestion. Examples of saprotrophs are mushrooms (Figure 2.59)
and toadstools.

Scavengers are animals that feed on carrion (dead animal matter). An example of
a scavenger is the hyena. While most carnivores hunt and kill their prey, scavengers
usually consume animals that have either died of natural causes or been killed by
another carnivore.

Decomposers obtain their food and nutrients from the breakdown of dead
organic matter. When they break down tissue, they release nutrients ready for

<« Figure 2.57 Energy flow
through a food chain;
P = producers, C = consumers.
The boxes show energy
available to do work at each
feeding level. Energy decreases
through the food chain as
some is converted to heat.
The "10% rule’ indicates that
on average only around 10%
of the available energy is
passed on to the next
trophic level.

|

The second law of
thermodynamics relates
to the quality of energy
and that when energy is
transformed, some must
be degraded into a less
useful form e.g. heat. In
ecosystems, the biggest
losses occur during
cellular respiration. The
second law explains why
energy transfers are never
100% efficient.

1.2 Systems
5.2 Agriculture and food

Figure 2.58 Earthworm
feeding on detritus in soil.

Consumers gain chemical
energy from carbon
(organic) compounds
obtained from

other organisms.
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reabsorption by producers. They form the basis of a decomposer food chain.
Decomposers also contribute to the build-up of humus in soil. Humus is organic
material in soil made by the decomposition of plant or animal matter. It improves
the ability of soil to retain nutrients. Decomposers are essential for cycling matter
in ecosystems. Matter that is cycled by decomposers in ecosystems includes
elements such as carbon and nitrogen.

2.2.10 and 2.2.11 Food chains

The flow of energy and matter from organism to organism can be shown in a food
chain (Figure 2.60). The position that an organism occupies in a food chain is called
the trophic level (this topic, Section 2.2.12). ‘Trophic level’ can also mean the position
in the food chain occupied by a group of organisms in a community. As producers
in ecosystems make their own carbon compounds by photosynthesis, they are at the
start of food chains. Consumers obtain carbon compounds from producers or other
consumers so form the subsequent trophic levels.

Figure 2.59 Mushrooms
(Honey fungus, Armillaria
mellea) growing on a decaying
tree in a woodland ecosystem.

\
Figure 2.60 A food chain. P . .
Ecosystems contain many western wheat : club-horned N Great Plains , garter ; Swainson's
food chains. grass grasshopper toad snake hawk

rima seconda tertia uaterna
producer prirHaly i 4 9 ¥
consumer consumer consumer consumer

. mnivor : '
autotroph herbivore omnioe e/ carnivore carnivore
carnivore

In a food chain, organic matter flows from primary producers to primary consumers
to secondary consumers and so on.

Create a food chain from given data
P [f you are asked to draw a food chain, you do not need to draw the animals and plants involved. You

do need to give specific names for the different organisms (e.g. salmon rather than fish). Arrows show
the flow of energy from one organism to the next and should be in the direction of energy flow.

Activity

Below is an account of some of the animals and plants found in the tropical rainforest
of Borneo:

Sambar deer eat leaves from dipterocarp tree seedlings in the understory of the forest. Clouded
leopards, the largest cats in the Borneo rainforest, are known to eat sambar deer. The Borneo python
is also known to attack and consume deer, as well as other mammals. Crested serpent eagles can be
seen catching and eating pythons and other snakes. Giant squirrels feed on the seeds of fig trees.

Using the information here or from other sources, create a food chain containing at
least three species from the Borneo rainforest.
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Trophic levels

Carbon compounds and the energy they contain are passed from one organism to the
next in a food chain. The stages in a food chain are called trophic levels. Figure 2.61
shows the trophic levels in a food web.
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Decomposers are important in energy transformation in food webs. However,
decomposers are generally not included in food chains because they typically gain
carbon compounds at each level of the food chain when organisms die and decay.
Decomposers can be shown as a vertical column at the side of a food web, indicating
that they can feed at each trophic level (Figure 2.61).

The earliest forms of life on Earth, 3.8 billion
years ago, were consumers that fed on organic
material formed by interactions between the
atmosphere and the land surface. Producers, in
the form of photosynthetic bacteria, appeared
around 3 billion years ago (Figure 2.62). As O,

is a waste product of photosynthesis, these
bacteria eventually brought about a dramatic
increase in the amount of O, in the atmosphere.
The O, enabled arganisms using aerobic cellular
respiration to evolve and generate the large
amounts of energy they needed. And eventually,
complex ecosystems followed.

2.2.12 Losses of energy and organic matter

along a food chain

Open systems such as ecosystems are supported by continual input of energy, usually
from the Sun (Topic 1, Section 1.2.5). Remember that the second law of thermodynamics
(this topic, Section 2.2.8 and 2.2.9, page 132) states that transformations of energy are
inefficient, so energy is lost from the system at each stage of a food chain, ultimately as
heat energy (this topic, Section 2.2.8 and 2.2.9, page 134).

The trophic level is the
position that an organism
occupies in a food chain,
or a group of organisms in
a community that occupy
the same position in

food chains.

<« Figure2.61 Afood web
showing its trophic levels.

Food chains always begin
with the producers (usually
photosynthetic organisms),
followed by primary
consumers (herbivores),
secondary consumers
(omnivores or carnivores)
and then higher consumers
(tertiary, quaternary).
Decomposers feed at every
level of the food chain.

Find an example of a
food chain from your
local area, with named
examples of producers,
consumers, decomposers,
herbivores, carnivores and
top carnivores.

Figure 2.62 Stromatolites
were the earliest producers on
the planet and are still here.
These large aggregations of
cyanobacteria can be found
in the fossil record and alive in
locations such as Western

< Australia and Brazil.
|
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There are losses of energy
and organic matter as
food is transferred along a
food chain.

Figure 2.63 Energy flow in

an ecosystem. The width of |

the arrows is proportional to
the quantity of energy
transferred. Producers
convert energy from sunlight
into new biomass through
photosynthesis. Heat is
released to the environment
through cellular respiration.

Make sure you know how
to analyse the efficiency
of energy transfers
through a system.

In ecology, gross
productivity (GP) is

the total gain in biomass
by an organism. Net
productivity (NP) is

the amount of biomass
(and therefore energy)
remaining after losses due
to cellular respiration.
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* Notall the food available to a given trophic level is harvested — for example, sheep
eat the leaves of grass but not the roots.

* Not all that is harvested is consumed — for example, the bones and teeth of animals
are not usually eaten.

* Not all that is consumed is absorbed — for example, some parts of the food cannot
be digested such as the cellulose in plant matter.

* Notall that is absorbed is stored — for example, some is lost as heat through cellular
respiration.

There is never 100% transference of organic matter from one trophic level to the next.

Systems diagrams can be used to show the flow of energy through ecosystems (Figure 2.63). Stores
of energy are usually shown as boxes (other shapes may be used) that represent the various trophic
levels. Flows of energy are usually shown as arrows (with the amount of energy in joules or biomass
per unit area represented by the thickness of the arrow).

sunlight

Oead a”lma!s ang ’GGCES

dead animals
and faeces

carnivores ]

the environment

2.2.13 Gross productivity and net productivity

The term ‘productivity’ in ecology refers to the rate of accumulation of new

biomass. Productivity can further be divided into gross productivity (GP) and net
productivity (NP), in the same way that monetary income can be divided into gross
and net profits. ‘Gross’ refers to the whole of something, while ‘net’ refers to a part of
the whole following a deduction of some sort. The terms ‘gross’ and ‘net’ are used in
economics to indicate the total income a business makes (gross income) and the income
a business makes once taxes, expenses and other payments are considered (net income).
Gross income is the total monetary income and net income is gross income minus
costs. Similarly, GP is the total gain in energy or biomass per unit area per unit time.

NP is the gain in energy or biomass per unit area per unit time remaining after allowing
for respiratory losses (R). NP represents the energy that is incorporated into new biomass
and is therefore available for the next trophic level. NP is calculated by subtracting from
GP the energy lost through cellular respiration (other metabolic processes may also

lead to the loss of energy but these are minor and are ignored). Losses due to cellular
respiration are typically greater in consumers than in producers as their bodies require
more energy. The NP of any organism or trophic level is the maximum sustainable yield
that can be harvested without diminishing the availability for the future.



Activity

Experiments can be carried out to estimate the GP and NP of plants. The worksheet
on this page of the eBook has an example experiment.

The experiment uses light and dark bottles to estimate GP and NP, using algae or
aquatic plants. Measuring dissolved O, concentration allows the rate of cellular
respiration to be estimated. Photosynthesis and cellular respiration will occur in the
plants in the light bottle but only cellular respiration can occur in the bottle stored
in the dark. The decrease in dissolved O, in the dark bottle over time is a measure of
the rate of cellular respiration.

Carry out the experiment on the worksheet and gather data for GP and NP. Evaluate
the experiment — what are its strengths and weaknesses?

2.2.14 The number of trophic levels in

ecosystems is limited due to energy losses

Energy released by cellular respiration and lost as heat by organisms is unavailable

to organisms in higher trophic levels. Typically 10% or less of the energy flowing to a
trophic level is available to the next level. The number of trophic levels in ecosystems is
therefore limited due to energy losses.

Work out the efficiency of transfer between trophic levels

The efficiency of transfer between trophic levels can be calculated if the quantity of energy entering
an organism, and the amount leaving the organism, are known (this topic, Section 2.2.28).

2.2.15 Food webs

Ecosystems contain many interconnected food chains that form food webs. Food webs
show the complexity of trophic relationships in communities. Arrows in food chains
and food webs indicate the direction of energy flow and transfer of biomass.

One species may occupy several different trophic levels depending on which
food chains it occurs in. For example, in Figure 2.61, both foxes and hawks are
both secondary and tertiary consumers depending on the food chains they are in.
Decomposers feed on dead organisms at each trophic level.

Example - The effect of harvesting on food webs in the North Sea

Diagrams of food webs can be used to estimate the knock-on effects of changes to
an ecosystem. Figure 2.64 shows a food web for the North Sea. In the figure, the
producer is phytoplankton (microscopic algae), the primary consumers (herbivores)
are zooplankton (microscopic animal life), the secondary consumers (carnivores)
include jellyfish, sand eels and herring (each on different food chains) and the
tertiary consumers (top carnivores) are mackerel, seals, seabirds and dolphins
(again, on different food chains).

2

2.5 Zonation, succession
and change in ecosystems

4.3 Aquatic food
production systems

5.2 Agriculture and food

Food webs show

the complexity of
trophic relationships in
communities.

In a food web, species
may feed at more than
one trophic level.
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Figure 2.64 Asimplified P solar energy
food web for the North Sea puffins, gannets
in Europe. sea surface

sea bed

During the 1970s, sand eels were harvested and used as animal feed, for fishmeal
and for oil and food on salmon farms. Figure 2.64 can be used to describe the effects
that a dramatic reduction in the number of sand eels might have on the rest of the
ecosystem. Sand eels are the only source of food for mackerel, puffin and gannet, so
populations of these species may decline, or they may have to switch food source.
Similarly, seals will have to rely more on herring, possibly reducing their numbers
or they may also have to switch food source. The number of zooplankton may
increase, improving food supply for jellyfish and herring.

An estimated 1000 kg of phytoplankton (plant plankton) are needed to produce
100 kg of zooplankton (animal plankton). The zooplankton is in turn consumed
by 10 kg of fish, which is the amount needed by a person to gain 1 kg of body mass.
Biomass and energy decline at each successive trophic level so there is a limit to the
number of trophic levels which can be supported in an ecosystem. Energy is lost as
heat (produced as a waste product of cellular respiration) at each stage in the food
chain, so only energy stored in biomass is passed on to the next trophic level. Thus,
after four or five trophic levels, there is not enough energy to support another level.

Create a food web from given data

You need to be able to create and interpret models representing feeding relationships. Find out about
1.2 Systems the organisms in a local ecosystem. Make a list of the species and research the feeding relationships -
which organisms the different species feed on. Now construct a food web using your data.

B 2-2.16 Measuring biomass

Biomass can be measured at each trophic level. Rather than measuring the mass
of the total number of organisms at each trophic level (clearly impractical) an
extrapolation method is used: the mass of one organism (or the average mass of a
few organisms) is multiplied by the total number of organisms present to estimate
total biomass.

Methods for estimating

the biomass and energy

of trophic levels in a
community include
measurement of dry mass,
controlled combustion, and
extrapolation from samples.
Data from these methods
can be used to construct
ecological pyramids.
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Biomass is calculated to indicate the total energy within a living being or trophic
level. Biological molecules are held together by bond energy, so the greater the
mass of living material, the greater the amount of energy present. Biomass is taken
as the mass of an organism minus water content (i.e. dry mass biomass). Water is
not included in biomass measurements because the amount varies from organism
to organism, it contains no energy and is not organic. Other inorganic material is
usually insignificant in terms of mass, so dry mass biomass is a measure of organic
content only.

Carry out procedures for estimating biomass (dry weight)

To obtain quantitative samples of biomass, biological material is dried to constant mass. Only

plant material should be used when estimating biomass, as it would be unethical to use animals.
The mass of the sample is measured in a container of known mass. The specimens are put in a hot
oven (not hot enough to burn tissue) - around 80 °C - and left for a specific length of time. The
mass of the sample is measured again, and the sample is placed back into the oven. This process is
repeated until a similar mass is obtained on two subsequent measurements (i.e. no further loss in
mass is recorded as no further water is present). Biomass is usually stated per unit area (i.e. per metre
squared) so that comparisons can be made between trophic levels. Biomass productivity is given as
mass per unit area per period (usually per year).

To estimate the biomass of a primary producer within a study area, you would collect all the
vegetation (including roots, stems and leaves) within a series of 1 m by 1 m quadrats and then carry
out the dry-mass method outlined above. Average biomass can then be calculated.

Once dry biomass has been obtained, the combustion of samples under controlled
conditions gives quantitative data about the amount of energy contained per unit
sample (e.g. per gram) in the material. Organic matter can be burned in a calorimeter
(Figure 2.65), where the heat released during combustion is measured to determine
the energy content. Extrapolation from these samples, by estimating the total biomass
of organisms and multiplying this by the energy content per unit mass, can be used to
indicate the total energy per trophic level in an ecosystem. From such data,

a pyramid of energy can be constructed.

Make sure you know how
to evaluate methods for
estimating biomass at
different trophic levels in
an ecosystem.

Biomass of a trophic

level can be measured

by collecting and drying
samples. The dry mass of
the sample is approximately
equal to the mass of its
organic matter (biomass)
since water represents most
inorganic matter in most
organisms.

Dry-mass measurements
of quantitative samples
can be extrapolated to
estimate total biomass.

Energy in biomass

can be measured by
combustion of samples
and extrapolation.

oxygen supply <« Figure 2.65 A calorimeter
ignition | - used to calculate the energy
wires .
thermometer content of biomass.
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Ecological sampling can
at times involve the killing
of wild organisms. For
example, to help assess
species diversity of poorly
understood organisms, it
may be necessary to take
dead specimens back to
the lab for identification:;
similarly, dead organisms
may be needed to assess
biomass. An ecocentric
perspective, which
promotes the preservation
of all life, may lead you to
question the value of such
approaches. Does the end
justify the means and what
alternatives (if any) exist?

Ecological pyramids are
used to represent relative
numbers, biomass or
energy of trophic levels in
an ecosystem.

Ecology

One criticism of this method is that it involves killing living organisms. It is also
difficult to measure the biomass of very large plants, such as trees. There are further
problems in measuring the biomass of roots and underground biomass because these
are difficult to remove from the soil.

2.2.17 Ecological pyramids

Ecological pyramids are graphical models of the quantitative differences (e.g.
differences in numbers) that exist between the trophic levels of a single ecosystem

and are usually measured for a given area and time. These models provide a better
understanding of the workings of an ecosystem by showing the feeding relationships
in a community. There are three types of pyramids: pyramids of numbers, pyramids
of biomass and pyramids of energy.

Pyramids of number and pyramids of biomass show the standing crop per unit area at
a particular time. Pyramids of energy (also known as ‘pyramids of productivity’) show
the amount of energy flowing to each trophic level per unit area and per unit time
(usually k] m= year™).

Pyramids are graphical models showing the quantitative differences between the trophic levels of an
ecosystem and are usually measured for a given area and time. There are three types.

* Pyramids of numbers record the number of individuals at each trophic level coexisting in
an ecosystem. Quantitative data for each trophic level are drawn to scale as horizontal bars
arranged symmetrically around a central axis.

» Pyramids of biomass represent the biological mass of the standing stock at each trophic level at
a particular point in time measured in units such as grams of biomass per square metre (g m=).
Biomass may also be measured in units of energy, such as ] m=.

* Pyramids of energy show the flow of energy (i.e. the rate at which the stock is being generated)
through each trophic level of a food chain over a period. Productivity is measured in units of
flow (g m=2yr"or ) m2yr?).

Create pyramids of numbers, biomass and energy from given data

l‘ Some quantitative data for a food chain are shown in Table 2.2.

Table 2.2 Data fora ’

terrestrial food chain. Species Number of individuals
leaves 40
caterpillar 20
blackbird 14
hawk 16

To construct a pyramid of numbers for these data, first draw two axes on graph paper. Draw the
horizontal axis along the bottom of the graph paper and the vertical axis in the centre of the graph
paper. Plot data from the table symmetrically around the vertical axis. As there are 40 leaves, the
producer trophic level is drawn with 20 units to the left and 20 units to the right of the vertical axis.
The height of the bars is kept the same for each trophic level. Each trophic level is labelled with the
appropriate organism. Figure 2.66 shows the results.
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Pyramids of biomass and pyramids of energy are constructed in the same way.

Pyramids of numbers

The numbers of producers and consumers coexisting in an ecosystem can be shown

by counting the numbers of organisms in an ecosystem and constructing a pyramid.
Sometimes, rather than counting every individual in a trophic level, limited collections
may be carried out in a specific area and this multiplied up to the total area of the
ecosystem. In accordance with the second law of thermodynamics, there is a tendency
for numbers to decrease along food chains and so graphical models tend to be pyramids
—they are narrower towards the apex (Figure 2.67a). However, pyramids of numbers are
not always pyramid-shaped. For example, in a woodland ecosystem with many insect
herbivores feeding on trees, there are fewer trees than insects. This means the pyramid
is inverted (upside-down) as shown in Figure 2.67b. This situation arises when the
individuals at lower trophic levels are of a relatively large size. Pyramids of numbers,
therefore, have limited use in representing the flow of energy through food chains.

@) (b) < Figure 2.67 Pyramids of
numbers. (a) A typical
top camivores pyramid where the number
of producers is high.
carnivores ——————————————| (b) A limitation of number

pyramids is that they are
inverted when the producers
are outnumbered by the
herbivores.

herbivores

primary producers

Activity

A scientist is studying species interactions at a park in Singapore. They observe
10 slugs feeding on the leaves of the 16 sunflowers. A group of 6 orange-headed
thrush regularly visits the park where the flowers are located. The scientist sees
these birds feeding on the slugs. As the birds fly away, two pairs of Japanese
sparrowhawks attack the flock and all six of the thrush are eaten.

Construct a pyramid of numbers for this food chain.
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Pyramids of biomass can
show greater quantities
at higher trophic levels
because they represent
the biomass present at
a given time, but there

may be marked seasonal
variations. For example,

phytoplankton vary in
productivity (and therefore
biomass) depending

on sunlight intensity.

The biomass present in

an area also depends

on the quantity of
zooplankton consuming
the phytoplankton.

Pyramids of energy
show the flow of energy
through a trophic level,
indicating the rate at
which that stock/storage
is being generated.

Make sure you know
how to explain the
relevance of the laws
of thermodynamics to
the flow of energy
through ecosystems.

1.2 Systems

i’

Table 2.3 Units for pyramids
of biomass and energy.
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Pyramids of biomass

A pyramid of biomass quantifies the amount of biomass present at each trophic level
at a certain point in time and represents the standing stock of each trophic level.
Biomass may be measured in grams of biomass per metre squared (g m™) or units

of energy, such as joules per metre squared (] m™). According to the second law of
thermodynamics, there is a tendency for quantities of biomass (like numbers) to
decrease along food chains, so the pyramids become narrower towards the top.

Although pyramids of biomass are usually pyramid-shaped, they can sometimes be
inverted and show greater quantities at higher trophic levels. This is because, as with
pyramids of numbers, they represent the biomass present at a given time (i.e. they are a
snapshot of the ecosystem). The standing crop biomass (the biomass taken at a certain
point in time) gives no indication of productivity over time. For example, a fertile
intensively grazed pasture may have a lower standing crop biomass of grass but a
higher productivity than a less fertile and ungrazed pasture (because the fertile pasture
has biomass constantly removed by herbivores). This results in an inverted pyramid

of biomass. In a pond ecosystem, the standing crop of phytoplankton (the major
producers) at any given point will be lower than the mass of the consumers, such

as fish and insects. This is because phytoplankton reproduce very quickly. Inverted
pyramids sometimes result from marked seasonal variations.

Pyramids of energy

Pyramids of biomass represent the momentary stock, whereas pyramids of energy
show the rate at which that stock is being generated. You cannot compare the turnover
of two shops by comparing the goods displayed on the shelves, because you also need
to know the rates at which the goods are sold, and the shelves are restocked. The same
is true of ecosystems.

Pyramids of energy also consider the rate of production over a period because each
level represents energy per unit area per unit time. Productivity is measured in
units of flow — mass or energy per metre squared per year (gm=2yr~" orJ m2yr™).
This is a more useful way of measuring changes along a food chain than looking at
either biomass (measured in g m™) or energy (measured in ] m™) at one moment
in time. Pyramids of energy show the flow of energy through an entire ecosystem
over a year. This means they invariably show a decrease along the food chain.
There are no inverted pyramids of energy. The relative energy flow within an
ecosystem can be studied and different ecosystems can be compared. Pyramids of
energy also overcome the problem that two species may not have the same energy
content per unit mass: in these cases, biomass is misleading, but energy flow is
directly comparable.

Pyramids of biomass refer to a standing crop (i.e. at a fixed point in time) and pyramids of
energy refer to the rate of flow of biomass or energy as shown in Table 2.3.

Pyramid Units

biomass (standing crop) gm?

productivity (flow of biomass/energy) gm2yr!
J m—z yr—W




Challenge yourself

Find an app that explores pyramids of numbers, biomass and productivity. For
example, search online for the Biolnteractive Exploring Biomass Pyramids app.

Measure the biomass of primary producers in a defined area and extrapolate to
calculate the amount of algal biomass in a river pool. Then use the ‘10% rule’ to
predict the amount of consumer biomass that can be supported by the primary
producers. Produce a hypothesis for the relationship between biomass pyramids
and pyramids of energy and then test those hypotheses with data. Explain the role
of abiotic factors, such as sunlight, on pyramids of biomass.

2.2.18 and 2.2.19 Non-biodegradable pollutants

Pollutants that are non-biodegradable such as polychlorinated biphenyls (PCBs), DDT
and mercury cause changes to ecosystems through the processes of bioaccumulation
and biomagnification.

Bioaccumulation and biomagnification

DDT is a synthetic pesticide. DDT was used extensively during the Second World War
to control the lice that spread typhus and the mosquitoes that spread malaria. Its use
led to a huge decrease in both diseases. After the war, DDT was used as a pesticide in
farming and its production soared.

In 1955, the World Health Organization (WHO) began a programme to eradicate
malaria worldwide. This relied heavily on DDT. The programme was initially
successful, but resistance evolved in many insect populations after only six years,
largely because of the widespread agricultural use of DDT. In many parts of the world
including Sri Lanka, Pakistan, Turkey and central America, DDT has lost much of its
effectiveness.

Between 1950 and 1980, DDT was used extensively in farming and over 40,000 tonnes
were used each year worldwide. Up to 1.8 million tonnes of DDT have been produced
globally since the 1940s. About 4000—-5000 tonnes of DDT are still produced and used
each year for the control of malaria and other diseases. DDT is applied to the inside
walls of homes, in a process known as indoor residual spraying (IRS), to kill or repel
mosquitoes entering the home. India is the largest consumer of DDT but the main
producers are India, China and North Korea.

Restrictions on the use of DDT

In the 1970s and 1980s, agricultural use of DDT was banned in most developed
countries. DDT was first banned in Hungary (1968) followed by Norway and Sweden
(1970), the USA in 1972 and the UK in 1984. The use of DDT in vector control has not
been banned, but it has been largely replaced by less persistent alternative insecticides.

The Stockholm Convention banned several persistent organic pollutants (POPs)
such as DDT and restricted the use of DDT to disease control. The Convention was
signed by 98 countries and is endorsed by most environmental groups. Despite the

How does the way that
we organize or classify
knowledge affect what
we know?

Feeding relationships can
be represented by different
models (food chains,

food webs and ecological
pyramids). How can we
decide when one model is
better than another?

DDT is a synthetic
pesticide with a
controversial history. DDT
exemplifies a conflict
between the utility of a
pollutant and its effect on
the environment.

In 1962, American biologist
Rachel Carson published
her hugely influential book
Silent Spring (Topic 1,
Section 1.1.10, pages 18-19)
in which she claimed that
the large-scale spraying of
pesticides, including DDT,
was killing wildlife. Top
carnivores such as birds

of prey were declining in
numbers. Moreover, DDT
could cause cancer in
humans, Public opinion
turned against DDT.

Bioaccumulation is the
build-up of persistent/non-
biodegradable pollutants
within an organism or
trophic level because more
are absorbed, and they
cannot be broken down.
Biomagpnification is the
increase in concentration
of persistent/non-
biodegradable pollutants
along a food chain (due to
the loss of biodegradable
biomass through cellular
respiration and other
processes).

Toxins such as DDT and
mercury accumulate along
food chains due to the
decrease of biomass

and energy.

4.4 Water pollution
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worldwide ban on agricultural use of DDT, its use
in this context continues in India and North Korea.
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Figure 2.68 Biomagnification
of DDT along a food chain.
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2010" ppm J Environmental impacts of DDT
DDT is a POP that is extremely hydrophobic
‘ and strongly absorbed by soils. DDT is not very
soluble in water but is very soluble in lipids (fats).
2.0 x 10 ppm ] This means it can build up inside fatty tissue. Its

soil half-life can range from 22 days to 30 years.

non-biodegradable or slowly biodegradable
chemicals in the body. Biomagnification or
biological amplification is the process whereby
the concentration of a chemical increases at each
0.04 x 10" ppm trophic level. The result is that top predators may
have in their bodies concentrations of a chemical
several million times higher than the same

O 0.000003 pprn chemical’s concentration in water and primary
producers.

Bioaccumulation is the retention or build-up of
[ 0.2 x 10° ppm ]

..'..

DDT and its breakdown products all biomagnify through the food chain (Figure 2.68).
DDT is believed to be a major reason for the decline of the bald eagle in North America
in the 1950s and 1960s. Other species affected included the brown pelican and the
peregrine falcon. Recent studies have linked the thinning of the birds’ eggshells with
high levels of DDT, resulting in eggs being crushed by parents when incubating.

Effects on human health

The effects of DDT on human health are disputed and conflicting. For example, some
studies have shown that:

 farmers occupationally exposed to DDT had an increased incidence of asthma and/
or diabetes

» some people exposed to DDT had a higher risk of cancer of the liver, breast and/or
pancreas

* DDT exposure is a risk factor for early pregnancy loss, premature birth and/or low
birth mass

e 2007 study found increased infertility among South African men from
communities where DDT is used to combat malaria.

Use of DDT against malaria

Malaria remains a major public health challenge in many parts of the world. The WHO
estimates that there are 250 million cases every year, resulting in almost 1 million
deaths. About 90% of these deaths occur in Africa. In 2006, only 13 countries were still
using DDT.

Nevertheless, the WHO is ‘very much concerned with health consequences from
use of DDT and it has reaffirmed its commitment to eventually phase it out.
In South America, malaria cases increased after countries stopped using DDT.



In Ecuador, between 1993 and 1995, the use of DDT increased and there was a 61%
reduction in malaria rates.

Some donor governments and agencies have refused to fund DDT spraying or have
made aid contingent on not using DDT. Use of DDT in Mozambique was stopped
because 80% of the country’s health budget came from donor funds and donors
refused to allow the use of DDT.

Non-biodegradable pollutants are absorbed
within microplastics

Plastics are used in an increasing number of disposable consumer products.
Microplastics are tiny plastic particles up to 5 mm in diameter. Figure 2.69
shows how microplastic debris enters the marine environment and what happens
to it subsequently.

1. Plastic product is discarded
into the environment.

2. Wave action and weathering
break down product into
microplastics.

3. Microplastics are consumed by
aquatic organisms, such as fish.

Microplastics

_ 4. Smaller organisms are eaten by
pollution

larger animals, passing on the
plastic contamination in the
food chain.

5. Animals containing plastic
contamination are caught.

6. Contaminated animals are
eaten by humans.

Microplastic debris has accumulated in marine environments. Degradation of marine
microplastics releases non-biodegradable contaminants that can bioaccumulate in the
food chain. Once chemicals enter food chains, the top predators are often at extra risk
because of the biomagnification effects of some chemicals.

There are areas in the oceans where currents have caused garbage to become
concentrated. Food chain transfer is of concern in these areas, where microplastics
can be consumed in large amounts due to their high concentration. These hotspots or
‘gyres’, are created by ocean currents, which transport garbage to five concentrated
areas or ‘patches’ in the North Pacific, South Pacific, North Atlantic, South Atlantic
and the Indian Ocean. Microplastics are more prevalent than plankton in some

South Pacific sea surface samples. The presence of microplastics at such low levels

of the food chain can have serious consequences. This is because plankton and small
swimming organisms such as fish larvae support the transfer of energy to higher
trophic levels.

<« Figure 2.69 Microplastic
pollution.

Non-biodegradable
pollutants are absorbed
within microplastics,
which increases their
transmission through the
food chain.
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Studies of southern fur

seals have shown that
seal scat (faeces) can
contain plastic particles
from the night-feeding
myctophids (lanternfish),
which are active near
the sea surface and are
consumed by the seals.

4.3 Aquatic food
production systems

Make sure you know how
to discuss human impacts
on energy flows and on
the transfers of matter

in ecosystems.

Human activities

such as burning fossil
fuels, deforestation,
urbanization and
agriculture impact
energy flows as well as
the transfer of matter
in ecosystems.

Energy flows and
nutrient cycles occur
at a global level - so
human impacts have

worldwide implications.
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Activity

Pollution by microplastics can affect the food chain. Find out more about microplastics
and their impacts using these and other sites:

NOAA National Ocean Service
United Nations Environment Programme (UNEP)

Use the QR code to access an article that reports scientific
research on the bioaccumulation and biomagnification of
microplastics in food chains.

]
This study suggests that the degree of biomagnification may -
depend on the feeding strategy of organisms in food chains.

Read the report and summarize the findings. Give one :
example of how microplastics can affect a food chain.

2.2.20 Human activities have impacts on flows

of energy and transfers of matter in ecosystems

Energy flows

For thousands of years, humankind’s only source of energy was radiation from

the Sun. Sunlight energy, trapped by producers through photosynthesis, provided
energy for food. This limited population growth as only limited amounts of food
were available (i.e. that which occurred naturally). With the advent of industrial
revolutions, which saw the rapid development of industry and the increased use

of fossil fuels, industry was able to harness the sunlight energy trapped in coal and
oil. Energy trapped by plants millions of years ago could be released so the amount
of energy available to humans increased greatly. This enabled the use of machinery
to increase, so industry and agricultural output both increased. Population growth
increased rapidly due to increased food output. This change in the Earth’s energy
budget has ultimately led to many of the environmental issues covered in this course
— habitat destruction, climate change, the reduction of non-renewable resources, acid
deposition and so on.

The combustion of fossil fuels has altered the way in which energy from the

Sun interacts with the atmosphere and the surface of our planet. Increased CO,
levels, and the corresponding increase in temperatures (Topic 6), have led to the
reduction in Arctic land and sea ice. This reduces the amount of reflected sunlight
energy (Topic 6, Section 6.1.3). Changes in the atmosphere through pollution
(Topic 1, Section 1.3.3, page 51, Topic 6, Section 6.1.3 and Topic 8, Sections 8.3.1—-
8.3.3) have led to changes in reflection by scatter from tiny atmospheric particles
and through absorption by molecules and dust. This in turn has led to increased
interception of radiation from the Sun.



Matter cycles

Timber harvesting (i.e. logging) interferes with nutrient cycling. This is especially
true in tropical rainforests, where soils have low fertility and nutrients cycle between
leaf litter and tree biomass. Rapid decomposition, due to warm conditions and high
rainfall, leads to the breakdown of the rich leaf litter throughout the year. Once

the trees have been removed, the canopy no longer intercepts rainfall and the soil
and leaf litter is washed away, along with many of the available nutrients. In South-
East Asia, large areas of tree biomass have been cleared to grow oil palm. Oil palm

is used in food production, in domestic products and as a source of biofuel. Once
the original forest has been removed, natural nutrient recycling is also lost. The

soils are generally nutrient poor (this topic, Section 2.4.4), so oil-palm trees require
fertilizer to produce yields that return a reasonable profit. Fertilizers can have various
negative environmental impacts. Adding fertilizers containing nitrates can cause
eutrophication in nearby bodies of water (Topic 4, Section 4.4.5) due to run-off from
soils causing disruption to ecosystems.

Increased agricultural land use leads to a reduction in native ecosystems, altering the nature
of carbon storage. When crops are harvested, they are transported to be sold at markets
away from the location where they are grown. The carbon storage present in crops is
therefore transported to new locations, altering the carbon cycle on a local and global scale.

Urbanization leads to increased need for energy and therefore increased use of
fossil fuels, which in turns leads to greater combustion of fossil fuels. Urbanization
also leads to decreased land covered by vegetation, reducing photosynthesis. The
concentration of the human population in cities has increased food requirements,
leading to increased land use for agriculture. Increased transport of food into cities
leads to greater energy requirements and increased fossil fuel use.

Burning fossil fuels increases the amount of CO, in the atmosphere, leading to global
warming and climate change (Topic 6, Sections 6.2.2 and 6.2.4). Mining and burning of
fossil fuels reduces the storages of these non-renewable energy resources and increases
the storage of carbon in the atmosphere. Increased CO, levels in the atmosphere

can lead to increased vegetation growth because there is more CO, available for
photosynthesis, again altering the carbon cycle. Although burning fossil fuels may lead
to increased CO, available for photosynthesis, the other pollutants produced and the
impacts of global warming will reduce primary productivity.

Deforestation, urbanization and agriculture all lead to loss of ecosystem biomass,
disruption of food webs and the capacity for photosynthesis.

2.2.21 Autotrophs and heterotrophs

Autotrophs synthesize carbon compounds from inorganic sources of carbon

and other elements. All autotrophs are producers, including plants, algae and
photosynthetic bacteria. Heterotrophs are consumers that obtain carbon compounds
from other organisms. All living organisms can be classified as autotrophs or
heterotrophs.

6.2 Climate change -
causes and impacts

8.2 Urban systems and
urban planning

An autotroph is an organism
that makes its own food - it
is a producer. Heterotrophs
cannot photosynthesize
and so need to obtain
carbon compounds from
other organisms.
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Figure 2.70 Giant tube
worms (with a resident fish) at
a hydrothermal vent.

Photoautotrophs use
light as an external energy
source in photosynthesis.

Chemoautotrophs use
exothermic inorganic
chemical reactions as an
external energy source in
chemosynthesis.

Chemoautotrophs exist
in a variety of ecosystems,

especially those where
there is little or no light.
In such ecosystems,
chemoautotrophs are
the principal source of
energy needed to sustain
food webs.

The conversion of energy
into biomass for a given
period is measured

as productivity.
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2.2.22 Photoautotrophs and chemoautotrophs

Plants, algae and some bacteria are producers. Organisms that use sunlight

energy to create their own food are called photoautotrophs. All green plants are
photoautotrophs but not all producers use sunlight to make food. For example, some
bacteria use chemical energy rather than sunlight to make sugars. Chemosynthetic
bacteria are part of the nitrogen cycle (this topic, Sections 2.3.17 to 2.3.21, page 168). Giant
tube worms (Riftia pachyptila) (Figure 2.70) live on or near deep-sea hydrothermal vents
(this topic, Section 2.1.1). They have a symbiotic relationship with chemosynthetic
bacteria using hydrogen sulfide and CO, to produce sugars.

2.2.23, 2.2.24 and 2.2.25 Primary and
secondary productivity

Productivity in ecosystems can be described as production of biomass per unit area
per unit time. Productivity occurs at each level of a food chain and depending on
where productivity occurs, it is referred to as primary productivity or secondary
productivity.

* Primary productivity — the gain by producers (autotrophs) in energy or biomass
per unit area per unit time.

* Secondary productivity — the biomass gained by heterotrophic organisms, through
feeding and absorption, measured in units of mass or energy per unit area per unit time.

Primary productivity

Primary productivity is the rate of production of biomass using an external energy
source and inorganic sources of carbon and other elements. The units usually used
for productivity are kg carbon m= year ! (kilograms of carbon per square metre of
ecosystem per year).

Primary productivity involves the conversion of solar energy into chemical energy
in photosynthesis or the release of energy from oxidation of inorganic molecules in



chemosynthesis to produce glucose. Secondary productivity involves feeding and
absorption. Primary productivity depends on:

 the amount of sunlight
¢ theability of producers to use energy to synthesize organic compounds

o the availability of other factors needed for growth (e.g. minerals and nutrients)
(Figure 2.71).
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Primary production is highest where conditions for growth are optimal, including Figure 2.71 Comparison of

biomes in terms of primary

high levels of insolation, a good supply of water, warm temperatures and high nutrient oroduction / 10° K m2 yr-!

levels. For example, tropical rainforests have high rainfall and are warm throughout
the year, so they have a constant growing season and high productivity. Deserts have
little rain, so plant growth is limited. Estuaries are shallow, receive sediment containing
nutrients from rivers and are light and warm so have high productivity. Deep oceans
are dark below the surface and this limits productivity of plants (nutrients are the
limiting factors at the surface). The productivity in different biomes is examined in
detail later in this topic (this topic, Section 2.4.4). Productivity can further be divided
into gross and net productivity (this topic, Section 2.2.13).

Activity

There are protocols for determining primary productivity in ecosystems. Estimates
can be based on photosynthesizing samples within a lab or in the field measuring
change in biomass of samples (of e.g. grassland) over time.

Methods for determining productivity are outlined later in this section on pages
150-153. Are there other methods you can find to determine primary productivity?

* Net primary productivity (NPP) is the basis for food chains. It is the quantity
of carbon compounds sustainably available to primary consumers. Net primary
production can be thought of as plant growth that is sustainably harvestable by
primary consumers in natural ecosystems or by farmers and foresters in agricultural
and silvicultural (where forests are maintained, harvested and regenerated) systems.

* Gross primary productivity (GPP) is equivalent to the mass of glucose created
by photosynthesis per unit area per unit time in primary producers.
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Figure 2.72 NPP is the rate
at which plants accumulate
new dry mass in an
ecosystem. It is a more useful
value than GPP as it represents
the actual store of energy
contained in potential food
for consumers rather than just
the amount of energy fixed
into sugar initially by the plant
through photosynthesis. The
accumulation of dry mass is
more usually termed biomass
and has a key part in
determining the structure of
an ecosystem.

Gross secondary
productivity (GSP) is the
total energy or biomass
assimilated by consumers
and is calculated by
subtracting the mass of
faecal loss from the mass
of food consumed.

The term assimilation is
sometimes used instead
of secondary productivity.

Make sure you know how
to calculate the values

of both gross primary
productivity (GPP) and
net primary productivity
(NPP) from given data.

Net primary
productivity (NPP) is
calculated by subtracting
respiratory losses (R)
from gross primary
productivity (GPP).
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* NPPis the gain by producers in energy or biomass per unit area per unit time
remaining after allowing for respiratory losses (R). This is potentially available to
consumers in an ecosystem (Figure 2.72).

NPP = GPP-R

photosynthesis produces
glucose (GPP)

/ N\

some glucose used
in respiration (R

remaining glucose used to
build new biomass (NPP)

Experiment to calculate gross primary productivity (GPP) and
net primary productivity (NPP)

Values for GPP and NPP can be obtained from measurements taken during
photosynthesis and cellular respiration in an aquatic plant placed in light and dark
conditions. Photosynthesis produces O, and cellular respiration uses O,. Measuring
the amount of dissolved O, in water around aquatic plants before and after the plant
was put in the light and in the dark will, therefore, give an indirect measurement of the
amounts of photosynthesis and cellular respiration taking place. However, this will not
provide a direct measure of the amount of energy fixed.

In this experiment, GPP and NPP are measured by using changes in dissolved O, in
milligrams of O, per litre per hour.

NPP can be estimated by measuring the increase in dissolved O, when aquatic
plants are put in the light. In the light, photosynthesis occurs at a higher rate, so

the O, production will be greater. The amount of O, produced by the plant during
photosynthesis will be greater than the amount the plant uses in cellular respiration.

NPP can be calculated using the equation:
NPP=GPP—-R
where R represents respiratory loss.

Respiratory loss can be calculated by measuring the decrease in dissolved O, when
aquatic plants are put in the dark. In the dark, only cellular respiration will occur and not
photosynthesis. The equation can be rearranged to calculate GPP:

GPP=NPP + R



Aquatic plant placed in light conditions

Amount of dissolved O, at the start of the experiment = 10 mg of O, per litre
Amount of dissolved O, at the end of the experiment = 12 mg of O, per litre
Increase in dissolved O, = 2 mg of O, per litre

The increase in dissolved O, is a measure of NPP. The experiment lasted one hour
and so the indirect measurement of NPP = 2 mg of O, per litre per hour (this could
be used to estimate the amount of new biomass produced).

Aquatic plant placed in dark conditions

Amount of dissolved O, at the start of the experiment = 10 mg of O, per litre
Amount of dissolved O, at the end of the experiment = 7 mg of O, per litre

Loss of dissolved O, = 3 mg of O, per litre per hour

The loss of dissolved O, is a measure of respiratory loss (R)

NPP = GPP - R, so GPP = NPP + R

Therefore, indirect estimation of GPP = 2+ 3 = 5 mg of O, per litre per hour (this
could be used to estimate the amount of glucose produced).

Use field techniques for measuring primary productivity

Primary productivity can be measured in field experiments. In terrestrial ecosystems, comparison
plots can be set up, one covered in opaque plastic and the other left exposed to sunlight in

the ecosystem being studied. Dry biomass is measured at the start and end of the experiment.
Measurements can be compared from the open (i.e. with light) and covered (without light) plots.
NPP is equivalent to the change in biomass in the open plot, whereas GPP is equivalent to the
change in biomass plus the loss of biomass in the covered plot (due to cellular respiration).
Measurements should be taken over a set period, for example one week.

It is relatively simple to isolate primary producers in an ecosystem sample, although it is difficult
to collect all the biomass, which will affect the accuracy of measurements. Such studies also pose
ethical problems because samples need to be killed to measure dry biomass. Productivity is easier
to measure in simpler systems, for example grassland ecosystems, but is more difficult to measure
where there are larger producers (such as trees and bushes).

Secondary productivity

Secondary productivity is the gain in biomass by consumers, using carbon compounds
that are absorbed and assimilated from ingested food. Secondary productivity is
ingested food minus faecal waste. The units are the same as those used for primary
productivity. Faecal matter is not included as it is material that has remained undigested
and unabsorbed.

Secondary productivity depends on the amount of food present and the efficiency of
consumers in turning this into new biomass.

Secondary productivity can further be divided into gross and net secondary productivity:

Gross secondary productivity (GSP) is the total energy or biomass assimilated by
consumers and is calculated by subtracting the mass of faecal loss from the mass of
food consumed:

GSP = food eaten — faecal loss
GSP is the total energy gained through absorption in consumers (Figure 2.73).

The definitions of

productivity must include
units (i.e. the gain in
biomass per unit area
per unit time).
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Figure 2.73 Animals do not
use all the biomass they
consume. Some of it passes
out in faeces and excretion.
Gross secondary productivity
in animals (GSP) is the
amount of energy or biomass
assimilated minus the energy
or biomass of the faeces (i.e.
the amount of energy
absorbed by the body).

I

Figure 2.74 Some of the P
energy assimilated by animals
is used in cellular respiration,
to support life processes and
the remainder is available to
form new biomass. It is this
new biomass that is then
available to the next

trophic level.

Figure 2.75 Stick insect P
on privet.

Table 2.4 Data collected pp
from an experiment using
stick insects.
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energy
assimilated __

.
energy taken in
(food eaten)

energy in faeces

Net secondary productivity (NSP) is calculated by subtracting respiratory losses (R)
from GSP (Figure 2.74):
NSP =GSP-R.

energy used

for respiration
new

biomass

B
energy taken in
(food eaten)

energy in faeces

Experiment to calculate gross secondary productivity (GSP)
and net secondary productivity (NSP)

You must know how to calculate the values of both GSP and NSP from given data.

A sample including 10 stick insects was fed privet leaves for five days (Figure 2.75). The
mass of the leaves, stick insects and faeces produced were measured at the start and
end of the experiment. The data recorded are shown in Table 2.4.

Start of experiment End of experiment
Mass of leaves [ g 29.2 26.3
Mass of stick insects | g 8.9 9.2
Mass of faeces [ g 0.0 0.5




Calculating NSP

NSP can be calculated by measuring the increase in biomass in stick insects over a
specific amount of time. The increase in the biomass of the 10 stick insects (NSP) is
equal to the mass of food eaten minus biomass lost through cellular respiration and
faeces.

In this experiment, NSP = mass of stick insects at end of experiment — mass of stick
insects at start of experiment.

Over a five-day period: NSP=9.2-89=03g

Therefore, NSP = 0.3/5 = 0.06 g per day.

Calculating GSP

GSP can be calculated using the following equation:
GSP = food eaten — faecal loss

Food eaten = mass of leaves at start of the experiment —mass of leaves at end of the
experiment.

Food eaten =29.2-26.3=29¢

Also, faecal loss = mass of faeces at end of experiment = 0.5 g

Therefore, over a five-day period: GSP=2.9-0.5=2.4¢

Therefore, GSP = 2.4/5 = 0.48 g per day.

GSP represents the amount of food absorbed by the consumer.

Calculating cellular respiration

Respiratory loss (R) (the loss of glucose as cellular respiration breaks it down) can
be calculated by rearranging the equation:

NSP = GSP-R
to:
R = GSP — NSP

Therefore, R = 0.48 —0.06 = 0.42 g per day.

2.2.26 Maximum sustainable yield (MSY)

Sustainable yield (SY) means that a natural resource can be harvested at a rate
equal to or less than its natural productivity, so the natural capital is not diminished.
The annual sustainable yield for a given natural resource such as a crop is the annual
gain in biomass or energy through growth and recruitment. Maximum sustainable
yield (MSY) is the maximum flow of a given resource such that the stock does

not decline over time. That is, the highest rate of harvesting that does not lead to a
reduction in the original natural capital. In Topic 4, we will explore MSY as applied
to fish stocks (Topic 4, Section 4.3.6).

MSYs are equivalent to the NPP or NSP of a system. Net productivity is measured in
the amount of energy stored as new biomass per year. So any removal of biomass at

Sustainable yield is the
rate of increase in natural
capital (i.e. natural income)
that can be exploited
without depleting the
original stock or its potential
for replenishment.

Maximum sustainable
yields (MSYs) are the net
primary or net secondary
productivity of a system.
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Make sure you understand
the link between sustainable
yields and productivity.

1.3 Sustainability

4.3 Aquatic food
production systems

7.1 Natural resources, uses
and management

1.3 Sustainability

4.3 Aquatic food
production systems

5.2 Agriculture and food

¢ Environmental

ethics

Ecological efficiency is
the percentage of energy
received by one trophic
level that is passed on to
the next level.

The ecological efficiency
varies between
ecosystems, trophic
levels and species. The
percentage of energy
transferred from one
trophic level to the next
is very variable and the
value of 10% is neither a
fixed amount nor a

true average.
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a rate greater than this rate means that NPP or NSP cannot replace the biomass that is
extracted. Any harvesting that occurs above these levels is unsustainable and will lead
to a reduction in the natural capital.

MSYs can be estimated for natural ecosystems and agricultural or silvicultural
systems. Silviculture involves the treatment of forests to conserve and improve
their productivity.

2.2.27 Sustainable yields are higher for lower

trophic levels

SY is calculated as the rate of increase in natural capital (i.e. natural income) that can
be exploited without depleting the original stock or its potential for replenishment.
Exploitation must not decrease long-term productivity. So, the annual SY for a given
crop may be estimated as the annual gain in biomass or energy through growth and
recruitment (in-migration of species).

SYs are higher for lower trophic levels. In terrestrial systems, most food is harvested
from relatively low trophic levels (producer and herbivores). Systems that produce crops
(arable) are more energy efficient than those that produce livestock. This is because crops
are producers. They are at the start of the food chain and contain a greater proportion of
the Sun’s energy than subsequent trophic levels such as livestock.

Organisms in lower trophic levels contain a higher percentage of the energy that
entered the food chain via producers (this topic, Section 2.2.8 and 2.2.9, page 133).
This means that a given area of land can support a greater number of organisms if
they consume organisms from lower trophic levels (either the plants themselves or
herbivores that feed on the crops) because less energy has been lost from the food
chain as heat, inedible parts and waste material. Sustainability in food production is
therefore easier to achieve if humans consume organisms from lower trophic levels,
especially plant-based foods.

2.2.28 Ecological efficiency

Once producers have converted energy into a chemical store, energy is available

in a usable form both to the producers and to organisms higher up the food chain.
Efficiencies of energy transfer are low, which results in a loss of chemical energy from
one trophic level to another (Figure 2.76). The percentage of energy transferred from
one trophic level to the next is called the ecological efficiency.

energy used for growth (new biomass)
energy supplied

ecological efficiency = x 100

Consider Figure 2.76. If energy used for new growth is 0.1 ] (converted to new biomass
in the blackbird) and 1.0 of energy is available (the amount of energy consumed by
the blackbird) then the ecological efficiency = (0.1/1.0) x 100 = 10%.

Ecological efficiency varies between 5% and 20% with an average of 10%. This means
that on average, one tenth of the energy available to one trophic level becomes
available to the next.
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Ultimately all energy lost from an ecosystem is in the form of heat, through the
inefficient energy conversions of cellular respiration. This means that, overall, there is
a conversion of light energy to heat energy by an ecosystem. Heat energy is radiated
back into the atmosphere.

Systems diagrams showing energy flow through ecosystems need to show the
progressive loss of energy in both storages and flows. Boxes show storages of energy
and are drawn in proportion to the amount of energy they represent (Figure 2.77).
Storages of energy are measured as the amount of energy or biomass in a specific area.
The flows of energy are shown as arrows. Arrows also represent flows of productivity.
Flows are measured as rates; for example, ] m2 day™".

T heat

top
carnivores

solar
insolation

‘decomposers

]/'heat
2.2.29 Entropy

Energy is needed to create order (e.g. to hold complex molecules together). The
second law of thermodynamics states that the disorder in a system increases over
time. Disorder in a system is called entropy. The second law of thermodynamics
shows how the entropy of a system increases as biomass passes through ecosystems.
An increase in entropy arising from energy transformations reduces the energy

« Figure 2.76 Loss of energy
in food chains.

Make sure you understand
the difference between
storages and flows of
energy. Storages of energy
are shown as boxes that
represent the trophic level.
Storages are measured

as the amount of energy
or biomass per unit

area. Flows of energy or
productivity are given

as rates, for example
Jm=2day.

Some pathways of energy

through an ecosystem:

« conversion of light
energy to chemical
energy

* transfer of chemical
energy from one
trophic level to another
with varying efficiency

« overall conversion of
ultraviolet and visible
light to heat energy by
an ecosystem

* radiation of heat energy
back out into the
atmosphere.

<« Figure 2.77 An energy-flow

diagram showing the flow of
energy through an ecosystem.
Storages (boxes) and flows
(arrows) vary in width and are
proportional to the amount of
energy being transferred.

Entropy is a measure of
the amount of disorder
in a system. An increase
in entropy arising from
energy transformations
reduces the energy
available to do work.
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American scientist
Howard Odum carried out
the first complete analysis
of a natural ecosystem

{a spring-fed stream) at
Silver Spring in Florida
and constructed systems
diagrams from the data
gathered, He mapped

out all the flow routes

to and from the stream

in detail and measured
the energy and organic
matter inputs and outputs,
From these diagrams he
calculated productivity for
each trophic level and the
flows between them. Such
diagrams are useful as
they give an indication of
turnover in ecosystems by
measuring energy

flows per unit time as

well as area.
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available to do work. Therefore, as less energy becomes available, disorder (entropy)
increases. In any isolated system, where there is no new input of energy, entropy
tends to increase spontaneously. The universe can be seen as an isolated system

in which entropy is steadily increasing so eventually, in billions of years’ time, no
available energy will be present.

Living systems can maintain a high degree of organization and low entropy through
the net increase in entropy resulting largely from cellular respiration.

Engagement

 Using primary or secondary data, study the impact of pollution on an ecosystem
and the effect on food chains — for example, the effect of a sewage overflow on
aquatic communities. Health and safety and ethical issues should be considered.
Produce a report of your research, including analysis of data and conclusions.

* Advocate for the planetary health diet in your community based on the second
law of thermodynamics. Why is it better to eat food from shorter food chains?
Produce a poster or blog to explain the issues to others in your community,
using your knowledge of energy loss from food chains.

 Contribute to citizen science programs (Topic 1, Section 1.3.16) about
microplastics. See if a local university is researching the effect of microplastics
on the environment and whether they are asking for air, land or water samples
to be sent to them. For example, the University of the West of England’s (UK)
Homes Under the Microscope project or the University of Portsmouth’s (UK)
Big Microplastic Survey.

Q19. Draw a systems diagram for the process of photosynthesis, showing inputs,
outputs and energy transformations. Now do the same for cellular respiration.

Q20. Explain why not all available light energy is transformed into chemical
energy in biomass and not all the energy in biomass is made available to the
next tropic level.

Q21. Construct an energy-flow diagram illustrating the movement of energy
through ecosystems, including the productivity of the various trophic levels.

Q22. Distinguish between a pyramid of biomass and a pyramid of energy.

Q23. Explain the impact of a persistent/non-biodegradable pollutant on a
named ecosystem.

Q24. Define the terms gross productivity, net productivity, primary productivity and
secondary productivity.

Q25. Explain how NPP is calculated from GPP and which measurement
represents the biomass available to the next trophic level.




Q26. Define the terms gross secondary productivity (GSP) and net secondary
productivity (NSP). State the formula for each.

Q27. NPP, mean biomass and NPP per kg biomass vary in different biomes,
depending on levels of insolation, rainfall and temperature. Mean NPP for
tropical rainforest is greater than it is for tundra because rainforest is hot
and wet, so there is more opportunity to develop large biomass than there
is in tundra. However, NPP per kg biomass is far lower in rainforest than in

tundra because rainforest has a high rate of both photosynthesis and cellular

respiration, so NPP compared to total biomass is low. Tundra are cold and
dry and have low rates of photosynthesis and cellular respiration; plants are
slow growing with a gradual accumulation of biomass but a relatively large
growth in biomass per year.

The table below shows values for these parameters for different biomes.

Mean net primary | Mean | NPP perkg
productivity biomass| | biomass

Biome (NPP) [kgm2yr' | kgm? per year
desert 0.003 0.002
tundra 0.14 0.60 0.233
temperate grassland 0.60 1.60 0.375
savannah (tropical) 0.90 4.00 0.225
grassland
temperate forest 1.20 32.50 0.037
tropical rainforest 2.20 45.00 0.049

(a) Calculate the NPP per kg of biomass per year for the desert biome.
(b) Describe how this value compares to those for other biomes.

Explain the value you have calculated in terms of NPP and NPP per kg
biomass.

(c) Compare and contrast the values for NPP in temperate and tropical
grassland. Explain the difference.

How do human activities affect nutrient cycling, and what impact does this
have on the sustainability of environmental systems?

2.3 Biogeochemical cycles

2.3.1 Biogeochemical cycles ensure chemical elements continue to be available to living organisms.

2.3.2 Biogeochemical cycles have stores, sinks and sources.
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2.3.3 Organisms, crude oil and natural gas contain organic stores of carbon. Inorganic stores
can be found in the atmosphere, soils and oceans.

2.3.4 Carbon flows between stores in ecosystems by photosynthesis, feeding, defecation,
cellular respiration, death and decomposition.

2.3.5 Carbon sequestration is the process of capturing gaseous and atmospheric carbon
dioxide and storing it in a solid or liquid form.

2.3.6 Ecosystems can act as stores, sinks or sources of carbon.

2.3.7 Fossil fuels are stores of carbon with unlimited residence times. They were formed
when ecosystems acted as carbon sinks in past eras and become carbon sources when
burned.

2.3.8 Agricultural systems can act as carbon stores, sources and sinks, depending on the
techniques used.

2.3.9 Carbon dioxide is absorbed into the oceans by dissolving and is released as a gas when it
comes out of a solution.

2.3.10 Increases in concentrations of dissolved carbon dioxide cause ocean acidification,
harming marine animals.

2.3.11 Measures are required to alleviate the effects of human activities on the carbon cycle.

2.3.12 The lithosphere contains carbon stores in fossil fuels and in rocks, such as
limestone, that contain calcium carbonate.

2.3.13 Reef-building corals and molluscs have hard parts that contain calcium
carbonate that can become fossilized in limestone.

2.3.14 In past geological eras, organic matter from partially decomposed plants
became fossilized in coal, and partially decomposed marine organisms became fossilized in
oil and natural gas held in porous rocks.

2.3.15 Methane is produced from dead organic matter in anaerobic conditions by
methanogenic bacteria.

2.3.16 Methane has a residence time of about 10 years in the atmosphere and is
eventually oxidized to carbon dioxide.

2.3.17 The nitrogen cycle contains organic and inorganic stores.

2.3.18 Bacteria have essential roles in the nitrogen cycle.

2.3.19 Denitrification only happens in anaerobic conditions, such as soils that are
waterlogged.

2.3.20 Plants cannot fix nitrogen so atmospheric dinitrogen is unavailable to them
unless they form mutualistic associations with nitrogen-fixing bacteria.

2.3.21 Flows in the nitrogen cycle include mineral uptake by producers,
photosynthesis, consumption, excretion, death, decomposition and ammonification.
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2.3.22 Human activities such as deforestation, agriculture, aquaculture and
urbanization change the nitrogen cycle.

2.3.23 The Haber process is an industrial process that produces ammonia from
nitrogen and hydrogen for use as fertilizer.

2.3.24 Increases in nitrates in the biosphere from human activities have led to the
planetary boundary for the nitrogen cycle being crossed, making irreversible changes to
Earth systems likely.

2.3.25 Global collaboration is needed to address the uncontrolled use of nitrogen in
industrial and agricultural processes and bring the nitrogen cycle back within planetary

boundaries.

2.3.1 and 2.3.2 Biogeochemical cycles

Cycles of nutrients in ecosystems are called biogeochemical cycles. They include
the carbon cycle (both SL and HL) and the nitrogen cycle (HL only). The cycling of
nutrients is essential in the maintenance of ecosystems because nutrients provide
the chemical elements needed for biological molecules. (Carbon is needed for
carbohydrates, fats and proteins. Nitrogen is needed for proteins.)

Human impacts on these cycles can affect the sustainability of ecosystems
(this topic, Section 2.3.9 and 2.3.10, and HL only Section 2.3.22-2.3.24).

Biogeochemical cycles have stores, sinks and sources

Whereas energy flows through ecosystems (it may enter as sunlight energy and leave
as heat energy), matter cycles between the biotic and abiotic environments. Stores
(storages) in biogeochemical cycles remain in equilibrium with the environment.
Sinks indicate net accumulation of the element, whereas sources indicate net release
of the element.

Nutrient cycles can be shown in systems diagrams that show stores and transfers of
nutrients (Figure 2.78).

The factors that affect the store of nutrients and their transfer include:

 the amount and type of weathering

e overland run-off and soil erosion

* the amount of rainfall

e rates of decomposition

¢ the type of vegetation (woody perennial species hold onto nutrients for much
longer than annuals)

* the age and health of plants

e plant density

o fire.
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Figure 2.78 Systems P
diagram (developed by
Gersmehl) showing
nutrient cycles.

1.2 Systems

Ecology

input dissolved
in rainfall

uptake by plants

degradation and
loss in mineralization
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Explaining the differences between nutrient cycles in different ecosystems involves
consideration of many processes.

Nutrients are circulated and re-used frequently. Natural elements are capable of being
absorbed by plants, either as gases or as soluble salts. Only oxygen, carbon, hydrogen
and nitrogen are needed in large quantities. These are known as macronutrients. The
rest are trace elements or micronutrients and are needed only in small quantities (e.g.
magnesium, sulfur and phosphorus). Nutrients are taken in by plants and are broken
down and built up into new organic matter. When animals eat the plants, they absorb
the nutrients. The nutrients eventually return to the soil when the plants and animals
die and are broken down by the decomposers when animals defecate and excrete
waste.

All nutrient cycles involve interaction between the soil and the atmosphere and many
food chains. Nevertheless, there is great variety between the cycles. Some nutrient
cycles are sedimentary-based, where the source of the nutrient is rocks (e.g. the
phosphorus cycle). Others are atmosphere-based (e.g. the nitrogen cycle).

Matter flows through and between ecosystems, linking them together. This flow of
matter involves transfers and transformations.

2.3.3 and 2.3.4 The carbon cycle

Organic and inorganic stores of carbon

Unlike energy, nutrients are recycled and reused in ecosystems. Without this recycling,
the Earth would be covered with detritus and the availability of nutrients would
decline. Although decomposition is at the centre of these nutrient cycles, other
processes play their part as well.

Carbon is an essential element in ecosystems because it forms the key component

of biological molecules such as carbohydrates, fats and protein. Ecosystems form an
important store of carbon (especially trees), but carbon is also stored in limestone and
in fossil fuels such as coal, gas, peat and oil. Carbon can remain in these latter forms for
very long periods of time.



Stores in the carbon cycle include organic stores such as living organisms (including

Organic means made

trees) and inorganic stores such as the atmosphere, soil, oceans and fossil fuels. from living matter (e.g.
plants and animals).

A store is in a state of equilibrium when the amount of carbon absorbed is balanced Inorganic means made

by the amount of carbon released. Historically, the carbon produced by the processes from non-living matter

of cellular respiration and photosynthesis has been in balance. CO, is absorbed by (8 roc)

plants during the process of photosynthesis (making glucose from sunlight energy).
CO, is released during the process of cellular respiration, which provides energy for
organisms. Residence time is the average period that a carbon atom remains in a
store. Without human interference (i.e. mining) the residence time of carbon in fossil
tuels, such as coal, could be measured in hundreds of millions of years.

6.2 Climate change -
causes and impacts

Carbon flows between stores in ecosystems |
Flows in the carbon cycle can be classed as transfers and transformations. Transfers and natural gas contain
involve a change in location of energy or matter, whereas transformations involve a organic stores of carbon.
) . ) ) Inorganic stores include
change in the chemical nature, a change in state or a change in energy. the atmosphere and

oceans.
Transfers in the carbon cycle include:

* herbivores feeding on producers
* carnivores feeding on herbivores

* decomposers feeding on dead organic matter.
Transformations in the carbon cycle include:

* photosynthesis, involving the conversion of inorganic CO, and water into organic
glucose using sunlight energy trapped by chlorophyll

* cellular respiration, involving the conversion of organic glucose into inorganic CO,
and water

+ dissolution of CO, from the atmosphere into the oceans

* conversion of organic biomass into CO, and water during combustion

* fossilization of organic matter in dead organisms into fossil fuels through
incomplete decay and pressure.

CO, is fixed (i.e. converted from a simple inorganic molecule into a complex organic
molecule — glucose) by autotrophs in either aquatic or terrestrial systems. These
organisms respire and return some carbon to the atmosphere in the form of CO,. They
also assimilate the carbon into their bodies as biomass. When the organisms die, they are
consumed by decomposers that use the dead tissue as a source of food. The decomposers
return the carbon to the atmosphere in the form of CO, when they respire.

Oil and gas were formed millions of years ago when marine organisms died and fell

to the bottom of the ocean, where anaerobic conditions slowed the decay process.

The burial of these organisms, followed by pressure and heat over long periods of -

time, created these fuels. Coal was formed largely by similar processes acting on _

. . . stores in ecosystems by
land vegetation. Limestone (calcium carbonate, CaCO,) was formed by the shells of photosynthesis, feeding,
ancient organisms and corals being crushed and compressed into sedimentary rock. defecation, cellular
Weathering of limestone, acid rain and the burning of fossil fuels, returns carbon to respiration, death and

decomposition.
the atmosphere. L

Carbon flows between
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Figure 2.79 The P
carbon cycle.

6.2 Climate change -
causes and impacts

Carbon sequestration
is the process of capturing
gaseous and atmospheric

CO, and storing itin a
solid or liquid form.

A carbon source releases
more carbon than it
absorbs. A carbon sink
absorbs more carbon
than it releases. A carbon
store maintains a constant
amount of carbon.
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Create a systems diagram of the carbon cycle

System diagrams can be made of the carbon cycle (Figure 2.79).
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2.3.5 Carbon sequestration

Carbon sequestration is the natural capture and storage of CO, from the atmosphere
by physical or biological processes such as photosynthesis.

Trees sequester carbon naturally by absorbing CO, and converting it into biomass.
Organic matter is fossilized into coal, oil and natural gas.

2.3.6, 2.3.7 and 2.3.8 Ecosystems as stores,

sinks or sources of carbon

In ecosystems, carbon can accumulate in sinks or be released by sources. The
difference between total inputs and outputs is the net accumulation or release of
carbon. A carbon store maintains a constant amount of carbon.

If photosynthesis exceeds cellular respiration in an ecosystem there is a net uptake of CO.,
If cellular respiration exceeds photosynthesis there is a net release of CO,. For example, a
young forest will be accumulating biomass through the process of photosynthesis to grow
and so will be a sink for carbon. In contrast, a forest that has been destroyed by fire will

be a source of carbon, with CO, released from biomass in the process of combustion
(Figure 2.80). A mature forest acts as a store, because overall there is no net uptake or
release of carbon (photosynthesis and cellular respiration are in balance).
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Figure 2.81 Storage of

carbon in ecosystems.

Carbon is stored in the soil of an ecosystem, in the biomass (e.g. trunk, leaves and
Numbers are average stored

roots) and in dead biomass (e.g. woody debris and leaf litter). The largest storage of carbon in tonnes per hectare,
carbon is in the soil (Figure 2.81). v
Carbon storage The world's forests absorb around 15.6 gigatonnes However, around 8.1 gigatonnes of CO,
tonnes of carbon of CO, each year. That's around 3x the annual CO, leaks back into the atmosphere due to
emissions of the United States. deforestation, fires and other disturbances.
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Fossil fuels as stores of carbon

Fossil fuels are non-renewable carbon resources and examples include oil, coal, natural
gas, shale gas and tar sands (Topic 7, Sections 7.2.1 and 7.2.3). They were formed over
geological time, millions of years ago (see Figure 2.82) and are known as fossil fuels
because they are formed from the dead remains of ancient organisms. Fossil fuels
contain carbon because the organisms they were formed from contained carbon in
their biological molecules (carbohydrates, fat and proteins).

6.2 Climate change -
causes and impacts
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Fossil fuels are stores of carbon with unlimited residence times that were formed when
ecosystems acted as carbon sinks in past eras. The occurrence of industrial revolutions

Figure 2.82 Fossil fuels in around the globe resulted in coal being mined as a source of energy to power engines
geological history and in and machines, and more recently oil and gas reserves also being accessed as a source of

modern times, moving from . K
Stores 1o SOUrces of carbon. energy. These fossil fuels, when burned to provide energy, became carbon sources.

v

Dead plants and animals fall to Mud builds up and presses down.
the bottom of the sea. High pressure and heat turn the mud into rock. The remains become oil and gas.

. plankton

mud builds up in layers and presses down.

>

300 to 400 million years ago 50 to 100 million years ago present time

Agricultural systems

Agricultural systems can act as carbon stores, sources and sinks, depending on the
techniques used:

* Regenerative agricultural methods such as crop rotation, cover crops and no till,
preserve soil structure and maintain carbon in soil, promoting the role of soil as a

5.2 Agriculture and food carbon sink (Topic 5, Section 5.2.9).

* Drainage of wetland (Topic 5, Section 5.1.21), monoculture and heavy tillage

will result in the agricultural system becoming a carbon source.

b Environmental Cropping over a longer timescale (e.g. timber production) and the subsequent use of
€conomics harvested products will also affect these roles.

Oceans as a carbon sink

The oceans of the world act as a carbon sink. CO, moves from the atmosphere to
the ocean by a process called diffusion. CO, dissolved in the surface of the ocean can
be transferred to the deep ocean in areas where cold dense surface waters sink. This
process carries CO, molecules to great depths in the ocean where they may remain
for centuries. The level of CO, diffusion also determines the acidity of the oceans
(Section 2.3.9 and 2.3.10).

CQ, is absorbed into the
oceans by dissolution and
it is released as a gas when

it comes out of solution.

6.2 Climate change -
causes and impacts

Although oceans act as a carbon sink, the human use of fossil fuels releases inorganic
carbon at a faster rate than oceans can absorb it.

2.3.9 and 2.3.10 Ocean acidification

CO, dissolves in water to form hydrogencarbonate ions and hydrogen ions, which make
the water more acidic. Increases in the concentration of dissolved CO,, therefore, cause
ocean acidification, which in turn harms marine animals.
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Coral reefs are made of calcium carbonate (CaCO,). A decrease in pH, meaning an
increase in acidity, can lead to reduced calcification rates and destruction of coral reefs
as the acid reacts with the alkali coral skeleton. Small decreases in pH can also interfere
with calcium carbonate deposition in aquatic mollusc shells, which are also made from
calcium carbonate.

2.3.11 Alleviating the effects of human activities

on the carbon cycle

Measures that are required to alleviate the effects of human activities on the carbon
cycle include:

* Low carbon technologies. These are renewable energy resources (Topic 7, Section 7.2.1)
such as solar heating, air-source heat pumps, ground-source heat pumps, biomass
heating, solar panels, photovoltaics (PV), and wind turbines.

* Reduction in the use of fossil fuels. A reduced combustion of fossil fuels will reduce
CO, emissions.

* Reduction in soil disruption. The majority of carbon in ecosystems is stored in
soil (this topic, Section 2.3.6), so conserving soils is an important way of reducing
carbon emissions.

* Reduction in deforestation. Trees are an important store and sink of carbon, so
maintaining forest ecosystems maintains the equilibrium of the carbon cycle.

* Carbon capture through reforestation and artificial sequestration. Carbon
capture is the process of capturing CO, and depositing it where it will not enter the
atmosphere (see Topic 1, Section 1.1.8, page 13).

When fossil fuels are burned, CO, enters the atmosphere, where it may reside
for decades or even centuries. A potential solution is to capture the CO, instead
of allowing it to accumulate in the atmosphere. Two main ways to do this have
been proposed. The first is to capture the gas at the site where it is produced (e.g.
the power plant) and then to store it underground in a geologic deposit (e.g. an
abandoned oil reservoir — Figure 2.83). The second is to allow the gas to enter

the distance between the power station

and the CCS storage facility can extend

to distances of over 500 kilometres (0, is injected and
stored underground

impermeable
covering of rock
(cap rock) keeps
CO, underground

the CO, is pumped
to a depth of about
1.5 km or more

depleted oil or
gas reservoir

natural saline aquifer

inset right:

CO, becomes stabilised within the porous
rock as it forms natural compounds with
the surrounding water saturated with
common salt (brine) and minerals

2.1 Individuals and
populations, communities
and ecosystems

<« Figure 2.83 Carbon capture
and storage.
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Figure 2.84 Reforestation
project.

Reforestation is the
restoration of forests
to lands where they
once existed whereas
afforestation is the

addition of forests to land

that did not originally
have them,

mitigation and adaptation

6.3 Climate change - @

a Environmental

law
b Environmental

economics
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the atmosphere but then to remove it directly from the atmosphere using specially
designed removal processes (e.g. collecting the CO, with special chemical sorbents
that attract it). This latter approach is called direct air capture of CO,. Both
techniques are examples of artificial sequestration.

There are many technical and policy issues about the feasibility and cost-
effectiveness of large-scale carbon capture and storage (CCS) technologies. First, how
costly will it be to capture CO, on a large scale? How costly will it be to ship the CO,
by a pipeline network and then store it in some safe, underground geologic deposit?
How certain are we that the CO, will stay underground, rather than returning to

the surface and then into the atmosphere? Tens of billions of tonnes of CO, would
have to be captured and stored each year for CCS technologies to play the leading
role in addressing CO, emissions. Is there enough room for all this carbon? There

is relatively little research and development underway to test the economic and
geologic potential for large-scale CCS technologies.

Reforestation involves planting trees in deforested areas (Figure 2.84). New trees act
as carbon sinks and can therefore help with climate change mitigation.

Emissions from Deforestation and Forest Degradation (REDD) in low-income countries (LICs).
REDD provides incentives for developing countries to conserve their rainforests by placing

a monetary value on forest conservation. This is an important example of successful global
governance. REDD stresses the role of conservation, the sustainable management of forests
and the increase of forest carbon stocks. By June 2014, total funding had reached almost

USS 200 million. Norway is the leading donor country.

@ * The UN-REDD Programme, launched in 2008, is the United Nations Initiative on Reducing

* The UK Forestry Commission was established in 1919, following the end of the First World War,
to increase timber supplies through a policy of land use changes, a rare early example of human
action bringing a positive change in carbon storage. Marginal areas of grassland, heather and
moorland were used to grow coniferous forest, for example in Bannau Brycheiniog (the Brecon
Beacons, Wales) and the Isle of Arran (Scotland).

» New monoculture of commercial trees, such as coniferous plantations in the UK, can increase
carbon storage if it replaces grassland. However, it may store less carbon than natural forest
biome communities do. In addition, monoculture forest lacks biodiversity and provides few
habitats for other plant and animal species to occupy.

* Individual citizens can play an active role in afforestation through the practice of carbon
offsetting. This is a widely used mitigation strategy that aims to marry business principles
with environmental goals. Our everyday actions such as driving, flying and heating buildings,
consume energy and produce carbon emissions. Carbon offsetting is a way of compensating for
your emissions, although the amount of carbon removed from the atmosphere is tiny compared
to the emissions produced. For example, offsetting the UK's annual greenhouse gas emissions
would require yearly planting of an area of forest the size of Devon and Cornwall combined
and maintaining these forests forever. In addition, many argue that carbon stored in trees or
biological carbon is not equivalent to fossil carbon because it will be released back into the
atmosphere through fire, natural decay or harvesting.

2.3.12 The lithosphere

The lithosphere is the solid, rocky outer layer of the Earth, consisting of the crust, the
outermost layer of the mantle and soil. The lithosphere contains carbon stores in fossil
fuels and in rocks such as limestone that contain calcium carbonate. Fossil fuels are




formed by the decomposition and decay of dead organisms over millions of years (this
topic, Section 2.3.7, page 163). Limestone is produced from shells and reef-building
coral, which contain calcium carbonate (this topic, Section 2.3.3 and 2.3.4, page 160).

The residence time of carbon is the average length of time it remains in any carbon
store. This ranges from long-term (millions/thousands of years) to short-term (tens/
hundreds of years). For example, the residence time for carbon in the atmosphere and Q

6.2 Climate change -
causes and impacts

terrestrial biomass is short term. The residence time for carbon in limestone and fossil
fuel stores is long term and can be hundreds of millions of years.

2.3.13 Reef-building corals and molluscs can

become fossilized in limestone

Corals are colonies of small animals (polyps) embedded in a skeleton that they secrete
(this topic, Section 2.1.9, page 96). They form underwater structures, known as coral
reefs, in warm, shallow water where sunlight penetrates.

The hard parts of reef-building corals (the coral skeleton) and molluscs contain
calcium carbonate that can become fossilized in limestone. Limestone is

the largest store of carbon in Earth systems. Not all limestone is formed by a

6.2 Climate change -

fossilization of animal remains. It can also be formed by both biological and non-
causes and impacts

biological processes.

2.3.14 Formation of coal, oil and gas

In past geological eras, organic matter from partially decomposed plants became
fossilized in coal. Organic matter from partially decomposed marine organisms
became fossilized in oil and natural gas held in porous rocks (Figure 2.82, this topic,
Section 2.3.7, page 164).

6.2 Climate change -

when conditions were most suitable for the preservation of organic matter. The ;
causes and impacts

accumulation of significant stores took tens of millions of years.

2.3.15 and 2.3.16 Methane

Methane (CH,) is a colourless gas produced from dead organic matter in anaerobic |
conditions by methanogenic bacteria (i.e. bacteria which release CH, as a waste Many coal sealieaa
4 contain natural gas. What

Formation of fossil fuels — coal, oil and gas — was greatest in specific geological eras a

product). The production of CH, is known as methanogenesis. was once a byproduct
of the coal industry, is

CH, accumulates in the ground in porous rocks, under permafrost in decomposing plant

material or underwater, but may diffuse into the atmosphere. In air and light, CH, is

becoming an increasingly
important source of
oxidized to CO, and water.

natural gas.

Anaerobic conditions suitable for methanogenesis occur in swamps, rice paddies
and the stomachs of cattle and other ruminants. Cattle alone emit between 65 and
85 million tonnes of CH, per year, produced by methanogenic bacteria in their
stomachs. Natural wetlands and paddy fields are another important source — paddy

5.2 Agriculture and food

6.2 Climate change -
causes and impacts
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6.1 Introduction to the
atmosphere

6.2 Climate change -
causes and impacts

The nitrogen cycle
contains organic and
norganic stores.

1.2 Systems
5.2 Agriculture and food

Nitrogen-fixing
bacteria are found either
free-living in the soil (e.g.
Azotobacter) or living
within the root nodules
of leguminous plants
(Rhizobium).

Nitrogen fixation is the
conversion of N, from the
atmosphere into NH..

Figure 2.85 Mycorrhizae P
attached to plant roots form a
thread-like network, extending
beyond the roots. This extra
network takes up additional
water and nutrients and
supplies them to the plant.
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fields emit up to 150 million tonnes of CH, annually. As global warming increases,
bogs trapped in permafrost will thaw and could emit vast quantities of CH,.

Residence time of methane

Residence time is the average time it takes for a molecule to be removed from the atmosphere.
CH, has a residence time of about ten years and is eventually oxidized to CO,. CH, is a
potent greenhouse gas and is the second largest contributor to global warming (Topic 6,
Section 6.2.4).

2.3.17-2.3.21 The nitrogen cycle

Nitrogen is an essential building block of amino acids (which link together to make
proteins) and DNA. It is a vital element for all organisms.

Organic stores in the nitrogen cycle include proteins and other nitrogenous carbon
compounds in living organisms and dead organic matter.

Inorganic stores in the nitrogen cycle include atmospheric nitrogen gas (N,) and
ammonia (NH,) and other nitrogen compounds (nitrites and nitrates) in soil and water.

Bacteria have essential roles in the nitrogen cycle

The cycling of nitrogen is controlled by several different types of bacteria.

Nitrogen-fixing bacteria

Nitrogen (N,) is the most abundant gas in the atmosphere (80%) but because it is very
stable it is not directly accessible to animals or plants. Plants cannot fix nitrogen so
atmospheric N, is unavailable to them unless they form mutualistic associations with
specific bacteria. Only certain species of bacteria (nitrogen-fixing bacteria) can
generate the energy needed to convert N, gas into ammonium ions (NH}).

Species of nitrogen-fixing bacteria found in root nodules have a symbiotic relationship
with the plant — they derive the sugars they need for cellular respiration from the plant
(alot of energy is needed to split the N, molecule) and the plants gain a usable form of
nitrogen. These bacteria fix atmospheric N, into NH; ions, which are then not only
available to the plant that contains the nitrogen-fixing bacteria, but also benefit other
plants when they enter the soil.

Nitrogen from the breakdown of amino acids and proteins
in plant structures causes the build-up of nitrogen in

the soil. The breakdown of organic matter is faster in
tropical forest than in temperate woodland because

high temperatures and year-round availability of water

in tropical forests allow for continuous breakdown of
nitrogen-containing compounds. This results in very rapid
cycling and reabsorption. In temperate woodland, the
breakdown of organic matter slows down significantly
during winter months, causing slower cycling of nitrogen.

Some tropical forest trees have specific species of
mycorrhizal fungi (Figure 2.85) associated with their roots
that increase the rate of organic matter breakdown, leading
to rapid reabsorption of nitrogen. This rapid recycling of
nitrogen allows for rapid growth to occur in the nutrient-
poor soils of tropical forests.



Example - Plants which form mutualistic associations with

nitrogen-fixing bacteria

Many different species of plant form mutualistic associations with nitrogen-fixing
bacteria.

Soybeans have the nitrogen-fixing bacteria Sinorhizobium fredii in their root nodules
(Figure 2.86).

Clover (Figure 2.87) is another legume plant that has a mutualistic relationship
with nitrogen-fixing bacteria. Farmers grow clover to provide a natural source of
nitrogen for crops.

Birds-foot trefoil (Figure 2.88) is a member of the pea family. It is a small plant that
is native to grasslands in North Africa and temperate Eurasia, but is also an invasive
species (Topic 3, Section 3.2.3, page 275) found across many parts of North America
and Australia.

Figure 2.86 Root nodules of
soybean.

Figure 2.87 Flowering red clover. Figure 2.88 Birds-foot trefoil.

2.1 Individuals and

In ecosystems where nitrogen is a limiting factor on plant growth, plants that have a
mutualistic relationship with nitrogen-fixing bacteria have a competitive advantage populations, communities
over other plant species. This is why birds-foot trefoil, for example, became an St
invasive species. The plant could survive in areas that were low in nitrogen and once
established it out-competed other native species.

2.5 Zonation, success and
change in ecosystems

Decomposers Decomposition involves
! the conversion of amino

. o 4 .
Decomposers produce ammonia gas (NH,) and ammonium ions (NH;) from amino R AR S

acids. NH, is also present in the excretory products of consumers.

Nitrifying bacteria Nitrification is the
Nitrifying bacteria found in the soil oxidize NH ions first into nitrite ions (NO;) [CO':\I”;'S’O” of NH, gas
o NO; ions.

and then into nitrate ions (NO;). This process is known as nitrification. These
chemosynthetic organisms (this topic, Section 2.2.22) convert inorganic materials into
organic matter. The bacteria gain energy from this reaction to form food (glucose).
NH, and NO; ions are toxic to plants, but the NO; ions are taken up with water into
plant roots and used to create amino acids and other organic chemicals.
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Nitrification is a two-
stage process, carried
out by different species
of bacteria. The first
stage, carried out by
Nitrosomonas bacteria,
is the oxidation of NH,
into nitrite ions (NO;).
The second stage, carried
out by Nitrobacter, adds
an additional oxygen,
oxidizing nitrite ions to
nitrate ions (NO3).

You do not need to know
the chemical details of
the reactions in which the
conversion of NH} ions
and NO7 ions to NOj
ions take place,

1.2 Systems

Denitrification is the
conversion of NO; ions to
N, gas.

In waterlogged, anaerobic
soils, plant growth is
reduced or stopped, and
NO; ions are washed
away by denitrification
and leaching.

Flows in the nitrogen cycle
include mineral uptake by
producers, photosynthesis,
consumption, excretion,
death, decomposition

and ammonification.
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Denitrifying bacteria

N, is returned to the atmosphere by denitrifying bacteria, which remove O, from
NO; ions for use in cellular respiration. This process is known as denitrification.
Denitrifying bacteria live in oxygen-poor soils where free O, is not readily
available. Denitrification only happens in anaerobic conditions — for example, in
soils that are waterlogged. N, gas is released as a by-product. Waterlogged soils

are not good for farmers because denitrifying bacteria thrive in these conditions
and dramatically reduce the quantity of NO; ions available for crop growth. In
waterlogged soils, plant growth and crop yield are reduced due to lack of

available nitrogen.

In soils which lack NO; ions, insectivorous plants can capture and digest insects and
use them as a nitrogen source, e.g. pitcher plants and sundews.

Flows in the nitrogen cycle

Flows in the nitrogen cycle can be divided into transfers and transformations
(Topic 1, Section 1.2.4).

Transfers in the nitrogen cycle include:

* herbivores feeding on producers

 carnivores feeding on herbivores

» decomposers feeding on dead organic matter

* producers absorbing minerals (NO; ions) through their roots

 removal of metabolic waste products from an organism (excretion).
Transformations in the nitrogen cycle include:

* nitrogen fixation —lightning transforming atmospheric N, into nitrate ions (NO;)

* ammonification — nitrogen-fixing bacteria transforming N, gas in the soil into
NH; ions

* plants providing sugars from photosynthesis that are utilized by the nitrogen-fixing
bacteria for the energy they require for nitrogen fixation

* nitrifying bacteria transforming NH; ions into NO; ions and then into
NO; ions

* denitrifying bacteria transforming NO; ions into N,

* decomposers breaking down organic nitrogen (protein) into NH,; the breakdown of
organic nitrogen into NH, is called deamination

* assimilation — nitrogen from NO; ions being used by plants to make amino acids
and proteins.



Create a systems diagram of the nitrogen cycle
System diagrams can be made of the nitrogen cycle (Figure 2.89).

symbiotic nitrogen-fixing
bacteria (Rhizobium

atmospheric
N,

free-living nitrogen-fixing
bacteria (e.g. Azotobacter)

denitrifying bacteria

absorbed by
plant roots ﬁ:arcr:; :if;tli i
protein protein

nitrifying bacteria

death and
defecation

nitrifying bacteria

NH;, ammonium

compounds decay by saprotrophic

bacteria and fungi

2.3.22 Human activities change the nitrogen cycle

« Figure2.89 The
nitrogen cycle.

Human activities such as agriculture, aquaculture, deforestation and urbanization all
affect the nitrogen cycle.

Agriculture

Nitrogen fixation via industrial techniques, such as the Haber process (this topic,
Section 2.3.23), has significantly increased the amount of global nitrogen fixation,
leading to increased amounts of usable nitrogen in the form of fertilizers. Application
of nitrate fertilizer increases the amount of biologically available nitrogen in an
ecosystem. Nitrate fertilizer, used to increase crop yield, runs off or leaches into
bodies of waters, such as rivers and lakes, causing eutrophication and disruption to
ecosystems (Topic 4, Section 4.4.6). Eutrophication leads to low O, levels in aquatic
ecosystems, changing food-web structure and resulting in habitat degradation. The
addition of nitrogen can lead to changes in biodiversity and species composition that
may lead to changes in overall ecosystem function.

Nitrogen in the biomass of crops is transferred from fields in one area to markets in
other areas. These processes remove nitrogen from the cycle in one location and add
it to another cycle at a different location. This alters the nitrogen cycle and can cause
disruption to ecosystems.

Waterlogged soils on agricultural land leads to an increase in denitrifying bacteria,
increasing the rate at which N, gas is returned to the atmosphere.

171



Ecology

Aquaculture

In aquaculture, fish release NH, as an excretory product. If nitrifying bacteria are
present, the NH, can be converted into NO; ions and then NO; ions, which can be
taken up by aquatic plants and algae. Insufficient quantities of nitrifying bacteria or
excess fish in aquaculture can lead to the build-up of ammonia in the water. This can
affect the health of fish and other aquatic animals, leading to increased susceptibility to
bacterial infection and decreased resistance to disease.

Deforestation

Forest trees store nitrogen in the form of amino acids and protein. When trees are
removed, this storage is lost. Logging also increases the amount of atmospheric N,
and decreases land-based storages.

Urbanization

Traffic in cities has historically used petrol derived from fossil fuels. Fossil fuels
contain nitrogen, so when they are burned, nitrogen oxides are released into the
atmosphere. This contributes to the formation of smog (Topic 8, HL Section 8.3.8) and
acid rain (Topic 8, Section 8.3.5). Burning fossil fuels releases nitrogen from storage in
5.2 Agriculture and food @ geological deposits and increases storages in the atmosphere, land and sea.

\' Increases in the human population have led to increased food needs and production. To
@ support the increase in food needed, fertilizers (many of which contain nitrogen in the form

1M b Environmental

_ of NO; ions) are used to increase crop yield (this topic, Section 2.3.21). Increased sewage
economics

output leads to increased quantities of NH; and NO; ions in rivers, lakes and the sea.

2.3.23 The Haber process

The Haber process is an industrial process that produces NH, from N, gas and
hydrogen gas (H,) for use as fertilizer. The process takes place under high temperatures
Figure 2.90 The Haber and pressures and the reaction between N, and H, is made possible by using an iron

Process; catalyst (Figure 2.90). The process was developed by
irculati Fritz Haber in 1909 and was later developed further
compressor circulating
-~ =X purnp by Carl Bosch for industrial use.
N, from air S &/ )
2 = The benefit of the Haber process is that it provides
N, and NH, for fertilizers. Nitrogen-based fertilizers
H H, recycled . . .
2 reactor ‘W s0 they are provide nitrogen, which plants need for growth.
high pressure vess8 o not wasted Using nitrogenous fertilizers can lead to increased
temperature 450 °C (catalyst) crop yields. This has enabled sufficient food
to be produced for the growing global human
I gas s I ) population. The NH, produced can also be used in
.

»>  other processes (Figure 2.91).

| cooled | liquid NH,

continuously removed  There are disadvantages of the Haber process.

Soil fertilizers are easily soluble in water and are
therefore easily transported from soil to bodies of water by land run-off and soil leaching.
This leads to increased nitrogen in lakes, rivers and other water resources, which can
lead to eutrophication (Topic 4, Section 4.4.5). Eutrophication leads to the reduction of
biodiversity in aquatic systems. The Haber process also requires high levels of energy,
derived from fossil fuels, which results in high greenhouse gas emissions (e.g. CO,).
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Chemical synthesis
For example, HNO; (used to
make TNT) and nitroglycerin
(a medication)

Pharmaceuticals

Used in drugs such as folic
acid (important for brain
function) and nicotinamide
(a soluble form of
vitamin B3)

Consumer goods

Used in fabrics
such as nylon

Uses of
NH; from
the Haber
process

Fertilizer
Dissolves in soil and
contributes to plant growth
and the nitrogen cycle

Manufacturing

Used in the extraction
of nickel and zinc

Industry

Used for refrigeration,
cooling buildings, or as
a cleaning agent

2.3.24 Evidence that the boundary for the

nitrogen cycle has been crossed

Research has proposed a planetary boundary of 62 Tg N year™ for the eutrophication
of aquatic ecosystems originating from industrial and intentional biological nitrogen-
fixation. Research indicates that this planetary boundary for the biogeochemical cycle
of nitrogen has been crossed (Topic 1, Section 1.3.19). The global dependence on
inorganic fertilizers for crop production is the major cause of this. Figure 2.92 shows
global environmental nitrogen levels. A few agricultural regions greatly exceed the safe
regional limits for nitrogen.

l [ [ ]
20 40 60 >80
regional nitrogen surpluses and losses compared with regional limits

<« Figure 2.91 Uses of
ammonia, produced by the
Haber process.

6.2 Climate change -
causes and impacts

I b Environmental
economics

Increases in nitrates in the
biosphere from human
activities have led to

the planetary boundary
for the nitrogen cycle
being crossed, making
irreversible changes to
Earth systems likely.

One Tg (teragram) is
equivalent to 10° kg.

< Figure 2.92 Global nitrogen
levels. Colours indicate
comparisons with safe
regional limits for nitrogen.
Values are in kg N -ha™ yr".
Grey areas indicate where
N-fertilizers are not applied.
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Activity

What is the evidence that the boundary for the biogeochemical cycle of nitrogen
has been crossed?

The planetary boundary for nitrogen has been taken from the analysis of de Vries
etal. (2013):

de Vries, W., Kros, J., Kroeze, C. and Seitzinger, S.P. (2013) Assessing planetary and
regional nitrogen boundaries related to food security and adverse environmental
impacts. Current Opinion in Environmental Sustainability 5, 392-402.

Access the full paper via your school or college library.
Also read the section of the following paper relating to the biogeochemical cycles:

Steffen, W., et al. (2015) Planetary boundaries: Guiding human development on a
changing planet. Science, Vol 347, Issue 6223

Are there other sources you can find that provide data to support the assertion
that the planetary boundary for nitrogen has been crossed? Evaluate the sources of
information you find.

1.3 Sustainability

6.2 Climate change -
causes and impacts

2.3.25 Global collaboration is needed to bring the
nitrogen cycle back within planetary boundaries

Global collaboration is needed to address the uncontrolled use of nitrogen in industrial and
agricultural processes and bring the nitrogen cycle back within planetary boundaries.

Nitrogen in agriculture must be used more efficiently if the world is to provide enough
food without exceeding regional and planetary nitrogen thresholds. Emissions from
non-agricultural nitrogen sources such as sewage or industry must also be reduced.

Studies have indicated that, rather than every country of the globe being responsible,
transgression of the boundary is due to a few main contributors. This suggests that

a redistribution of nitrogen globally could increase global crop production while
reducing the transgression at the regional level.

I a Environmental
law

b Environmental

economics

Activity

What measures are needed to bring the biogeochemical cycle of nitrogen back within
planetary boundaries?

Discuss this with a partner. Have you thought of the same solutions? Write a list of
the measures you have decided on. Now compare your notes with others in your
class. Are there other solutions that you can add to your list?

Produce an informative poster outlining the issues relating to the planetary
boundaries for the biogeochemical cycle of nitrogen and the solutions that can be
applied to bring the nitrogen cycle back within planetary boundaries.
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Engagement

* Provide advocacy about the use of organic fertilizers instead of inorganic ones
around school or community green areas. If your school has a radio broadcast
or magazine, prepare an article about the issues. Alternatively, produce an
informative poster to distribute in your community.

* Explore issues of justice for local communities when the local environment is
overexploited for financial gain. Produce a presentation and explore the issues
with your class.

Q28. Distinguish between the terms store, sink and source.

Q29. Draw a system diagram for the carbon cycle, showing stores, flows,
transfers and transformations.

Q30. Outline the effect that human activities have had on matter cycles.

Q31. Explain why agricultural systems can act as carbon stores, sources and
sinks, depending on the techniques used.

Q32. Outline how increases in concentrations of dissolved CO, cause ocean
acidification, harming marine animals.

Q33. Define the term lithosphere.
Q34. Explain how limestone is formed.

Q35. Draw a system diagram for the nitrogen cycle, showing stores, flows,
transfers and transformations.

Q36. Evaluate the use of the Haber process to provide fertilizer for increased
crop yield.

2.4 Climate and biomes

How does climate determine the distribution of natural systems?
How are changes in Earth systems affecting the distribution of biomes?

2.4.1 Climate describes atmospheric conditions over relatively long periods of time, whereas
weather describes the conditions in the atmosphere over a short period of time.

2.4.2 A biome is a group of comparable ecosystems that have developed in similar climatic
conditions, wherever they occur.

2.4.3 Abiotic factors are the determinants of terrestrial biome distribution.

Climate describes how
the atmosphere behaves
over relatively long

‘ periods of time whereas
weather describes
the conditions in the
atmosphere over a short
period of time.
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6.1 Introduction to the
atmosphere

‘Climate’ is sometimes
incorrectly used as an
alternative term for
‘weather’. These terms are
have different meanings.
Climate describes
atmospheric conditions
over relatively long
periods of time, whereas
weather describes

the conditions in the
atmosphere over a short
period of time.
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2.4.4 Biomes can be categorized into groups that include freshwater, marine, forest,
grassland, desert and tundra. Each of these groups has characteristic abiotic limiting
factors, productivity and diversity. They may be further classed into many subcategories
(for example, temperate forests, tropical rainforests and boreal forests).

2.4.5 The tricellular model of atmospheric circulation explains the behaviour of atmospheric
systems and the distribution of precipitation and temperature at different latitudes. It also
explains how these factors influence the structure and relative productivity of different
terrestrial biomes.

2.4.6 The oceans absorb solar radiation and ocean currents distribute the resulting heat
around the world.

2.4.7 Global warming is leading to changing climates and shifts in biomes.

2.4.8 There are three general patterns of climate types that are connected to biome types.

2.4.9 The biome predicted by any given temperature and rainfall pattern may not
develop in an area because of secondary influences or human interventions.

2.4.10 The El Nifio Southern Oscillation (ENSO) is the fluctuation in wind and sea

surface temperatures that characterizes conditions in the tropical Pacific Ocean. The two
opposite and extreme states are El Nifio and La Nifia, with transitional and neutral states

between the extremes.

2.4.11 El Nifio is due to a weakening or reversal of the normal east—west (Walker)
circulation, which increases surface stratification and decreases upwelling of cold, nutrient-
rich water near the coast of north-western South America. La Nifia is due to a strengthening
of the Walker circulation and reversal of other effects of El Nifio.

2.4.12 Tropical cyclones are rapidly circulating storm systems with a low-pressure
centre that originate in the tropics and are characterized by strong winds.

2.4.13 Rises in ocean temperatures resulting from global warming are increasing the
intensity and frequency of hurricanes and typhoons because warmer water and air have
more energy.

& 2.4.1 Climate

Climate plays a significant role in determining the distribution of organisms within
the biosphere. The term climate refers to the average and extreme states of the
atmosphere over approximately 30 years. It includes variables such as temperature,
rainfall, winds, humidity, cloud cover and air pressure.

In contrast weather refers to the state of the atmosphere at any moment in time or
over a short period. However, we usually look at the weather over a period of a few
days to a week. The same variables are considered as for climate.

Climate and weather are affected by several factors such as atmospheric circulation,
ocean circulation, latitude, altitude, distance from the sea, prevailing winds, aspect and
human activities.

Until the end of 2020, the most current and widely used standard reference period for
calculating climate statistics was the 30-year period between 1981 and 2010. The use



of records covering a period of 30 years is considered adequate. However, there are
several arguments against using a 30-year period:

* the database is too short
* 1981-2010 was a period of climate change and so is not a representative period

* itisimpossible to create a 50-year maximum (the maximum size of event that would
be expected once every 50 years) or a 100-year return event (the size of an event that
would occur, on average, only once every 100 years) from a record set of 30 years.

2.4.2,2.4.3 and 2.4.4 Biomes

A biome is a group of comparable ecosystems that have developed in similar climatic
conditions wherever they occur.

Ecosystems developed in similar conditions in different parts of the world can have
many parallel features. Precipitation, temperature and insolation are major influences
on the distribution of terrestrial biomes.

Biomes have distinctive abiotic factors and species that distinguish them from other
biomes (Figure 2.93). Water (rainfall), insolation (sunlight) and temperature are the climate
controls that determine how biomes are structured, how they function and where they are
found round the world.

Abiotic factors are the determinants of
terrestrial biome distribution

Abiotic factors are the determinants of terrestrial biome distribution.
Water is needed for photosynthesis, transpiration and support (cell
turgidity). Sunlight is needed for photosynthesis. Photosynthesis

is a chemical reaction, so temperature affects the rate at
which it progresses. Rates of photosynthesis determine
the productivity of an ecosystem (NPP, this topic, HL
Section 2.2.25, pages 149-150). The more productive a
biome, the higher its NPP. Rainfall, temperature and
insolation determine the rate of photosynthesis and
this is what determines the structure, function
and distribution of biomes. For any given
temperature and rainfall pattern, one natural ¥

prairie

savannah

Biomes are collections of
ecosystems sharing similar
climatic conditions. They
can be grouped into five
major classes - aquatic,
forest, grassland, desert
and tundra.

<« Figure 2.93 Temperature and
precipitation determine biome
distribution around the globe.
Levels of insolation also play
an important role, which
correlates broadly with

temperature (areas with
higher levels of light
tend to have higher
temperatures).

ecosystem type is likely to develop. dry <

wet

Create climate graphs showing annual precipitation/average temperature for different biomes

A climograph is a graphical model that shows the relationship between temperature, precipitation
and ecosystem type. Temperature and rainfall are two of the main limiting factors that affect plant
growth. So, these abiotic factors can be used to model and predict the geographical distribution of
different ecosystems around the planet.

Figure 2.94 on the next page shows Whittakers climograph, a climograph that illustrates the distribution
of major terrestrial ecosystems with respect to mean annual precipitation and temperature.

3

Although the climograph suggests that each ecosystem has a distinct edge’, this may not actually be the
case. There may be steady gradation from one ecosystem to another, rather than distinct boundaries.
Tropical ecosystems, for example, graduate from a highly productive rainforest to a low-productive desert.

There are various forms of this graph, sometimes the axes are reversed or the temperature is plotted
from lowest to highest. In some regions, distribution is determined by soils rather than climate. In
savannah areas, for example, grasslands are found on well-drained sandy soil and forests are found
on clay soils where water is retained.

Abiotic factors (insolation,
precipitation and
temperature) are the
determinants of terrestrial
biome distribution.

Climographs show the
distribution of biomes
with temperature on the
horizontal axis and rainfall
pattern on the vertical axis.
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Figure 2.94 Whittaker's P
climograph.

The climograph was first
developed by the plant
ecologist R.H. Whittaker.
It shows the likely stable
ecosystems that are found
under specific climatic
conditions. Vegetation
underpins communities
found in all different
geographical areas, so
factors that affect plant
growth also strongly
influence the distribution
of different ecosystems.

Make sure you know

the limiting factors,
productivity and resulting
biodiversity of tropical
rainforests, hot deserts,
tundra and at least two
other biomes.

Make sure you can
explain climate in terms of
temperature, precipitation
and insolation.

Biomes can be grouped
into various types that
include freshwater,
marine, forest, grassland,
desert and tundra.

Each of these classes

has characteristic
abiotic limiting factors,
productivity and diversity.
They may be further
classed into many
subcategories such as
temperate forests,
tropical rainforests and
boreal forests.
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Activity

To create a climate graph, find the range of temperature and rainfall (annual
precipitation) for each biome. The biomes to include in the graph are desert, tropical
thorn-scrub and woodland, tropical seasonal forest, tropical rainforest, temperate
rainforest, temperate forest, savannah, grassland, boreal forest and tundra. Construct
a graph by putting mean annual temperature on the x-axis and annual precipitation
on the y-axis. For each biome, define areas on the graph using temperature and
rainfall data. Use different colours and a key to clearly show each biome.

Groups of biomes

Ecosystems can be divided into terrestrial, freshwater and marine (this topic,
Section 2.1.20). Similarly, biomes can be grouped into five major classes — the
terrestrial ecosystems of forest, desert, tundra and grassland and the aquatic marine
and freshwater ecosystems.

Each of these classes has the characteristic limiting factors of productivity and
biodiversity. Insolation, precipitation and temperature are the main factors governing
the distribution of biomes.

Biomes may be further classed into many subcategories, such as temperate forests,
tropical rainforests and boreal forests.

Tropical rainforest

Tropical rainforests have constant high temperatures (typically 26 °C) and high rainfall
(over 2500 mm yr ') throughout the year. Because tropical rainforests, as their name
implies, lie in a band around the equator within the tropics of Cancer and Capricorn
(23.5° N and S) (Figure 2.95), they enjoy high light levels throughout the year. There is
little seasonal variation in sunlight and temperature (although the monsoon period can



reduce levels of insolation)
providing an all-year growing
season. Their position in

low latitudes, with the Sun
directly overhead, determines
their climatic conditions

and enables high levels of
photosynthesis and high
rates of NPP throughout the
year. Tropical rainforests are
estimated to produce 40% of
the total NPP of all terrestrial
ecosystems.

Tropical rainforests are broad

evergreen forests with a very

high diversity of animals and A

plants. A rainforest may have up to 480 species of tree in a single hectare (2.5 acres), Figure 2.95 Tropical

whereas temperate forest may only have six tree species making up most of the forest. ralnforest distribution around
. . . . . .. . the globe.

The high diversity of plants is because of the high levels of productivity resulting from

year-round high rainfall and insolation. The high diversity of animals follows from

the complexity of the forests. Because the forests are multilayered and provide many

different niches, they allow for an enormous variety of different organisms (Figure 2.96).

A <« Figure 2.96 Tropical
rainforests show a highly
layered (stratified) structure.
Emergent trees can be up to

emergent < 80 m high, although overall
layer structure depends on local
conditions and varies from
forest to forest. Only about
> 1% of light hitting the canopy
layer reaches the floor, so the
highest levels of NPP are
canopy found in the canopy - one of
layer < the most productive areas of
vegetation in the world. High
productivity in the canopy

> results in high biodiversity and
it is believed that half of the
world’s species could be

understory found in rainforest canopies.
layer <

immature
layer
herb

layer

Although tropical rainforests are highly productive, many of the inorganic nutrients
needed for growth are locked up in the trees. The soil is low in nutrients. Trees obtain
their nutrients from the rapid recycling of detritus that occurs on the forest floor. If
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Figure 2.97 Buttress roots
grow out from the base of the
trunk, sometimes as high as

5 m above the ground and
provide support for the tree
on thin soils. These also allow
roots to extend out from the
tree increasing the area over
which nutrients can be
absorbed from the soil.

Figure 2.98 Global p»
distribution of temperate
forests.

Biomes such as tropical
rainforests and coral

reefs are ecological
systems which are found
in equatorial areas with
high light intensity all
year round and warm
temperatures, which
enable high levels of NPP
High productivity leads to
high levels of resources
such as food, high
complexity of habitats
and niches and therefore
high biodiversity.
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rates of decay are high enough, the forest can maintain levels of growth. However,
heavy rainfall can cause nutrients to be washed from the soil (leaching) resulting

in a consequent lack of inorganic nutrients that could limit primary production.
Because soils in tropical rainforests are thin, trees have shallow root systems with
one long tap root running from the centre of the trunk into the ground plus wide
buttresses to help support the tree (Figure 2.97). The forest canopy provided by

the trees protects the soils from heavy rainfall — but once areas have been cleared
through logging, the soils are quickly washed away (eroded) making it difficult for
forests to be re-established. It may take about 4000 years for a logged area to recover
its original biodiversity.

Temperate forest

Temperate forests are largely found between 40° and 60° N of the equator

(Figure 2.98). They are found in seasonal areas where winters are cold and summers
are warm, in comparison with tropical rainforests that enjoy similar conditions

all year round. Two different tree types are found in temperate forest — evergreen
(which are in leaf all year round) and deciduous (which lose their leaves in winter).
Evergreen trees have protection against the cold winters through thicker leaves or
needles, whereas deciduous trees have leaves that would suffer frost damage, so they
shut down in winter. Forests might contain only deciduous trees, only evergreens or
a mixture of both. At these mid-latitudes, the amount of rainfall determines whether
an area develops forest. If precipitation is sufficient, temperate forests form. If there is
insufficient rainfall, grasslands develop. Rainfall in these biomes reaches between
500 and 1500 mm yr''.

Equator

Tropic of Capricom ~ AMERICA

Variation in insolation during the year is caused by the tilt of the Earth and its rotation
around the Sun. This variation means that productivity is lower than in tropical
rainforests because there is a limited growing season. The mild climate, with lower
average temperatures and lower rainfall than are found at the equator, reduces levels of
photosynthesis and productivity compared to tropical rainforest. However, temperate



forests have the second highest NPP (after tropical rainforests) of all biomes. Diversity
is lower than in tropical rainforest but the structure of temperate forest is simpler.
Temperate forests are generally dominated by one species and 90% of the forest may
consist of only six tree species. There is some layering of temperate forests, although
the tallest trees generally do not grow more than 30 m, so vertical stratification

is limited. The less complex structure of temperate forests, compared to tropical
rainforests, reduces the number of available niches and therefore the amount of species
diversity is lower. The forest floor has a reasonably thick leaf layer that is rapidly
broken down when temperatures are higher and nutrient availability is, in general, not
limiting. The lower and less dense canopy of temperate forests means that light levels
on the forest floor are higher than they are in tropical rainforests, so the shrub layer
can contain many plants such as brambles, grasses, bracken and ferns (Figure 2.99).

Hot deserts

Deserts are found in bands at latitudes of approximately 30° N and S (Figure 2.100 and
Figure 2.101). They cover 20-30% of the land surface. It is at these latitudes that dry
air descends, having lost water vapour over the tropics. Hot deserts are characterized
by high temperatures at the warmest time of day (typically 45-49 °C) in the early
afternoon and low precipitation (typically under 250 mm yr™). Rainfall may be
unevenly distributed. The lack of water limits the rate of photosynthesis and so the
rates of NPP are very low. Organisms also must overcome fluctuations in temperature
(night temperatures, when skies are clear, can be as low as 10 °C, sometimes even as
low as 0 °C), which make survival difficult.

A

Figure 2.99 The loss of
leaves from deciduous trees in
temperate forests over winter
allows increased insolation of
the forest floor, enabling the
seasonal appearance of
species such as bluebells.

Figure 2.100 The Sahara
Desert in northern Africa is
the world's largest desert.
Covering more than 9 million
square kilometres (3.5 million
square miles), it is slightly
smaller than the USA.
However, it is not the site of
the world's lowest rainfall -
that occurs in Antarctica,
which receives less than

50 mm of precipitation
annually (and is therefore
classified as a cold desert).
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Figure 2.101 Global P

distribution of deserts.

Figure 2.102 Elk crossing
frozen tundra.

Equator

SOUTH
Tropic of Capricorn AMERICA

Low productivity means that vegetation is sparse. Soils can be rich in nutrients
because they are not leached away, this helps to support the plant species that can
survive there. Decomposition levels are low because of the dryness of the air and
lack of water. The species that can exist in deserts are highly adapted, showing many
xerophytic adaptations (i.e. adaptations to reduce water loss in dry conditions). Cacti
(a group restricted to the Americas) have reduced their surface area for transpiration
by converting leaves into spines. They store water in their stems, which can expand
enabling more water to be stored. Their surface area : volume ratio is decreased thus
further reducing water loss from the surface. The spiny leaves deter animals from
eating plants and accessing the water. Xerophytes also have a thick cuticle that further
reduces water loss. Roots can be both deep (to access underground sources of water)
and extensive near the surface (to quickly absorb precipitation before it evaporates).

Some animals have also adapted to desert conditions. Snakes and reptiles are the

most common vertebrates. They are highly adapted to conserve water and their cold-
blooded metabolism is ideally suited to desert conditions. Mammals are adapted to live
underground and emerge at the coolest parts of day.

Tundra

Tundra is found at high latitudes where insolation is
low (Figure 2.102 and Figure 2.103). Short day
length also limits levels of sunlight. Water may be
locked up in ice for months and this, combined with
little rainfall, means that water is also a limiting
factor. Low light intensity and rainfall mean that
rates of photosynthesis and productivity are low.
Temperatures are very low for most of the year.
Temperature is a limiting factor because it affects
the rate of photosynthesis, cellular respiration and
decomposition (these enzyme-driven chemical
reactions are slower in colder conditions). Soil may
be permanently frozen (permafrost) and so water is
limited. Low temperatures mean that the recycling



of nutrients is low, leading to the formation of peat bogs where a high amount of
carbon is stored. The vegetation consists of low scrubs and grasses.

Most of the world’s tundra is found in the North Polar region (Figure 2.103) and so
is known as Arctic tundra. There is a small amount of tundra in parts of Antarctica
that are not covered with ice and in lower latitudes on high altitude mountains
(alpine tundra).

Equator

Tropic of Capricom  AMERIC

During the winter months, temperatures in the tundra can reach —50 °C —all life
activity is low in these harsh conditions. In summer, the tundra changes. The Sun is
out for almost 24 hours a day, so levels of insolation and temperature both increase
leading to plant growth. Only small plants are found in this biome because there is not
enough soil for trees to grow. And even in the summer, the permafrost drops to only a
few centimetres below the surface. In the summer, animal activity also increases, due
to increased temperatures and primary productivity. The growing period is limited to
6 weeks of the year, after which the temperatures drop again and the hours of sunlight
decline. Plants are adapted with leathery leaves or underground storage organs.
Animals are adapted to the cold conditions with their thick fur. In general, Arctic
animals are larger than their southerly relations. This decreases their surface area
relative to their size and enables them to reduce heat loss (e.g. the Arctic fox is larger
than the European fox).

Tundra is the youngest of all biomes because it was formed after the retreat of glaciers
from 15,000 to 10,000 years ago.

Grasslands

Grasslands are found on every continent except Antarctica and cover about 16% of the
Earth’s surface (Figure 2.104, Figure 2.105). They develop where there is not enough
precipitation to support forests, but enough to prevent deserts forming. There are
several types of grassland. The Great Plains and the Russian Steppes are temperate
grasslands, whereas the savannahs of east Africa are tropical grassland.

< Figure 2.103 Map showing
the global distribution of

Figure 2.104 Bison roam on
mixed grass prairie.



Figure 2.105 Global P
distribution of grasslands.

Explore the distribution
and composition of
different biomes using
the BiomeViewer on the

HHMI Biolnteractive
website.
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Grasslands are found in the area where the Polar and Ferrel cells meet (Figure 2.106).
The mixing of cold polar air with warmer southerly winds (in the northern hemisphere)
causes increased precipitation compared to polar and desert regions. Rainfall is
approximately in balance with the levels of evaporation. Decomposing vegetation
forms a mat containing high levels of nutrients but the rate of decomposition is not high
because of the cool climate. Grasses grow beneath the surface and during cold periods
(more northern grasslands suffer a harsh winter) they can remain dormant until the
ground warms.

Challenge yourself

Research a pair of contrasting biomes — for example, temperate bog and tropical
mangrove forests —and produce fact sheets on each. Draw up a table comparing four
pairs of contrasting biomes (the ones you have researched and the examples in this
book). How do their structure, biodiversity and relative productivity compare?

Now research the values of NPP for all the biomes you have studied. How do the
NPP values of different biomes compare? Why do these differences exist?

2.4.5 The tricellular model of atmospheric

circulation

As well as the differences in insolation and temperature found from the equator to
higher (more northern or more southern) latitudes, the distribution of biomes can be
understood by looking at patterns of atmospheric circulation. Latitude is the angular
distance from the equator (north or south of it) as measured from the centre of the
Earth (usually in degrees). The tricellular model of atmospheric circulation is a way
of explaining differences in atmospheric pressure belts, temperature and precipitation
that exist across the globe (Figure 2.106).
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Atmospheric movement can be divided into three major cells, Hadley, Ferrel and
Polar, with boundaries coinciding with particular latitudes (although they move
on a seasonal basis). The Hadley cell controls weather over the tropics, where the
air is warm and unstable. The equator receives most insolation per unit area of
Earth. This heats up the air, which then rises to create the Hadley cell. As the air
rises, it cools and condenses, forming large cumulonimbus clouds that create the
thunderstorms characteristic of tropical rainforests. These conditions provide the
highest rainfall on the planet. The pressure at the equator is low as the air is rising.
Eventually, the cooled air begins to spread out and descends at approximately 30°
north and south of the equator. The pressure here is therefore high because air

is descending. This air is dry, so the desert biome is found in these locations. Air
then either returns to the equator at ground level or travels towards the poles as
warm winds. Where the warm air travelling north and south hits the colder polar
winds, at approximately 60° N and S of the equator, the warm air rises because it is
less dense. This creates an area of low pressure. As the warm air rises it cools and
condenses, forming clouds and resulting in precipitation. This is where temperate
forest biomes are found. The model explains why rainfall is high at the equator and
at 60° N and S of the equator.

Use the tricellular model of atmospheric circulation and link it to the planetary
distribution of heat and biomes

Search online for the Met Office’s webpage on global circulation patterns.

How is the tricellular model of atmospheric circulation linked to the planetary distribution of heat
and biomes?

Summarize your findings as an annotated poster, with the tricellular model in the centre and an
explanation of why specific biomes are found at particular latitudes around the outside.

< Figure2.106 The tricellular
model is made up of the Polar
cell, the Ferrel cell in mid-
latitudes and the Hadley cell
in the tropics. Downward air
movement creates high
pressure. Upward air
movement creates low
pressure and cooling air that
leads to increased cloud
formation and precipitation.

@

The tricellular model of
atmospheric circulation
explains the behaviour

of atmospheric systems
and the distribution

of precipitation and
temperature at different
latitudes. It also explains
how these factors
influence the structure
and relative productivity of
different terrestrial biomes.

Biomes cross national
boundaries. In Borneo,

for example, the rainforest
crosses three countries

- Indonesia, Malaysia

and Brunei. Studying
biomes may therefore
require investigations

to be carried out across
national frontiers - this can
sometimes be politically, as
well as logistically, difficult.
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In 1735, George Hadley described the operation of the Hadley cell to explain atmospheric
circulation. He suggested that the direct heating of low latitudes forces air to rise by convection,
the air then travels towards the poles but sinks at the sub-tropical anticyclone (high pressure belt).
Hadley suggested that similar cells might exist in mid-latitudes and high latitudes. William Ferrel
refined Hadley's ideas by suggesting that air in a Hadley cell rotates and interlinks with a mid-
latitude cell, which is also rotating. These cells in turn rotate the Polar cell. The most recent models
have refined the basic principles and include air motion in the upper atmosphere, in particular jet
streams (very fast thermal winds).

2.4.6 Ocean currents

1.2 Systems

6.1 Introduction to the
atmosphere

The oceans cover approximately 70% of the Earth’s surface and are of great importance
to humans. Oceans regulate climatic conditions through the atmosphere-ocean link.
Warm ocean currents move water away from the equator towards the poles, whereas
cold ocean currents move water away from the cold regions towards the equator

The oceans absorb solar
radiation and ocean
currents distribute the
resulting heat around
the world.

(Figure 2.107).
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Figure 2.107 The world's . o .
main ocean currents. The warm Gulf Stream, for instance, transports 55 million cubic metres of water
per second from the Gulf of Mexico towards north-west Europe. Without it, the
temperate lands of north-west Europe would be more like the sub-Arctic. The cold
Details of the great Peru current brings nutrient-rich waters dragged to the surface by offshore winds.
ocean conveyor belt and In addition, there is the great ocean conveyor belt (HL only, later in this section).
thermohaline circulation This deep, global-scale circulation of the ocean’s waters effectively transfers heat

are HL only. . .
i from the tropics to colder regions.
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Salinity

Oceanic water varies in salinity (Figure 2.109). Average salinity is about 35 parts per
thousand (ppt). Concentrations of salt are higher in warm seas because of the high
evaporation rates of the water. In tropical seas, salinity decreases sharply with depth.
The runoff from most rivers is quickly mixed with ocean water by the currents and has
little effect on reducing salinity. However, a large river such as the Amazon in South
America may result in the ocean having little or no salt content for over a kilometre or
more out to sea.

The freezing and thawing of ice also affects salinity. The thawing of large icebergs (made
of frozen freshwater and therefore lacking salt) decreases salinity, while the freezing

of seawater increases the salinity temporarily. Salinity levels increase with depth, in
contrast with equatorial and tropical regions where salinity decreases with depth.

Figure 2.108 \Warm and
cold ocean currents in the
North Atlantic Ocean.

4.1 Water systems
6.1 Introduction to the
atmosphere

If you are studying ESS

at HL, you need to know
about details of the great
ocean conveyor belt and
thermohaline circulation
(earlier in this section). This
material is for HL only.
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Figure 2.109 Global variations in oceanic salinity.
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Figure 2.110 Ocean temperature and depth.
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The predominant mineral ions in seawater are sodium (30.2%) and
chloride (54.3%), which combine to form the salt sodium chloride.
Other important minerals in the sea include magnesium and sulfate ions.

Temperature

Temperature varies considerably at the surface of the ocean, but there is
little variation at depth (Figure 2.110). In tropical and subtropical areas,
sea surface temperatures in excess of 25 °C are caused by insolation.
From depths about 300 to 1000 m, the temperature declines steeply to
about 8-10 °C. At ocean depths greater than 1000 m, the temperature
decreases to a more uniform 2 °C.

The temperature profile is similar in the mid-latitudes (40-50° N and S),
although there are clear seasonal variations. Summer temperatures may
reach 17 °C, whereas winter sea temperatures are closer to 10 °C. There is
amore gradual decrease in temperature with depth (thermocline).

Density

Temperature, salinity and pressure affect the density of seawater. Large
water masses of different densities are important in the layering of the
ocean water (denser water sinks). As temperature increases, water becomes
less dense. As salinity increases, water becomes denser. As pressure
increases, water becomes denser. A cold, deep mass of water with a high
salinity is very dense, whereas warm, surface water with a lower salinity

is less dense. When large water masses with different densities meet, the
denser water mass slips under the less dense mass. These responses to
density are the reason for some of the deep ocean circulation patterns.



The great ocean conveyor belt

The oceanic conveyor belt is a global thermohaline circulation. It is driven by the
formation and sinking of cold, salty water into deep water and is responsible for the
large flow of upper ocean water (Figure 2.111). In addition to the transfer of energy by
wind and the transfer of energy by ocean currents, there is also a transfer of energy
by deep-sea currents. In the polar regions, cold water with a high salinity sinks to the
depths and makes its way towards the equator. It then spreads into the deep basins of
the Atlantic, the Pacific and the Indian Oceans. Surface currents bring warm water to
the North Atlantic from the Indian and Pacific Oceans. These waters give up their heat
to cold winds that blow from Canada across the North Atlantic. This water then sinks
and starts the reverse convection of the deep ocean current. The amount of heat given
up is about a third of the energy received from the Sun.

Because the conveyor operates in this way, the North Atlantic is warmer than the
North Pacific, so there is proportionally more evaporation there. The water left behind
by evaporation has a higher salinity and therefore is much denser, which causes it to
sink. Eventually the water is transported into the Pacific where it mixes with warmer
water and its density is reduced.

sinking cold,
salty water
/’/‘T-‘\“-.
//\L/-i T —\
/ /
i
sea to air
heat transfer

Deep Cold Current

Ocean circulation systems
are driven by differences
in temperature and salinity
that affect water density.
The resulting difference

in water density drives

the ocean conveyor belt
which distributes heat
around the world, so
affecting climate.

Figure 2.111 The great
ocean conveyor belt.
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2.4.7 Global warming is leading to shifts in
biomes

Global warming is leading
to changing climates and
shifts in biomes.

Figure 2.112 In the most
recent globally warm period
50-60 million years ago, the

Arctic was free of ice and
subtropical forests extended
northwards to Greenland.
During the Pleistocene
glaciations, 18,000 years ago,
these areas were covered by
ice sheets. In the last 18,000
years, temperatures have
increased and the tundra and
temperate forest biomes have
shifted north. With further
increases, all biomes are likely
to move further toward the
poles, with the probable
disappearance of tundra and
boreal forests.

Figure 2.113 Alpine
(mountain) species are
particularly at risk, because
zonation will move up the
mountain.

The general trend is that
biomes move poleward
toward higher altitudes.

6.2 Climate change -
causes and impacts

190

The distribution of biomes is controlled by a combination of temperature, insolation
and precipitation. Increases in CO, and other greenhouse gases lead to an increase
in mean global temperature (Topic 6), which in turn affects rainfall patterns. These
changes in climate affect the distribution of biomes.

Climate change in the geological past can show how we might expect biomes to move
with increases in global temperature in the future (Figure 2.112). Models suggest a
north/south shift in biomes relative to the equator (a latitudinal shift). Biomes will also
move up slopes (altitudinal shift) as on mountains (Figure 2.113). Low-lying biomes
such as mangroves may be lost due to changes in sea level.

18,000 years ago Today

before global warming after global warming

extinct

T

«— mid-elevation
species

long periods of time, and allowed the adaptation of animals to new conditions. Current increases

in temperature are happening very rapidly so there is little time for organisms to adapt. Some
organisms will be able to migrate to new areas where the conditions they need are found, but many
face insurmountable obstacles to migration (e.g. rivers and oceans) or even no suitable habitat and
will become extinct. Tropical diseases can be expected to spread as warmer conditions are found in
higher latitudes.

Species composition in ecosystems is also likely to change. Climate change in the past happened over



Change in climate can lead to changes in weather
patterns and rainfall (in both quantity and distribution).
Climates may become more extreme and more
unpredictable. An increase in more extreme weather
conditions (e.g. hurricanes) can be expected as
atmospheric patterns are disturbed.

Agriculture will be affected. Drought reduces crop

yield and the reduction in water resources will make

it increasingly difficult for farmers in many areas to
irrigate fields. Changes in the location of crop-growing
areas can be expected, with movements north and
south from the equator. Recent models predict dramatic
changes to the wheat-growing regions of the USA, with

many becoming unviable by 2050 (Figure 2.114). This I vicble for wheat nov;

would have serious knock-on effects on the economy. [ viable for wheat 2050 [N %

Crop types may need to change and changing water N Ao
resources will either limit or expand crop production A

Figure 2.114 Scientists
project a northward shift of

vAvr:eeiEirowing in North
2.4.8 Three general patterns of climate types

The climate shows large variation around
the globe. Distinct climate types, based
on latitude (which in turn reflects
temperature and rainfall), can be
distinguished at different latitudes
(Figure 2.115). There are three
general patterns of climate types
that are connected to biome types.

depending on the region and local weather patterns.

Climate types include:

» Tropical: Close to the equator,
between the Tropics of Cancer and
Capricorn, with high temperatures
and rainfall. Tropical rainforest climates are
found in: South America, Africa, northern Australia and South-East Asia. A o

= Seasonal: These receive, in general, high total rainfall, averaging more than :ﬂ'g;r; tzhg llir@,zlgi:z; :
1000 mm per year but with a distinct dry season. Includes the forests of the Jones.

Congo in Africa and a broad region of highland tropical forest which extends
across the basin of the Congo River, Central American tropical forests in
Panama and Nicaragua, the seasonal forests that predominate across much of
the Indian subcontinent, Indochina and in northern Australia (Queensland).

= Equatorial: These have a high average temperature all year round and high
monthly precipitation (typically no less than 60 mm a month with annual
precipitation tending to be over 2000 mm). The diurnal temperature range is
greater than the annual temperature range. Although some parts of the year
may be wetter than others, there are no distinct seasons. 191




There are many climate
classification systems
that define zones

based on different

climatic factors or on
combinations of factors.
Climate types that you
need to know for your

course are tropical

(seasonal and equatorial),
temperate (maritime and

continental) and polar.
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» Temperate: These have relatively moderate mean annual temperatures, with

average monthly temperatures above 10 °C in their warmest months and above

=3 °C in their colder months. Most regions with a temperate climate have four

seasons, with temperatures changing significantly between summer and winter.

Temperate climates are found in most of western Europe, western and eastern

regions of the USA, eastern China, parts of Argentina and south-eastern Brazil

and the eastern tip of Australia. Different types of temperate climates are based

on maximum temperatures and whether they have a distinct dry season (either

in summer or winter). Temperate forest type is influenced by prevailing weather

patterns or local topography.

= Maritime: These are characterized by dry summers and mild, wet winters.
This is often connected to weather patterns and prevailing winds. Areas with
a maritime climate are often found on the western coasts of continents, where
prevailing winds bring in wetter weather at certain times of the year.

= Continental: These have greater temperature extremes than maritime
temperate climates. Areas that have these climates are mostly found in the
interior of continents, away from the effect of nearby oceans. Oceans store heat
energy, which moderates temperate regions nearer the sea (allowing for more
consistent temperature in e.g. maritime areas). Mostly found in Eurasia (mainly
Russia) and North America (mainly Canada, with some in the northern USA).

* Polar: These are cold regions where most water is found as ice and the average

temperature does not exceed 10 °C in any months of the year. Often windy, with

very little precipitation and long cold winters. Dominated by the Arctic and

Antarctic regions, where the average temperature does not exceed 0 °C in any

months but are also found in northern Canada, Russia and Greenland. Small

plants, such as mosses, algae and lichens (a symbiotic relationship between algae

and fungi) can survive in these environments. Ice cap climates can also be found at

high altitude, such as the highest peaks of the Himalaya.

Tropical and temperate biomes are discussed in this topic, Section 2.4.2, 2.4.3 and 2.4.4.
The soil in some polar climates is covered by ice throughout the year. Biomes at the
North and South Poles contain animals that feed on aquatic organisms. For example,
the North Pole has polar bears that feed on seals and the South Pole has penguins that
feed on fish. Tundra is a cold-climate biome that is found at a high-latitude, in regions
above the tree line but lower than the Arctic ice cap. Soil may be permanently frozen
(permafrost), and nutrients are limiting.

Climate zones can track how conditions change in specific areas. They help us
understand the ranges of plants and animals, including identifying species that may
be under threat from habitat loss. Climate zones can even help farmers and gardeners
understand which plants will grow best in their area.

2.4.9 Secondary influences and human

interventions

The biome predicted by any given temperature and rainfall pattern may not develop as
predicted. This could be because of secondary influences or human interventions such
as logging and other forms of habitat loss, agricultural use, loss of apex predators or
pollution.



Activity

Think about your local area. Which biome would develop if there was interference

from urban or agricultural development? Look at areas which have been undisturbed

to give you an idea about the biome or biomes which would have once existed. How

have secondary influences and human interventions affected the biotic environment?

Have any abiotic factors been affected? What impact has disturbance had on food
chains and food webs? Is it possible to restore these biomes?

Produce an illustrated summary of the information you have found. Add details
of the climatic conditions needed for development of the biome and how human
impacts have led to the loss of the biome.

2.4.10 and 2.4.11 The El Nino Southern

Oscillation (ENSO)

The El Nifio Southern Oscillation (ENSO) is a naturally occurring climatic
phenomenon. ENSO is the fluctuation in wind and sea surface temperatures that
characterizes conditions in the tropical Pacific Ocean. The two opposite and
extreme states are El Nifio and La Nifia, with transitional and neutral states
between them (see Weakening or strengthening of Walker circulation below).

ENSO occurs every three to seven years and usually lasts for eighteen months. It
occurs when the Walker circulation is altered with either strengthened or weakened
trade winds.

Walker circulation

Air moves from the eastern to western Pacific Ocean before returning east — this is
known as Walker circulation (Figure 2.116).

Walker circulation

1. The trade winds blow Equator-wise and westwards across the tropical Pacific
(Figure 2.116).

2. The trade winds blow towards the warm water of the western Pacific (near
Australia and South-East Asia).

El Nifio, La Nifia and the
North Atlantic Oscillation
are responsible for many
short-term changes

in weather.

<« Figure 2.116 Walker
circulation.
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El Nifio is due to a
weakening or reversal
of the normal east-west
(Walker) circulation
(Figure 2.117).

Figure 2.117 AnEINifio P
event.
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3. As the water heats the atmosphere in the western Pacific, air rises (known as
convectional uplift).

4. Surface water moves west, and is replaced by cold, nutrient-rich deep water
through upwelling along the west coast of Peru. Rising water causes the upwelling
of nutrient-rich cold water, leading to optimum fishing conditions.

5. The Walker loop returns air to the eastern tropical Pacific (Figure 2.116).

The pressure of the trade winds results in sea levels in Australasia being 50 cm higher
than on the west coast of Peru and sea temperatures being 8 °C higher.

Weakening or strengthening of Walker circulation

Figure 2.116 shows the differences in water temperature between the western and
eastern Pacific ocean during normal years.

Walker circulation is the normal east—west circulation that El Nifio interrupts
(Figure 2.116). Normally, sea surface temperatures (SSTs) in the western Pacific are
over 28 °C, creating an area of low pressure and producing high rainfall. By contrast,
over coastal South America, SSTs are lower, high pressure exists and conditions

are dry.

During El Nifio episodes, this pattern is reversed.

180° date line 140°W

Equator I

Equatorial thermocline

El Nifio

180°
date line

In an El Nifio event:

* The trade winds in the western Pacific weaken and die. There may even be a reverse
direction of flow.

 The piled-up water in the west moves back east, leading to a 30 cm rise in sea level
in Peru.

* The region of rising air moves east with the associated convectional uplift.



* The eastern Pacific Ocean becomes 6-8 °C warmer.

* Low pressure develops over the eastern Pacific as water temperature rises, while
high pressure takes hold over the western Pacific. Consequently, heavy rainfall
occurs over coastal South America. In contrast, Indonesia and the western Pacific
are now warm and dry.

e The El Nifio effect overrides the cold northbound Humboldt Current, which
normally carries plankton and other aquatic organisms northwards, breaking the
food chain.

* Lack of phytoplankton results in a reduction in fish numbers, which in turn affects
fish-eating birds such as those found on the Galapagos Islands.

In some other years, a phenomenon called La Nifia (Figure 2.118) occurs instead. This
is an intensification of the normal Walker circulation, whereby strong easterly winds
push cold upwelling water off the coast of South America into the western Pacific. Its
impact extends beyond the Pacific and has been linked with unusual rainfall patterns
in the Sahel (just to the south of the Sahara desert) and in India, and with colder and
wetter condition in western Canada.

increased
convection

Equator

La Nifa 180°
date line

In a La Nina event:

¢ There are extremely strong trade winds.

* The trade winds push warm water westwards, giving a sea level up to 1 m higher in
Indonesia and the Philippines.

* Low pressure develops with very strong convectional uplift as very warm water
heats the atmosphere. This leads to heavy rain in southeast Asia.

* Very strong upwelling of cold water off Peru results in strong high pressure and
extreme drought. This can be a major problem in the already semi-arid (dry) areas
of northern Chile and Peru.

The climate system in the southern Pacific region is essentially stable and unchanging
when a longer-term analysis of air and ocean circulation is made. Periodic El Nifio and

Not all El Nifio events

are the same. There are
stronger and weaker
events, which may be
linked to climate change.

La Nina is due to a
strengthening of the
Walker circulation.

<« Figure2.118 AlaNifa
event.

¢ EINifoisduetoa
weakening or reversal
of the normal east-west
(Walker) circulation,
which increases surface
stratification and
decreases upwelling
of cold, nutrient-rich
water near the coast of
north-western South
America.

e laNifais dueto a
strengthening of the
Walker circulation and
reversal of the effects
of El Nifo.

The frequency and
intensity of both El Nifio
and La Nifia events is
irregular and hard

to predict.

ENSO affects conditions
directly in the tropical
Pacific Ocean and the
climate of other regions
in the tropics and
subtropics indirectly.
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6.1 Introduction to the
atmosphere

Figure 2.119 Cyclone p

Idai heading towards
Mozambique and Zimbabwe
in 2019.

Tropical cyclones
are rapidly circulating
storm systems with a

low-pressure centre that
originate in the tropics
and are characterized by
strong winds.

The names of the
powerful storms that
form in the waters of

the Atlantic and Pacific
(hurricane, cyclone or
typhoon) depend on
where they form. Tropical
cyclones are commonly
hurricanes over the
North Atlantic Ocean and
Northeast Pacific. Tropical
cyclones that form in the
West Pacific are called
typhoons. The term
cyclone is used for storms
in the Indian Ocean and
South Pacific.
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La Nifia reversals in circulation are part of the system’s normal steady state. Moreover,
local water cycles in those parts of South America most affected by ENSO cycles enjoy
a steady state in the longer term, despite alternating years or longer periods of very
low and very high rainfall. Water stores that were exhausted during La Nifia years are
replenished during El Nifio years.

2.4.12 Tropical cyclones

In areas of the Earth where surface water is heated, large storm events develop that
draw heat from warm water at the ocean’s surface and provide energy for horizontal,
rotating winds.

Hurricanes, typhoons and cyclones are essentially the same weather phenomenon.
The difference in name depends on the location in which they initially develop.

*  Cyclones develop over the South Pacific Ocean and Indian Ocean, affecting
countries from Australia to Mozambique (Figure 2.119).

* Hurricanes mainly develop over the North Atlantic Ocean, central North Pacific
Ocean and eastern North Pacific Ocean, often affecting the Caribbean and east
coast of the USA.

» Typhoons develop over the Northwest Pacific Ocean and frequently affect the

Philippines and Japan.

0 i

They are all large tropical storm systems that revolve around an area of low pressure
and produce heavy rain and wind speeds exceeding 119 kph. These tropical storms can
have far-reaching effects, including impacts to marine fishing and agriculture, damage
to infrastructure and human settlements and loss of life and property.

What is the difference between cyclones and tornadoes? The difference is one of scale.
Tornadoes have a diameter of up to hundreds of metres, whereas tropical cyclones
have a diameter of hundreds of kilometres.



2.4.13 Rises in ocean temperatures

Rises in ocean temperatures resulting from global warming are increasing the
intensity and frequency of cyclones, hurricanes and typhoons because warmer water
and air have more energy.

‘We want our children to live in an America that isn't burdened by debt, which isn't weakened by
inequality, which isn't threatened by the destructive power of a warming planet.

Barack Obama victory speech, 7 November 2012

On 6 November 2012 Barack Obama was re-elected as President of the USA. In his victory speech,
made to supporters in his home city of Chicago, he referred to climate change, by stating that the
children of America should not have to live in a country that is ‘threatened by the destructive power
of a warming planet. The issue of climate change had largely been ignored during the election
campaign but was brought into play in the final week. At this point, New York Mayor Michael
Bloomberg connected Hurricane Sandy, which had reached the eastern seaboard of America on

29 October 2012, to climate change. This raised the issue of global warming as an electoral issue
when Bloomberg endorsed President Obama, stating that he was the more likely of the two
candidates to tackle global warming.

Could climate change have contributed to Hurricane Sandy? Warmer oceans make hurricanes more
likely and more severe and a warmer atmosphere holds more moisture, increasing the maximum
rainfall. Higher sea levels intensify storm surges. Scientists predict that with a warming planet, there
will be an increased incidence of tropical cyclones.

Activity

Science predicts that increased average global temperatures (global warming) will
lead to increased incidence of tropical cyclones, hurricanes and typhoons. What
evidence can you find to support this claim? If you live in an area that is subject to
tropical cyclones, find out about local incidences of tropical cyclones over the last
20 years. On a yearly basis, have they become more numerous? Is there evidence
that this may be due to warmer ocean temperature?

If you do not live in an area that experiences these storm events, research an area of
interest to you.

Engagement

* Explore the effect of climate change on a local or regional biome and produce a
presentation to show to the rest of your class that explains the cause and effect
of the shift.

* Raise awareness and fundraise for communities impacted by severe hurricanes
or typhoons. For example, have a bake sale to raise money, or arrange a
sponsored walk or other activity.

What constraints are
there on the pursuit of
knowledge?

To what extent can
scientists predict the effect
of climate change on the
incidence of cyclones,
hurricanes and typhoons?
Will climate change
affect the frequency or
magnitude? Will there

be a longer season of
severe tropical storms? To
what extent are scientific
predictions limited

by available data and
processing power?

6.2 Climate change -
causes and impacts
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Q37. Distinguish between weather and climate.
Q38. Define the term biome.
Q39. Outline how abiotic factors determine terrestrial biome distribution.

Q40. Construct a table listing the following biomes: tropical rainforest, temperate
forest, hot desert and tundra. The table should include information about the
levels of insolation (sunlight), rainfall (precipitation) and productivity for each
biome.

Q41. Describe and explain which biome has the highest and lowest productivity.

Q42. Explain how global warming is leading to changing climates and shifts in
biomes.

Q43. List three general patterns of climate types that are connected to
biome types.

Q44. Explain how the El Nifio Southern Oscillation (ENSO) develops and
its effect on wind and sea surface temperatures.

Q45. Evaluate evidence for increases in the incidence of hurricanes and
typhoons.

2.5 Zonation, succession and change in

ecosystems

How do ecological systems change over time and over space?

2.5.1 Zonation refers to changes in community along an environmental gradient.

2.5.2 Transects can be used to measure biotic and abiotic factors along an environmental
gradient to determine the variables that affect the distribution of species.

2.5.3 Succession is the replacement of one community by another in an area over time due to
changes in biotic and abiotic variables.

2.5.4 Each seral community (sere) in a succession causes changes in environmental conditions
that allow the next community to replace it through competition until a stable climax
community is reached.

2.5.5 Primary successions happen on newly formed substratum where there is no soil or pre-
existing community, such as rock newly formed by volcanism, moraines revealed by

retreating glaciers, wind-blown sand or waterborne silt.
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2.5.6 Secondary successions happen on bare soil where there has been a pre-existing community,
such as a field where agriculture has ceased or a forest after an intense firestorm.

2.5.7 Energy flow, productivity, species diversity, soil depth and nutrient cycling change over
time during succession.

2.5.8 An ecosystem’s capacity to tolerate disturbances and maintain equilibrium depends on
its diversity and resilience.

2.5.9 The type of community that develops in a succession is influenced by climatic
factors, the properties of the local bedrock and soil, geomorphology, together with fire and
weather-related events that can occur. There can also be top-down influences from primary
consumers or higher trophic levels.

2.5.10 Patterns of net productivity (NP) and gross productivity (GP) change over time
in a community undergoing succession.

2.5.11 r- and K-strategist species have reproductive strategies that are better adapted to
pioneer and climax communities, respectively.

2.5.12 The concept of a climax community has been challenged, and there is uncertainty
over what ecosystems would develop naturally were there no human influences.

2.5.13 Human activity can divert and change the progression of succession leading to a
plagioclimax.

2.5.1 Zonation

Zonation refers to changes in community along an environmental gradient.

Rocky shores can be divided into zones from the lower to the upper shore. Each zone
is defined by the spatial patterns of animals and plants (Figure 2.120). Seaweeds in
particular show distinct zonation patterns, with species more resilient to water loss
being found on the upper shore (e.g. channel wrack) and those less resilient to water
loss being found on the lower shore where they are not out of water for long (e.g. kelp).

Zonation is the

arrangement or pattern

of communities in bands
in response to change

in some environmental
factor over a distance.

For example, changes in
ecosystems up a mountain
as altitude increases.

<« Figure 2.120 Rocky shores
provide an ideal location for
studying zonation.
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Zonation occurs on
different scales. Rocky
shores show local
zonation whereas biome
distribution is an example
of zonation on a global
scale.

Figure 2.121 Variation P
in abiotic factors along a
rocky shore.

Figure 2.122 Zonation of P
seaweeds on a rocky shore.

Zonation occurs due to
a range of factors such C
as changes in elevation, -
latitude, tidal level, soil

horizons or distance from
a water source.

Figure 2.123 Variety of pp
algae (seaweed) on a rocky
shore. The area shown here is
dominated by egg wrack,
which has air bladders along
its fronds that keep the
seaweed afloat when the tide
comes in, enabling them to
obtain the maximum amount
of sunlight for photosynthesis.
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Example - Zonation on rocky shores

Figure 2.121 shows how abiotic factors vary along an environmental gradient on
rocky shore. Organisms that are high on the rocky shore, and that are exposed
to the air for long periods of time, must withstand desiccation (drying out) and
variations in temperature and salt concentration. Organisms that are lower on
the shore are covered by seawater for much of the time and so are unlikely to dry
out. They experience less variation in temperature and salt concentration in their
environment, although wave action is greater.
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Because of the varying conditions, organisms can be expected to show zonation
depending on their adaptations to abiotic factors. Seaweeds show marked zonation
(Figure 2.122, Figure 2.123).
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2.5.2 Transects

Transects are used to measure biotic and abiotic factors along an environmental
gradient to determine the variables that affect the distribution of species (Section 2.1.15,
2.1.16 and 2.1.17, pages 107-109). Kite diagrams can be plotted to show distribution of
species along a transect (this section, page 202).

Investigate zonation along an environmental gradient using transect sampling

Zonation can be measured by recording i <« Figure 2.124 Usinga cross
biotic and abiotic factors at fixed heights staff to measure vertical
along a transect. A transect is set up using distances along a zonation

a long tape measure. The transect runs
along the vertical gradient being studied (i.e.
through the different zones). A cross staff

is used to move a set distance (e.g. 0.6 m)
vertically up the transect (Figure 2.124). The
staff is set vertically at one sample location
and a sighting point on the staff, at 0.6 m
above the ground, is used to sight the next
sampling point along the gradient. Biotic
and relevant abiotic factors are measured at
each height interval.

transect.

Create kite diagrams to show distribution

Online kite graph creators
@ are available, for example,

the Geography Fieldwork
Kite Diagram Creator.

Kite diagrams are visual diagrams that are used to show changes in species abundance and
distribution data along a transect. Distance along the transect is put on the x-axis, and abundance
data (such as percentage frequency) on the y-axis. Points showing maximum and minimum
abundance values are plotted along the transect, and these points then joined up with straight
lines to form a ‘kite’ shape.

Example - Sand dune succession at Studland Beach

The following data were collected by students using 1 m? size quadrats along three
parallel, 100 m, straight line transects through the dunes, on a field trip to Studland
Beach on the south coast of England. The table shows a summary of slope angle,
percentage cover of marram grass and percentage cover of heather. The students
took three transects through the dunes. The average results are shown in Table 2.5.

Distance from | Average slope | Percentage cover of | Percentage cover <« Table 2.5 Data from
a Studland Beach showing
the sea /m angle | marram grass | % of heather | % |
slope angle, percentage
0 5 0 0 cover of marram grass and
10 15 37 0 percentage cover of heather.
20 5 63 0
30 5 48 0
40 3 8 34
50 =7 0 43
60 3 0 100
70 =), 0 100
80 = 10 35
90 0 0 68
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Figure 2.125 Kite diagrams P
showing the distribution of
species and dune profile at

Studland Beach.

Succession is the
replacement of one
community by another
in an area over time due
to changes in biotic and
abiotic variables.
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The data in Table 2.5 can be used to plot the dune profile and kite diagrams for the
percentage cover of marram and the percentage cover of heather (Figure 2.125).

%
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%
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o

50
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distance from sea / m

Figure 2.125 shows that marram is located closer to the sea — this is because it is better
able to cope with the windy, salty, arid conditions associated with the shoreline. In
contrast, heather dominates away from the shoreline. There is one anomaly at 80 m
where the proportion of heather falls and there is a slight increase in marram.

How useful are kite diagrams for showing distribution of vegetation?

Kite diagrams are very useful for showing the relative location/distribution of many
species, although only two are shown here. There could be 8-10 different species
shown on a single kite diagram. One disadvantage is that many people find the split
scale (100% = 50% above the line and 50% below the line) difficult to interpret.

2.5.3 and 2.5.4 Succession

As we saw in Section 2.5.2, communities can change along environmental gradients
because of changes in factors such as altitude, latitude or distance from the sea on a
rocky shore. These changes are a spatial phenomenon. Communities can also change
through time. For example, an ecosystem changes as it develops from early stages to
later ones. These changes are a temporal phenomenon.

The long-term change in the composition of a community is called succession
(Figure 2.126). It explains how ecosystems develop from bare substrate over a
period of time. Successions can be divided into a series of stages, with each distinct
community in the succession called a seral stage. The first seral stage of a succession
is called the pioneer community. A pioneer community can be defined as the first



stage of an ecological succession that contains hardy species that are able
to withstand difficult conditions. The later communities in a succession
are more complex than those that appear earlier. The final seral stage of
a succession is called the climax community. A climax community can
be defined as the final stage of a succession, which is in equilibrium and
is more stable than earlier seral stages.

shrubs
pioneer community
(grasses)

bare rock — s—

There are various types of succession, depending on the type of environment occupied:

* succession on bare rock is a lithosere (Figures 2.127 and 2.128)
* succession in a freshwater habitat is a hydrosere

e succession in a dry habitat (e.g. sand) is a xerosere.
y g

large herbaceous plants can grow i the deeper and more nutret ih i

Succession occurring on a previously uncolonized substrate (e.g. rock) is called
primary succession. Secondary succession occurs in places where a previous
community has been destroyed (e.g. after forest fires). Secondary succession is faster
than primary succession because of the presence of soil and a seed bank.

Succession occurs when species change the habitat they have colonized and make it
more suitable for new species. For example, lichens and mosses are typical pioneer
species. Very few species can live on bare rock because it contains little water and
has few available nutrients. Lichens and mosses can photosynthesize and are good
at absorbing water, so they need no soil to survive and are excellent pioneers. Once

climax community

Figure 2.126 A typical
temperate forest succession
pattern. Left undisturbed,
uncolonized land will change
from bare rock into a scrub

community, then become

populated by pines and small

trees and ultimately by large

hardwood trees such as oak.

Ecological systems change
through time, such as seen
in a succession. The final
stage of a succession is
the climax community.
It tends to be in a state of
equilibrium because it has
large storages of biomass,
complex food webs and
the NPP is balanced by
rates of cellular respiration.
In a complex ecosystem,
such as those represented
by climax communities,
the variety of nutrient

and energy pathways
contributes to its stability.

<« Figure 2.127 A model of
succession on bare rock.
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established, they trap particles blown by the wind. Their growth reduces wind speed
and increases temperature close to the ground. When they die and decompose, they
form a simple soil in which grasses can germinate. The growth of pioneers also helps
to weather parent rock adding still further to the soil. Other species, such as grasses
and ferns that grow in thin soil, are now better able to colonize.

The new wave of species are better competitors than the earlier species. For example,
grasses grow taller than mosses and lichen, so they get more light for photosynthesis.
Their roots trap substrate (the thin soil) thereby reducing erosion and they have a
larger photosynthetic area, so they grow faster. The next stage involves the growth of
herbaceous plants (e.g. dandelion and goosegrass). These require more soil to grow
but out-compete the grasses. They have wind-dispersed seeds and rapid growth, so
become established before larger plants. Shrubs then appear such as bramble, gorse
and rhododendron. These larger plants grow in fertile soil and are better competitors
than the pioneers.

The final stage of a succession is the climax community. In this community, trees
produce too much shade for the shrubs, which are replaced by shade-tolerant forest
floor species (see Example — Succession on a shingle ridge). The amount of organic
matter present increases as succession progresses. This is because pioneer and
subsequent species die out and their remains contribute to a build-up of litter from their
biomass. Soil organisms, such as earthworms, move in and break down litter, leading

to a build-up of organic matter in the soil and making it easier for other species to
colonize. Soil traps water, so increasing amounts of moisture are available to plants in
the later stages of the succession.

Example - Succession on a shingle ridge

On a shingle ridge, lichens and mosses are pioneer species. Shingle has few available
nutrients, but lichens can photosynthesize and are effective at absorbing water.
Once established, lichens and mosses trap particles blown by the wind, reduce

wind speed and increase temperature at the shingle surface. Their growth helps to
weather the parent rock. When they die and decompose, thin soil results. Grasses
that grow in thin soil, such as red fescue, can now colonize the area. Grass roots
trap soil and stop erosion. Grasses have a larger photosynthetic area than pioneers
and so can grow faster. Early in the succession, xerophytic plants (this topic, Section

Figure 2.128 Succession on
a shingle ridge in Devon, UK.

The community changes from 2.1.6 and 2.1.7, page 90 and Section 2.4.4, page 182) are found, including the yellow-
a pioneer community of horned poppy and sea kale, which have thick, waxy leaves to prevent water loss
lichens and mosses through and a bluish white colour that reflects sunlight and protects the plant. Plants with
ctoonfrsmta;g)ifgmg nitrogen-fixing bacteria in root nodules (this topic, HL Section 2.3.17 to 2.3.21,
sycamore and oak trees. page 168), such as rest harrow and bird’s foot trefoil, enter the succession. These

new species are better competitors than the pioneer species.
Make sure you know how
to describe the process The next stage of the succession involves the growth of larger plants such as sea radish,
o SUCCTSS‘OZ na l”?mﬁd and then a shrub community dominated by bramble (Rubus fruticosus). The larger plants
example and explain the . . v .
general patterns of change grow in deeper soil and are better competitors than the plants of the earlier seral stages.

in communities undergoing L 3 .
AN The final stage of a succession is the climax community, a temperate forest

examples of organisms from ecosystem (this topic, Section 2.4.4, page 180). Here, trees block sunlight to the
i jpllemizes riteiiied| cies shrub community and the shrubs are replaced by shade-tolerant forest floor species

and climax communities : A o
il isialal (species that can survive in shady conditions) such as ferns.
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The concept of succession must be carefully distinguished from the concept of
zonation. Succession refers to changes over time, whereas zonation refers to spatial
patterns. Rocky shores can be divided into zones from lower to upper shore, with each
zone defined by the spatial patterns of animals and plants. Succession, in contrast, is
the orderly process of change over time in a community. Changes in the community
of organisms frequently cause changes in the physical environment that allow another
community to become established and replace the former through competition.
Often, but not inevitably, the later communities in such a sequence are more complex
than those that appear earlier.

Use secondary data and a mapping database to recreate or map the changes through
succession in a given area

Data to show changes in communities, such as those demonstrated by succession, can be generated
and mapped using a geographic information system (GIS) and remote sensing (RS), along with aerial
photographs, for example, see: Cakir, G. et al. (2007) Mapping secondary forest succession with
Geographic Information Systems: a case study from Bulanikdere, Kirklareli, Turkey. Turkish Journal of
Agriculture and Forestry 31, 71-81.

Online databases can provide extremely detailed information. For example, search for DEFRAS
Magic Map online. Information covers rural, urban, coastal and marine environments across the
UK. It is presented as an interactive map that can be explored using various mapping tools that are
included (e.g. display habitat and species).

Produce an A4 guide about how mapping tools and databases can be used to track succession
through time. Include the following information:

+ What are GISs?
+ What is RS?
- What is light detection and ranging (LIDAR) and how can it be used to map ecosystems?

+ How can mapping tools and databases be used to record succession?

Investigating succession

See the activity in the eBook.

Seral stages

Each seral community in a succession is called a sere. Each sere causes changes
in environmental conditions that allow the next community to replace it through
competition. Eventually, a stable climax community is reached.

For example, mosses start soil formation on bare rock allowing larger plants
to colonize.

Climax communities

Ecosystem stability refers to how well an ecosystem can cope with changes. Most
ecosystems are negative feedback systems — they contain inbuilt checks and balances
without which they would spiral out of control and no ecosystem would be self-
sustaining (Topic 1, Section 1.2.8). Ecosystems with more feedback mechanisms

are more stable than simple ecosystems. Thus, ecosystems in the later stages of
succession are likely to be more stable as food webs are more complex (because of
high species diversity). This means that a species can turn to alternative food sources

@=
|
|
:

Succession occurs over
time, whereas zonation
refers to a spatial pattern.

Changes occur as one
community changes the
environmental conditions
so another community
can colonize the area
and replace the first
through competition.
This process may continue
for hundreds of years

but pollen records in
peat provide evidence

of such changes.

Zonation is a spatial
phenomenon, whereas
succession is a
temporal phenomenon.

Succession is the process
of change over time in
an ecosystem involving
pioneer, intermediate and
climax communities.

6.2 Climate change -
causes and impacts

A climax community is a
community of organisms
that is stable (i.e. in a
steady-state equilibrium)
and is also in equilibrium
with natural environmental
conditions such as climate.
It is the endpoint of
ecological succession.
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Figure 2.129 Lowland
tropical rainforest is a climax
community in South-East
Asia. Hardwood trees of the
family Dipterocarpaceae are
dominant. They are often
very tall and provide a rich
three-dimensional structure
to the forest.

Ecology

if its main food source is reduced. By late succession, large amounts of organic
matter are available to provide a good source of nutrients. Nutrient cycles are more
closed and self-sustaining. They are not dependent on external influences. This also
contributes to stability.

In a climax community there are continuing inputs and outputs of matter and energy
but the system remains in a more-or-less constant state (steady-state equilibrium).

The features of a climax community (compared to an early community) are:

* greater biomass

* higher levels of species diversity

» more favourable soil conditions (e.g. greater organic content and deeper soil)
* better soil structure (therefore greater water retention and aeration)

* taller and longer-living plant species

* greater community complexity and stability

* greater habitat diversity

 steady-state equilibrium.

There is no single climax community but rather a set of alternative stable states
for a given ecosystem. These depend on the climatic factors, the properties of the
local soil and a range of random events that can occur over time (Figures 2.129,
2.130, 2.131).

Figure 2.131 Redwood forests along the Pacific coast

of the USA contain some of the tallest trees in the

Figure 2.130 Temperate forests are often world. The dominant species in terms of biomass is
dominated by a single tree species, such as Sequoia sempervirens. Trees can reach heights up to
the oak. 115.5m (379.1 ft) and diameters up to 8 m (26 feet).
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2.5.5 Primary succession

Primary successions happen on newly formed substratum where there is no soil or
pre-existing community, such as rock newly formed by volcanism, moraines revealed
by retreating glaciers, wind-blown sand or waterborne silt.

Example - Primary succession on Krakatau, Indonesia

Krakatau was a volcanic island to the west of Java in Indonesia, South-East Asia
(Figure 2.132). A huge volcanic eruption took place on the island in 1883.

Java Sea

Krakatau [] | %
Island 52

Indian Ocean

Studies of the colonization of Krakatau, after the massive eruption in 1883, show
that tropical rainforest ecosystems are capable of recovery from even extreme
damage, given sufficient time. After the initial eruption, no living thing remained
on what was left of the island, whereas today Krakatau is covered by tropical forest.
On the islands left after the eruption, there are now over 400 species of vascular
plants, thousands of species of arthropods, over 30 species of birds, 18 species of
land molluscs, 17 species of bats and 9 reptiles.

Organisms can colonize isolated land using several mechanisms:

* air—by flying (birds, insects) or by passive transportation (spores or seeds with a
lower mass)

* sea— by swimming or floating on a log

* animal - by travelling (or hitchhiking) inside or attached to animals that swim or
fly (plant seeds and animal larvae).

The formation of an ecosystem from bare rock (as on Krakatau) is called a primary
succession. The succession always follows the same sequence with the arrival of
different organisms in turn (Figure 2.133).

* Pioneer species arrive (e.g. lichens, algae, bacteria) and colonize a bare or disturbed site.
* As these organisms die, soil is created.

l
<« Figure 2.132 Krakatau is
part of Indonesia, a band of
islands on the equator.

Specific types of
dispersal

Jump dispersal - long-
distance dispersal to
remote areas by one or

a few individuals. This
dispersal mechanism
explains widely distributed
species in geographically
isolated areas. For
example, the colonization
of the Galapagos Islands
by finches from mainland
South America.

Diffusion - slower than
jump dispersal and
involves populations,
rather than individuals.
This method describes the
spread of species at the
edge of their ranges into
new areas.

Secular migration -
dispersal over geological
timescales {thousands to
millions of years). Dispersal
takes place so slowly that
the dispersing species
undergoes evolutionary
change during the process.
For example, the evolution
of South American llamas
that are descended from
the now extinct North
American members of the
camel family.

207



Figure 2.133 Successionon P
Krakatau began with blue-
green bacteria and then ferns
(the pioneer species) followed
by grasses, shrubs and ferns.
Next came mixed woodland
(smaller trees) and finally the
climax community of tropical
rainforest (including tall
hardwood trees).

A seral community (or
sere) is an intermediate
stage found in
ecological succession.
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*  Growth in plants causes changes in the physical environment (e.g. light, moisture).

* New species of plants arrive that need soil to survive. They displace the existing
pioneer plants.

 The growth of roots enables soil to be retained and not washed away.

» Newly arriving species alter the physical conditions (e.g. increased shade, more
minerals and nutrients in the soil as plants die and decay and nitrogen-fixing
plants arrive), allowing other species to become established.

* Animals come in with or after the plants they need for food.
* Eventually, a stable climax community is established.

 Disturbances start the process of succession again.

800 m

ﬂ 2%
= by air ferns, mosses, shrubs
g 2VEE A 800 m
o 8% 700 m
N —~ by birds
< 60% tropical
= by sea rainforest
° ; 2 zone
S ferns === savannah=—p mixed === rainforest

woodland

beach plants —_ coastal woodland

Soil depth, moisture and species diversity increase through succession, reaching
their maximum in the climax community (the last stage of the succession). Greater
habitat diversity leads to greater species and genetic diversity.

Activity

Find out about a local example of primary succession. Alternatively, research the
example of Surtsey Island — a volcanic island approximately 32 km from the south
coast of Iceland. Surtsey is a new island formed by volcanic eruptions that occurred
between 1963 and 1967.

Write a summary of your example. Use the terms seral communities or stages,
pioneer and climax communities.

2.5.6 Secondary succession

Secondary succession occurs in an area that already contains soil. Human activities,
such as forest clearance (logging or burning), can cause this type of succession,
providing no further disturbance occurs.



Secondary successions happen on bare soil where there has been a pre-existing
community, such as a field where agriculture has ceased or a forest after an
intense fire.

Example - Secondary succession in the Broadbalk Wilderness,

Rothamsted, UK

A well-documented example of secondary succession was recorded at
Rothamsted in the UK. Areas that had previously been used for agriculture,
such as the Broadbalk Wilderness, were fenced off in the 1880s and left to
revert naturally to woodland through the process of secondary succession.
The project is ongoing, and scientists continue to gather data about the
succession. Figure 2.134 shows the changes in organic carbon in soil and
tree biomass through time.

Organic carbon accumulation in Broadbalk Wilderness
1881-1999
500
450 —
400 —
350 —
300 —
250 —
200 —
150 —
100 —
50

organic C / ttha

1 I |
1881 1904 1964 1999

year sampled

[ soil  EAroot [T above-ground biomass

Activity

Find out about the Broadbalk Wilderness at Rothamsted Research (Harpenden,
Hertfordshire, UK). Alternatively, find out about a local example of secondary
succession.

Produce a fact sheet about the succession. What were the conditions before
the succession began? What were the first colonizers and what is the climax
community? Provide details about changes in the abiotic and biotic factors
through time. How does the rate of change in the communities compare to
primary succession?

<« Figure 2.134 Data from
Broadbalk Wilderness at
Rothamsted, UK, showing
changes through time in the
mass of carbon stored in soil
and tree biomass.
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Energy flow, productivity,
species diversity, soil
depth and nutrient cycling
change over time
during succession.
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2.5.7 Changes over time during succession

Gross productivity, net productivity, diversity and mineral cycles change over time as
an ecosystem goes through succession. During a succession, greater habitat diversity
leads to greater species and genetic diversity.

Changes in energy flow, gross productivity and net productivity

In the early stages of a succession, the density of producers is low due to the lack

of soil, water and nutrients. This results in a low gross productivity because the
proportion of energy lost through community cellular respiration is relatively low and
net productivity is high. When net productivity is high, the ecosystem is growing, and
biomass is accumulating.

In later stages of a succession, the gross productivity is high in the climax community
as there is an increased consumer community. The gross productivity is balanced by
cellular respiration in later stages of a succession (this topic, Section 2.5.10) and so the
net productivity approaches zero and the ratio of production to cellular respiration
approaches one.

Changes in species diversity

Early in the succession, there is low biomass and few niches. The plant community
changes through each seral stage, leading to larger plants and greater complexity. As
the plant community grows and complexity increases, the number of niches increases.
As the number of niches increases, the food webs become more complex and both
habitat diversity and species diversity increase.

Changes in soil depth

Soil is made from inorganic and organic components, water and air (Topic 5, Section
5.1.2). Inorganic components are formed by the weathering of rock and include

rock fragments, sand, silt and clay. Organic components include living organisms
and material produced by the decay of organisms. At the beginning of a primary
succession, there is no soil. As pioneer plants establish themselves, they help to break
up the rock substrate and when they die, they create organic matter, both of which
form soil. As the succession progresses, increased biomass results in increased soil
formation. Deeper soils allow larger plants to establish themselves, as the plant roots
can anchor themselves in the soil.

Changes in nutrient cycling

Mineral cycling forms an open system at the early stages of succession. Elements such
as carbon and nitrogen are introduced to the system from the surrounding area and
are also able to leave the system. Later in the succession, nutrient cycling forms a more
closed system. Elements such as carbon and nitrogen can remain and cycle within the
system. Minerals pass from the soil into living biomass. Minerals return to the soil
when organisms die and decay.

Further changes in a succession are shown in Figure 2.135.



16th century coastline woodland scrub heather dunes

West ’ |

little sea

100 metres dune slacks

plant cover and species diversity increases

grass dunes

sea East

soil depth and humus content increases

soil acidity increases

decreasing blown sand movement

increasing moisture availability for plants

Table 2.6 summarizes the differences in productivity, diversity and nutrient cycling
between the early and late stages of succession.

Feature Pioneer community | Climax community
GPP low high
NPP high low
total biomass low high
niches few many
species richness low high
diversity low high
organic matter small large

soil depth shallow deep
minerals external internal
nutrient cycles open system closed system
mineral conservation poor good
role of detritus small large

2.5.8 An ecosystem’s capacity to tolerate

disturbances and maintain equilibrium

An ecosystem’s capacity to tolerate disturbances and maintain equilibrium depends on
its diversity and resilience (Topic 1, Section 1.2.16 and 1.2.17).

The resilience of a system refers to its tendency to avoid tipping points and maintain
stability through a steady-state equilibrium. Diversity and the size of storages

within systems can contribute to their resilience and affect the speed of response to
change. Large storages or high diversity will mean that a system is less likely to reach
a tipping point and move to a new equilibrium. Humans can affect the resilience

of systems through reducing these storages and diversity. Tropical rainforests, for
example, have a high diversity (i.e. a large number and proportion of species present).

A

Figure 2.135 Changesin
biotic and abiotic factors
along a sand-dune succession.

<« Table 2.6 Features of early

and late succession.

Ecosystems with high
biodiversity contain
complex food webs which
make them resistant to
change - species can turn
to alternative food sources
if one species is reduced
or lost from the system.
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6.2 Climate change -
causes and impacts

Find out more about
the impact of the grey
wolf reintroduction by

searching for ‘Wolves of
Yellowstone' at National
Geographic Education.

&
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However, catastrophic disturbance through logging (i.e. rapid removal of tree biomass
storages) or fires can lower rainforest resilience, so recovery takes a long time. Natural
grasslands, in contrast, have a low diversity but are very resilient. This is because a

lot of nutrients are stored below ground in root systems, so they can recover quickly
after fire. Fires in savannah ecosystems keep tree cover low and prevent forests from
encroaching on the grassland (elephants also allow grasslands to develop —see the
Example in Section 2.5.9, page 213, this topic).

Succession increases diversity which adds to resilience and stability — though human
interference can cause a reduction in these qualities.

2.5.9 Influences on the type of community that
develops in a succession

The type of community that develops in a succession is influenced by bottom-up or
top-down factors. Bottom-up factors affect the soil and producers. Top-down factors
affect the organisms higher in the food chain (therefore causing downward effects on
succession).

Bottom-up and top-down factors

Bottom-up factors include:

* steep slopes that restrict soil development
* lack of drainage that cause waterlogging

* underlying (parent) rock that may cause ultra-basic or other extreme soil types to
develop.

Soils play an essential role in the development of plant communities and their
structure and mineral content vary from one area to another (this topic, Section
2.5.3 and 2.5.4, page 204 and Section 2.5.7 page 211). Depending on edaphic (i.e. soil)
factors, different communities will develop.

Top-down factors include:

d primary consumers

e higher trophic levels.

Living organisms therefore affect the structure of the final community in a succession.

Example - The ecology of Yellowstone National Park, USA

Historically, the grey wolf, a top carnivore, played an important role in the ecology
of Yellowstone National Park in the USA. Human hunting and other pressures

led to the extinction of the grey wolf 100 years ago. In 1995, the grey wolf was
reintroduced into the ecosystem. Scientists have been studying the effect of the
reintroduction on population dynamics in the park and on community structure.

Grey wolves are keystone species (this topic, Section 2.1.23, page 116) at Yellowstone.
They cause a ‘trophic cascade’ within the ecosystem, where the effects on the animals



they prey on have knock-on effects for the rest of the food web. All levels of the
community are affected (Figure 2.136).

< Figure 2.136 Yellowstone
National Park ecosystem
without (left) and with (right)
the grey wolf.

Example - The role of elephants in savannah ecosystems

Elephants in the savannahs consume large amounts of vegetation. These large
herbivores (the largest land animal) therefore contribute to the equilibrium of the
savannahs and forested areas. As well as eating grass, the elephants feed on saplings
(small trees) and trample ground preventing tree growth. They therefore reduce
tree densities (Figure 2.137), allowing grasslands to develop (which are typical of
the savannah biome — this topic, Section 2.4.4, page 183). Without elephants, many
other plants and animals would not survive savannah ecosystems. Elephants also
make pathways through dense forested habitat areas, allowing other animals to
move easily through the ecosystem.

Figure 2.137 Elephant
eating part of a tree on the
savannah grasslands of
the Maasai Mara, Kenya.

2.5.10 Changes in net productivity and gross

productivity in a community undergoing
succession

Net and gross productivity change over time as a community progresses through
succession.
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Production : cellular respiration ratio

The early stages of a succession have low GPP but high NPP because of the low overall
rates of cellular respiration. This relationship can be described as a production: cellular
respiration ratio or a P : R ratio.

 If production is equal to rate of cellular respiration, the value of PR is 1.

Figure 2.138 Difference in
production: cellular respiration
ratios between natural and e Where P: Risless than 1, biomass is depleted.
agricultural systems.

v

e Where P: R is greater than 1, biomass accumulates.

*  Where P: R =1 a steady-state community is produced.

In the later stages of a succession, with an increased consumer
community, rates of community cellular respiration are

high. Gross productivity may be high in a climax community
but because this is balanced by cellular respiration, the net
productivity approaches zero (NPP = GPP—R) and the P: R
ratio approaches 1.

climax woodland

P : Rratio

If the production: cellular respiration ratios of a food
production system are compared to a natural ecosystem
with a climax community, clear differences can be seen.
Figure 2.138 compares intensive crop production with
deciduous woodland. Fields and woodland both have low
initial productivity, which increases rapidly as biomass
accumulates. Farmers do not want the P : R ratio to reach

1 because at that point, community cellular respiration
negates the high rates of gross productivity. This means that yields are not increased.
The wheat is therefore harvested before P : R = 1. Community cellular respiration is
also controlled in the food production system by isolating herbivores and thereby
increasing net productivity and growth. In natural woodland, the consumer
community increases, so naturally high productivity is balanced by consumption
and cellular respiration. The woodland reaches its climax community when P: R =1
(i.e. all woodland productivity is balanced by cellular respiration).

agricultural crop

time

Where P:R is greater than
1, biomass accumulates.
Where P:Ris less than T,
biomass is reduced.
Where P:R=1,a
community in steady-
state equilibrium

is produced.

In the early stages of succession, gross productivity is low due to the unfavourable initial

conditions and low density of producers. The proportion of energy lost through community

cellular respiration is relatively low too, so net productivity is high. That means the system is

growing and biomass is accumulating.

2.2 Energy and biomass in
ecosystems

In the later stages of succession, with an increased consumer community, gross productivity
may be high in a climax community. However, this is balanced by cellular respiration, so
net productivity approaches zero and the production: cellular respiration ratio (P:R) ratio
approaches 1.

H

2.5.11 r- and K-strategist species

Species can have traits r- and K-species (this topic, Section 2.1.29) have reproductive strategies that are better

of both K- and r-species. . . . .
s of Aot adapted to pioneer and climax communities, respectively.

disturbed lawn had high

reproduction rates, whereas r-species are those that produce large numbers of offspring so they can colonize new
those on an undisturbed habitats quickly and make use of short-lived resources. K-species tend to produce a
lawn produced fewer seeds

small number of offspring, which increases their survival rate and enables them to

but were better competitors. . . ..
survive in long-term climax communities.

214



2.2 Energy and biomass in
ecosystems

r- and K-selection theory Q

This theory states that natural selection (Topic 3, Section 3.1.4) may favour individuals
with a high reproductive rate and rapid development (r-species) over those with lower
reproductive rates but better competitive ability (K-species). Characteristics of the
classes are shown in Table 2.7.

S K -species <« Table 2.7 A comparison of
P P r- and K-species.

initial colonizers dominant species

large numbers of a few species diverse range of species i ‘da”d '; Sﬁ?C‘f: have]

- - ' adapted their life cycles
highly adaptable generalists to different environments
rapid growth and development slow development and successional stages.

- . r-species colonize new
early reproduction delayed reproduction habitats rapidly and make
short life long living CIpfpOHLEE LES ol

- - short-lived resources by
small size large size producing large numbers
. . of offspring with more
very productive not very productive jimited provision for the
individual’s survival.
In predictable environments — those in which resources do not fluctuate, such as K-species t_h“‘ée in Stgb'e_

. ope . 1. . communities roducin
climax communities — there is little advantage to rapid growth. Instead, natural 2 ermal numbery Opf Oﬁspﬂé
selection favours species that can maximize use of natural resources, and which that have a high chance of
produce only a few young that have a high probability of survival. These K-species survival, enabling them to

survive in long-term

have long life spans, large body size and develop slowly. In contrast, disturbed s s

habitats with rapidly changing conditions, such as those in pioneer communities,
favour r-species that can respond rapidly, develop quickly and have early
reproduction. This leads to a high rate of productivity. Such colonizer species often
have a high dispersal ability to reach areas of disturbance.

2.5.12 Challenges to the concept of a climax

community

The concept of a climax community has been challenged and there is uncertainty over

Make sure you know how
which ecosystems would develop naturally were there no human influences.

to distinguish the roles
of r- and K-species as
selected species
in a succession.

Historically, the generally accepted theory was that, without human impacts, closed-
canopy forest would predominate in Central and Western Europe in all locations
where trees can grow. An alternative hypothesis suggests that grazing by large
ungulates, such as cattle and horses, would have created a dynamic landscape where
forest and more open areas would alternate through time. This hypothesis was first
proposed and published by Frans W.M. Vera and so is known as the ‘Vera’ wood—
pasture hypothesis. In this scenario, the random movement of herbivores creates
alternative stable states, rather than one definitive climax community.

Research suggests that Europe has not been totally covered by closed-canopy forest in places

where trees can grow. In places where wild cattle and wild horses could live together with A
other large ungulates, such as deer, it was originally made up of dynamic wood-pasture " )
(Figure 2.139). Figure 2.139 Ancient

wood-pasture, Estonia.
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Figure 2.140 Burning and
deforestation of the Amazon
forest to make grazing land
leads to loss of large areas of
rainforest. Continued burning
and clearance, and the
establishment of grasslands,
prevents succession occurring.

Ecology

Activity

Read this article about the ‘Vera’ wood-pasture hypothesis: Vera, F. (2002) The
dynamic European forest. Arboricultural Journal 26, 179-211.

Consider the debate over the ‘Vera’ wood—pasture hypothesis regarding the effects
of primary consumers on the plant communities. You can use the European
example outlined on this page or refer to a local example. Working with a partner,
summarize the key points. Why would a climax community be unlikely to develop?
What impacts do large herbivores have on the succession?

2.5.13 Plagioclimax

Climatic and edaphic (i.e. relating to soil) factors determine the nature of a climax
community. Human factors frequently affect this process through disturbance. The
interference or disturbance halts the process of succession and diverts it so that a
different stable state is reached rather than the climax community. This interrupted
succession is known as plagioclimax. An example is the effect of footpath erosion
caused by the continued trampling from feet. Or consider a sand dune ecosystem,
where walkers might trample plants to the extent that they are eventually destroyed.
Human activity can affect the climax community through agriculture, hunting, forest
clearance, burning and grazing (Figures 2.140. 2.141 and 2.142). All of these activities
divert the progression of succession to an alternative stable state so that the original
climax community is not reached.

An ecosystem’s capacity to survive change may depend on its diversity and resilience
(Topic 1, Section 1.2.17).

Figure 2.141 Large parts of the UK were once covered by deciduous Figure 2.142 Controlled burning of heather also prevents
woodland. Some heather would have been present in the north, but the re-establishment of deciduous woodland. The heather
relatively little. From the Middle Ages onward, forests were cleared to supply is burned after 15 years, before it becomes mature. If the
timber for fuel, housing, and the construction of ships (especially oak) and heather matured, it would allow colonization of the area
to clear land for agriculture. As a result, soil deteriorated and heather came by other plants. The ash adds to the soil fertility and the
to dominate the plant community. Sheep grazing and associated burning new heather growth that results increases the productivity
has prevented the regrowth of woodland by destroying young saplings. of the ecosystem.
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Human activity is one factor that can divert the progression of succession to an alternative stable
state, by modifying the ecosystem. Examples include the use of fire, agriculture, grazing pressure or
resource use such as deforestation. The complete removal of top carnivores, such as the removal of
grey wolves from Yellowstone National Park (this topic, Section 2.5.9), can also modify ecosystems.

This diversion may be permanent depending on the resilience of the ecosystem.

Activity

Find out about other examples of plagioclimax. Use local examples, such as
the complete removal of top carnivores and grazing by domesticated livestock.
Produce a summary of the examples you find.

@

Example - Deforestation in Borneo

Deforestation in Borneo has progressed rapidly in recent years (Figure 2.145).
Deforestation affects people, animals and the environment. A recent assessment
by the United Nations Environment Program (UNEP) predicts that the Bornean
orangutan (endemic to the island) will be extinct in the wild by 2025 if current
trends continue. Rapid forest loss and degradation threaten many other species,
including the Sumatran rhinoceros and clouded leopard. The main cause of forest

Deforestation is having a major impact on one of the most diverse biomes, tropical rainforest

(Figures 2.143 and 2.144).
35,000
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sq km deforested, per year
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T
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An area of tropical rainforest
the size of a football pitch

is destroyed every four
seconds. As well as the loss of
habitat and destruction of a
complex climax community,
the CO, released when the
trees are burned returns to
the atmosphere. The amount
of CO, is greater than that
produced by the entire global
transport sector.

T T
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year

large-scale
agriculture
5-10%

small-scale
agriculture
20-25%

logging

other
1-2%

cattle ranching.
65-70%

loss in Borneo is logging and the clearing of land for palm oil plantations.

Make sure you know how
to discuss the factors

that could lead to
alternative stable states

in an ecosystem and
discuss the link between
ecosystem stability,
succession, diversity and
human activity.

Human activity can

divert and change the
progression of succession
leading to a plagioclimax.

Figure 2.143 Deforestation
in the Brazilian Amazon basin
fluctuates but remains high,
despite warnings about the
consequences for the planet.
The loss of the highly diverse
climax community and its
replacement by agricultural or
grazing ecosystems affects
global biodiversity, regional
weather, the water cycle and
sedimentation patterns.

Figure 2.144 Pie chart
showing causes of
deforestation in the Brazilian
Amazon basin, between 2000
and 2005. These human
activities are affecting the
ecology of the Amazon. The
main reason for deforestation,
cattle ranching, is a result of
the high percentage of meat
in Western diets and the
increasing consumption of
beef in developing countries.
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Figure 2.145 Loss of P
primary forest between
1950 and 2020.

1.2 Systems a

* Produce an infographic or poster for your school to inform other students about
the fieldwork in which you have participated.

Q46. Compare and contrast the processes of succession and zonation, using
examples of each in your answer.

Q47. Outline the changes that occur along a succession. Explain the effect these
changes have on biodiversity.

Q48. Distinguish between primary and secondary succession.

Q49. Outline the characteristics of climax communities. Your answer should include
details of biomass levels, species diversity, soil conditions, soil structure, pH,
community complexity, type of equilibrium and habitat diversity.

Q50. Describe methods for measuring changes in abiotic and biotic factors along
an environmental gradient. Evaluate each method. What are the limitations
of each and how will they affect the data you collect?

Q51. Explain what the P: R ratio measures and how it changes from early to
late succession.
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Q52. Define the term plagioclimax. Describe two examples of how human
activities divert the progression of succession to an alternative stable state,
by modifying the ecosystem.

Q53. Construct a table with r-species in one column and K-species in the
other. List the characteristics that apply to each.

Q54. Evaluate the term climax community.

Practice questions

1. The organisms shown in Figure 2.146 (not drawn to scale) were found in an
aquatic ecosystem.

| an aquatic ecosystem.

(a) Suggest two visible characteristics of the organisms shown in Figure 2.146

that could be used to construct an identification key. [2]
(b) Identify one limitation of using a key to identify an organism. [1]
(Total 3 marks)

2. (a) Describe biotic and abiotic factors with reference to a named
ecosystem. [4]

(b) Using a system diagram, explain the transfer and transformation
of energy as it flows through an ecosystem. [7]

(Total 11 marks)
3. Outline the role of the atmospheric system in the distribution of biomes.  [4]

(Total 4 marks)

(continued)

<« Figure 2.146 Organismsin

219



Figure 2.147 Factfileon P
deer species found in London.

Figure 2.148 Factfileon P
Richmond Park.

Figure 2.149 Population of P
deer in Richmond Park,
2013-2017.
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4. Review Figures 2.147, 2.148, 2.149 and 2.150 before answering the questions.

Reeves' Muntjac (Muntiacus reevesi) (male)

+ Native to Southeast Asia, introduced to UK
when they escaped from a zoo

Lives throughout London

Eats grass, nuts and garden flowers

Breeds all year round

One of the smallest deer species;
0.44-0.52m to shoulder

+ Native to Europe, western Asia and
northern Africa

Lives in Richmond Park

Eats grass and woody plants
Breeds once per year

One of the largest deer species;
1.00-1.20m to shoulder

Native to Europe

Lives in Richmond Park

Eats grass and woody plants

Breeds once per year

Medium in size; 0.84-0.94 m to shoulder

Richmond Park is a national nature reserve and Special Area of
Conservation.

Approximately 630 red and fallow deer live permanently in the
park.

There are no natural predators for deer in Richmond Park.

Deer numbers in the park are managed to maintain a sustainable
population.

Deer meat is sold, and any profits are reinvested into caring for the
deer.
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(a) Using Figure 2.147, construct an identification key for the deer species

found in London.

(b) With reference to Figures 2.148, 2.149 and 2.150, predict how the
ecosystem would be affected if the deer population in Richmond

Park was not managed.

2015
year

2016

2017

5. Review Figure 2.151 before answering the questions.

savannah grassland

(a) (i) State the trophic level of the zebra.

(i) Explain how the second law of thermodynamics applies to this

food chain.

Biting flies bite and drink the blood of zebras. They commonly carry diseases

that can be fatal to zebras.

(b) State the type of relationship that exists between biting flies and

the zebra.

(3]

(2]
(Total 5 marks)

« Figure 2.151 Savannah
food chain.

(2]

(1]
(Total 4 marks)

(continued)
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6. Review Figure 2.152 before answering the questions.

Figure 2.152 Example ofa P reindeer Siberian tiger wild boar
Siberian food web. i 5

(a) Outline the impact that a reduction in the tiger population may have
on other populations in the food web shown in Figure 2.152. [2]

(b) Outline why a reduction in the Siberian tiger's population may

increase its probability of extinction. [2]
(Total 4 marks)
7. (a) Identify four ways to ensure reliability of the capture—mark-release—
recapture method in estimating population size. [4]
(b) Explain how the interactions between a species and its environment give
rise to an S-shaped population growth curve. (7]
(Total 11 marks)
8. (a) Distinguish between two named biomes and the factors that cause
their distribution. [4]
(b) Evaluate one method for measuring primary productivity in a named
ecosystem. [7]
(Total 11 marks)
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9. Review Figures 2.153, 2.154, 2.155 and 2.156 before answering the questions.

* Opportunistic feeders that change their food sources with the seasons.
* Can live for up to 70 years.
*  40-50% of the beluga whale’s body mass is made up of fat.
* Reaches sexual maturity between 5 and 9 years of age.
* The worldwide population of beluga whales is estimated at 150,000.
» The St Lawrence River estuary population (900 individuals):

— isisolated from other beluga whales

— islisted as endangered by the Canadian government

— has been protected by law since 1983.

< Figure 2.153 Factfile
on the beluga whale
(Delphinapterus leucas).
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< Figure 2.154 Asimplified
food web for the St Lawrence

River beluga whale.

« Figure 2.155 Estimated
population of the

St Lawrence River
beluga whales.

(continued)
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Figure 2.156 Threats to the P
St Lawrence River
beluga whale.

1L

224

Ecology

Shipping and whale watching issues:

* The noise from ships disturbs feeding behaviour.
* Ships may separate young whales from their mothers.

Hunting:

* Until the 1980s, beluga whales were hunted because they competed
with the commercial fishing industry.

Pollution:

* Heavy metals, such as lead (Pb), mercury (Hg) and cadmium (Cd)
from industrial effluent.

* Persistent organic pollutants (POPs), such as DDT and PCBs, from
agriculture and industry.

* Treated and untreated sewage from cities along the river.
* Microplastic beads from domestic and industrial waste.
* Pollutants accumulate in the mud at the bottom of the river.

10.

(a) Using Figure 2.154, identify a food chain in the St Lawrence River
ecosystem that has five trophic levels.

(b) Using Figure 2.155, state the St Lawrence beluga whale population in
1920 and 1940.

(c) Calculate the percent decrease in beluga whale numbers between 1920
and 1940.

(d) With reference to Figure 2.156, explain why the beluga whale is more at
risk from toxic pollutants, such as heavy metals and persistent organic
pollutants (POPs), than most other organisms in its food web.

(e) Suggest why the St Lawrence River beluga whale population has not
recovered despite being given protected status in 1983.

(1]

(1]

(1]

(3]

(4]

(Total 10 marks)

Explain how both positive and negative feedback mechanisms may
play a role in producing a typical S-shaped population growth curve fora
species.

7]

(Total 7 marks)

(a) Distinguish between the terms niche and habitat with reference to a named

species.

(b) Suggest the procedures needed to collect data for the construction of
a pyramid of numbers for the following food chain:

plants —= snails —= birds

(4]

7]

(Total 11 marks)



12. Review Figure 2.157 before answering the questions.

Volcano Latitude Eruption | Type of surface Number of species
date (plants) recorded in
three separate years
1930 | 1975 | 2015
Krakatau, 6°S 1883 | Ash and lava 24 243 397
Indonesia
Tarawera, 38°S 1886 Lava 2 63 74
New Zealand
(a) State the ecological processes illustrated by the data in Figure 2.157.  [1]
(b) Describe a method for measuring the abundance of plant species in
volcanic areas. [3]
(c) Suggest two reasons why there are differences in the number of
plant species found on Krakatau and Tarawera. [4]
(Total 8 marks)

13. Figure 2.158 shows the concentration of DDT at different trophic levels of the
food chain.

DDT in fish-gating birds
25 parts per million (ppm)

DDT in large fish
2 ppm

DDT in small fish
0.5 ppm

DDT in zooplankton
0.04 ppm

(a) State the main source of energy for the food chain in Figure 2.158.

(1]

(b) State the trophic level labelled X in Figure 2.158. [1]
(c) Identify one use of DDT that has led to its presence in the environment.  [1]
(d) With reference to the concepts of bioaccumulation and
biomagnification, outline how the concentration of DDT has
changed along the food chain. [2]
(e) (i) State the relationship between large and small fish in Figure 2.158. [1]
(if) Outline how this relationship may be of benefit to the populations
of both species. [2]
(Total 8 marks)
(continued)

< Figure 2.157 The number
of plant species present on
the slopes of two volcanoes,
which erupted in the 1880s.
Measurements were taken in
1930, 1975 and 2015.

< Figure 2.158 Levels of
concentration of DDT in
food chain.
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Figure 2.159 The grossand P
net productivity at different

trophic levels within the Silver
Springs, Florida, ecosystem.

Figure 2.160 Factfile pp
about the red-necked and
imperial amazon parrots.
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14. Review Figure 2.159 before answering the questions.

b 30 I 30
153
— f 375
1327
— = [ 7302
7938
=A% 37,100
All ﬂgures inkl m-Z y-l sunligh! = 7,140,000
| Key: [Q] = gross productivity  [] = net productivity |
(a) State the process represented in the box labelled X in Figure 2.159. [1]
(b) Describe how the second law of thermodynamics operates in relation
to the transfer of energy within the Silver Springs ecosystem. [2]
(c) Distinguish between a pyramid of numbers and a pyramid of
productivity. (2]
(Total 5 marks)

15. Review Figures 2.160 and 2.161 before answering the questions.

Red-necked amazon (Amazona arausiaca) Imperial amazon (Amazona imperialis),
the national bird of Dominica

* Social, flies in groups of 30+ birds during the o Shy, lives singly or in pairs.

non-mating season. o Mates for life and may die if it loses its partner.
o Eats forest fruits and nuts; also feeds in * Territorial, guards nesting sites all year round.

banana and citrus plantations. e Eats forest fruits and nuts.
 Lives between Om and 800m in elevation. o Lives in dense forest.
o Nests in holes in trees. o Lives between 600m and 1300m in elevation.
o Endemic to Dominica. o Nests in holes in trees.
® |UCN Red List status: Vulnerable ® Endemic to Dominica.

.

IUCN Red List status: Endangered.
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Using Figure 2.160, state one physical characteristic that may be
used to differentiate these two species from each other in an

identification key. [1]

With reference to Figure 2.160, state the type of biotic interaction

that occurs between the imperial amazon and the red-necked

amazon parrots. [1]

Compare and contrast the realized niches of the two parrot species.  [3]

With reference to Figure 2.161, calculate the percent increase in

red-necked amazon numbers between 1980 and 2012. [1]

With reference to Figures 2.160 and 2.161, suggest two reasons why

the red-necked amazon population has recovered more quickly than

the imperial amazon population following Hurricane David in 1979.  [2]
(Total 8 marks)

(continued)

< Figure2.161 Changesin
the numbers of individual
imperial and red-necked
amazon parrots.

Key:
== |mperial amazon
=>é= Red-necked amazon
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Figure 2.162 Factfile P
on the round goby
(Neogobius melanostomus).

Figure 2.163 Picture of P
the round goby and
mottled sculpin.
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16. Review Figures 2.162 and 2.163 before answering the questions.

* An invasive species from Asia.

 First discovered in the St Lawrence River in 1990.

» Females lay eggs three times a year; up to 5000 eggs at a time.

* Young fish mature quickly.

 Can eat up to 4000 eggs of other fish in 15 minutes.

» Aggressively defend the best egg-laying sites, out-competing the
native mottled sculpin (Cottus bairdii).

* Eatinvasive zebra mussels.

* Eaten by native fish, such as lake trout and yellow perch.

Round goby (Neogobius melanostomus) Mottled sculpin (Cottus bairdii)

maximum size 24 cm in length maximum size 15cm in length

(a) Using Figures 2.162 and 2.163, identify one feature of the round goby that
shows it is an r-selected species. [1]

(b) With reference to Figure 2.162, outline how the round goby both

positively and negatively affects the St Lawrence River ecosystem. [3]

(c) With reference to Figure 2.162, explain why the realized niche of
the mottled sculpin has changed in recent years. [3]
(Total 7 marks)
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Biodiversity and conservation

3.1 Biodiversity and evolution

How can diversity be explained and quantified, and why is this important?

How does the unsustainable use of natural resources impact biodiversity?

3.1.1 Biodiversity is the total diversity of living systems and it exists at several levels.

3.1.2 The components of diversity contribute to the resilience of ecological systems.

3.1.3 Biodiversity arises from evolutionary processes.

3.1.4 Natural selection is the mechanism driving evolutionary change.

3.1.5 Evolution by natural selection involves variation, overproduction, competition for
limited resources, and differences in adaptation that affect rates of survival and reproduction.

3.1.6 Speciation is the generation of new species through evolution.

3.1.7 Species diversity in communities is a product of richness and evenness.

3.1.8 Simpson’s reciprocal index is used to provide a quantitative measure of species diversity,
allowing different ecosystems to be compared and for change in a specific ecosystem over time
to be monitored.

3.1.9 Knowledge of global and regional biodiversity is needed for the development of effective
management strategies to conserve biodiversity.

3.1.10 Mutation and sexual reproduction increase genetic diversity.

3.1.11 Reproductive isolation can be achieved by geographical separation or, for
populations living in the same area, by ecological or behavioural differences.

3.1.12 Biodiversity is spread unevenly across the planet, and certain areas contain a
particularly large proportion of species, especially species that are rare and endangered.

3.1.13 Human activities have impacted the selective forces acting on species within
ecosystems, resulting in evolutionary change in these species.

3.1.14 Artificial selection reduces genetic diversity and, consequently, species
resilience.

3.1.15 Earth history extends over a period of 4.5 billion years. Processes that occur over
an extended timescale have led to the evolution of life on Earth.

3.1.16 Earth history is divided up into geological epochs according to the fossil record.

3.1.17 Mass extinctions are followed by rapid rates of speciation due to increased niche
availability.

3.1.18 The Anthropocene is a proposed geological epoch characterized by rapid
environmental change and species extinction due to human activity.

3.1.19 Human impacts are having a planetary effect, which will be detectable in the
geological record.
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Conflation means
combining two or
more separate things,

3.1.1 Biodiversity

The word biodiversity is a conflation of ‘biological diversity’ and was first made popular such as words. The
by ecologist E.O. Wilson in the 1980s. Bio makes it clear we are interested in the living
parts of an ecosystem. Diversity is a measure of both the number of species in an area
and their relative abundance (this topic, Section 3.1.7). Biodiversity is the total diversity
of living systems and exists at several levels. It is a result of habitat diversity, species
diversity and genetic diversity (Figure 3.1).

word biodiversity is a
combination of ‘biological’
and ‘diversity’.

<« Figure 3.1 Rainforests are
diverse. They are rich in
resources, such as food and
space and have many
different niches available, so
many species can co-exist.

Biodiversity is the total
diversity of living systems.
It is made up of habitat
diversity, species
diversity and genetic
diversity.

Biodiversity refers to the
variety of life on Earth.
Conservation biologists
first used the word to
highlight the threat to
species and ecosystems.

Habitat diversity

Habitat diversity means the range of different habitats in an ecosystem or biome. It 1is now widely used in
is often associated with the variety of ecological niches. For example, woodland has a international agreements
high habitat diversity because it contains many different habitats, including rivers, soil, concerning the sustainable
trees, shrubs, ground vegetation, leaf litter, fallen dead trees and so on. In contrast, a use and protection of

. . . . . . natural resources.
desert has a low habitat diversity because it only contains a few habitats such as sand
and occasional vegetation (Figure 3.2).

< Figure 3.2 Death Valley
desert. Ecosystems such as
deserts have low habitat
biodiversity so there are fewer
opportunities for species
to co-exist.

A habitat is the
environment in which a
species normally lives.

Habitat diversity refers
to the range of different
habitats in an ecosystem
or biome.
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A species is a group

of organisms sharing
common characteristics
that interbreed and
produce fertile offspring.

Species diversity in a
community is the relative
proportion of species
within that community.

Genes are sections of
DNA found in the nucleus
of all cells. They are
essentially the instructions
from which a species is
produced. Gene pool
refers to all the different
types of gene found
within every individual of
a species.

Genetic diversity refers
to the range of genetic

material present in a
population of a species.

How is current
knowledge shaped
by its historical
development?

Early definitions of diversity
have become limited

as scientific knowledge
has increased. Species
diversity depends on the
correct identification of
different organisms and
their distribution around
the Earth. In the past, this
identification was based
on physical characteristics.
However, we now know
that this method can be
unreliable because two
different species may

have similar physical
characteristics but be
completely unrelated.
Genetic diversity allows for
a more accurate way to
describe species.
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Species diversity

Species diversity refers to the variety of species per unit area. It includes both

the number of species present and their relative abundance. The higher the species
diversity of a community or ecosystem is, the greater the complexity. Areas of high
species diversity, such as primary rainforest, are more likely to be undisturbed. Species
diversity within a community is a component of the broader description of the
biodiversity of an entire ecosystem.

Genetic diversity

The term genetic refers to genes, which are sections of DNA found in the nucleus of

all cells. Each gene contains the code for a specific protein (structural molecule of the
body) or characteristic (Figure 3.17, this topic, Section 3.1.10). They are essentially the
instructions from which a species is produced. The term gene pool refers to all the
different types of gene found within every individual of a species. A large gene pool
leads to high genetic diversity and a small gene pool leads to low genetic diversity.
The term genetic diversity normally refers to the diversity within one species. However, it
can also be used to refer to the diversity of genes in all species within an area.

Species with low genetic diversity, such as cheetahs (Figure 3.3), are more prone to extinction. This is
because if the environment changes, such a species is less likely to have the genes to help it to survive.

Figure 3.3 Genetic diversity in cheetahs is low.

Overview of biodiversity

The term biodiversity is often used to refer to the heterogeneity (variability) of a
community, ecosystem or biome, at the species, habitat or genetic level. The scientific
meaning of diversity can become clear from the context in which it is used. For the
meaning to be obvious, the full correct term — species diversity, habitat diversity or
genetic diversity — should be used.

Of the three types of diversity, an increase in habitat diversity is the more likely to
lead to an increase in the other two. This is because different habitats tend to contain
different species and so a greater number of habitats will generally result in a greater



variety of species. Similarly, different species tend to have different genes and so

a greater number of species will generally result in a greater variety of genes. The
conservation of habitat diversity will therefore usually lead to the conservation of
species and genetic diversity.

Make sure you can
distinguish between the
terms biodiversity, species
diversity, genetic diversity
and habitat diversity.

3.1.2 The components of diversity contribute to

Biodiversity is a broad
concept encompassing
the total diversity of
living systems, which
includes species diversity,
habitat diversity and
genetic diversity.

the resilience of ecological systems

Each component of biodiversity (species diversity, habitat diversity and genetic
diversity) contributes to the resilience of living systems. Resilience refers to the ability of
a system to maintain equilibrium and avoid tipping points (Topic 1, Section 1.2.16).

Conservation of habitat
diversity usually leads to
the conservation of species
and genetic diversity.

In communities with high species diversity, the food webs tend to be complex, so
the loss of one species (unless it is a keystone species) does not adversely affect the
community (Topic 2, Section 2.5.8).

Species diversity is reflected by habitat diversity. An ecosystem with many different

. . . . . . . . Habitat diversity confers
habitats will enable many niches to co-exist, which enhances species diversity. R

high species and genetic
diversity, resulting in
greater sustainability

in ecosystems.

Species that are genetically diverse are more likely to survive than populations with
low genetic diversity (Figure 3.3). One gene can have different versions, each of which
has a slightly different genetic code — these different forms of the same gene are called
alleles. Genetic diversity reflects the number of different alleles for different genes in
a population. The greater the genetic diversity, the greater the ability of a population
to survive periods of adversity. Genetically diverse populations therefore have greater

1
?
)
1

resilience than ones that show a narrow range of alleles for any given characteristic.

Activity

Why is biodiversity essential for limiting climate change?

Use the QR code to access the United Nations Climate Change

Consider the following questions:

. . sioga : 1.2 Systems
* How does climate change impact biodiversity? 7 s

T S S 3.3 Conservation and
» How can biodiversity limit climate change? regeneration

» How does the resilience provided by biodiversity guard against the effects of
global warming?

5.2 Agriculture and food

6.3 Climate change -
mitigation and adaptation
Produce a flow chart or mind map to indicate the relationships between diversity,

7.2 Energy resources, use
the resilience of living systems and mitigation of the effects of climate change.

and management

3.1.3 Biodiversity arises from evolutionary

processes

When we look at the great diversity of life on Earth, one important question to
consider is how has this biodiversity arisen? The answer is that biodiversity arises
from evolutionary processes.
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Evolution results from the

cumulative changes in the
heritable characteristics
of a population or species.
The term heritable means ‘
that characteristics can i

be passed on from parent \
to offspring through the
genetic code.

Figure 3.4 Pages from one P
of Darwin's notebooks, in
which he first outlined his

ideas on evolution by
natural selection.

Search for Darwin on

the Natural History @

Museum’s website:

Search for Darwin in the
University of Cambridge’s

ArchiveSearch:

Search for Charles
Darwin'’s library on the
American Museum of

Natural History website:

I

Biodiversity and conservation

The theory of evolution describes the cumulative changes in the genetic composition
of a species over many successive generations and explains how these changes
ultimately give rise to species that are completely different to the common ancestor.
A common ancestor is the most recent species from which two or more now different
species have evolved. For example, humans and chimpanzees share a common
ancestor of some six million years ago.

Evidence of evolution is found by examination of the fossil records. Older rocks
contain fossils of simpler forms of life, whereas more recent rocks contain fossils

of more complex life forms. However, the explanation of how evolution actually
occurred took longer to work out and was finally described by Charles Darwin
(1809-1882) in his book On the Origin of Species in 1859. This is one of several theories
of evolution but is the only one that is now widely recognized within the scientific
community and has survived the test of time.

3.1.4 Natural selection

Darwin went on a five-year
expedition on the HMS Beagle
between 1831 and 1836. The
aim of the expedition was to
map the coasts and waters of
South America and Australia.
Darwin was on board as a
companion to the captain, but
Darwin was also a talented and
curious naturalist. During the
trip, he was exposed to some
of the most diverse ecosystems
on Earth, including the
rainforests of South America

and the Galdpagos Islands off the west coast of South America. It was essentially the
interrelationship between species and environment in the Galapagos Islands that
stimulated Darwin to develop his theory of evolution by natural selection (Figure 3.4).

Biogeography is the study of the geographical distribution of species and explains their current
distribution using evolutionary history. Once the historical factors that have been involved in
shaping biodiversity are understood, scientists can better predict how biodiversity will respond to
climate change.

Darwin called the process natural selection because nature does the choosing, as
opposed to artificial selection, also known as selective breeding. Selective breeding
is a common practice in which humans choose animals or plants to breed together
based on desirable characteristics. It is selective breeding that has led to all the varieties
of domestic and agricultural animals we have today. Over millennia, natural selection
has resulted in not only new varieties, but also entirely new species. The process of
natural selection contributes to the changes in biodiversity over time.

Darwin collected huge numbers of animals, plants and fossils during his trip on HMS
Beagle. Many of these specimens are now in the Natural History Museum, London. It



was after his return to the UK, and after he had time to examine his specimens, that
Darwin began to develop his theory.

He was particularly influenced by specimens of three species of mockingbird from
the Galapagos Islands. The mockingbirds are believed to have had a more important
role in the development of Darwin'’s initial ideas than the famous Galapagos finches.
In The Voyage of the Beagle (1839), Darwin wrote: ‘My attention was first thoroughly
aroused by comparing together the various specimens... of the mocking-thrush’.

Darwin noticed that each species of mockingbird was specifically adapted, in body size
and beak shape, to the specific conditions on the three different islands. This led him

to start to think that, rather than each species being created separately (as was widely
thought at the time), perhaps all were related to a common ancestor from the South
American mainland. Moreover, perhaps each had evolved through the process of
natural selection to become adapted to different niches on the three different islands.
Darwin also noted adaptations in species of giant tortoise on different islands (Figure 3.5),
which also helped him formulate his ideas on natural selection.

In other books, you will find accounts referring to Darwin's finches. The Galdpagos Islands are home
to 12 species of finch, each clearly adapted to its specific island's type of vegetation. Although
Darwin collected specimens of the finches, he did not label them with the locations where they
were found. So, he paid them little attention until he was certain that his three mockingbirds were
indeed different species. Fortunately, other finches, which had been collected by members of HMS
Beagle's crew, had been labelled with the islands on which they were found. So, the finches were,
after all, able to play a useful back-up role in Darwin's conclusion that new species can develop.

What is the relationship between personal experience and knowledge?

In 1858, Charles Darwin unexpectedly received a letter from a young naturalist, Alfred Russel
Wallace (1823-1913). Wallace outlined a theory of natural selection that was remarkably similar to
Darwin's own. Wallace had come up with the idea while travelling in South-East Asia. The men had
developed the same theory independently. How was this possible? Common experiences seem to
have been crucial and both had read similar books. For two individuals to arrive at one of the most
important theories in science independently, and at the same time, is remarkable.

The evidence for Darwin's theory is overwhelming. Despite this, some people, including creationists,
do not accept it to be correct. Creationists believe that all life on Earth was created within six days.
Scientific evidence strongly contradicts this version of events. Most religions accept Darwin's theory,
while maintaining a belief in a creator God. What do you think? Ultimately you must weigh your
perspective with scientific evidence and draw your own conclusions.

Natural selection is
the mechanism driving
evolutionary change.

Natural selection operates
continuously in natural
systems and can take place
over millions of years or
over shorter time spans,
resulting in the biodiversity
of life on Earth.

Figure 3.5 Different species
of giant tortoise are found on
different islands of the
Galdpagos, each adapted to
local conditions. (@) On islands
with tall vegetation, saddle-
shaped shell fronts enable the
animals to stretch up and
reach the plants. (b) Animals
with domed-shaped shell
fronts are found on islands
where vegetation is common
on the ground.

The first publication of

the theory of evolution by
natural selection was not
in 1859 in Darwin's On the
Origin of Species, but in
1858 in a joint publication
by Darwin and Wallace

in Proceedings of the
Linnaean Society of London,
following a presentation of
their findings at the Society
earlier that year.
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What makes a good
explanation?

The theory of evolution
by natural selection

tells us that change in
populations is achieved
through the process of
natural selection. Is there
a difference between a
convincing theory and a
correct one?

Evolution by natural
selection involves
variation, overproduction,
competition for limited
resources and differences
in adaptation that affect
rates of survival and
reproduction.

A species is a group of
organisms that interbreed
and produce fertile
offspring. Speciation is
the generation of new
species through evolution.
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3.1.5 Variation, overproduction, competition,

and differences in adaptation

During his travels, Darwin noted that all species tended to over-reproduce and
that this led to competition for limited resources (a ‘struggle for existence’). He
also noted that individuals of the same species showed variation where, rather
than being alike, there were subtle differences in appearance or behaviour between
individuals.

From this, Darwin concluded that those individuals that were best adapted to their
surroundings could survive and could then go on to reproduce and pass those
adaptations on to their offspring.

Natural selection can occur because genetic diversity gives rise to variation

within a population. Genetic diversity occurs because of sexual reproduction and
changes in the genetic code known as genetic mutations. These genetic mutations
happen randomly and can result in altered genes that can be beneficial, can cause
damage or can have no impact on the survival of the individual with those genes.
Beneficial changes to genes can provide an individual with an advantage in a given
environment. Any individuals with those advantageous genes are more likely to
survive and reproduce, passing those advantageous genes on to their offspring.
As a result, the proportion of advantageous genes in the population will increase
over many generations. Over time, this results in a change in the species’ gene pool.
Ultimately, such changes lead to new species.

Changes to the genetic code can lead to non-beneficial effects, for example the
development of a genetic disease such as cystic fibrosis — a disease that affects the
lungs and digestive system. These mutated genes can still be passed down through the
generations, but they offer no adaptive advantage. If such genes are distinctly harmful,
individuals with them may die before they can reproduce. Some variation has no effect
on the survival of a species, so it is said to be neutral.

Natural selection occurs through the following mechanism.

 Within a population of any species there is genetic diversity. This is called natural variation.
¢ Natural variation means that some individuals will be better suited to their environment than
others.

 The individuals that are better suited to the environment have an advantage and will reproduce
more successfully.

* The offspring of these individuals inherit the advantageous genes and survive to reproduce and
pass on the genes to subsequent generations.

3.1.6 Speciation

Natural selection is not, on its own, sufficient to lead to speciation. Reproductive
isolation is required, where populations become separated and isolated from

each other so that genes cannot be exchanged between them (Figure 3.6). If the
environments of the isolated populations are different, natural selection will work on
each population so that, through evolution, speciation occurs, forming new species.



Example - Speciation in spotted owls

Populations of the spotted owl in Northern America have become geographically
separated over time, forming two varieties or subspecies — the northern spotted
owl and the Mexican spotted owl (Figure 3.7). The two species of owl inhabit
geographically separate locations, each of which has a different climate and
ecosystem. The northern area has a cooler climate than the south, causing the
physiology and behaviour of owls in each ecosystem to differ. In addition, the
hunting habits and selection of prey used by the southern owls vary to those used
by the northern owls. The different adaptations to the two separate areas and

the distance between them (owls are unlikely to fly long distances) meant that

the populations became isolated. Given enough time, and continued isolation,
populations are unable to interbreed and produce fertile offspring, so two separate
subspecies evolve.

Northern spotted owl
Strix occidentalis caurina

Mexican spotted owl
Strix occidentalis lucida

< Figure 3.6 Mountains (like

the Eiger, Munch and
Jungfrau, in the Swiss Alps)
form a physical barrier that
isolates populations. The
formation of these mountains
leads to evolution and
increased biodiversity. The
altitude can also create new
habitats, with an increase

in biodiversity due to
populations adapting to
new habitats through
natural selection.

Sometimes, two species
breed together to produce
a hybrid species. Hybrid
organisms are sterile and
cannot reproduce.

Speciation takes place
when a population of a
species becomes isolated
and adapts in different
ways to their environment.
Over time, they become
unable to interbreed

with other populations of
the original species and
thus they evolve into a
new species.

<« Figure 3.7 The ranges of

these two varieties of spotted
owl do not overlap and they
occupy different niches -
geographical separation
means there is little gene flow
between the two varieties.
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A community is a group
of populations living and
interacting with each other
in a common habitat.
Species diversity is the
number of species and
their relative abundance
in each area or sample.
Itis a product of richness
and evenness in

a community.

Richness is the

number of species in a
community and is a useful
comparative measure.
Evenness is how similar
the population sizes of
each species are.

Figure 3.8 Richness and
evenness in two different
communities. Both
communities have the same
species richness with three
species each. Community 1
has greater evenness, with all
species being equally
abundant, than Community 2,
where one species dominates.
Community T shows greater
species diversity than
Community 2.

Simpson's reciprocal
index is used to provide
a quantitative measure of
species diversity, allowing
different ecosystems to be
compared, and change in
a specific ecosystem over
time to be monitored.

Simpson'’s reciprocal
index (D) is a method

for measuring diversity.

A high D value suggests

a stable and mature

site. A low D value

could suggest pollution,
recent colonization or
agricultural management.

Make sure you know how
to calculate and interpret
data for species richness
and diversity.
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3.1.7 Species diversity

Richness and evenness are components of biodiversity. Species richness refers to the
number of a species in an area and species evenness refers to the relative abundance
of each species. A community with high evenness is one that has a similar abundance
of all species — this implies a complex ecosystem where there are lots of different
niches that support a wide range of different species. In contrast, in a community with
low evenness, one or a few species dominate — this suggests lower complexity and a
smaller number of niches that could support a range of species (Figure 3.8).

Community 1 Community 2

3.1.8 Simpson’s reciprocal index for diversity

Species diversity is considered as a function of two components — the number

of different species and the relative numbers of individuals of each species. It is
different from species richness (the number of species in an area) because the relative
abundance of each species is also considered.

There are many ways of quantifying diversity. You must be able to calculate diversity
using Simpson’s reciprocal index for diversity. This index can be used for both
animal and plant communities.

The formula for calculating Simpson’s reciprocal index is:

_N(N-1)
Ynn—1)
where D is Simpson’s reciprocal index, N is the total number of organisms of all
species found and n is the number of individuals of a particular species.

There are many versions of diversity indices, but you are only expected to be able to apply and
evaluate the result of Simpson’s reciprocal index. You are not expected to memorize Simpson's
reciprocal index, but make sure you know the meaning of the symbols.



Suppose you want to examine the diversity of beetles within a woodland ecosystem.
You could use multiple pitfall traps to establish the number of species and the relative
abundance of individuals present (Topic 2, Section 2.1.15). You could then use
Simpson’s reciprocal index to quantify the diversity.

Samples must be comprehensive to ensure all species are sampled (Figure 3.9).
However, it is always possible that certain habitats are not sampled and therefore some
species get missed. For example, canopy fogging does not knock down insects living
within the bark of the tree, so these species would not be sampled.

number of species counted

|
1 5 10 15 20
number of quadrats

Measures of diversity are relative, not absolute. They are relative to each other but not
to anything else. This differs from other measurements, such as temperature, where
values relate to an absolute scale. Comparisons can be made between communities
containing the same type of organisms and within the same ecosystem, but not
between different types of community or different ecosystems.

Communities with individuals evenly distributed between different species are said to
have high ‘evenness’ and have high diversity. This is because many species can co-exist
in many different niches within a complex ecosystem.

Communities with one dominant species have low diversity, which indicates an
ecosystem is not able to support a great variety of organisms. Measures of diversity in
communities with few species can be unreliable as relative abundance between species
can misrepresent true patterns. For example, samples may contain unrepresentative
numbers of certain species.

When comparing communities that are similar, low diversity could be evidence of
pollution, eutrophication or recent colonization of a site. Number of species is often
used to assess biodiversity in an area, although measurement of species richness
alone can be a misleading measure of disturbance to ecosystems. Species diversity
measurements give more meaningful data.

Measurements of species richness depend on sample size, especially when dealing
with small organisms such as insects.

Dung beetles are scarab beetles that feed on a variety of food sources including
faeces, carrion (dead animals) and decomposing plant material. Figure 3.10 shows

<« Figure 3.9 To make sure
you have sampled all the
species in your ecosystem,
perform a cumulative species
count. As a higher number
of quadrats are added to
sample size, any additional
species are noted and added
to species richness. The point
at which the graph levels off
gives you the best estimate of
the number of species in
your ecosystem.

It is useful to be able to
draw graphs to illustrate
how the species diversity
in a community changes
over time or between
communities. A line
graph can be drawn
when plotting changes in
diversity over time, with
values of D being shown
on the y-axis (vertical

axis) and values of time
being shown on the x-axis
(horizontal axis). A bar
chart can be plotted when
comparing communities,
to show the values of D
for each community.
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Figure 3.10 Species P
accumulation graph for beetles
collected by pitfall trap in the
Bornean lowland rainforest.

Make sure you know
how to comment on
the relative values of
biodiversity data and
explain, for example, why
the value of D in one
area is higher than that
in another. Interpreting
diversity is complex, low
diversity can be present
in natural, ancient and
unpolluted sites such

as desert ecosystems
(Topic 2, Section 2.4.4).

Does it matter that
there are no absolute
measurements for
diversity indices?
Numbers can be used
for comparison but on
their own mean little. Are
there other examples in
science of similar relative
rather than absolute
measurement systems?

Table 3.1 Data from ’
woodland.

The value of D will be
higher where there is
greater richness (number
of species) and evenness
(similar abundance),
with 1 being the lowest
possible value.
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851 the accumulated species richness of
?g dung beetles in a rainforest ecosystem
70 1 in Borneo. Accurate measurement
651 of species richness was only possible
. 22 after many beetles had been collected.
f'g 50 4 Most species had been collected once
5 17 a sample of 20,000 beetles had been
2 401 ..
2 35 accumulated, although some additional
2 30- species were added after 55,000 beetles
gg had been collected (Figure 3.10).
154 Species accumulation curves can be
104 used in this way to indicate appropriate
> sample sizes.

0 - : - ; - )
0 10,000 20,000 30,000 40,000 50,000 60,000
cumulative number of beetles

Example calculation of Simpson’s reciprocal index

Table 3.1 shows the collated data from several quadrats in a woodland area.

Species Number, n n(n—1)
woodrush 2 2
holly (seedlings) 8 56
bramble 1

Yorkshire fog 1

sedge 3

Total (N) 15 64

Putting the values into the formula for Simpson’s reciprocal index:
NN-1)
= Ynn—1)
N=15
N-1

S

N(N-1)=15x14=210
Yn(n—1)=64
D=210/64=3.28

Suppose that Simpson’s reciprocal index was calculated for a second woodland,
where D =1.48. A high value of D suggests a stable and mature site and a low value
of D suggests pollution or agricultural management. The woodland where D = 3.28
could be an undisturbed ecosystem and the woodland where D =1.48 could be a
disturbed ecosystem. Some ecosystems have naturally low diversity, such as Arctic
tundra (Topic 2, Section 2.4.4). Therefore, the reasons for D values must be attributed
based on what is known about the ecosystem being studied. The higher D value in
the woodland study suggests a more complex ecosystem where many species can
co-exist. The lower D value suggests a simpler ecosystem where fewer species can



co-exist. The woodland with the higher Simpson’s reciprocal index is an area that
would be better for conservation. The woodland with the lower Simpson’s reciprocal
index is an area that would not be as good for conservation.

Different habitats can
be compared using D
values. As a higher D
value indicates a greater
species diversity, a lower
D value in one habitat
may indicate human
impact. Low values of

D in the Arctic tundra,
however, may represent
stable and mature sites.
This indication of diversity
is only useful when
comparing two similar
habitats or the same
habitat over time.

In what ways do values affect the production of knowledge?

The focus of conservation is often on rare species that are in danger of extinction. But is a focus on
individual species, which may be very difficult to study due to their rareness, the most effective use
of scarce conservation funds? Many common species also make important contributions to the
functioning of ecosystems. Could it be argued that conservation efforts should be directed towards
common species? Common species create habitat for other species, and so by protecting them it
is possible to also protect the rare animals. Could it be argued that an area with a lower number
of rare species might be more important for conservation than an area with a higher number of
common species and if so, why? To what extent do the choices of conservation depend on the
values of individuals or communities?

Ecosystems can be immensely complex systems, as shown in Topic 2. How can the :
Do not confuse species

effects of human activities be assessed given such complexity? Topic 2 considers the richness with diversity.
ways in which the effects of human disturbance can be measured (Section 2.1.22, Diversity is the function
pages 114-116). Disturbance, or perturbation, takes ecosystems away from a Ol ”urgb;r of (lj'gerem
species an e relative

steady-state equilibrium and can lead to new stable states after certain tipping nﬂmbers of individuals
points are reached (Topic 1, Section 1.2.12). Topic 2 explores the differences between of each species. This is
fundamental and realized niches (Section 2.1.28, HL only). Perturbation can simplify different from species

h h hat th lized niche of . 1 s richness, which refers only
ecosystems or change them so that the realized niche of species no longer exists in to the number of species
the area and the opportunities for the existence for many species are removed. Such in a sample or area.

changes may, for other species, provide an expansion of their usual range because
their realized niche spreads into the disturbed area. For example, species found in the
canopy and along riverbanks in a rainforest (rather than the forest interior) may spread
into forest that has been logged where new conditions are now found (Figure 3.11).

<« Figure 3.11 Bulldozer
making a logging road in
rainforest in Sabah, Malaysia.
Changes in the ecosystem
lead to changes in the species
found there.

Disturbance moves
ecosystems away from a
steady-state equilibrium
and can lead to new stable
states if certain tipping
points are reached. These
changes move ecosystems
away from sustainability.

Diversity indices can

be used to assess
whether the impact of
human development on
ecosystems is sustainable
or not, over shorter or
longer periods of time.

Diversity indices, such as Simpson’s reciprocal index, are key tools used by conservation
biologists to assess the effect of disturbance. Quantification of biodiversity in this way is
important for conservation efforts to enable areas of high biodiversity to be identified and
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Values of D are relative to

each other and are not
absolute. This is unlike
measures of, for example,
temperature that are on
a fixed scale. This means
that two different areas
can be compared to each
other using the index, but
a D value on its own is
not useful.

The ability to assess
changes to biodiversity in
each community over time
is important in assessing
the impact of human
activity in the community.

Make sure you know how
to discuss the usefulness of
providing numerical values

of species diversity to
understanding the nature
of biological communities
and the conservation

of biodiversity.

Figure 3.12 Aflight intercept
trap in logged forest. Insects
fly into the net and fall into
aluminium trays where they
are collected.
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explored, and for appropriate conservation to be put in place where possible. Areas
that are high in biodiversity are known as hotspots. They contain large numbers of

endemic species (species not found anywhere else) and so measures of biodiversity
are essential in identifying areas that should be protected against damaging human

activities. An example of a biological hotspot is Tumbes-Choc6-Magdalena, an area
that includes the forests of the South American Pacific coast, from Panama to Peru,

and the Galapagos Islands.

Measurements of species richness, on their own, are not sufficient to establish the
impacts of human activities as the assessment of species richness can vary according
to sampling technique. Some sampling techniques are suitable for certain species

but not for others. For example, light traps can be used for insects that are drawn to

a light bulb but not for those that are not. Sample size also affects the assessment of
species richness — the bigger the sample, the higher the number of species collected.
The relative abundance of species in a community must also be considered. Care

must be taken when giving reasons for differences in species diversity, as measured by
Simpson’s reciprocal index. For comparisons to be made between different areas using
a diversity index, the same sampling method must be used and a similar type of habitat
should be investigated. An example of this could be investigating forest ecosystems in
the same region.

Diversity indices also work best when similar groups of organisms are compared
rather than broader groups. For example, investigating dung beetle communities
from undisturbed and perturbed forest sites (see Example below) rather than all of the
animal species in one area.

Individual values of D give an indication of the composition of the community

being investigated. Low values of D indicate low evenness, meaning one species may
dominate the community, but they cannot be used alone to help in the identification of
areas of biodiversity that should be conserved.

Example - Species richness and diversity of beetle communities

followmg logging

A study was carried out

in the tropical rainforests
of Borneo in the 1990s to
investigate the effects on
dung beetle communities
of logging and conversion
to plantation forests. The
aim of the investigation
was to understand the
nature of biological
communities in these forest
ecosystems, evaluate the

: effect of human activities
and to establish the conservation value of these areas. Beetles were collected using a
flight intercept net (Figure 3.12).




The results are shown in Table 3.2.

<« Table 3.2 Results of

Measurements of species richness and diversity Investigation into the effect of

Trap location Species richness Diversity Evenness human activity on beetles in
primary forest 36 2.96 0.83 Pomeo rainforests
logged forest 42 2.24 0.60
88 Evenness can be
plantation 14 2.05 0.78 measured by calculating
the ratio between the
Primary forests are forests that are pristine and have not been affected by human diversity index and a
o A : . : P . theoretical maximum
activities. Species richness is the number of species, diversity is measured using diversity. Maximur
a diversity index and evenness is a measure of how evenly (equally) abundance is diversityl would be faume
distributed between species. An evenness value of 1 would indicate that all species in a situation where
are equally abundant. all species have equal
abundance. Evenness
g ; ; : theref
The results showed that species richness was highest in logged areas of forest. This T E S IR T
; : 5 ; - between 0 and 1, with
is because disturbed forests contain a variety of species, that are usually separated higher values indicating
along environmental gradients and that are not found in one location in primary high evenness where
forest. For example, riverine species, and those found in the canopy, often move Z! jgﬁ;':éj;;ant
into logged areas. However, the low evenness measure from the logged areas show ’
that the species diversity in logged areas is lower than that for primary forests. This
indicates that the logged areas are simplified ecosystems where certain species
dominate. Plantation forest had the lowest species richness and diversity overall,

compared to primary rainforest. This study demonstrates the importance of using biodiversity is important
species diversity as well as species richness information to compare different areas. ‘SZ Ctﬁztsirr‘gs“;? EZ‘;“S

. . . . . I
Species diversity is a much more robust and accurate method of indicating the

biodiversity may be
health, and therefore conservation value, of ecosystems. identified, explored and
appropriate conservation
measures put in place

where possible.

which indicates a loss of primary forest species and a much simpler ecosystem i Quantification of

| Calculating Simpson'’s reciprocal index for diversity
Collect data to work out Simpson's reciprocal index for diversity. See the worksheet in your eBook.

Knowledge of global
] and regional biodiversity
I I I is needed for the
conserve bIOd IVGI’SIty development of effective
management strategies to
conserve biodiversity.

3.1.9 Effective management strategies to

Example - Management and conservation of the Kinabalu

birdwing butterfly

At 4095 m, Mount Kinabalu is the tallest peak in South-East Asia (Figure 3.13).

This mountain shows altitudinal zonation (Topic 2, Section 2.5.1), with tropical
rainforest at its lowest elevations, then tropical montane (containing mixed
broad-leaved and coniferous evergreen trees) higher up the mountain and alpine
communities near the summit. Zonation is caused by changes in temperature, from
26 °C in the rainforest zone to 0 °C at the summit.
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Figure 3.13 Mount Kinabalu, [
Sabah, Malaysia, with montane
cloud forest, home of
the endemic Kinabalu
birdwing butterfly.

Figure 3.14a Female P
Kinabalu (or Borneo) birdwing
(Troides andromache),
Mountain Valley Resort,
Kiau Gap, Sabah, Malaysia.

Figure 3.14b Male Kinabalu pp
birdwing (Troides andromache).
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Mount Kinabalu is well known worldwide for its tremendous botanical and
biological species diversity. For example, botanical studies of the mountain estimate
a colossal 5000 to 6000 plant species. There are approximately 600 species of fern
on the mountain, which is higher than the total of 500 species of fern found in the

whole of Africa.

Because some of the upper communities are isolated from similar communities
elsewhere, the mountain has many endemic species unique to its forests, these
species are found only on Kinabalu and are not found anywhere else in the world.
For example, five of its thirteen pitcher plant (Topic 2, Section 2.1.9, Figure 2.21)

species are not found anywhere else on Earth.

The large number of different
ecosystems found on the
mountain provides a huge
variety of different habitats for
species to live in. The mountain
is therefore an important safe
place for many species, and the
conservation of the habitats

on Kinabalu is essential if an
important part of both regional
and global biodiversity is to be
preserved for the future.

One of the most striking
endemic species on the
mountain is the Kinabalu (or
Borneo) birdwing butterfly
(Figures 3.14a and b).

The Kinabalu birdwing is an
attractive insect with restricted



distribution, although it is found not only on Kinabalu but also on other peaks in
Borneo. It is one of the largest butterflies on Earth with females having wingspans
up to 185 mm (Figure 3.14a). The butterfly’s native habitat is undisturbed cloud
forest between 750 m and 2000 m above sea level. In its native habitat, the larvae
feed only on the vine Aristolochia foveolata, which is found only in the cloud forest
in Borneo and occurs in very few places. In forests, adults are rarely seen at ground
level as they fly high up in the canopy, feeding on nectar from the flowers of trees
and vines. Because the Kinabalu birdwing is only found at high altitude, in cloud
forest, its distribution within Borneo is limited, as there are few areas on the island
where these conditions are found (Figure 3.15).

Citizen science (Topic 1, Section 1.3.16) is helping to understand the largely
unknown life history of the Kinabalu birdwing. The insect is of particular interest to
scientists, amateur naturalists and entomotourists (tourists who have an interest in
studying and photographing insects), who all record valuable information on new
sites for the birdwing and life history information. For example, the first image of a
Kinabalu birdwing laying eggs provided evidence that the vine Aristolochia acuminata
is used as a host plant for the caterpillar of the Kinabalu birdwing.

108°E 12°E 116

The Kinabalu Birdwing is ‘sexually dimorphic’, meaning male and female can be
easily distinguished by their differing size and colouration. Females have white
forewings with a black band on the edge of the wings (Figure 3.14a). The males have
black forewings with a number of white ‘arrowheads’ on the underside of the wings
(Figure 3.14b). Both sexes have yellow and black hind wings.

The Mesilau Plateau is an elevated plateau found on the East Ridge of Mount Kinabalu,
at approximately 2000 m above sea level, which has patches of forest mixed with
vegetable plots and gardens. Although native to primary cloud forest, the Kinabalu
birdwing has adapted to this mosaic of habitats on the Mesilau Plateau and finds
nectar in the garden flowers, as well as in the forest canopy.

Figure 3.15 Elevation map
of Borneo. The montane zone
is located between 750 and
2000 m above sea level (the
‘cloud forest’ zone), which is
the elevational niche of the
Kinabalu birdwing butterfly
(Troides andromache). The
majority of mountainous
terrain in Borneo lies below
the 2000 m elevation mark,
with only small areas
exceeding this altitudinal limit
around Mount Kinabalu,
Mount Trus Madi and Mount
Murud and the summits of a
small number of other peaks.
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AW 2 Environmental
law

RN c Environmental
ethics

Knowledge of biodiversity
is gathered in the local
region by involving

citizen science (Topic 1,
Section 1.3.16) and the
work of voluntary and
government-funded
agencies. Indigenous
people and scientists such
as parabiologists are also
trained and used to gather
information for use in
conservation management.
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Another area where the birdwing is found is Kampung Kiau — a village that lies to
the south-west of Kinabalu National Park. The people of the village are Kadazan-
Dusun. Kadazan-Dusun is the largest Indigenous group in the state of Sabah,
accounting for approximately 28% of the population. The village has an active
homestay business that has helped to improve the socio-economic status of the
villagers over the last few years. Homestay is a concept of local lodging where the
guest is accommodated in the family’s residence or in a separate house nearby.
Above the kebuns (smallholdings) of the Kampung Kiau Homestays is a tract of
montane forest, 1500 m above sea level. This montane forest is a conservation
habitat for the birdwing. Voluntary and government-funded agencies are working
with homestay operators in the village to grow the host plant of the Kinabalu
birdwing caterpillar, so that paying visitors coming to photograph these giant
butterflies can provide a new, sustainable income for villagers. By increasing

the number of caterpillars on host plants, the number of adult butterflies will

be increased. By helping to breed birdwing butterflies and raise an income, the
project aims to conserve not only the birdwing butterfly, but also the montane
forest above the village. The training of homestay owners to breed the birdwings
has also been linked to more general nature tourism training in the field, such

as bird guide training courses. In addition to conserving the Kinabalu birdwing,
promoting public awareness of the project will help gain the attention of the
state authorities and encourage them to consider whether deforestation should
continue in the area.

Loss of forest habitat is a serious concern for the Borneo birdwing butterfly.
Because it is only found in restricted montane forest ecosystems, loss of this habitat
could lead to the loss of this important species. Tourism is one of the sources of
income for the state of Sabah. By taking urgent, mitigating steps to conserve their
natural heritage, and promoting this ‘icon’ of the natural world to its visitors (over 3
million tourists per year), ecotourism could play a vital role in sustaining its existing
ecosystems and biodiversity.

You can read more about the Borneo birdwing project on the Swallowtail and
Birdwing Butterfly Trust’s website.

3.1.10 Mutation and sexual reproduction
increase genetic diversity

Mutation

DNA, found in the nucleus of every cell in the body, is the molecule of inheritance.
DNA forms chromosomes, which are lengths of DNA that carry genes in a linear
sequence, forming the genetic code. Sections of chromosomes that code for particular
characteristics in the body are known as genes (Figure 3.16a). Humans have 23 pairs of
chromosomes in their DNA.



Chromosomes are found Most of the time
in the nucleus of a cell. they look like this.

nucleus

A gene is a short section of DNA.

nucleotide

base

_phosphate
/

sugar

Sometimes they
look like this.

Chromosomes
are made of
very long DNA
molecules.

DNA molecules
have a
double-helix
shape.

bases
= adenine
- (yosine
e quanine

thymine

thymine  adenine

guanine  cytosine

< Figure3.16a DNA forms
chromosomes in the nucleus
of cells. Small lengths of DNA
that code for particular
characteristics are known
as genes.

DNA is a complex
molecule made up of
many repeating units.
Each repeating unit

of DNA is known as a
nucleotide (Figure 3.16b).
Each unit is made from

a sugar (deoxyribose), a
phosphate group and a
nitrogenous base. There
are four different bases:
adenine (A), guanine (G),
cytosine (C) and thymine (T).

<« Figure3.16b The structure
of DNA.

Proteins are important molecules in the structure and functioning of organisms.
Each protein is made from a long sequence of building blocks known as amino acids
(Figure 3.17a). The order in which the bases appear in DNA determines the order in
which amino acids are assembled to form proteins (Figure 3.17b). Because different
genes contain different sequence of bases, each gene codes for a different protein
(Figure 3.17¢).
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Figure 3.17a Amino acids
are the building blocks of
proteins. Proteins are a
structural molecule of
organisms. The order in
which amino acids are joined
together determines which
proteins are made.

Figure 3.17b The genetic
code (the sequence of bases)
determines the assembly of

proteins. The numbers
represent different amino acids
(there are 20 different naturally
occurring amino acids).

Figure 3.17c Different
genes produce different
proteins. This figure shows
two genes in a section of
DNA and the corresponding
proteins they code for.

Mutation generates new
variants of genes and sexual
reproduction generates
new combinations

of genes.
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Mutation occurs when the order of the bases in DNA changes. This can be caused

by copying errors in DNA such as the genetic code being incorrectly copied during
DNA replication or by external factors such as radiation or mutagenic chemicals. The
genetic code therefore causes differences in the proteins assembled, which in turn can
affect the structure and function of the organism.

Sections of DNA that code for particular proteins or characteristics are known as
genes (this topic, Section 3.1.1). Mutations can alter a gene so they become a different
version, or allele, of the gene (Figure 3.18). For example, the original eye colour in
humans was brown, but a mutation led to an alteration in the gene for eye colour that
reduced the amount of pigment (melanin) in the iris of the eye. Less melanin in the iris
gives blue eyes.



Mutations can create different alleles and therefore increase variation. From this
variation, natural selection can select alleles that give an individual, and therefore a
population, a selective advantage.

chromosome

I

S

/’allele mutated

allele

mutation

Sexual reproduction

There are two types of reproduction —asexual and sexual. The first type of reproduction
that evolved was asexual reproduction, which occurs in bacteria as well as in some
plants and animals. In asexual reproduction there is only one parent. As all of the genetic
material comes from this parent, the offspring are always genetically identical to the
parent and no variation is produced.

In sexual reproduction, the genetic material in the gametes, or sex cells, from the two
parents is combined during the process of fertilization. Each gamete produced by an
individual is genetically different from every other gamete and so, depending on which
gametes (sperm or pollen from the male organism and eggs/ova from the female) fuse
together during fertilization, different offspring will be created. The combination of
this DNA means that the offspring are genetically different to the parents and every
offspring is genetically different from other offspring from the same parents. This
results in variation (Figure 3.19).

sperm cell carries
chromosomes
from the father

gametes fuse
eqg cell carries

\ at fertilization
chromosomes

from the mother

/ a single body cell is
formed with pairs of

chromosomes — each pair has
one chromosome from the
father and one from the mother

<« Figure 3.18 Mutations
create variation.

There are two different
types of cell division:
mitosis and meiosis. Mitosis
produces cells that are
genetically identical to the
parent cell (for growth and
tissue repair), whilst meiosis
results in the production of
sex cells (gametes) that are
genetically different from
the original cell. Meiosis
reorders alleles from the
original cell (in a process
called crossing over), with
further genetic variation
created in the way that
maternal and paternal
chromosomes separate
into gametes (known as
random orientation).

<« Figure 3.19 Sexual
| reproduction creates variation.
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Natural selection, on

its own, is insufficient

for speciation to occur.
The process of natural
selection needs to act on
isolated populations for
evolution to occur.

Speciation that occurs
when populations are
geographically separated
(by, e.g., mountain ranges
or large rivers) is known
as ‘allopatric’ speciation,
whereas speciation that
occurs when populations
live in the same area,
and have ecological or
behavioural differences,
is known as

‘sympatric’ speciation.

Giraffes do not provide

a suitable example

of speciation due to
reproductive isolation
because they illustrate
evolutionary change
rather than speciation. The
evolution of species on the
Galdpagos Islands, such

as the finches, is a good
example of speciation
where individuals on
separate islands become
reproductively isolated.

Figure 3.20 The Galdpagos P
Islands.
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3.1.11 Reproductive isolation

The process of speciation requires separate populations to become reproductively
isolated. This means that two or more populations become separated so that they

can no longer mix and breed together. Over time, selective pressures, which will be
different for each isolated population, lead to the isolated populations adapting to the
different environmental conditions. This in turn leads to selection for particular alleles.
Over many generations, changes to the gene pool of an isolated population leads the
population to become genetically distinct from the other populations. The changes to
the gene pool occur to such an extent that, should the isolated populations encounter
each other, they would be unable to breed together to produce fertile offspring.
Speciation has therefore occurred.

Reproductive isolation can be achieved by geographical separation or, for populations
living in the same area, by ecological or behavioural differences.

Geographical separation

Altitudinal environmental gradients on mountains lead to different communities
forming at different heights (Topic 2, Sections 2.4.7, 2.5.1, and Figure 3.6, this topic,
Section 3.1.6). When mountains come into existence, they provide new environments
for natural selection to act on. Sea level changes caused by climate change have led to
higher altitude areas becoming isolated as sea levels rise or have provided land bridges
for migration of species to new areas when sea levels drop and once-separated areas
of land join up. Environmental change produces new challenges for species. Those
that are suited survive and those that are not suited become extinct. The same process
takes place whenever environmental change occurs, whether it is by barrier formation
(e.g. mountains; sea level change), climatic change or the movement of tectonic plates
(covered later in this section).

The islands of the Galapagos are quite widely separated and very different from each
other (Figure 3.20). This means that animal and plant populations that arrived from
mainland South America (ancestral populations) became geographically isolated from
each other. For example, an ancestral population of mockingbirds arriving from the
mainland would have spread onto several different islands. As local environmental and
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biological conditions were different on each island, different species evolved to fulfil
different ecological niches. The islands are 1060 kilometres from the mainland and the
distances between them are sufficiently large to make it difficult for the geographically
isolated populations on different islands to interbreed. Thus ‘gene flow’, the exchange

Geographical separation

of genetic material through interbreeding, would be limited. is caused by a physical
barrier, such as a

Geographical separation is essential in the formation of new species. Without it, mountain range, which

interbreeding would cause the genes from two populations to continue to mix causes populations

. . . . to become separated.
(Figure 3.21) and characteristics of the ancestral species to remain. L P

) < Eigqre 3.2|‘l dGeograph:\caI
(] .. (@] @ ... two populations of one species ) armers inc U_ € mountains,
090 © Guum—)p .... @ can interbreed and mix genes island formation, water (sea,
) (X5 @ o © (gene flow occurs) river or lake) or a hostile
environment.
@ ® 0]
.Q o y '. .. populations separated by a geographical
(0] geographlcal 5] barrier cannot interbreed; each develops
.Q (©] barier | @ @°® it iations (gene flow interrupted)
%) ) its own variations (gene flow interrupte
@ ©° @
R Two separate
supercontinents had
00 b (5] : forpmed during the breakup
Oe 3 .. eventually two separate species o
3% geographical 00® @ develop in response to different of Pangaea (Earth’s first
00 0. barrier (<) : selection pressures land mass), Laurasia and
o 0 ® ) Gondwana (see Figure 3.25,
9 g later in this section). The
. archipelago of islands, from
0 00 ) ) Sumatra in the west to New
° .o 0.. even without a geograph_lcal Guinea in the east (see
[o) (o] O¢ barrier, two species remain :
@ . oy Figure 3.23) was formed
@0 o 0 © genetically distinct ;
o o o0 @ from both Laurasian and

Gondwanic elements.
During his travels in South-
East Asia, naturalist Alfred
Russel Wallace (this topic,

Activity Section 3.1.4) noted
differences in plants
Separation of bonobos and common chimpanzees is an example of speciation by and animals between

Gondwanic and Laurasian
areas. He drew a line, now
. . . . . known as the ‘Wallace
Find out about this example of geographical separation. What was the barrier that Line!, through the Lombok
separated the populations? What selective forces led to the evolution of two distinct Strait (between the islands
species — chimpanzees and bonobo? of Bali and Lombok) and
northward through the
Makassar Strait (between
Borneo and Sulawesi). The
line separates Sundaland
from islands to the east,
including Bali, as well as

geographical separation.

Produce an A3 poster of this example of geographical separation.

The Pleistocene ice ages, which began 2.6 million years ago, caused a fall in sea levels due to a Australia. The Wallace line

@ decrease in temperature and large amounts of water becoming locked up in ice caps and glaciers therefore separates species
above sea level. This resulted in the formation of a land bridge (Beringia) between previously found in Australia and
separated Alaska and eastern Siberia (Figure 3.22). It is possible that the earliest human colonizers Papua New Guinea from
of the Americas entered from Asia via this route. Between about 17,000 and 25,000 years ago, the those found in South-East
Borneo, Java and Sumatra islands of South-East Asia were connected to the mainland of Asia to Asia: differences that can be
form one land mass, which we call Sundaland (Figure 3.23). This land bridge was also caused by a explained by the separate
drop in sea levels due to climate change. In both cases, as sea levels rose again, the land bridges land masses on which
were lost and the areas became isolated once more. they originated.
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Figure 3.22 A land bridge
formed between Siberia and
Alaska during the Pleistocene
ice age.

Figure 3.23 Lower sea levels
during the late Pleistocene led
to mainland Asia joining with
the islands of Sumatra, Java
and Borneo.

Isolation of populations
can be caused by
environmental change
such as mountain
formation, change in river
courses, sea level change,
climatic change or

plate movements.

3.3 Conservation and
regeneration

The surface of the Earth

is divided into tectonic
plates, which have

moved throughout
geological time. This has
led to the creation of

both physical barriers

and land bridges with
evolutionary consequences.
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Plate tectonics

Let’s now consider how movement of the Earth’s tectonic plates creates mountains and
other phenomena that lead to the isolation of populations and speciation.

The outer layer of the Earth, the crust (lithosphere), is divided into eight major

and many minor plates (Figure 3.24), which vary in size and shape but which can
move relative to each other. The plates are carried on the mantle (asthenosphere)
beneath them, which can flow like a liquid on geological timescales. The edges of
adjacent plates can move parallel to each other, be pushed one under the other or
collide. Earthquakes, volcanoes and mountain-building occur at these boundaries.
The movement and forming and reforming of these plates is known as plate
tectonics.



« Figure3.24 Earth's
tectonic plates.

During the Paleozoic and Mesozoic eras (about 250 million years ago) all land mass
on Earth existed as one supercontinent, Pangaea (Figure 3.25). This name is derived
from the Greek for ‘entire’. About 175 million years ago, the land mass split into
two separate supercontinents, Laurasia and Gondwana. Laurasia contained the land
that became North America, Eurasia (Europe and Asia) and Greenland. Gondwana
contained the land that became South America, Africa, Australia, Antarctica and
India. The distribution of all extinct and extant, still living, species found in these
geographical areas today can be explained in terms of these ancient land masses.

<« Figure 3.25 Continental
drift from 225 million years
ago to the present day.

@

Mount Everest (Figure 3.26),
the world's tallest mountain
at nearly 9000 metres, has
been created over 40 million
years by the collision
between the Indian and
Eurasian plates. The rocks
on the summit are
50-million-year-old
limestones that formed in
the shallow waters of

an ocean that once lay
between India and Asia.
The Himalayas are a
physical barrier that has
led to the separation of
populations and the
evolution of new species.
This is also true of
mountain-building

in general.

225 million years ago

India

100 million years ago Earth today

Movement of the tectonic plates can produce barriers such as mountain ranges, oceans
and rift valleys that lead to isolation of gene pools and then speciation. Separation

of the plates can also lead to isolation and the development or preservation of

unique species. For example, the separation of Australia led to the preservation of its
distinctive flora and fauna, including eucalypts, monotremes and marsupials such as
kangaroos. Similarly, Madagascar is the only place where lemurs are found today.

Figure 3.26 Mount
Everest.
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The movement of the The formation of land bridges between previously separated plates can provide
Earth's plates has caused opportunities for species to spread from one area to another. For example, species
isolation of populations, from Australia spread onto new islands in Indonesia, and the similarity between

climatic variations and . . . . .
S caribou and reindeer (in Alaska and Siberia) suggests a common ancestry.
variation in food supply,

contributing to evolution
of biological systems and

The movement of plates through different climatic zones allows new habitats to

new biodiversity. present themselves. For example, the northward movement of the Australian plate
and the subsequent drying of much of the continent, has provided changes in the
What role do experts selective forces on species leading to the evolution of drought-tolerant species. The
play in influencing distribution of continents has caused climatic variations and variation in food supply,

our consumption
or acquisition of
knowledge?

both contributing to evolution.

Plate movement can generate new and diverse habitats, thus promoting biodiversity
Evidence for the role

of plate tectonics in
contributing to speciation

. Endemism on isolated islands
can be interpreted

from the fossil record The term endemism refers to species that are found in one geographical area and
eSS nowhere else. Islands have high levels of endemism. This is because populations
distribution of organisms . . N . A K
around the planet. Before of islands are geographically isolated and so cannot interbreed with populations
the continental drift elsewhere. Over time, selective pressures lead to changes in the genetic makeup and
hypothesis, there was no physical appearance of these populations, which results in speciation. The finches and
satisfactory explanation . p . . .
other species of the Galdpagos Islands are examples of endemic species evolving on

of the distribution of life
forms. Why, therefore, isolated islands (as we saw earlier in this section).

didn't scientists establish
such a hypothesis earlier? Madagascar is a large island that has been isolated for almost 100 million years. Levels
of endemism on Madagascar are some of the highest in the world, with all of the
island’s amphibians and terrestrial mammals, 83% of plant species and 86% of larger
invertebrates found nowhere else. The lemurs are one of the best-known groups of

endemic animals in Madagascar (Figure 3.27).

The Komodo dragon (Figure 3.28) is a large reptile that is endemic to five islands in
Indonesia, South-East Asia. Four of those islands (Komodo, Nusa Kode, Gili Motang
and Rinca) form the Komodo National Park. Island species are often larger than
mainland species due to lack of predation or competition with other animals.

Figure 3.27 Ring-tailed
lemur in Madagascar.

Figure 3.28 AKomodo P
dragon in the Komodo

National Park.
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Ecological and behavioural differences

As well as geographical separation, other separating mechanisms exist that cause
speciation. Speciation can take place in populations that are not separated by
geographical barriers and exist in the same location. For example, behavioural
differences that emerge between populations can lead to reproductive isolation.

Differences in the courtship displays shown
by birds of paradise (Figure 3.29) have led
to the evolution of numerous species within
the same forest. Male birds of paradise have
bright and colourful feathers that they use
to attract females and different species also
have different dancing displays. Changes in
the appearance or behaviour of populations
may result in the males and females of
those populations no longer being

attracted to each other and therefore

not breeding together.

Ecological differences can also emerge
between populations, For example, species
may become separated along environmental
gradients. In the rainforests of Borneo, a group
of dung beetles (Figure 3.30) have become
adapted to living in the canopy, where
environmental conditions are very different
from those on the ground. This group are an
example of isolation and speciation occurring
within the same forest ecosystem as they are
separate from ground-living dung beetles,
which also live in the rainforest.

Activity

The apple maggot (Rhagoletis pomonella) is an example of behavioural separation.
Find out about the apple maggot.

*  Where is it found?
* How has it become behaviourally isolated?
*  What are the selective pressures that have acted on it and led to speciation?

Produce an A3 poster about the apple maggot and how it is an example of
behavioural separation.

< Figure3.29 Amale

Raggiana bird of paradise
displaying his plumage to a
female. The male bird is
brightly coloured but the
female is plain. Alfred Russel
Wallace was one of the first
naturalists to observe these
and other species of birds of
| paradise in the wild.

Visit the Birds of Paradise
Project’s website and
search for ‘dance’ to watch
videos of bird of paradise
mating rituals.

<« Figure 3.30 These male and

female dung beetles, which
live in the canopy of the
Borneo rainforest, are working
together to make a ball from
primate dung.
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3.1.12 Biodiversity hotspots

The Earth’s biodiversity is being rapidly diminished through human action such as
pollution, the introduction of invasive species, overharvesting of natural populations,
habitat loss and fragmentation. Biodiversity is spread unevenly across the planet

and certain areas contain a particularly large proportion of the Earth’s biodiversity,
especially species that are rare and endangered. Given limited time and resources to
address environmental threats in all areas, scientists have proposed that these key
‘biodiversity hotspots’ should be specifically targeted for protection. Conserving
these biodiversity hotspots allows a significant proportion of existing species to be
Figure 3.31 Biodiversity preserved for the future because these areas contain a significant proportion of the

hotspots - 36 areas have so Earth’s biodiversity (Figure 3.31).
far been designated.

Province

Province Coastal Forest